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Abstract

:

The transport and dispersion (T&D) of catalyst particles seeded by weather modification aircraft is crucial for assessing their weather modification effects. This study investigates the capabilities of the Chinese geostationary weather satellite FY-4A for identifying the physical response of cloud seeding with AgI-based catalysts and continuously monitoring its evolution for a weather event that occurred on 15 December 2019 in Henan Province, China. Satellite measurements are also used to verify an operational catalyst T&D algorithm. The results show that FY-4A exhibits a remarkable capability of identifying the cloud-seeding tracks and continuously tracing their evolution for a period of over 3 h. About 60 min after the cloud seeding, the cloud crystallization track became clear in the FY-4A tri-channel composite cloud image and lasted for about 218 min. During this time period, the cloud track moved with the cloud system about 153 km downstream (northeast of the operation area). An operational catalyst T&D model was run to simulate the cloud track, and the outputs were extensively compared with the satellite observations. It was found that the forecast cloud track closely agreed with the satellite observations in terms of the track widths, morphology, and movement. Finally, the FY-4A measurements show that there were significant differences in the microphysical properties across the cloud track. The effective cloud radius inside the cloud track was up to 15 μm larger than that of the surrounding clouds; the cloud optical thickness was about 30 μm smaller; and the cloud-top heights inside the cloud track were up to 1 km lower. These features indicate that the cloud-seeding catalysts led to the development of ice-phase processes within the supercooled cloud, with the formation of large ice particles and some precipitation sedimentation.
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1. Introduction


Artificial weather modification is an intervention in regional and local cloud physical processes under certain appropriate weather conditions to achieve the purpose of artificial precipitation (and snow) enhancement, hail, rain, fog, and so on [1,2]. In recent years, with the continuous development of society and the economy and frequent droughts induced by climate change, artificial precipitation enhancement operations around the world have continued to grow, especially in China, with artificial catalytic operational activities using aircraft, rockets, and anti-aircraft guns. However, there is still very limited understanding about the transport and dispersion (T&D) and nucleation processes of catalysts seeded into clouds, as well as about the physical response of clouds to cloud seeding.



Several studies have been carried out to study the dispersion of catalysts in clouds. Shen et al. [3] used a turbulent gradient transport calculation method based on the free-atmosphere dispersion equation to study the dispersion pattern of single-point and multi-point line sources. They also investigated the effect of wind speed changes with altitude on the dispersion of catalysts. However, the study mainly investigated the transient state and is not applicable to aircraft cloud seeding with continuously moving catalyst releases. Yu et al. [4] established a new type of catalyst T&D model based on the coupled modeling of a cloud model and a T&D model. The model’s accuracy is closely related to the prediction accuracy of the cloud model, and its computation is slow, which has great limitations for operational applications. Zhou et al. [5] developed a simple but practically effective T&D model for aircraft cloud seeding that computes the moving platform catalyst release using an approximation of an analytical T&D estimation of continuous instantaneous point sources at different locations and times [5]. This model has been used operationally for weather modification operations in China.



To assess the physical response of cloud seeding, Woodley and Rosenfeld et al. [6] studied two cases of cloud seeding in Texas and found that ice particles grew in the seeded area through the AVHRR (Advanced Very-High-Resolution Radiometer), a probe instrument carried by NOAA satellites, and that the cloud top temperature of the seeded area was higher than the surrounding area. Rosenfeld et al. [7,8] analyzed an aircraft artificial precipitation enhancement operation on 14 March 2000 in Shaanxi, China, and found that cloud seeding caused the formation of a cloud track from the NOAA satellite cloud-top observation maps. Analysis of an aircraft artificial precipitation enhancement operation in Shanxi on 15 December 2017 by Wang et al. [9] also identified cloud tracks formed at cloud top portions after cloud seeding from the FY-3C polar-orbiting and TERRA satellites. Until now, all the “cloud tracks” discovered have been based on polar-orbiting satellites, which are not capable of monitoring the temporal evolution of the cloud tracks caused by cloud seeding.



