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Abstract


Aircraft contrails exhibit optical properties similar to those of natural high-level clouds (HLCs) and also form persistent cirrus cloudiness. This paper outlines a methodology for detecting and identifying contrails based on the joint analysis of aircraft trajectories (ADS-B monitoring), the vertical profiles of meteorological parameters (radiosonde observation (RAOB) and ERA5 reanalysis), and polarization laser sensing data obtained with the matrix polarization lidar. The potential application of ERA5 reanalysis for determining contrail drift parameters (azimuth, speed, distance, duration, and time of the contrail appearance above the lidar) and interpreting atmospheric polarization laser sensing data in terms of the presence of crystalline ice particles and the assessment of the degree of their horizontal orientation is demonstrated. In the examined case (6 February 2023; Boeing 777-F contrail; flight altitude of 10.3 km; HLC altitude range registered with the lidar of 9.5–10.3 km), the difference in the times of appearance of the contrail over the lidar, calculated from RAOB and ERA5 data, did not exceed 10 min. The difference in the wind direction was 12°, with a wind speed difference of 2 m/s, and the drift distance was approximately the same at about 30 km. The demonstrated technique will allow the experimental dataset of contrail optical and microphysical characteristics to be enhanced and empirical relationships between these characteristics and meteorological quantities to be established.
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1. Introduction


Climate change is becoming more noticeable, and therefore it is urgent to create and develop empirical models that improve the accuracy of weather and climate forecasting. This problem requires a deeper understanding of atmospheric processes and phenomena. Scientists from various countries predict that the duration of seasons will change [1], ocean currents will cool [2], the Arctic will be almost completely free of ice [3], and even aircraft flights will be limited due to loss of wing lift force with increasing air temperature [4]. Nevertheless, atmospheric models used for weather and climate prediction still fail to provide the required accuracy, primarily due to the limited understanding of certain atmospheric phenomena and processes. High-level clouds (HLCs) are known for their significant contribution to weather and climate processes due to their extensive horizontal extent (up to thousands of kilometers). To assess the HLC effect on radiation, including shortwave solar radiation, it is crucial to know the parameters of their microstructure: size, shape, and spatial orientation of ice particles in them. Under certain conditions, these particles have a predominant horizontal orientation leading to anomalous (specular) backscattering [5,6,7,8]. As with natural atmospheric HLCs, the contrail microstructure is not considered in existing atmospheric models, leading to inaccuracies in weather and climate forecasts.



Aircraft contrails possess optical characteristics comparable to those of natural high-level clouds. They reduce solar radiation fluxes and trigger the formation and expansion of cirrus clouds. High-level clouds formed from contrails contribute to anthropogenic climate change. The lifetime of such clouds is determined by meteorological conditions. The World Meteorological Organization has classified contrails lasting longer than 10 min as the sole artificial variety of ice clouds [9]. The appearance of contrails behind aircraft was observed at the beginning of the 20th century. In 1926, Peppler observed a bright halo in the contrail formed at an altitude of 10 km at a temperature of −50 °C, which indicated its crystalline structure [10]. Weickmann [11], who directly studied the contrail microstructure, showed that for about the first 100 m, contrails consist of droplets and then of crystals. Studies of the effect of aviation on atmospheric processes were initiated in the early 1970s by the first estimates of the possible impact of supersonic passenger aircraft flights on the ozone layer [12,13].



Observations of HLCs in northern latitudes from 1975 to 1994 revealed [14] a rise in their formation frequency as aviation activity increased. Measuring contrail properties is challenging because contact instruments on aircraft provide limited data (for example, information about the orientation of ice particles is lost during sampling), and contrails at the initial formation stage are indistinguishable from space platforms due to their small transverse dimensions. Contrails become detectable by satellite instruments 1–2 h after an aircraft passes, which is less than ideal given that their typical lifespan ranges from 1 to 6 h [15].



