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Abstract

:

We present a union of three measurement systems on the basis of the Siberian lidar station and mobile ozone lidar. The lidars are designed for studying the ozonosphere using the method of differential absorption and scattering, as well as for studying aerosol fields using elastic single scattering. The systems are constructed on the basis of Nd:YAG lasers (SOLAR) and an Nd:YAG laser (LOTIS TII), a XeCl laser (Lambda Physik) and receiving telescopes assembled using the Kassegrain system with a diameter 0.35 m and the Newtonian 0.5 m system. Lidars operate in photon-counting mode and record lidar signals with a spatial resolution from 1.5 m to 160 m at sensing wavelengths of 299/341 nm in the altitude range of ~0.1–12 km and ~5–20, and at 308/353 nm in the altitude range of ~15–45 km. The union of these three measurement systems was used to carry out field experiments of atmospheric lidar sensing in Tomsk and to present the results of retrieving the vertical profile of the ozone concentration. In this study, coverage of the entire ozonosphere by the lidars was carried out for the first time in Russia.
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1. Introduction


The minor atmospheric gases, among which are water vapor, carbon dioxide, ozone, nitrogen and sulfur oxides, carbon monoxide, and many others, are optically active components of the atmosphere that exert a strong effect on the following processes: weather formation, pollution of the water basin by industrial emissions, conversion of solar radiation, and the propagation of optical waves [1]. Greenhouse gases, especially ozone and the gas components of ozone cycles, clouds, and aerosol fields are the main climate-forming factors from the viewpoint of the radiation balance of the atmosphere [1]. About 85% of ozone resides at altitudes within the stratosphere, from 15 to 45 km; it generated from molecular oxygen through the attachment of atomic oxygen to its molecules under the influence of ultraviolet solar radiation. There are a number of methods that can be used to study this gas, and a special role is played by the method of differential absorption [2,3], showing the necessary sensitivity for studying the concentrations of gas components in the free atmosphere. Lidar studies of the ozone vertical distribution (OVD) are practically the only inexpensive and exact tool in permanent use to acquire information about the state of the ozonosphere [1]. The considerable advantages of laser sensing should be considered, such as the high spatiotemporal resolution of the lidar data obtained. At the Siberian Lidar Station (SLS) at the V.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences, we have created and successfully operated unique lidars, which are listed in the “Set of unique experimental installations of national significance” according to government regulations [4]. The SLS researchers perform regular measurements, making it possible to control the dynamics of OVD over Tomsk in the upper troposphere/stratosphere (~5–45 km). Based on the experience accumulated during the servicing and modernization of the SLS measurement complex, in 2021 we developed and put into operation a mobile lidar with the sensing wavelengths of 299 and 341 nm [5]. The measurements carried out by this lidar cover the altitudes from 0.1 to 12 km and complement the SLS studies in the altitude range of ~0.1–5 km.



At large spatial scales and in relatively short periods of time, the ozone vertical distributions (OVDs) can be obtained using operational lidar stations that are located worldwide, such as the NDACC (Network for the Detection of Atmospheric Composition Change) [6]. Separately, we should note the existence of lidar systems on mobile platforms, such as TOLNet (Tropospheric Ozone Lidar Network) [7], which generally operate in a united group in the framework of research campaigns. The successful use of lidars makes it possible to carry out intercalibration works on satellite instruments when a comparison cannot be made against the reference (ozonesonde) for validation.



Currently, there are lidar stations operating worldwide that cover both the stratosphere–troposphere and the near-surface layer. Here, we will list a small number of lidars that are located in different parts of the globe: the Arctic Stratospheric Observatory (AStrO), Canada [8]; Athens, Greece [9]; Beijing, China [10,11]; Eureka, Canada [12]; Goddard Space Flight Center (GSFC), United States [13,14]; Héféi, China [15,16]; Lauder, New Zealand [17]; Mauna-Loa (MLO), Hawaii, United States [18]; Maïdo Observatory, Reunion Island, France [19,20]; Observatoire de Haute Provence (OHP), France [21,22]; Tsukuba, Japan [23,24]; Troitsk, Russia [25]; the Table Mountain Facility (TMF), United States [26,27]; SLS or Tomsk, Russia [5,28]; Vladivostok, Russia [29]; and the Yangbajing Observatory, China [30]. All of these lidar systems, presented in Table 1, use stimulated Raman scattering (SRS) cells to obtain information-bearing wavelengths for ozone sensing.



As can be seen from Table 1, these lidar have, as constituent parts, both excimer lasers, which are usually used for sensing at stratospheric altitudes, and solid-state generators of coherent radiation for coverage of the troposphere. Not all of the above-listed lidar systems, except the SLS, can cover the entire ozonosphere. This competitive advantage of the SLS made it possible to comprehensively study the processes occurring in the entire ozone layer.