Contemporary geostationary satellites provide minute-level, high-resolution cloud observations and present the capability of obtaining the evolution of detailed cloud structures, including cloud-seeding cloud tracks. FY-4A is a geostationary meteorological satellite that was successfully launched on 11 December 2016. It carries the Advanced Geostationary Radiation Imager (AGRI) with 14 channels, capable of achieving regional 5 min and global 15 min cloud maps for continuous observation of cloud evolutions [10]. Since 2017, the National Satellite Meteorological Centre has been operationally releasing cloud products with high temporal and spatial resolution (5 min interval) from the FY-4A satellite, including the cloud-top height, cloud-top temperature, cloud effective particle radius, and cloud optical thickness [11]. The quality of the data is comparable to the accuracy of similar cloud products from Himawari-8 [12]. These FY-4A products have been used to study the microphysical evolution of clouds [13,14,15,16].



The FY-3D polar-orbiting satellite was launched on 14 November 2017. It carries the MERSI-II Visible and Infrared Spectral Imaging Instrument (MERSI-II VISI from the China Satellite Meteorological Centre, Beijing, China), with a swath width of ~2800 km and 25 imaging channels centered on wavelengths ranging from 0.412 to 12.0 μm. Among them, six channels have a spatial resolution of 250 m, and the others have a spatial resolution of 1000 m [17]. Its accuracy is comparable to that of the MODIS (Moderate Resolution Imaging Spectroradiometer) [18,19]. FY-3D provides finer imaging products to study cloud properties [20].



We analyzed the cloud track produced by the aircraft artificial precipitation enhancement operation carried out in Henan Province for the weather case. This paper is organized as follows: In Section 2, an overview of the field operations, the aircraft flight information used, and data processing are introduced. In Section 3, the FY-4A geostationary satellite is used to identify the cloud track lines caused by this seeded cloud and to study its dynamic evolution characteristics. A comparison with high-resolution FY-3D MERSI-II observations is also conducted. In Section 4, the catalyst distribution of the aircraft cloud seeding is computed with the T&D model proposed by Zhou et al. [5], and the results are carefully compared with the cloud track observations of FY-4A. In Section 5, the microphysical characteristics of clouds on and around the cloud track are analyzed, and finally, conclusions are provided in Section 6.




2. Overview of the Cloud-Seeding Operation and Data Processing


2.1. Flight Operations


At 01:00 on 15 September 2019 (assuming GMT unless otherwise noted), Henan province was covered by a broad cloud system. It moved from the southwest to the northeast at a speed of about 40–50 km/h. The south-central part of Henan featured a single-layer medium-low cloud, and the cloud-top height from FY-4A was below 5 km. The northern part of the system was a multilayer cloud, and the cloud-top height of the lowest layer was also less than 5 km. The satellite cloud-top temperature was around −15 °C. The cloud characteristics of this weather system present cold-cloud-seeding operating conditions.



An aircraft cloud-seeding operation was carried out in Henan Province for the cloud. The aircraft took off from Zhengzhou Xinzheng Airport at 02:30 (point C in Figure 1a, the red triangle) and returned to the airport at 05:07. The catalyst seeding time period was 96 min, from 02:47 to 04:23 (points A–B in Figure 1a). The seeding height was 3930 m–4263 m, the temperature was about −8 °C to −10 °C, and the height of the 0 °C layer was about 845 m. The flight path of the aircraft is shown in Figure 1.




2.2. Satellite Data, Products, and Processing


The cloud observations of FY-4A have been increasingly used to support artificial weather modification operations in China [21]. The data used included L1-level channel radiance and L2-level cloud products released by the Satellite Center Operations. The L1 channel data used are mainly the cloud-sensitive 0.47, 0.83, and 0.65 μm channels, available at a resolution of 1 km. A 0.47 μm radiance is used for validation of the catalyst T&D model, and the other channels are used for data fusion processing. The L2-level cloud products include the cloud-top height, cloud-top temperature, cloud particle effective radius, and cloud optical thickness at a spatial resolution of 4 km. The time resolution of the channel data and cloud products is 5 to 15 min.



The satellite data were processed using the Cloud Precipitation Real-Time Fine Processing and Analysis System (CPAS), a tool developed for the real-time processing of satellite-/aircraft-/ground-based cloud physics observations and generating cloud information to support cloud-seeding condition forecasting and decision-making for weather modification operations in China [22].