The task of detecting contrails with satellite instruments is hampered by contrails’ low optical density; small width, which exceeds the resolution of the instruments; and low contrast with the background, especially in the presence of clouds or an inhomogeneous surface. Expanding over time, contrails become less dense and difficult to distinguish even at high instrument resolution. For example, at a resolution of 2 km, only 46% of contrails can be detected under ideal conditions [16]. An analysis [17] of contrails over Western Europe showed their effect on the atmosphere: they cool it during the day and heat it at night. The research was performed using data from SEVIRI, AVHRR, and VIIRS satellite instruments. The authors emphasized that to improve atmospheric models, it is necessary to refine cloud parameters, such as the optical thickness and size of ice crystals. According to MODIS and GOES-13 satellite data, clouds formed from contrails have an optical thickness of two to three times greater than the contrails themselves [18]. In addition, they increase the coverage area by 2.4–7.6 times affecting the radiation budget of the atmosphere.



Unlike contact instruments, polarization lidar enables the remote assessment of cloud microstructure parameters, including the orientation of the ice particles within them without disturbing them. Since 2009, the National Research Tomsk State University (NR TSU) has performed regular atmospheric studies using its high-altitude matrix polarization lidar (HAMPL) system for laser polarization sensing experiments [16]. The most reliable source of vertical profiles of meteorological quantities is RAOB. The weather stations closest to the HAMPL location point (Kolpashevo and Novosibirsk) launch radiosondes only twice a day and are more than 200 km away from Tomsk. ERA5 reanalysis, developed at the European Centre for Medium-Range Weather Forecasts (ECMWF), provides high spatial (about 28 × 28 km) and temporal (1 h) resolutions.



In the present article, we investigated the possibility of using the vertical profiles of meteorological quantities from ERA5 reanalysis data to calculate the parameters of contrail drift based on the comparison with those calculated based on radiosonde observation data. The use of ERA5 data can potentially improve the accuracy of identifying contrails in lidar measurements and obtain information about their optical, geometric, and microphysical characteristics. The purpose of this work is to test this possibility.




2. Materials and Methods


Lidars (including ground-based ones) are the most promising option for solving the problems of operational control and the monitoring of the atmospheric state, since they allow the vertical profiles of the optical, microphysical, and meteorological characteristics of the atmosphere to be determined in real time. Since the polarization of optical radiation is sensitive to the microstructure of the scattering medium, monitoring its changes in lidar measurements allows the microphysical properties of clouds to be studied.



2.1. High-Altitude Matrix Polarization Lidar Developed at the National Research Tomsk State University


NR TSU HAMPL implements a full cycle of polarization measurements required to obtain all elements of the backscattering phase matrices (BSPMs) of the examined clouds [16,17,18,19]. This characteristic mathematically describes the change in the polarization state of optical radiation when it interacts with the scattering volume, and physically contains the information about its microstructure. The block diagram of the lidar is shown in Figure 1.



The high-altitude matrix polarization lidar, positioned in Tomsk, operates vertically, aligned with the zenith. A LOTIS TII Nd:YAG laser is used as the sensing radiation source, featuring a wavelength of 532 nm, a 10 Hz pulse repetition rate, and pulse energy reaching up to 400 mJ. Radiation passes through a Glan prism, a collimator (reducing the beam divergence), and a polarization state transformation unit, after which it is sent into the atmosphere in a direction close to the zenith. The receiving antenna uses a Cassegrain telescope with a main mirror diameter of 0.5 m and a focal length of 5 m. An aperture stop, which determines the field of view of the receiving system, is installed in its focal plane; then a collecting lens, the front focus of which is combined with the rear focus of the lens is mounted. After passing through the lens, the beam of received radiation becomes quasi-parallel and passes through an interference filter, a polarization unit, and a Wollaston prism, forming two beams with mutually orthogonal polarizations. They are sent to the Hamamatsu H5783P photonic multipliers operating in photon counting mode, the signal of which is digitized by a two-channel photon counter manufactured by Becker & Hickl GmbH. To reduce the error in estimating the lidar signal, 100–500 sensing pulses are accumulated during each time period, corresponding to a spatial resolution of 37.5–150 m [20].



The use of the polarization units in the lidar transmitting and receiving systems allows radiation with four polarization states to be sent into the atmosphere alternately and the Stokes vector parameter of backscattered radiation to be determined. This ensures that the experiment obtains all 16 BSPM elements. Coupled with the strobing of the lidar signal, the described technical solution is aimed at obtaining BSPM vertical profiles. In addition, based on the analysis of the vertical intensity profile of the lidar signal for the empty windows of the polarization units in the transmitting and receiving lidar systems, the altitudes of the lower and upper HLC boundaries are determined, as well as the HLC scattering ratio (the ratio of the sum of the coefficients of molecular and aerosol backscattering to the first of these coefficients) and optical thickness (the integral of the attenuation coefficient).