The purpose of this paper is to present the Russia-unique union of three measurement systems on the basis of the Siberian Lidar Station and mobile lidar, capable of covering the ozonosphere over Tomsk in the altitude range of 0.1–45 km.




2. Method of Differential Absorption and Scattering


There are a few methods for studying and detecting atmospheric ozone, among which, a special place is occupied by the method of remote detection and identification using the selective absorption of laser radiation, which has maximum sensitivity when probing gas over long distances (differential absorption and scattering lidar method or DIAL method). The DIAL method uses a comparison of received lidar signals at the ozone absorption wavelength and a reference wavelength. Analysis of the ratio of the two lidar signals at the sensing wavelengths makes it possible to estimate the ozone’s spatial distribution.



To retrieve the gas concentration n(Z) in the atmosphere, we use the following formula [3]:


  n   Z   =   1   2     k   o n     Z , T   −   k   o f f     Z , T       ×     d   d Z   l n       N   o f f   ( Z )     N   o n   ( Z )     − C ( Z )    



(1)




where kon(Z,T) and koff(Z,T) are the differential absorption cross sections, which depend on the temperature T [31,32] at the corresponding sensing wavelengths λon and λoff, Non(Z) and Noff(Z) are recorded lidar signals at the wavelengths λon and λoff at the altitude H along the sensing path, λon is the wavelength of the line of the laser radiation near the center of the gas absorption line, λoff is at the wing of absorption line, and C(Z) is aerosol correction.



Based on the method of differential absorption and scattering, or the DIAL method, the inverse problem is solved, and the vertical profile of ozone concentration is retrieved. As is known, at tropospheric altitudes the aerosol filling factor is high. Therefore, to increase the reliability of the reconstructed profiles, we apply aerosol correction. A similar example was examined in detail in [33], where it was shown that, without aerosol correction, the profiles overestimate the ozone concentration in the troposphere.



It is important to know the vertical distribution of the retrieval error to check the ozone profiles obtained and to carry out intercalibration tests with data from different sources of OVD measurements. The error within OVD retrieval from lidar measurements is calculated using the following formula:


    E   s u m   2   =   e   1   2   +   e   2   2   +   e   3   2   +   e   4   2   ,  



(2)




where e1 is the absorption cross section error, e2 is the root mean square error (RMSE) in the lidar measurements in the photon counting mode, e3 is the error in retrieving the scattering coefficient, and e4 is the error within the temperature profile.



The cross-section error was obtained from works [31,32] and corresponds to ~3%. The temperature profile error is usually taken from MetOp meteorological satellite observations, in which it is generally within ~2% [34].



The RMSE of lidar measurements is [7]:


    e   2   2   = 0.25 ×     1     N   o n     Z   −   N   n o i s e   ( Z )   +   1     N   o f f   ( Z ) −   N   n o i s e   ( Z )     ,  



(3)




where Nnoise(Z) is the background value, obtained from lidar measurements.



The formula for the error of retrieving the scattering coefficient has the form


    e   3   2   =     N   o f f   ( Z )         N   o f f     Z   −   N   n o i s e   ( Z )     2     +     N   o f f   (   Z   c a l i b   )         N   o f f     H   −   N   n o i s e   (   Z   c a l i b   )     2     + K ,  



(4)




where Zcalib is the calibration altitude, and K is a value arising from assumptions in the method of obtaining the scattering coefficient and is 3 × 10−4 [35].




3. Lidar Systems


To carry out continuous monitoring of the ozonosphere in the altitude range of ~5 km to ~45 km at sounding wavelengths of 299/341 nm and 308/353 nm, the SLS lidars must be in readiness mode [28]. Lidars allow the stratosphere and troposphere around the tropopause region to be controlled. This makes it possible to record seasonal variations in the ozonosphere and processes of tropospheric–stratospheric exchange, as well as factors that influence the planet’s climate (such as traces of volcanic eruptions). Figure 1 presents a block diagram of the SLS lidar for sensing of ozone in the upper troposphere–stratosphere.



As can be seen from Figure 1, the SLS lidar complex uses one telescope and two pulsed lasers (excimer XeCl and Nd:YAG lasers), and depending on the sensing goal, i.e., either stratospheric (308/353 nm) or tropospheric ozone (299/341 nm), the experimenter can install the spectral optics into the spectral selection cell.