In this study, the 0.83 μm (R (red)), 0.65 μm (G (green)), and 0.47 μm (B (blue)) channels of the FY-4A AGRI data were synthesized into a tri-channel color fusion image using the CPAS system with RGB fusion technology. The physical significance of the colors varies depending on the channel used to fuse the images [23,24]. The fused image responds to the depth of the clouds, with the color shifting from dark green to bright yellow, representing a shift from thin to deep clouds. The temporal resolution of the fused images is consistent with satellite channel observations, and their spatial resolution is 1 km. Similarly, the 10.8 μm, 1.64 μm, 0.65 μm, and 0.47 μm channels of the FY-3D satellite MERSI-II (available at 05:40) were also composited into RGB images using CPAS. The produced tri-channel fusion cloud image has a spatial resolution of 1 km, where yellow represents supercooled clouds with small droplets, orange represents supercooled clouds with medium droplets, and red represents ice clouds [25].





3. Satellite Identification of the Cloud Track and Its Evolutionary Characteristics


3.1. Structure of the Cloud System


Figure 2a shows the map of the satellite cloud-top height at 00:00 on 15 December 2019, with the nearest sounding station downstream of the aircraft operation area (Xingtai station). Figure 2b shows the Xingtai L-band radiosonde sounding at 00:00 on 15 December 2019. The height of the aircraft seeding layer was about 4260 m, the average wind speed was about 13 m/s, and the wind direction was about 223°. The green shadow in Figure 2b shows the cloud layer at 00:00, i.e., a single-layer cloud below 5 km. The depth of the cloud base was about 1700 m, and the cloud-top height was about 4600 m. The aircraft flew at the upper part of the cloud near the cloud top, and the atmospheric temperature was about −10 °C.



Figure 3 presents the cloud-top height observed by FY-4A at several subsequent times during the cloud-seeding operation. The flight trajectories are superimposed up to the corresponding selected time. Figure 3 shows that the overall cloud features in the aircraft flight area are relatively uniform, but different parts still show some obvious non-uniformity. Before 03:15, the clouds were relatively uniform during the flight phase, but there were unevenly distributed high clouds in the northern part of the flight path. By 03:49, these uneven high clouds had moved northeasterly to the northern part of the flight path, and the clouds had become more uniform during the flight phase. After 03:49, the aircraft moved into an uneven cloud area.



Based on the analysis above, the cloud-seeding period (02:47~04:23) can be divided into three phases: 02:47~03:15 (the first segment), 03:15~03:49 (the middle segment), and 03:49~04:23 (the last segment). According to the ice accumulation state recorded by the aircraft, there was obvious ice accumulation between 03:15 and 03:49 in the second segment (marked in red), proving the existence of supercooled water during this period. Thus, we focused on this segment in this study, marked by the red line in Figure 3.




3.2. Evolution of the Seeding Cloud Track


After the aircraft cloud-seeding operation from 02:47 to 04:23, FY-4A observed a cloud track several times. According to the FY-4A five-minute tri-channel fusion images, the cloud-seeding cloud track first appeared at 03:34. Due to the influence of upper clouds, the satellite could not observe the cloud evolution in the operation area after the first half (02:47~03:15) and the second half of the operation (03:49~04:23). During the intermediate cloud-seeding phase from 03:15 (03:15~03:49), the clouds were relatively uniform, and there was ice accumulation. FY-4A continuously monitored the cloud track due to cloud seeding and its evolution. Herein, we focus on studying the cloud track at this stage. The catalytic influence zone was computed based on the aircraft catalytic particle T&D model and verified against the satellite observation of cloud track characteristics. We also analyze the microphysical characteristics of the catalyst-induced cloud track.



Figure 4 shows the FY-4A tri-channel-fused cloud images at 04:15 (a), 04:45 (b), 05:15 (c), 05:45 (d), 06:15 (e), 06:45 (f), 07:15 (g), and 07:53 (h). It can be seen that at 04:15, which was ~60 min after the cloud seeding (following the seeding period of 03:15~03:49), the influence of the cloud-seeding operation, i.e., the cloud track, was first observed, and crystallization began at this time. By 04:45 (90 min after the cloud seeding), a cloud track very similar to the trajectory of the aircraft cloud seeding appeared on the cloud image.



The cloud track monitored by FY-4A was blocked for a short time by some upper-level clouds. After the upper-level clouds moved out, the cloud track observed by FY-4A became more and more clear. At 05:45 (150 min after the cloud seeding, Figure 4d), the average width of the cloud track was about 16 km, and the length was about 200 km. By 07:53 (278 min after seeding), the cloud track had collapsed and dissipated. Thus, the cloud-seeding cloud track lasted for 190 min, from 04:15 to 07:53, and it moved about 153 km to the northeast of the operation area.