Several regular civil aviation routes are located within a radius of 250 km around the HAMPL point. This allows the study of contrails through polarization lidar to be performed under favorable conditions (wind direction at the flight altitude ensuring drift to the lidar; lack of precipitation and low clouds). Some results of such works have been published previously (for example, in [21]).




2.2. Contrail Identification


Information about the air traffic situation is available in real time through ADS-B (Automatic Dependent Surveillance-Broadcast) monitoring (for example, [22]). The trajectory of each aircraft is represented by a set of points for which coordinates, altitude, date, and time are provided. Depending on the altitude of the aircraft flight, the corresponding wind direction and speed are determined from vertical profiles of meteorological parameters obtained from weather stations located in Kolpashevo and Novosibirsk (Figure 2).



A fragment of a typical aircraft flight trajectory near the HAMPL location point is shown in Figure 3 (the map was obtained using the Google Earth geographic information system). The azimuth from the lidar (L) location to the point (T) of the aircraft flight trajectory point (this direction corresponds to the meteorological wind direction) was calculated using the following formula [23]:


   θ  L T   = a tan 2      sin ( L n  g L  − L n  g T  ) ⋅ cos ( L a  t L  )   cos ( L a  t T  ) ⋅ sin ( L a  t L  ) − sin ( L a  t T  ) ⋅ cos ( L a  t L  ) ⋅ cos ( L n  g L  − L n  g T  )      .  



(1)







If the calculated azimuth corresponds to the wind direction at the flight altitude, then the distance to the lidar coordinate point is calculated for the given trajectory point [23]:


   d  T L   = R ⋅ arccos   sin ( L a  t T  ) ⋅ sin ( L a  t L  ) + cos ( L a  t T  ) ⋅ cos ( L a  t L  ) ⋅ cos ( L n  g T  − L n  g L  )   ,  



(2)




where R is the average radius of the Earth, LatT and LngT are the latitude and longitude of the trajectory point, and LatL and LngL are the latitude and longitude of the HAMPL location point. If, during this time, a contrail is observed within the lidar field of view at the altitude of the aircraft flight trajectory used in the calculations, it is identified as the aircraft contrail. It is assumed that meteorological conditions remain constant throughout the entire drift path of the contrail.



Previously, the results of radiosonde measurements were used for the described calculations [24] as the most reliable source of meteorological data. The weather stations closest to Tomsk, where such launches are performed, are in Kolpashevo and Novosibirsk (about 240 and 250 km from the HAMPL point, respectively). The locations of these stations, together with the HAMPL location, are shown in Figure 2 (the map was obtained using the Google Earth geographic information system). According to their data, the meteorological situations at the HLC formation altitudes are usually similar, and data on this can be used to assess the atmospheric state above Tomsk. At the same time, discrepancies between the data from simultaneous measurements of the aforementioned stations are not uncommon. In addition, measurements are taken there only twice a day. Thus, the problem of selecting a data source for the vertical profiles of meteorological quantities directly of Tomsk with a higher time resolution is relevant.



ERA5 reanalysis was considered the source of such data [25]. It encompasses a continuous series of meteorological data from 1979 to the present day. The foundational data for ERA5 consist of measurement results collected globally (satellite radiometers; meteorological stations on land, aboard ships, and in aircraft; moored buoys, radiosondes, and ground-based radars) [26]. The time series of air temperature and its derivatives in the reanalysis of the ERA family are consistent for the Siberian region, making them suitable for identifying spatial heterogeneity caused by local factors [27]. ERA5 reanalysis is a popular tool widely used for atmospheric physics problems in various regions of the Earth, as well as in research on the global scale (for example, [28,29,30]). An assessment of the applicability of such data for the interpretation of data from polarization lidar studies of HLCs in western Siberia [20] highlighted the possibilities of using ERA5.