To study the troposphere, the Nd:YAG laser (LOTIS TII LS–2134UT) is turned on. Nd:YAG laser radiation (266 nm) passes through a lens, which focuses the radiation towards the center of the SRS cell. The pumping power density required to obtain the SRS effect is provided by a lens with a focal length of 0.52 m. The pumping pulse energy at a wavelength of 266 nm reaches 25 mJ. Lenses are installed in place of the input and output windows in the SRS cell. The SRS cell is a stainless-steel pipe with diameter of 3 cm and a length of 1.04 m, in which a constant pressure of hydrogen 2 atm is maintained. At the output of the SRS cell, laser radiation passes through a collimating lens with a focal length of 0.52 m. The lenses are made of KU-1. Next, laser radiation with wavelengths of 299 and 341 nm is directed into the atmosphere through the output mirror. The output mirror alignment unit is designed on the basis of stepper motors with the ability to be controlled by a computer, with the computer sending commands to the stepper motors through the cable connecting them.



In cases where it is necessary to conduct lidar sensing in the stratosphere, the XeCl laser (Lambda Physik LPX 220i) is launched. This uses XeCl laser radiation (308 nm) focused through an SRS cell with hydrogen, and is equipped with focusing and collimating lenses (lens focal length 0.77 m, material KU-1) in place of the input and output windows. The pumping pulse energy at a wavelength of 308 nm reaches 200 mJ. The SRS cell is a stainless-steel pipe with a diameter of 3 cm and a length of 1.54 m, in which a constant pressure of 10 atm is maintained. Next, laser radiation with wavelengths of 308 and 353 nm is directed through the output mirror into the atmosphere through the output mirror adjustment unit.



The backscattered optical lidar signal from the atmosphere is collected by a receiving antenna designed according to the Newtonian scheme with a main receiving mirror of 0.5 m in diameter with a focal length of 1.5 m. The field diaphragm is located at the focus of the Newtonian telescope. After the field diaphragm with a diameter of 2.5 mm, the optical signal enters the spectral selection cell and is recorded by PMTs. Electrical signals from the R7207-01 photomultiplier are amplified by C3866 discriminator amplifiers from HAMAMATSU. The PMT and the C3866 discriminator amplifiers are connected to each other by an electrical signal transmission cable. High-voltage power supplies, bolted to the outer casing of the cell, power the PMT through high-voltage wires. Amplified electrical signals are sent from the C3866 discriminator amplifiers through electrical signal transmission cables to the «PHCOUNT 6/2» photon counter in the lidar recording path, where the counter sums the digitized signals over 2048 time intervals with a maximum resolution of 66.66 ns (10 m). All devices and the «PHCOUNT 6/2» counter are screwed onto the optical bench. The photon counter is connected to the computer through a USB cable through which the digital lidar signals are transmitted.



The mobile lidar is designed to cover the altitudes that are not covered by the SLS lidar complex and to study the specific features of the OVD in the altitude range of ~0.1–12 km, as well as to trace the seasonal variations, and to study how the processes of stratosphere–troposphere exchange close to the near-ground layer act on the mobile lidar with sensing wavelengths of 299 nm and 341 nm [5]. This mobile lidar is the only one in Russia.



Figure 2 presents a block diagram of the mobile lidar.



The mobile lidar works in the following way. Under the condition of a cloudless sky at night, the Nd:YAG laser (Solar Laser System QX 500) is launched. The QX 500 generates 266 nm wavelengths (fourth harmonic). Rotating mirrors direct the laser radiation to the SRS cell which contains hydrogen under a pressure of 2 atm. Lenses made of KU-1 material with a focal length of 0.52 m are installed at the input and output of the cell. They provide the necessary pumping power density to obtain the effect of SRS conversion of the fourth harmonic to wavelengths sensing at 299 nm and 341 nm. The SRS cell is made of a stainless-steel pipe with an internal diameter of 3 cm and a length of 1.04 m. The laser radiation input into the SRS cell reaches 25 mJ. At the exit from the SRS cell, the radiation, reflected from the adjustable rotating mirror, enters the mirror collimator, which expands the beam five times. This makes it possible to reduce the radiation divergence to 0.2 mrad. The mirror collimator directs radiation to the output mirror located behind the counter mirror of the Cassegrain telescope with a main mirror diameter of 0.35 m and a focal length of 0.7 m. Due to the size of the counter mirror, the telescope has a dead zone of about 100 m, within which the lidar system is not capable of receiving signals. Backscattered laser radiation received by the telescope from the atmosphere passes through a field diaphragm with a diameter of 1 mm, which is installed at the focus of the main receiving mirror. After passing through the field diaphragm, the optical signal enters the collimating lens. After the lens, the radiation penetrates into the spectral selection cell. In the cell, a dichroic mirror reflects radiation with a wavelength of 299 nm and transmits radiation with wavelength of 341 nm. Afterwards, the skeletonized radiation passes through narrow-band interference filters and is focused by lenses onto the photocathodes of the HAMAMATSU H12386-210 photomultiplier modules. Using PMT modules, the father signal is converted into electrical signal of transistor–transistor logic (TTL) levels. The PMT modules are connected by coaxial cables to the autonomous photon counter «PHCOUNT_4E». The counter summarizes the digitized signals over 16384 time intervals with a resolution of 10 ns (1.5 m). Typically, PHCOUT_4E is connected to a computer through Wi-Fi. The optical fiber installed after the SRS cell is used to synchronize the operation of the photon counter with the pulsed Nd:YAG laser.