3.3. Comparison of the Cloud Track Observations of FY-4A and FY-3G


The FY-3D polar orbit satellite flew over the cloud-seeding area at 05:40. It also observed the effect of the cloud-seeding operation. Figure 5 compares the FY-3D tri-channel fusion cloud image at 05:40 (i.e., 145 min after the cloud seeding) with that of the 4A tri-channel fusion cloud image at 05:38. The FY-3D cloud images have higher spatial resolution and show sharper structures of the cloud track than those of FY-4A. Four cross-sections were intercepted arbitrarily along the red lines over the cloud track in Figure 5, and the widths of the cloud tracks observed by FY-3D and FY-4A on the sections were compared. The widths of the cloud tracks observed by the stationary satellites and polar-orbiting satellites were roughly the same, about 14~16 km.



The positions and widths of the cloud tracks presented by FY-4A and FY-3D in Figure 4 are very consistent. Geostationary satellites have the advantage of a high temporal resolution, which is conducive to our subsequent analysis of the development and evolution of the cloud tracks, so the FY-4A geostationary satellites were used.





4. Calculation and Verification of Aircraft Catalyst Cloud-Seeding Particle Dispersion Transport


4.1. Aircraft Catalytic Dispersion Calculation Model


The numerical scheme of the particle T&D model for aircraft catalytic operations is based on the analytical solution of point-source release [5]. It is used to calculate the dispersion range and concentration of the catalyst in clouds after the aircraft performs cloud seeding.



The particle T&D equation in a free atmosphere is as follows:


    ∂ q   ∂ t   + u   ∂ q   ∂ x   + v   ∂ q   ∂ y   + w   ∂ q   ∂ z   =   k   H       ∂   2   q   ∂   x   2     +   k   H       ∂   2   q   ∂   y   2     +   k   v       ∂   2   q   ∂   z   2      



(1)




where   q   is the concentration of particle substance;   u ,   v  , and   w   represent the wind components in the   x ,   y  , and   z   directions, respectively;     k   H     and     k   v     are the turbulence mixing coefficients (m2/s) in the horizontal and vertical directions, respectively;   t   is the time. Because the study’s scope was small and the time was short, the atmospheric environment was considered to be uniform, and the vertical velocity of the atmosphere was ignored.



The duration of aircraft seeding is long and continuous, so in the diffusion calculation of aircraft seeding, we can regard the aircraft seeding as a moving point source. In this paper, the aircraft operation period is divided into n parts by   ∆ t  , and   ∆ t   is taken as 1    s  , which is equivalent to the aircraft flight    Δ s ≈ 100    m, which is used as a point source, and then this point source is     t   n   ,       x   n     ,   y   n   ,     z   n    , and the catalytic concentration caused by each point   x , y , z , t   on the whole field is     q   n    , as shown in Equation (2):


    q   n     x , y , z , t   =     Q   n     8    π   3     k   H   2     k   v       t −   t   n   +   t   ∗       3      ×   e   −       x −   x   n   − u   t −   t   n         2     4   k   H     t −   t   n   +   t   ∗           e   −       y −   y   n   − v   t −   t   n         2     4   k   H     t −   t   n   +   t   ∗           e   −       z −   z   n   − ω   t −   t   n         2     4   k   v     t −   t   n   +   t   ∗          



(2)







    x   n   ,     y   n   ,     z   n     is the positional spatial location of the aircraft at     t   n    , and the dispersion coefficient is generally taken as     k   H   = 140   m2/s,     k   v   = 70   m2/s for stratiform clouds by Zhou et al. [5]. Considering that each section of aircraft broadcasting is not a point source but has a certain initial width and length, it will be closer to the actual situation to simulate it by giving an initial time     t   *     in the calculation, and here we take 10 s for     t   *    . While     Q   n     in Equation (2) can be viewed as the point source concentration at the     t   n    ,     x   n     ,   y   n   ,     z   n     for the interval   ∆ t   time period, where R is the seeding rate (number/s), as shown in Equation (3):


    Q   n   = R ∆ t  



(3)







The total concentration q of broadcast by the aircraft is the sum of the dispersion concentrations qn from multiple point sources, as shown in Equation (4):


  q q   x , y , z , t   =   ∑  n = 1   N      q   n     x , y , z , t      



(4)







The interval of the aircraft seeding points (    x   n    ,      y   n    ,      z   n    ,      t   n    ) was set to one second, and the distance was     V   a   ∗ 1   s.     V   a     is the aircraft speed (unit: m/s). For example, for the one-hour cloud seeding, N = 3600 s. If the aircraft speed is 100 m/s, the source point spacing is 100 m, and the total length is 360 km.