3. Results


The purpose of the present work is to compare the results of the calculations of the contrail drift parameters (azimuth, speed, distance, duration, and time of the contrail appearance above the lidar) based on ERA5 and RAOB data. These parameters were used to identify and study contrail characteristics according to the data from the HAMPL experiments. Previously [20], based on a 5-year dataset, it was demonstrated that the use of ERA5 data for the HLC formation altitudes in the examined region was correct for a number of meteorological parameters. RAOB data from the weather stations closest to Tomsk and from the time closest to the lidar experiments were used. ERA5 data were selected for the HAMPL coordinates and the time corresponding to the lidar measurements. This article is aimed at demonstrating a methodology for calculating contrail drift parameters. As an example, let us describe measurements on 6 February 2023, during which an aerosol layer was registered at an altitude of about 10.3 km at about 13:00 (local time, Tomsk). It was identified as a contrail of a Boeing 777-F aircraft (flight CZ465/CSN465) [22]. Figure 3 (the map was obtained using the Google Earth geographic information system) shows a fragment of its flight trajectory near Tomsk: at each point of the trajectory, the world coordinated universal time (UTC; Tomsk time is UTC+7 h) is indicated. A straight yellow line on the map connects one of the points of the aircraft flight trajectory with the HAMPL location point. The corresponding azimuth (“Heading”) and distance (“Ground Length”) are shown in the bottom right corner of the map. The reader should not confuse this with the “Heading” value in the white rectangle on the left side of the figure—this shows the flight course of the aircraft.



Table 1 shows the wind direction and speed based on the RAOB data from the Kolpashevo and Novosibirsk stations. The Kolpashevo station data are missing from the table; apparently, no radiosonde launches were performed there on the considered day. In any case, there are no data from this station available for this day [24]. Note that the wind direction (200°) at the aircraft flight altitude (shown in Figure 2 in the left white rectangle; about 10,363 m) was equal to the azimuth from the HAMPL point to the flight trajectory point, corresponding to 05:16:56 UTC. This leads to the conclusion that the contrail that passed over this point was brought by the wind to the HAMPL point, and thus, it was registered after a time equal to the drift duration.



Table 2 shows similar ERA5 reanalysis data corresponding to the coordinates of the HAMPL point and the aircraft flight date and time for three standard isobaric levels. The second level (highlighted in bold) corresponds to the aircraft flight altitude. By analogy with Table 1, the values in Table 2 closest to the altitude of the considered aircraft flight are highlighted in bold. The wind direction (212°) differs slightly from the RAOB data for the near future and requires the use of another trajectory point to calculate the drift parameters (5:17:26 UTC; the azimuth from the HAMPL point is equal to 212°). The wind speed (10 m/s according to the RAOB from Novosibirsk, 00:00 UTC, versus 8 m/s according to the ERA5 data for Tomsk, 05:00 UTC) varies slightly. The values in pressure and wind direction and speed shown in the tables are initial integers in the available data. The altitude values are calculated based on reanalysis data for temperature, humidity, and pressure based on a barometric formula and are rounded to integers.



Table 3 presents the characteristics of the specified contrail drift to the HAMPL location point calculated using ERA5 reanalysis and RAOB data. The results of morning measurements were selected as the source of the latter, as they are the closest to the time of the aircraft flight near by the lidar. In this case, data from the Novosibirsk station were used.



Figure 4 illustrates the dynamics of the vertical profile of the lidar signal intensity at the described time; Figure 5 shows the corresponding profile summed up during a series of measurements (lasting 16 min and 40 s). Note the insignificant discrepancy between the results of the contrail drift parameter calculations using RAOB and ERA5 data not only in drift duration but also in the time of the contrail appearance over the HAMPL.



In Figure 4, an orange ellipse highlights an increase in the intensity of the lidar signal corresponding to the registration of an aerosol layer. By the time the recording of the considered series of lidar measurements began (at about 13:11 local time; 06:11 UTC), the aerosol layer had already been observed in the field of view of the lidar receiving system; however, it had only recently begun to be observed.