The main technical characteristics of the union of the three lidars are presented in Table 2.




4. Discussion


The measurements of stratospheric ozone using the SLS lidar complex with the spatial resolution of 50 m last for ~30–40 min. Then, the optics of the spectral selection cell are changed in 5 min to receive backscattered radiation from the atmosphere at another wavelength pair. The ozone measurements at 299/341 nm with a spatial resolution of 10 m last for ~40 min. The beginning of the mobile lidar sensing the troposphere coincides with the start of the SLS lidar complex’s measurements after its rearrangement to receive sensing wavelengths of 299/341 nm. A single file from the mobile lidar with the spatial resolution of 1.5 m is saved for 5 min.



A number of field measurements of ozonosphere over Tomsk were carried out on clear-sky nights with the spatial resolution of 50 m. The experimental data were used to solve the inverse problem and to retrieve the ozone profiles. By solving the inverse problem based on Equation (1), we retrieved the ozone profiles. The results of using the union of three lidar systems for sensing the ozonosphere in the form of the ozone profile with the retrieval error and Aura and MetOp data [36,37] are presented in Figure 3.



As is known, the nature of stratospheric ozone is more static on larger horizontal and vertical spatial scales than the vertical distribution of tropospheric ozone. Therefore, successive lidar measurements tend to be in good agreement in the stratosphere. This control problem in our case is solved by a lidar with wavelengths of 308/353 nm, which covers altitudes from ~15 km to ~45 km. From the profiles shown in Figure 3, it is clear that the tropopause is located at approximately 9 km. Therefore, in order to cover the altitude range of the upper troposphere–lower stratosphere, which is ~5–20 km (Figure 3 shows the example of 12–20 km), a stationary lidar was used, operating at a pair of wavelengths of 299/341 nm and a lidar signal accumulation time of ~40 min. This factor contributes to the standard error, which is confirmed by the data in Figure 4. Therefore, mobile and stationary lidar data at the wavelength pair of 299/341 nm in the altitude range of 9–12 km are usually very close and are included in the error corridor because they cover the lower stratosphere. Finally, in lidar sensing experiments, due to the dynamic nature of the tropospheric ozone (0.1–9 km), a short period for the registration of lidar signals is used and because of this factor we believe that short-term measurements from a mobile lidar are more reliable than data from stationary measurements (5–9 km).



Using Equation (2), Figure 4 presents the vertical error distribution of retrieving data with the spatial resolution of lidar signals of 50 m.



As can be seen from Figure 4, the total error increases from 7. 8% at 0.1 km to 22% at 12 km; it is 8.1–17% in the altitude range of 12–20 km, and 4.1–9% in the altitude range of 16–45 km. Evidently, this profile, covering the altitudes from the near-ground layer to the tropopause, shows a large amount of error compared to other profiles, primarily because of the effect of the retrieval error of the scattering ratio and standard deviation.