In this case, the cloud seeding period was from 02:47 to 04:23, during which 4250 g of silver iodide was released. According to Figure 2b, the wind direction of the seeding layer (about 4260 m) was 223° and the wind speed was 13 m/s. By inputting the above parameters into Formula (2), the catalyst T&D influence zone can be calculated. Figure 6 illustrates the computed catalytic dispersion influence zone at 05:15 for the entire seeding period (02:47~04:23). The yellow line segment in Figure 6 represents the validated results at 05:15 for the second cloud-seeding segment calculated via the aircraft catalyst T&D model, corresponding to the cloud seeding during 03:15~03:49.




4.2. Verification of Catalyst Dispersion and Transmission Model


Figure 6 presents in its entirety the zone of influence of dispersion transport calculated by the T&D model from 03:30 to 06:15. From Figure 6, we can clearly see the dispersion influence area with time. The area of dispersion influence is larger at the moment of first seeding, and at the later seeding moment, the dispersion influence area is smaller. And over time, the dispersion impact area moves in response to wind speed and direction (wind speed and direction obtained from sounding data).



The continuous cloud track monitoring by FY-4A supports the data well and verifies the catalyst T&D model. In this study, the T&D calculation of the second cloud-seeding phase (03:15~03:49) cloud track was carried out, and a comparison was made with the FY-4A cloud track observation. From 03:15 to 03:49, 1506 g of AgI was released by the aircraft, and the dispersion coefficients and wind fields were kept the same during the whole T&D calculation period.



In order to validate the T&D model with a better comparison, we selected a few times when the cloud track was more obvious. The catalytic dispersion calculation result and the cloud track observed by the FY-4A 0.47 μm channel are presented in Figure 7. The contoured range zone is the affected zone calculated via the T&D model and determined by the 0 Num/m3 AgI concentration boundaries.



Figure 7 shows that after 60 min of catalyst seeding (valid at 04:15, Figure 7a), the simulated catalyst seeding area was consistent with the position of the cloud track observed by the FY-4A satellite through the 0.47 μm channel. After 90 min of catalyst seeding (04:45, Figure 7b), the dispersion results were completely consistent with the position of the cloud track for the segment before the corner, but there was a deviation between the dispersion position and the position of the cloud track after the corner. There was a deviation of about 1.6 km between the computed dispersion midline and the middle part of the FY-4A cloud track.




4.3. Quantitative Verification of Catalyst Dispersion Transmission width Calculation


In order to verify the particle dispersion width calculated via the aircraft catalyst T&D model at different times using the FY-4A observations, we selected a fixed geographical location over which the computed catalyst dispersion track passed and compared the FY-4A observed cloud track widths and the calculated dispersion regions at different FY-4A observation times. As shown in Figure 8, starting at 04:30, the cloud track width was taken every 15 min and compared with the calculated particle dispersion zone. The results of the width comparison are shown in Table 1. In the early stage (at 12:30), the computed catalyst dispersion width was three times wider than the FY-4A cloud track. The widths of the two were almost the same 15 min later (04:45). As time continued, the width of the FY-4A cloud track basically remained stable and consistent, at ~12–15 km at 05:15 and 05:30. After 05:30, the cloud track moved out of the target area.



Furthermore, in considering the FY-3D high-resolution cloud track observations, the data were also used to verify the aircraft catalyst T&D model computing results. Figure 5a shows the comparison results, and as shown in Table 2, the calculated catalyst dispersion widths shown in Sections 1, 2, and 3 are very similar to the FY-4A cloud track widths, with a maximum difference of only 0.36 km.



However, there was a big difference between the calculated dispersion width at the fourth cross-section, where the model-computed width and the FY-4A-observed width differed by about 9.05 km.



In general, the width of the cloud-seeding influence zone calculated via the aircraft catalyst T&D model is in very good agreement with the FY-4A cloud track observations. The widths of the two became more consistent as time progressed. The calculated width during the first 90 min overestimated the actual cloud track width.





5. Analysis of Microphysical Characteristics Inside and Outside the Cloud Track


The microphysical characteristics of the target cloud areas with the cloud-seeding cloud track were observed by the satellite. The effective particle radius, optical thickness, cloud-top height, and cloud-top temperature of the FY-4A products plotted for the four segments across the cloud track (shown in Figure 9) are presented in Figure 10. All show a significant increase in the effective particle radius inside the cloud track. For segment 1, the effective particle radius inside the cloud track was about 21 μm, and in the surrounding area it was about 10 μm. For segments 2 to 4, the effective particle radius inside the cloud track was about 15 μm, about 50% larger than on the outside. The increase in the effective particle radius inside the cloud track indicates that ice crystallization occurred inside the cloud track after the cloud-seeding operation, and a large amount of supercooled water was converted into ice-phase particles [10].



The cloud optical thickness inside the cloud track was obviously smaller. In segment 1, the cloud optical thickness inside the cloud track was about 32, and in the surrounding area, it was about 66. For segment 2, the cloud optical thickness inside the cloud track was 40, or about 33% of that on the outside. For segments 3 to 4, the cloud optical thickness inside the cloud track was about 30, about 87% less than that on the outside. The decrease in the cloud optical thickness indicates that there was less liquid water in the cloud track or that the clouds were thinner.



Figure 10 shows that the cloud-top height inside the cloud track decreased, corresponding to an increase in the cloud-top temperature. For segment 1, the cloud-top height inside the cloud track was about 4.7 km, and in the surrounding area, it was about 5.1 km, an increase of 0.4 km. Correspondingly, the cloud-top temperature inside the cloud track was warmer than the outside (−10.3 °C vs. −12.5 °C). For segment 2, the cloud-top height inside the cloud track was about 4.6 km, a decrease of about 0.3 km compared to the outside. Similar results were obtained for the other two segments.



In general, after the cloud-seeding operation, the cloud effective radius inside the cloud track increased, the cloud optical thickness decreased, and the cloud-top height decreased slightly (corresponding to a slight increase in the cloud-top temperature). These changes in the cloud properties are consistent with the physical hypothesis of cold-cloud seeding and with previously reported results.




6. Conclusions


In this study, multi-channel cloud observations from the FY-4A geostationary satellite and the FY-3D polar-orbiting satellite during an aircraft cold-cloud-seeding operation on 15 December 2019 in Henan Province, China, were analyzed to identify the cloud track caused by cloud-seeding catalysis and to study its macro- and microphysical characteristics. The cloud track observed by FY-4A closely agrees with that observed by the high-resolution FY-3D. The aircraft catalyst T&D model proposed by Zhou et al. [5] was used to calculate the seeding catalyst T&D processes for the event. The calculated catalyst dispersion features and evolution were very close to those of the cloud track observed by FY-4A. Furthermore, the change in the microphysical characteristics of the clouds across the cloud track was analyzed. The main conclusions are as follows:




	(1)

	
The FY-4A’s and FY-3D’s 0.47 um and tri-channel-fusion cloud images show a cloud track produced by the aircraft catalyst seeding into cold clouds on 15 December 2019. This was the first time that a cloud-seeding cloud track was continuously (every 5–15 min) monitored by a geostationary satellite. The cloud track observed by FY-4A obtained a cloud track with a similar morphology and width to that of the high-resolution FY-3D measurements, although FY-3D can observe a finer cloud track structure.




	(2)

	
Analysis of the continuous observation from the FY-4A cloud images showed that after 60 min of cloud seeding, the cold cloud precipitation process developed and consumed the supercooled cloud water, resulting in an obvious cloud track feature. The cloud track lasted for about 218 min, during which the cloud track moved in a northeastern direction for about 153 km, accompanied by the cloud system.




	(3)

	
The aircraft catalyst T&D model developed by Zhou et al. [5] simulated the dispersion process of the aircraft cloud-seeding catalyst remarkably accurately as compared with the FY-4A cloud track observation. It was found that the position and width of the calculated AgI particle dispersion zone were consistent with the observed cloud track.