4. Discussion


The conclusion that the aerosol layer, which was observed at the considered altitude, was a contrail is confirmed by plots in Figure 4 and Figure 5 and by the fact that within a radius of 100 km from Tomsk, civil aviation occurs at two echelons at the following altitudes: 10.2 and 11.4 km [22]. As can be seen from the presented tables and figures, the discrepancies between the results of calculations of the drift parameters of the considered contrail based on RAOB and ERA5 data are not significant. Thus, according to calculations based on both sources of meteorological data, the time of the appearance of the contrail above the HAMPL differs by no more than 10 min, which is less than the duration of one series of lidar measurements (16 min 40 s). Both calculated times fall within the time interval of the same lidar measurement series.




5. Conclusions


An example of the calculation of the contrail drift parameters for its subsequent identification based on the polarization laser sensing data was presented. The obtained discrepancy between the values of the contrail appearance time in the lidar field of view (about 10 min) does not seem significant, even in spite of the 12° difference in wind direction. In the present experiment, the discrepancy in wind speed was only 2 m/s, and the drift distance was approximately equal (about 30 km) for both sources of meteorological data. Thus, it is demonstrated that ERA5 reanalysis can be used to calculate contrail drift parameters.



Based on the obtained results, it can be argued that for the interpretation of the contrail laser sensing data, the ERA5 reanalysis meteorological data calculated directly for the lidar location point and the time closest (with a difference of no more than an hour) to the time of lidar measurements can be used. The described technique will be used to improve the accuracy of processing the existing array of data from HLC sensing experiments to refine the sample of contrail sensing results. The analysis of such data will allow the study of the optical and microphysical characteristics of contrails, the results of which can be used to improve the accuracy of weather and climate forecasts due to the correct consideration of their microstructures, to be deepened.
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Figure 1. HAMPL system layout includes the following components: 1—laser source; 2—Glan–Taylor prism; 3—lens collimator; 4—stepper motor unit; 5—polarization control unit; 6—Cassegrain mirror telescope; 7—aperture stop; 8—converging lens; 9—interference filter; 10—Wollaston prism; 11—photomultiplier tubes; 12—electro-optic shutters; 13—computerized equipment for data acquisition and visualization [20]. 
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Figure 2. Weather stations within a radius of 500 km from Tomsk [20]. 
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Figure 3. Fragment of the aircraft flight trajectory [22] near the NR TSU HAMPL location. 
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Figure 4. Dynamics of the vertical profile of the lidar signal intensity (6 February 2023; 13:10:49–13:27:31). 
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Figure 5. Vertical profile of the lidar signal intensity summed up during a series of measurements on 6 February 2023; 13:10:49–13:27:31). 
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Table 1. Wind characteristics [24] according to the RAOB data (6 February 2023).






Table 1. Wind characteristics [24] according to the RAOB data (6 February 2023).





	
Pressure, hPa

	
Altitude

	
Wind Direction, °

	
Wind Speed, m/s




	
ft

	
m






	
Novosibirsk (WMO 29634 station), 00:00 UTC




	
250

	
32,349

	
9860

	
190

	
11




	
240

	
33,172

	
10,111

	
200

	
10




	
217

	
35,200

	
10,729

	
215

	
9




	
Novosibirsk (WMO 29634 station), 12:00 UTC




	
250

	
32,218

	
9820

	
175

	
13




	
242

	
32,874

	
10,020

	
185

	
12




	
200

	
36,712

	
11,190

	
225

	
11











 





Table 2. Wind characteristics [25] for the NR TSU HAMPL coordinates, according to ERA5 reanalysis data (6 February 2023; 05:00 UTC).






Table 2. Wind characteristics [25] for the NR TSU HAMPL coordinates, according to ERA5 reanalysis data (6 February 2023; 05:00 UTC).





	
Pressure, hPa

	
Altitude

	
Wind Direction, °

	
Wind Speed, m/s




	
ft

	
m






	
250

	
31,683

	
9660

	
209

	
8




	
225

	
33,757

	
10,289

	
212

	
8




	
200

	
36,093

	
11,001

	
233

	
11











 





Table 3. Characteristics of the contrail drift to the HAMPL location point.






Table 3. Characteristics of the contrail drift to the HAMPL location point.





	Data Source
	Distance, km
	Duration (h:mm)
	Time (local) of the Contrail Appearance over the HAMPL





	Novosibirsk (WMO 29634 station), 00:00 UTC
	30
	0:51
	13:09



	ERA5 (Tomsk), 05:00 UTC)
	30
	1:02
	13:19
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