
Response to Reviewer #2 
 

The paper investigates possible sources of discrepancy in the below-cloud wet 

scavenging coefficient (BWSC), a metric related to the ability of rainfall to remove 

suspended particles, between observations and theoretical results. Past studies have 

highlighted that the BWSC inferred from measured particle number size distributions 

(PNSD) are larger than the theoretical ones, but sources of these discrepancies remain 

unclear. This paper uses long-term (i.e., 7 years, ~1800 days after data quality control) 

PNSD data collected at the SORPES station in eastern China to quantify BWSC in a 

polluted atmosphere and to investigate sources of discrepancies between observed and 

theoretical BWSC. Auxiliary to the analysis is the ERA5 and TRMM data that provide 

meteorological and rainfall information over the area, respectively. The authors select 

rainfall days above a certain intensity and duration and exclude extreme events and 

frontal passages that will significantly impact PNSD. This leads to 170 events being 

analyzed. Two categories of events are identified based on BWSC (high and normal 

events). Events are also classified based on changes in synoptic systems that may lead 

to a different role played by the BWSC. Pollutant concentrations (e.g., CO) are also 

used as tracers to track changes in air masses. The manuscript is well written, the results 

are innovative, and topic is of high relevance for Atmospheric Chemistry and Physics. 

However, the following concerns should be addressed to be considered suitable for 

publication. 

Response: Thanks for providing helpful and constructive comments, which help us 

further improve the manuscript. The changes in the revised manuscript were 

highlighted in red color. Below is our point-by-point response to each comment.  

 

Comment 1:  

Few results are shown for the normal scavenging vs high scavenging events in terms 

of PNSD. Two specific events are shown in Fig 3, but it would be interesting to know 

more about the overall statistics. How do the two distributions differ on average? 

What is the variability/uncertainty in the PNSD and rainfall distribution over time for 

these two types of events over the analyzed period?  

Response: Thanks for the comment and suggestion. As shown in Fig. R1, the average 

PNSD before rainfall for normal scavenging events and high BWSC events are similar. 

The particle number concentrations of normal scavenging events show a certain degree 

of reduction in all particle size bins, and the dominant particle diameter changes less. 

The particle number concentrations of the high BWSC events show more obvious 

reduction in most of particle size bins. The dominant particle diameter changes 

significantly from 100 nm to 50 nm, indicating the different source of particles due to 

the air masses changing. The variability in PNSD of the normal scavenging events is 

larger than that of the high BWSC events. 

Considering the referee’s comments, we have added more descriptions of the particle 

number size distribution for normal and high BWSC events in the Line 203-206 and 

Figure S1. 



 

 

Figure R1. The PNSD before and after rainfall events for (a) normal scavenging events 

and (b) high BWSC events. The lines represent the median, 25th and 75th percentiles 

and the circles represent the average. 

 

Comment 2:  

More details should be provided in the methods on how the different events are 

classified in terms of BWSC and also in terms of the synoptic driving systems. Also for 

example, in Figure 6 it’s not clear what the trajectory height means and how it is 

computed. Rainfall events may be synoptic driven or more locally generated. How are 

these differences accounted for? 

Response: Thanks for the comment. The normal and high BWSC events separated in 

Fig. 2 were classified by analyzing the time series of PNSD for each rainfall event, as 

shown in Fig. 3. If there is a rapid and sudden decrease in particle number concentration 

in all size ranges near the end of the rainfall, it is classified as the high BWSC event. 

Otherwise, it is the normal event. The classification of the synoptic situation in section 

3.2 is conducted using the subjective procedure. The synoptic situation type of each 

rainfall event is classified according to the geopotential height and wind fields on 850 

hPa (Bei et al., 2016). When a trough moves from west to east, the synoptic situation is 

categorized as “westerly trough type” (16.6%); when a stationary front moves slowly 

at the SORPES station, the synoptic situation is categorized as “stationary front type” 

(31.3%); when a vortex weakens into the small trough at SORPES station, the synoptic 

situation is categorized as “vortex weakening type” (22.9%); when a vortex stays at 

SORPES station, the synoptic situation is categorized as “vortex type” (29.2%). The 

trajectory height refers to the maximum altitude of the 36-hour backward trajectory. 

The 36-hour backward trajectories are calculated by the HYSPLIT (Hybrid Single-

Particle Lagrangian Integrate Trajectory) model driven with the GDAS (Global Data 

Assimilation System) reanalysis data. 

Nanjing is strongly affected by the East Asian monsoon and is located in the lower 

reaches of the Yangtze River, which can reflect the main rainfall characteristics of this 

area (Wan et al., 2012). The accumulated precipitation and rainfall frequency are high 

in Nanjing, especially from June to August (Fig. 1a). The rainfall in this area is often 



caused by synoptic situations such as fronts, vortexes and tropical cyclones (Luo et al., 

2016; Yongguang et al., 2008). Short-term heavy rainfall caused by local convection 

also occurs from time to time, accompanied by very high rainfall intensity (≥20 mm/h) 

and drastic changes in meteorological conditions (Shen et al., 2015; Yang et al., 2015).  

 

In section 2.2, we have screened for rainfall events, including rainfall duration and 

changes in meteorological conditions. The screening procedure removed the events 

where drastic meteorological condition changes occurred. Therefore, the 170 rainfall 

events in this study are mainly synoptic driven. 

Considering the referee’s comments, we have added more descriptions and discussions 

in the revised manuscript. Please see Line 223-228, Line 295-296, Line 311-312 and 

Line 139-141. 

 

Comment 3:  

The dependence of BWSC on the pre-existing particle number concentrations is very 

interesting, but more details are needed. Does this relationship vary as a function of the 

particle size as well or is it constant from the smallest to the largest diameters? Does 

the pre-existing PNSD play a role in dictating BWSC or is the total particle number the 

key driver? 

Response: Thanks for the comment.  

 

Figure R2. Below-cloud wet scavenging coefficients (median over particle sizes 10-

500 nm) for high BWSC events and normal events as the function of (a) rainfall 



intensity and (b) particle number concentration prior to rainfall events. The dots 

represent the median and the error bars represent the upper and lower quartiles. Below-

cloud wet scavenging coefficients in each size bin for normal events as the function of 

(c) rainfall intensity and (d) particle number concentration prior to rainfall events.  

 

In the revised manuscript, we presented the BWSCs for each size bin (Fig. R2c, d). As 

shown in Fig. R2c, the dependence of BWSC on rainfall intensity for particles below 

100 nm (i.e. ultrafine particles) is similar with that of total particles, since the ultrafine 

particles dominate the particle number concentration at SORPES. The BWSCs are low 

for the particles larger than 100 nm due to the exist of “Greenfield” gap (Greenfield, 

1957). Nevertheless, the increase in BWSC with increasing rainfall intensity can also 

be found for the particles larger than 100 nm. The dependence of BWSC on particle 

number concentration prior to rainfall event is obvious for ultrafine particles as well 

(Fig. R2d). In general, although the BWSCs are related to the particle size, the 

dependences of BWSCs on rainfall intensity as well as particle number concentration 

is uniform over all the size bins. 

 

Figure R3. The variation of particle number concentration with time during rainfall 

under theoretical conditions (a) without and (b) with the stable source. (λ=1×10-5, 

A=5.8×10-3) 

 

Theoretically, below-cloud wet scavenging is a 1st-order loss process and should not 

have the relationship with the particle number concentration prior to rainfall event. The 

basic equation of variation in the particle number concentration c(dp) due to rainfall 

scavenging is described by Eq. (1) (Seinfeld and Pandis, 2016):  

dc

dt
= −λc (1) 

λ is the scavenging coefficient (i.e. BWSC). As shown in Fig. R3a, the particle number 

concentration varies exponentially with time if no other processes (other sources or 

sinks of particles) are present during the rainfall event. The slope of the line is the 

scavenging coefficient (λ) and does not vary with the particle number concentration 



prior to rainfall (c0). 

However, in the real ambient environments, other processes such as particle formation, 

primary emissions, coagulation, etc. cannot be excluded. For example, if there is a 

stable source of particles, the variation of particle number concentration can be 

described by: 

dc

dt
= −λc + 𝐴. (2) 

A is the formation rate of the particles due to the stable source. The variation of particle 

number concentration based on Eq. (2) is shown in Fig. R3b by assuming consistent 

BWSC and formation rate.  

In field measurements, it is common to use Eq. (3) to calculate the BWSC: 

λ = −
1

𝑡1 − 𝑡0
ln (

𝑐1
𝑐0
) . (3) 

c0 and c1 are the median particle number concentrations before (t0) and after (t1) the 

rainfall event, respectively. Assuming same duration of rainfall event, the BWSCs can 

be calculated based on Eq. (3) for different initial particle number concentration (dash 

lines in Fig. R5b). Although the actual BWSC is consistent, the calculated BWSC can 

increase with the increasing initial particle number concentration. Therefore, the 

relationship between BWSC and particle number concentration prior to the rainfall 

event can be caused by other processes except for below cloud wet scavenging. In real 

ambient environments, other processes perturb the calculation of BWSC when using 

the BWSC calculation method as described by Eq. (3). We thereby highlight the need 

for further research on BWSC calculation methods based on field measurements. 

Considering the referee’s comments, in the revised version, we have modified the 

discussions on the dependence of BWSCs on particle number concentrations prior to 

rainfall events in Line 357-379 and Figure 8 and Figure S16. 

 

Comment 4:  

How generalizable these results are? The authors could contextualize the emission 

regimes, the typical PNSD, the type of air mass changes, with those observed in other 

studies and comment on which regions the BWSC could be impacted by some of the 

identified drivers. 

Response: Thanks for the comment and suggestion.  

In urban environment, most of the observed studies show that the observed BWSCs are 

much higher than the theory. Zhao et al. (2015) studied below-cloud wet scavenging of 

aerosol in Lanzhou. Lanzhou is one of the megacities in western China and has been 

suffering from severe air pollution due to rapid urbanization and industrialization 

(Zhang et al., 2017). The distribution pattern of BWSC between 40-400 nm is very 

similar to the high BWSC event without the significant “greenfield gap” (Greenfield, 

1957). Xu et al. (2019) conducted field measurements in Beijing and used multiple 

methods to calculate BWSC. The rainfall event studied by Xu et al. (2019) clearly 

showed a rapid and sudden decrease in particle number concentration in all size ranges 



near the end of the rainfall, which is similar with the phenomenon illustrated in Fig. 3b. 

By investigating the weather conditions and backward trajectories of the below-cloud 

scavenging events observed in those studies, we suggest that the air mass changing is 

one of the non-negligible reasons of high BWSC event observed in the studies by Zhao 

et al. (2015) and Xu et al. (2019). 

Relatively high BWSCs were also observed in clean environment, such as boreal forest 

in Finland (Laakso et al., 2003). We investigated the rainfall events observed at SMEAR 

II station in boreal forest of Finland and found the similar high BWSC events, which 

belong to type iv high BWSC event. As shown in Fig. R4, the SMEAR II station was 

located on the southern side of the vortex, and the vortex showed no clear movement. 

The backward trajectories of air masses were from the Baltic Sea. The rapid decrease 

in particle number concentration in all size ranges was observed at the end of the rainfall, 

which is caused by the influence of marine air masses. 

In summary, the high BWSC events (a rapid decrease in particle number concentration 

in all size ranges near the end of the rainfall) mentioned in this study can be found not 

only in urban environment but also in clean natural environments. We thereby highlight 

all the below cloud scavenging studies based on the field measurements need to 

consider the influence of air mass changing. Considering the referee’s comments, we 

have added more discussions about the generalizability of the conclusion in this study 

in the revised manuscript. Please see Line 395-396. 

 

 
Figure R4. Distributions of winds and geopotential heights at 850 hPa (a) before, (b) 

at, and (c) after the moment of sudden decrease in particle number concentration. (d) 

Top to bottom panels are time series of wind, ambient temperature, RH, precipitation, 

and particle number size distribution. (e) The backward trajectory before, at, and after 

the moment of sudden decrease in particle number concentration. 
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