	(4)

	
The FY-4A L2 cloud products exposed the microphysical characteristics of the cloud track. Inside the cloud track, the effective particle radius was significantly larger than that in the surrounding cloud region, and the maximum difference was about 15 μm. The cloud optical thickness of the cloud inside the cloud track was smaller than that in the surrounding cloud region, with a difference of about 30. The cloud-top height in the cloud track was about 0.3–1 km lower than that in the surrounding cloud region, and the corresponding cloud-top temperature was about 4.7 °C higher than that of the surrounding cloud. These results show that ice-phase particles were well developed in the cloud track due to the catalyst seeded by the aircraft, and some precipitation sedimentation occurred.
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Figure 1. (a) The aircraft flight trajectory on 15 December 2019; (b) the flight altitudes. The take-off and climbing phases are in green (C–A), the cloud-seeding phase is in purple (A–B), and the aircraft returning phase is in blue (B–C); The red triangle is Zhengzhou Xinzheng Airport. 
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Figure 2. (a) FY-4A cloud top height and a portion of the flight path (black line) at 00:00 on 15 December 2019; (b) L-band radiosonde plot at Xingtai at 0800 h. The green line is the temperature, the blue line is the relative humidity curve, and the black lines are wind barbs. Green shades mark the cloud cover. 
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Figure 3. The FY-4A cloud-top height and the aircraft flight track at different times during the cloud-seeding operation on 15 December 2019: (a) 03:00; (b) 03:15; (c) 03:30; (d) 03:49; (e) 04:23; (f) 05:30. The red line is for the period with supercooled water reported. 
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Figure 4. FY4A tri-channel fusion cloud image on 15 December 2019: (a) 04:15; (b) 04:45; (c) 05:15; (d) 05:45; (e) 06:15; (f) 06:45; (g) 07:15; (h) 07:53. The black line shows the flight path of the aircraft. 
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Figure 5. (a) Tri-channel fusion cloud image of the FY-3D polar-orbiting satellite at 05:40 on 15 December 2019; (b) that of the FY-4A satellite at 05:38. The black line marks the flight path of the aircraft, and the red lines represent the four cross-sections examined (see the red lines). 
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Figure 6. The AgI particle number concentration calculated by the aircraft cloud-seeding T&D model ((a): 03:30, (b): 03:49, (c): 04:23, (d): 05:30, (e): 05:45, (f): 06:15), the red line is for the second segment (cloud seeding between 03:15 and 03:49). 
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Figure 7. The calculated catalyst dispersion region (red contours), overlapped on the FY-4A 0.47 channel cloud track: (a) 04:15; (b) 04:45; (c) 05:15; (d) 05:30; (e) 05:45; (f) 06:15. The blue line is the flight trajectory, and the yellow line marks the calculated dispersion area of the catalyst. 






Figure 7. The calculated catalyst dispersion region (red contours), overlapped on the FY-4A 0.47 channel cloud track: (a) 04:15; (b) 04:45; (c) 05:15; (d) 05:30; (e) 05:45; (f) 06:15. The blue line is the flight trajectory, and the yellow line marks the calculated dispersion area of the catalyst.
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Figure 8. FY-4A tri-channel fused cloud images at different times on 15 December 2019: (a) 04:35; (b) 04:45; (c) 05:15; (d) 05:30. The red line is for the fixed space position selected. The black line marks the aircraft’s flight path. 
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Figure 9. Cloud effective particle radius at 163 min (05:30), and the locations of the four selected segments (red lines) across the cloud-seeding-induced cloud track. 
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Figure 10. Microphysical properties across the cloud track for the 4 cross-sections shown in Figure 9 correspond to (a–d) of Figure 10. The cloud effective radius is in blue; the cloud optical thickness is in purple; the cloud-top height is in orange; and the cloud-top temperature is in green. 
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Table 1. Comparison of the widths of the catalyst dispersion areas with the FY-4A cloud track widths at the same location at different times.
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	Time
	04:30
	04:45
	05:15
	05:30





	Width of the FY-4A cloud track (km)
	3.36
	6.96
	12.53
	14.93



	Width of the aircraft catalyst T&R model (km)
	10.19
	9.60
	12.81
	14.20










 





Table 2. Cloud tracks and dispersion widths of four profiles at the same time.
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	Profile
	1
	2
	3
	4





	Width of the cloud track identified by the satellite (km)
	14.10
	13.50
	13.99
	16.31



	Width of the aircraft catalyst T&D model result
	14.46
	14.25
	14.01
	12.40
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