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In this study, the impact of artificial precipitation enhancement operation on the

wet scavenging of air pollutants is investigated based on an aircraft precipitation

enhancement operation in the Yangtze River Delta region of China on

1 November 2020. Multiple measurement data are used, including the

regional meteorological and environmental data and the comprehensive

field observation data at the Nanjing University of Information Science and

Technology (NUIST) campus site. The results show that the affected areas of this

operation cover part of Anhui and Jiangsu provinces. The precipitation ratio

between the target and contrast areas is always greater than 1, indicating the

effectiveness of the seeding operation of silver iodide for precipitation

enhancement. The regional analysis of air pollutants suggests that the

enhanced precipitation can prevent the increase of air pollutants, especially

for the particulate matter. The impact of enhanced precipitation on regional

trace gases is complex because they are easily affected by the primary

emissions. More data analysis at NUIST indicates that two cloud layers

appear before the precipitation and merge into one thick cloud layer during

the precipitation likely due to the impact of catalysis operation on the upper

cloud. After the precipitation, the number concentration of aerosols with a

diameter lower than 300 nm reduces significantly, the mass concentration of

particulate matter with an aerodynamic diameter less than 2.5 μm decreases by

about 39%, and themass concentrations of nitrogen dioxide, sulfur dioxide, and

carbonmonoxide also decrease in different degrees. These results indicate that

it is effective to reduce air pollutants by artificial precipitation enhancement.

More studies are needed in the future.
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Introduction

In recent years, air pollution has attracted much attention

because of its significant impact on climate, environment, and

human health (e.g., Li et al., 2019; Ma et al., 2021). Air pollution

can cause considerable morbidity and is one of the reasons for a

significant number of premature deaths each year. Air pollutants

can be divided into gaseous and particulate matters (i.e., aerosol).

Aerosol can affect the upper respiratory tract, causing mucosal

irritation and cough. Ultrafine aerosols can easily cross the

alveolar-capillary membrane and enter the bloodstream,

inducing oxidative stress and inflammation after inhalation, and

increase the risk of non-communicable chronic diseases affecting

the brain, lungs, heart, and so on (e.g., Chen et al., 2022). Previous

studies suggest that premature death caused by particulate matter

with an aerodynamic diameter less than 2.5 μm (PM2.5) accounts

for 6.54%–7.79% of all global deaths (e.g., Maji, 2020; Yang et al.,

2022). In addition, long-term exposure to gaseous pollutants, such

as carbon monoxide (CO2), ozone (O3), and nitrogen dioxide

(NO2), will lead to asthma and other diseases (e.g., Gasana et al.,

2012). With people’s more attention to the environmental and

health effects of air pollution, the monitoring, forecasting, and

prevention of air pollutants have become a hot issue.

In order to solve the problem of air pollution, it is necessary to

seek more prevention and control measures. The factors affecting

the concentration of air pollutants are various. The wet scavenging

of air pollutants by precipitation is one of the most effective

methods. Wet scavenging of aerosols can be divided into intra-

cloud scavenging and below-cloud scavenging (e.g., Roy et al.,

2019; Ge et al., 2021; Jones et al., 2022; Jung et al., 2022). The intra-

cloud scavenging means that aerosols in the atmosphere can act as

cloud condensation nuclei to form cloud droplets, or can be

coagulated by cloud droplets during cloud development

processes. The below-cloud scavenging refers to the coagulation

occurring during cloud precipitation processes (e.g., Henzing et al.,

2006; Seinfeld and Pandis, 2006; Chate et al., 2011; Bourcier et al.,

2012; Hao et al., 2017).

Some studies find that the scavenging efficiency of

precipitation on air pollutants is related to the precipitation

amount, duration, and raindrop size distribution (e.g., Chate,

2005; Li et al., 2016; Luan et al., 2019; Zhao et al., 2020). Tai et al.

(2010) find that precipitation amount is negatively correlated

with PM2.5 and its chemical components. Yoo et al. (2014)

analyze the relationships between the precipitation amount

and several air pollutants in Korea by defining three new

washout indices: absolute washout index, relative washout

index, and the negative correlation fraction. It is found that

all air pollutants have negative correlations with the precipitation

amount but the influence degrees are different. It is also found

that the influence of precipitation on the concentration of air

pollutants is in the following order: PM10 (particulate matter with

an aerodynamic diameter less than 10 μm)> SO2 (sulfur dioxide)

> NO2>CO (carbon monoxide)> O3. Long et al. (2020) indicate

that persistent light rain can significantly reduce PM2.5, PM10,

SO2, and NO2 except for O3, but there is an upper limit of the

impact of light rain on air pollutants. The scavenging efficiency of

air pollutants by precipitation is also limited by the

concentrations of air pollutants before precipitation.

Olszowski. (2016) suggest that the scavenging efficiency is

weaker in areas with a low concentration of air pollutants

than those with a high concentration of air pollutants. These

studies suggest that the precipitation is effective to scavenge

multiple air pollutants, which can be enhanced by cloud seeding

through increasing precipitation amount or duration.

By seeding artificial nuclei (such as hygroscopic nuclei or ice

nuclei) in the cloud, the microphysical processes of clouds can be

changed, then the precipitation intensity or duration can be

enhanced in a certain region, which is called artificial

precipitation enhancement. This seeding operation is also called

“cloud catalysis.” For example, the seeding of silver iodide (AgI)

and dry ice in cold clouds can promote the formation of ice

crystals. The increased ice crystals can grow to large droplets

through the Bergeron and the collision coalescence processes.

Finally, more conversions from cloud droplets to raindrops

make more precipitations (e.g., Mason, 1978; Dennis, 1980;

Tonttila et al., 2021). More and more studies suggest that cloud

seeding is effective to the enhancement of precipitation (e.g., Zheng

et al., 2020; Dong et al., 2021). As an example, Wang et al. (2021a)

analyze the effect of a cloud seeding operation on precipitation

using the observation results of radar, satellite, and raindrop

spectrometer. It is found that the AgI seeding significantly

influences the cloud and precipitation. From the satellite image,

the falling ice crystals produce a “trench” in the cloud, and the

enhanced surface rainfall is observed after seeding.

As discussed above, precipitation has an important scavenging

effect on air pollutants and the precipitation can be enhanced

through the cloud seeding operation. To our knowledge, so far

there are no studies about the impact of artificial precipitation

enhancement on the scavenging of air pollutants. Since 2018, the

Weather Modification Centre (WMC), China Meteorological

Administration (CMA) conducts some precipitation

enhancement experiments to improve air quality in the Yangtze

River Delta. This study investigates for the first time the impact of

artificial precipitation enhancement on the scavenging of air

pollutants based on one case on 1 November 2020, using

multiple data. The results presented in this study affirms the

feasibility of reducing air pollutants through artificial

precipitation enhancement, which is meaningful for future air

pollution prevention and control.

Measurement data

The hourly precipitation (unit: mm) and wind data are

measured by the CMA meteorological stations (data sources:

http://data.cma.cn/site/index.html). Air quality data are
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measured by the Chinese Ministry of Ecology and Environment

network (data source: http://www.cnemc.cn/), including the data

of PM2.5, PM10, SO2, NO2, O3, and CO. The units of PM2.5, PM10,

SO2, NO2, and O3 are in micrograms per cubic meter (μg/m3),

and that of CO is in milligrams per cubic meter (mg/m3).

More data on aerosol, cloud, and precipitation are measured at

a supersite on the campus of Nanjing University of Information

Science & Technology (NUIST). The instruments used in this

study at NUIST are listed in Table 1. At this site, a Parsivel

disdrometer is used tomeasure precipitation properties and several

gas analyzers are used to measure the mass concentrations of SO2,

NO2, O3, and CO (model 43i, 42i, 49i, and 48i, respectively). The

droplet size range measured by the Parsivel disdrometer is

0.062–24.5 mm. Moreover, a Ka-band millimeter wave cloud

measuring radar (MWCMR), an aerosol chemical species

monitor (ACSM), and a scanning mobility particle sizer

(SMPS) equipped with a long differential mobility analyzer

(DMA, model 3081L) and a condensation particle counter

(model 3,775) are used to measure cloud macroscopic and

microphysical properties and aerosol physicochemical properties.

Result and discussion

Overview of the aircraft precipitation
enhancement operation

The light air pollution forms in the Yangtze River Delta before

9:00 Beijing Time (BT) on 1 November 2020 (Supplementary

Figure S1). For restraining the pollution aggravation, an aircraft

precipitation enhancement operation is carried out. According to

the meteorological conditions, a Y-12 aircraft conducts the flight

operation in Anhui province in 9:00–11:00 BT. The catalytic layer

height during this operation is about 4,300 m, and the catalytic

layer temperature is −5°C (zero-layer height is about 3,900 m). A

total of 24 silver iodide (AgI) catalyst flame strips are burned

during the flight. Supplementary Figure S2 shows the flight

trajectory and the altitude of the seeding routes.

To confirm the target area of this aircraft precipitation

enhancement operation, the hourly diffusion area of AgI is

calculated based on the common analytical scheme (see

Supplementary Text S1 in the supplement). The aircraft flights

at an altitude of about 4,300 m from west to east, while the cloud

system also moves from west to east (Supplementary Figure S3).

The sounding data at 08:00 BT in Nanjing shows that the wind

speed are about 16 m/s and the wind direction is westerly at

4,300 m altitude (Supplementary Figure S4). The hourly

diffusion area of AgI is shown in Figure 1. It suggests that the

diffusion area is mainly in Anhui province at 10:00–11:00 BT,

then extended to Jiangsu province (including the NUIST site)

after 12:00 BT. Figure 1 also suggests that the precipitation in the

northern non-diffusion area becomes weaker from 10:00 to 14:

00 BT, while that in the diffusion area becomes stronger.

For verifying the effect of the catalytic operation on

precipitation, the influence (target) and non-influence (contrast)

areas are selected. The selection of target and contrast areas follows

the principles: First, two areas are affected by the same or similar

weather systems. Second, the size of the two areas should be the

same and there are similar geographic features. Third, the contrast

area should be selected upwind or sidewind of the target area,

which is not affected by the catalytic operation. Finally, there are

same observed variables (such as precipitation amount) in two

areas. The selected target and contrast areas in different hours are

shown in Figure 2A. The K value method (K � R1/R2, where R1

and R2 are the average precipitation amount in the target and

contrast areas, respectively) is then used to analyze the

precipitation enhancement effect. When the K value is greater

than 1, the precipitation amount in the target area is greater than

that in the contrast area, indicating the positive effect of the

catalytic operation on precipitation.

The comparison results of hourly precipitation between the

target and contrast areas are shown in Figure 2B. It shows that the

hourly precipitation amount in the two areas is similar before the

catalytic operation (08:00 BT) when the K value is approximately

equal to 1. During the operation period (09:00–11:00 BT), the K

value increases obviously, reaching the maximum (2.3) at 11:

00 BT. After that, theK value has a weak decrease at 12:00 BT and

then increases to the second peak (2.1) at 13:00 BT. After 13:

00 BT, the K value gradually decreases but is still larger than 1.

Overall, theK value is significantly greater than 1 during and after

the catalytic operation, verifying that this operation has an

enhancement effect on the precipitation.

TABLE 1 Information of instruments used in this study at NUIST.

Instrument name Manufacturer Measurement variables Temporal/Spatial
resolution

Trace gas analyzers Thermo Scientific Mass concentrations of SO2, NO, NO2, CO, and O3 1 min/-

Ka-band millimeter wave cloud measuring
radar (MWCMR)

Beijing institute of radio
surveying

Cloud reflectivity factor, radial velocity, speed spectral width,
and linear depolarization ratio

1 min/vertical
resolution: 30 m

Aerosol chemical species monitor (ACSM) Aerodyne Mass concentrations of chemical species in PM2.5 15 min/-

Parsivel disdrometer OTT Precipitation amount, raindrop number size distribution 1 min/-

Scanning mobility particle sizer (SMPS) TSI Particle number size distribution in 10–300 nm 5 min/-
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The wet scavenging of enhanced
precipitation on regional air pollutants

To study the influence of precipitation on air pollutants, it is

necessary to compare the change of air pollutants in the target and

contrast areas. The data of air pollutants with high quality is from

the measurements in the environmental monitoring stations.

As discussed above, the precipitation is enhanced by the

catalytic operation in the target areas. Themass concentrations of

several air pollutants (PM2.5, PM10, SO2, NO2, and CO) between

the target and contrast areas are compared before (0:00–07:

00 BT, 08:00 BT data missing), during (9:00–11:00 BT), and

after (12:00–15:00 BT and 16:00–24:00 BT) the operation

(Table 2 and Supplementary Figure S5). It shows that the

FIGURE 1
The hourly precipitation (background color, 10:00–14:00 BT) and the calculated diffusion areas of silver iodide (AgI) (yellow areas) after the
seeding by the Y-12 aircraft on 1 November 2020. The blue lines show the AgI seeding track.

FIGURE 2
(A) Selected target and contrast areas in different hours, (B) hourly precipitations with their standard deviations (error bars) in the target and
contrast areas and their ratios (K).
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average PM2.5 mass concentration in the target area is slightly

lower than that in the contrast area before and during the

operation period (38.50 vs. 43.56 μg/m3, and 50.73 vs.

58.88 μg/m3), PM2.5 increases in two areas likely due to the

daytime atmospheric chemical reactions but the increase in

the target area is much lower than that in the contrast area

during and after the operation. PM10 has similar trends during

these periods. These results suggest that the enhanced

precipitation by the catalytic operation has a good negative

effect on the regional accumulation of aerosols, which is likely

caused by the wet scavenging of enhanced precipitation in the

target area.

The variations in trace gas concentrations between the two

areas are different. The mass concentrations of SO2, NO2, and

CO are larger in the target area than those in the contrast area

before the operation (Table 2 and Supplementary Figure S5).

During the operation, the ratios of their concentrations

between the target and contrast areas reduce rapidly. After

the operation, the ratios of SO2 and NO2 have an increase

during 12:00–15:00 BT. This is likely because there are more

primary emissions of SO2 and NO2 in the target area.

However, during 16:00–24:00 BT, the concentrations of SO2

and NO2 in the target area are lower than those in the contrast

area. The mass concentration of CO is higher in the target area

than that in the contrast area before the operation, indicating

more CO emission in the target area. The variation of CO ratio

between two areas during and after the operation (always

lower than 1) is different from these of SO2 and NO2. This

means that CO mass concentration is always lower in the

target area than that in the contrast area, implying

some effective scavenging of precipitation on CO (Yoo

et al., 2014).

In summary, enhanced precipitation can reduce the regional

air pollutants, especially for the particulate mattes (PM2.5 and

PM10). However, the impact on regional trace gases is complex

because some trace gases are simultaneously affected by the

enhanced primary emissions in the daytime.

The wet scavenging of enhanced
precipitation on air pollutants at NUIST

To further investigate the role of enhanced precipitation on

the removal of different air pollutants, more measurement data at

NUISTare used to study this effect. Bivariate polar plots by

different wind speeds and directions for different air

pollutants (PM2.5, NO2, SO2, and O3) are shown in Figure 3,

which can be used to analyze potential sources of air pollutants

(Carslaw and Beevers, 2013). It shows that high mass

concentrations of SO2 are mainly from the transport by

TABLE 2 The concentrations of air pollutants in the target and contrast areas and their ratios.

Air pollutants Area Time

0:00–7:00 BT (before
the operation)

9:00–11:00 BT (during
the operation)

12:00–15:00 BT (after
the operation)

16:00–24:00 BT
(after the operation)

PM2.5 (μg/m
3) Target area 38.50 50.73 54.60 61.31

Contrast area 43.56 58.88 87.59 94.46

Target area/Contrast
area

0.88 0.86 0.62 0.64

PM10 (μg/m
3) Target area 78.56 98.10 100.92 105.29

Contrast area 72.41 93.54 99.91 119.72

Target area/Contrast
area

1.08 1.05 1.01 0.88

SO2 (μg/m
3) Target area 9.96 10.40 11.40 7.24

Contrast area 9.29 9.97 9.16 8.34

Target area/Contrast
area

1.07 1.04 1.24 0.87

NO2 (μg/m
3) Target area 63.21 55.90 48.43 55.60

Contrast area 36.53 50.76 40.23 64.88

Target area/Contrast
area

1.73 1.10 1.20 0.86

CO (mg/m3) Target area 0.88 0.90 0.85 0.98

Contrast area 0.66 0.91 0.92 1.04

Target area/Contrast
area

1.33 0.99 0.92 0.94
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FIGURE 3
Bivariate polar plots by different wind speeds (unit: m/s) and directions for (A) PM2.5, (B)NO2, (C) SO2 and (D)O3 at NUIST on 1 November 2020.

FIGURE 4
Time series of (A) the cloud reflectivity factor detected by the MWCMR, (B) the total number concentration (NT ), and (C) raindrop number size
distribution measured by the Parsivel disdrometer at NUIST on 1 November 2020.
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westerly winds (Figure 3C), but high concentrations of PM2.5,

NO2, and O3 are from the combined effect of local sources and

the transport (Figures 3A,C,D). However, different pollutants are

transported in different directions. High PM2.5 is associated with

high northwesterly winds. High NO2 is related to the

southwesterly or westerly winds. There are highways and

railroads to the west and a high way to the east of NUIST,

which are responsible for the high NO2. High O3 concentrations

are mainly in the southeasterly and northerly winds. More

industrial emissions may play an important role in the O3

formation in these directions (Trainer et al., 2000; Tan et al.,

2018; Yao et al., 2021). All these suggest that the NUIST site is

affected by regional pollution sources.

Supplementary Figure S6 in the supplement suggests that the

prevailing wind at NUIST during the day is northwest westerly,

and the wind speed is always smaller than 2 m/s. It means the

small influence of winds on the removal of air pollutants due to

the weak winds. Figure 4A shows the cloud reflectivity factor

measured by the Ka-band Millimeter Wave Cloud Measuring

Radar (MWCMR) at NUIST. It suggests that two cloud layers

appear before 12:00 BT with the upper layer at the height of

4–6 km and its reflectivity factor in the range

from −25 to −10 dBZ, and the lower layer at around 2 km

and its reflectivity factor in the range from −25 to 0 dBZ.

Figures 4B,C depict the time series of the total number

concentration (NT) and raindrop number size distribution

detected by the Parsivel disdrometer. They suggest that there

is no precipitation before 12:00 BT at NUIST. The obvious

precipitation starts at ~12:10 BT and ends at ~13:00 BT. The

precipitation period is consistent with the influence period by the

catalytic operation (Figure 1). Figure 4A shows that two

preexisting cloud layers merge into a thick cloud layer during

12:00–13:00 BT. The cloud top height reaches about 7 km and its

reflectivity factor ups to 25 dBZ. Considering that the catalytic

layer height is about 4,300 m, this suggests that the precipitation

is likely induced by the impact of catalysis operation on the upper

FIGURE 5
Time series of (A) particle number size distribution in 10–300 nm measured by SMPS, the mass concentrations of (B) PM2.5 and its chemical
species measured by ACSM, (C) CO, NO2, (D) SO2, and O3 measured by trace gas analyzer at NUIST on 1 November 2020.
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cloud layer. The falling ice crystals from the upper cloud can

grow quickly in the lower cloud due to more liquid water in the

lower cloud.

Figure 5A shows the time series of aerosol particle number

size distribution (PNSD) in 10–300 nm measured by the

scanning mobility particle sizer (SMPS) at NUIST. In general,

the number concentration and the size of particles increase

obviously before 12:00 BT. This is attributed to the

accumulation of particles due to the weak diffusion condition

(low winds) and the enhanced anthropogenic emissions in the

daytime (Wang et al., 2017). When the precipitation starts, the

number concentration of particles in all sizes reduces sharply,

implying the strong wet scavenging of precipitation on the fine

particles. After the precipitation, particles accumulate again after

16:00 BT.

The time series of the mass concentrations of PM2.5 and its

chemical species at NUIST measured by the aerosol chemical

species monitor (ACSM) are shown in Figure 5B. It depicts that

the mass concentration of PM2.5 increases before 12:00 BT and

decreases after the precipitation, which is consistent with the

measurement of PNSD. It also shows that the mass

concentrations of organics (Org) and nitrate (NO−
3 ) decrease

obviously during and after the precipitation, while other

components change slightly.

Figures 5C,D show the time series of SO2, NO2, O3, and

CO mass concentrations at NUIST. They indicate that NO2

and CO mass concentrations remain at high levels before 12:

00 BT, with NO2 at around 70 μg/m3 and CO at around 2 mg/

m3. SO2 mass concentration remains at a relatively low value

before 09:00 BT but increases to ~7 μg/m3 at 12:00 BT due to

the enhanced anthropogenic emission in the daytime. After

the precipitation, all the mass concentrations of SO2, NO2, and

CO reduce sharply, with NO2 mass concentration reducing to

about 17 μg/m3, a reduction percentage of about 75%, CO

mass concentration reducing to about 1.5 mg/m3, a reduction

percentage of 25%, and SO2 mass concentration reducing to

about 2 μg/m3, a reduction percentage of about 70%. This

suggests the effective wet scavenging of enhanced

precipitation on these trace gases. However, O3 mass

concentration increases obviously after the precipitation,

suggesting that the low impact of precipitation on O3 and

other factors (such as photochemical reactions) play more

important roles in the variation of O3. Wang et al. (2021b)

suggest that O3 can increase induced by the decrease of NO2

due to the O3-titration effect. In this case, the precipitation can

scavenge NO2, promoting the formation of O3.

In summary, the precipitation induced by the catalytic

operation has a good removal effect on most of the air

pollutants except O3.

Summary and conclusion

This study analyzes the effect of enhanced precipitation on

the scavenging of air pollutants based on an aircraft precipitation

enhancement operation in the Yangtze River Delta region of

China on 1 November 2020. The calculation of the common

analytical scheme about the AgI diffusion suggests that the

catalytic operation implemented by a Y-12 aircraft influences

part of Anhui and Jiangsu provinces. Target and contrast areas

are selected to validate the effectiveness of artificial precipitation

enhancement and analyze its effect on the concentrations of air

pollutants.

The K value of precipitation amount between target and

contrast areas is significantly greater than 1 during and after

the catalytic operation, indicating that this operation has an

enhancement effect on the precipitation. The analysis of

regional air pollutants suggests that PM2.5 and PM10

increase after the operation likely due to the daytime

atmospheric chemical reactions, but the increase in the

target area is much lower than that in the contrast area.

Compared to particulate matters, trace gases are easily

affected by primary emissions. The results suggest that the

ratios of SO2 and NO2 mass concentrations between target

and contrast areas reduce rapidly during the operation but

increase after the operation, suggesting more primary

emissions of SO2 and NO2 in target areas. However, CO

mass concentration is always lower in the target area than

that in the contrast area during and after the operation,

implying the effective scavenging of enhanced precipitation

on CO.

More data in this case are measured at the supersite of NUIST.

They suggest that the NUIST site is affected by regional pollution

sources. Two cloud layers appear before the precipitation andmerge

to one thick cloud layer during the enhanced precipitation likely due

to the impact of catalysis operation on the upper cloud layer. The

precipitation is efficient in removing fine particles with diameters

ranging from 10 to 300 nm. Meanwhile, the mass concentration of

PM2.5, organics, and nitrate also decrease obviously during and after

the precipitation, indicating the large impact of precipitation on

these particulatematters. Themass concentrations of SO2, NO2, and

CO also decrease sharply after the precipitation. However, the mass

concentration of O3 increases, suggesting that other factors (such as

photochemical reactions or the O3-titration effect) play more

important roles on O3 concentration.

The above results indicate that the precipitation

enhancement induced by the artificial catalytic operation can

scavenge some air pollutants, and then restrain the development

of air pollution event. However, all the analyses are based on one

case study. More studies are needed in the future.
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