5. Conclusions


To solve the problem of controlling the ozonosphere in the altitude range from ~0.1 km to ~45 km, we united three lidar systems into a single lidar complex on the basis of the SLS and a mobile lidar; this union allowed us to obtain lidar signals with a spatial resolution from 1.5 m to 160 m. The retrieval error increased from ~4% to 22% at the spatial resolution of lidar signals of 50 m. This lidar complex for ozone measurements is a unique solution to the problem of controlling the ozonosphere in the Russian Federation. The field experiments confirm that the union is efficient. Due to this combination of three ozone lidar systems, it is possible to monitor stratospheric ozone, which carries information about global processes affecting the planet’s climate. These are, of course, the strongest volcanic eruptions. The processes occurring in the troposphere are local in nature and are observed by mobile and stationary lidars (299/341 nm). The union of these lidar systems makes it possible to connect the global processes of ozonosphere variability in the stratosphere with processes of local variability in the troposphere; namely, it can be used to assess stratospheric–tropospheric exchange and can be a source of information about these phenomena for instruments that monitor the surface layer of the atmosphere. Lidars can provide high spatial resolution data, which will be useful for comparing ozone measurements with satellite instruments. In the future, we have plans to further develop the presented combination of lidar systems. The mobile lidar will be modified to have a four-channel mode for recording lidar signals, which will increase the altitude range of ozone measurements to ~18 km.
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Figure 1. Block diagram of ozone lidar: 1 is the signal for controlling the photomultiplier (PMT) blocks; Nd:YAG and XeCl are the laser sources; L are lenses; H2 is the hydrogen-filled SRS cell; RM are rotating mirrors; FS is the field stop; SSC is the spectral selection cell with PMT; SSM is the spectral splitting mirror; IF is the interference filters; AD are amplifiers–discriminators; HVS are high voltage supplies; PhC is PHcount6/2 photon counter; LG or 2 is light guide for launching photon counter; Computer is personal computer for data acquisition and storage, controlling the angle of RM. 
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Figure 2. Block diagram of the mobile ozone lidar: Nd:YAG is the solid-state laser; RMs are rotating mirrors; H2 is the hydrogen-filled SRS cell, equipped with lenses; MC is a mirror collimator; T is receiving telescope, assembled according to Kassegrain scheme with the 0.35 m diameter main mirror; SSC is the spectral selection cell; FS is the field stop; Ls are lenses; SSM is the spectral splitting mirror; IFs are interference filters; PMTs are modules of H12386-210 HAMAMATSU photomultiplier tubes; PhC is PHCOUNT_4E photon counter; LG is light guide for launching photon counter; Computer is personal computer for data acquisition and storage. 
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Figure 3. Retrieved ozone profiles. 
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Figure 4. Retrieval error. 
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Table 1. Main lidar characteristics.
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	Station

or

City
	Laser
	Pumping Wavelength, nm
	SRS
	Wavelength Pairs,

nm
	Altitude Range,

km
	Error, %
	Mirror, m
	Coordinates





	AStrO [8]
	XeCl
	308
	H2
	308/353
	10–35
	5–30
	1
	80° N, 86° W



	Athens [9]
	Nd:YAG
	266
	D2
	266/289

289/299

289/316
	0.5–2.7
	10

35

65
	0.25
	37.97° N, 23.71° E



	Beijing [10,11]
	Nd:YAG

XeCl

Nd:YAG
	266

308

355
	D2 H2

-
	289/299

308/355
	0.15–3

10–35
	10

5–30
	0.4

0.2
	39.90° N, 116.39° E



	Eureka [12]
	Nd:YAG
	266
	CO2
	276/287

287/299
	0.5–1.8

0.5–3.5
	10
	0.2
	80° N, 86° W



	GSFC [13,14]
	Nd:YAG

XeCl

Nd:YAG
	266

308

355
	D2

H2

–
	289/299

308/355
	1.5–12

10–50
	16–19

5–30
	0.45

0.76
	37.1° N, 76.39° W



	Héféi [15,16]
	Nd:YAG

XeCl
	266

308
	H2

D2

CH4
	308/353

299/288

289/308
	18–40

0.5–2

4–18
	5–30

10

25
	0.3

0.62
	31.82° N, 117.22° E



	Lauder [17]
	XeCl
	308
	H2
	308/353
	10–48
	5–30
	0.6
	45.0° S, 169.7° E



	MLO [18]
	XeCl

Nd:YAG
	308

355
	H2

-
	308/353
	15–55
	5–30
	1
	19.5° N, 155.6° W



	Maïdo [19,20]
	Nd:YAG

XeCl

Nd:YAG
	266

308

355
	D2

-

-
	289/316

308/355
	6–17

15–45
	20

5–30
	4 units

0.5
	21° N, 55° E



	OHP [21,22]
	Nd:YAG

XeCl

Nd:YAG
	266

308

355
	D2

–
	289/316

308/355
	3–14

15–45
	10

5–20
	0.4

4 units

0.53
	43.94° N, 5.71° E



	Tsukuba

[23,24]
	Nd:YAG

XeCl

Nd:YAG

XeF
	266

308

355

351
	CO2

 

D2
	276/287

287/299

308/355

308/351

308/339
	0.4–3

3–10

15–45

10–45

10–45
	3–9

5–30
	0.25

0.6

1

1

2
	36.05° N, 140.13° E



	Troitsk [25]
	KrF

XeCl
	248

308
	H2

D2
	277/308

292/308
	0.5–4.5

4–10
	15

30
	0.6
	54.09° N, 61.57° E



	TMF [26,27]
	Nd: