We would like to thank the reviewers for their valuable comments and suggestions. We have
considered all comments carefully which helped us significantly to improve our manuscript. Following
the reviewers’ comments and suggestions, we revised the manuscript. Our responses to the reviewers’

comments are listed below in blue fonts and the changes in the manuscript are listed in blue italic fonts.

General comment

The paper uses lidar and ground level observations with a bioaerosol monitoring system to investigate
the transport of bioaerosol in a measurement site in China. The analysis is performed on three case
studies. The topic is interesting and suitable for the Journal, however, there are some aspects not

very clear including what is the real novelty on the paper that need to be addressed in a revision step.

Thanks for your careful and thoughtful comments. We revised the manuscript according to your

suggestions.

Specific comments

1. Itis not very clear what is the novelty in the approach or in the results. This aspect should be
discussed and the choice to investigate a small number of cases (three events) should be

justified.

Thank you for your valuable comments. In this paper, we combine coherent Doppler wind lidar and
WIBS to simultaneously detect the atmospheric phenomena and local aerosol characterization in high
time resolution, to search their relationship. In the results, we observed that aerosol transport not only
increased local aerosol concentration but also their composition. Besides, we observed the impact of
some atmospheric phenomena, like virga, on local fluorescent aerosols in a short time, which cannot
be observed by traditional off-line detection techniques. The methodology and observation results can
inspire a comprehensive understanding of bioaerosol transport and its role in the atmospheric
processes and aerosol-cloud -precipitation interaction. We revised the following text to emphasize the

novelty of our research.

As for the small number of cases in this paper. Unfortunately, we cannot provide more events in this
paper. This campaign was only performed in March 2020, during the period the aerosol transport event
are rarely captured by lidar, and some suspected events are obscured in lidar observation due to the
simultaneous bad weather condition (precipitation and cloudy days often occur in Hefei in Spring).
Furthermore, aerosol transport and precipitation can both influence the local bioaerosol. When aerosol
transport and precipitation occur at the same time, the variation of WIBS data cannot be attributed to
whether aerosol transport or precipitation. These three transport events are presented in the paper
because of their good observation quality in good weather conditions during the time. And the
characteristics, such as the difference of wind direction in different altitudes and the high PM
concentration near the ground also help the confirmation of aerosol transport events. Observations

using lidar and WIBS in other times and seasons will be performed in the future.

Changes: lines 23-30.



“The results prove the influence of external aerosol transport on local high particulate matter (PM)
pollution and fluorescent aerosol particle composition. The combination of WIBS and CDWL expands
the aerosol monitoring parameters and provides a potential method for real-time monitoring of
fluorescent biological aerosol transport events. In addition, it also helps to understand the relationships
between atmospheric phenomena at high altitudes like virga and the variation of surface bioaerosol. It
contributes to the further understanding of long-range bioaerosol transport, the roles of bioaerosols in
atmospheric processes and in aerosol-cloud-precipitation interactions. ”

Changes: line 105-118.

“This paper provides a new perspective for the study of bioaerosol transport. CDWL enables continuous
monitoring of multiple atmospheric parameters in real time, such as aerosol extinction coefficient, wind
vector, turbulence activity, precipitation, etc. Based on LIF technologies, WIBS provides detailed single-
particle information containing up to 5 parameters. It provides a higher time resolution monitoring of
aerosols compared with traditional offline measurement methods based on sampling analysis, and
compared with online aerosol measurement instruments such as particle sizer, it expands the dimension
of aerosol measurement and thus enables categorized monitoring of aerosol. The combination of these
two instruments helps to understand the potential impact of external bioaerosols on local bioaerosol
composition during aerosol transport. In addition, lidar is capable of detecting atmospheric phenomena
in high altitudes like the virga, which cannot be measured by ground-based in-situ measurement
instruments, and thus enables discovering their relationships with the variation of bioaerosols at
ground level during this event. The phenomenon suggests that the combination of these two instruments
also contributes to a further understanding of the role of bioaerosols in atmospheric processes and in
aerosol-cloud-precipitation interactions. ”

2. Lines 48-51. These aspects should be backed up with a references. In addition, it could strongly
depend on the type of bioaerosol with bacteria and fungi behaving differently from small viruses
in terms of probability of attachment on pre-existing particles. | believe that this should also be

mentioned.

Thank you for your suggestion, additional references have been added and the different behavior in

survival mechanisms among different types of bioaerosols has been mentioned.

Changes: lines 50-56.

” To survive in dry and intense solar radiation environments at high altitudes during long-range
transport, bioaerosols have developed some survival mechanisms including pigment deposition (Tong
and Lighthart, 1997), sporulation (Griffin, 2007), and attaching themselves to other particles like dust
(Griffin et al., 2001). These survival mechanisms depend on the type of bioaerosol, for instance, due to
their relatively small size compared with bacteria and fungi, viruses are more likely to be attached to
other large pre-existing particles under the influence of Brownian motion.”



3. Another aspect that should be mentioned is that the WIBS is not able to measure small particles
(<500 nm) so that the methodology used is focused on relatively coarse bioaerosol with limited
potentiality for viruses for example.

Thank you for your mention, additional descriptions about the limitation of WIBS have been added.
Changes:, lines 78-82.

” However, WIBS still has some limitations in detecting bioaerosols. For example, WIBS cannot detect
particles whose size is smaller than 0.5 um, so WIBS has limited potential in the detection of small size
bio-particles like viruses and focuses on relatively coarse bioaerosols. Besides, non-biological
fluorescent components on aerosol particles, such as polycyclic aromatic hydrocarbons (PAHSs), humic
acids, and fulvic acids may act as interferent during WIBS measurements. ”

4. Lines 294-301. Percentages of what of total particles or of fluorescent particles?

Thank you for your comments. Here we describe the fraction of a specific kind of fluorescent particles
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WIBS data, based on the different fluorescent intensities in three fluorescent channels, the whole
fluorescent particles (Marked as Fluor) are further categorized into seven types of fluorescent
particles(Perring et al., 2015). The related plot is portraited in the black line in the left panel in Fig 2,5,8.
An additional description is added and an appendix is added to describe the abbreviation and

parameters used in this text.
Changes:
Line 371-381.

“The statistical results of WIBS data between 16-17 March are shown in Fig. 5. The number
concentration of each type of aerosol increases during the transport event (Fig. 4). Their maximum
concentrations are all observed at about 8:30, which is consistent with the time of maximum PMyo
concentration (Fig. 4(f)). /hile number concentrations increase, different types of fluorescent aerosol
particles show different trends in their number fraction to whole fluorescent aerosol particles. For
example, Fr,0-(BC) shows a significant drop from 48.4 % at 6:00 to 40.9 % at 8:30 (Fig. 5 (i)) but
Feror(A), Fepor (AB) and Frp,o-(ABC) increase from 1.8 %, 1.6 % and 3.7 % at 6:00 to 3.8 %, 3.7 %
and 9.3 % at 8:30 on 17 March respectively (Fig. 5 (d)(g) and (j)). These changes that occur in a short
amount of time reveal that the transport of aerosols not only leads to high PM1o and PM2 s concentrations
but also leads to the increase of some types of fluorescent particles in their fraction to whole fluorescent
particles.”

Line 549-550



Appendix A

Table Al. Description of abbreviations and parameters in the text

Abbreviation | Description

Total Total aerosol particles detected by WIBS

Fluor Fluorescent aerosol particles detected in any one of the three channels
Type FL-1 Fluorescent aerosol particles detected in channel FL1

Type FL-2 Fluorescent aerosol particles detected in channel FL2

Type FL-3 Fluorescent aerosol particles detected in channel FL3

Type A Fluorescent aerosol particles detected in channel FL1 only
Type B Fluorescent aerosol particles detected in channel FL2 only
Type C Fluorescent aerosol particles detected in channel FL3 only
Type AB Fluorescent aerosol particles detected in channels FL1 and FL2
Type AC Fluorescent aerosol particles detected in channels FL1 and FL3
Type BC Fluorescent aerosol particles detected in channels FL2 and FL3

Type ABC Fluorescent aerosol particles detected in channels FL1, FL2, and FL3

N, The number concentration of a certain type of aerosol particles

Frotar (xx) Number fraction to total aerosol particles of a certain type of aerosol particles, i.e.

Nxx/NTotal
Fror (xx) | Number fraction to fluorescent aerosol particles of a certain type of aerosol particles,

i-e- Nxx/NFluor
Mean D, Count mean particle diameter of a certain type of aerosol particles detected by WIBS

Mean AF,, | Count mean asphericity factor of a certain type of aerosol particles detected by WIBS

5. Lines 299-301. Actually the peaks in PM2.5 and PM10 seems to be more related to the increase
of the fraction of non fluorescent particles rather than of fluorescent at least according to Figures

2a, 2b, and 2c. This sentence should be explained better or corrected.

Thanks for your comments. Actually, the text in Line 299-301 describes Fig. 5. As shown in Fig. 5, when
PMa2.s and PM1o reach their peak, there is a slight increase in the fraction of fluorescent particles to total
particles (Fig. 5(b), left panel, blue line). The main reason should be the increasing concentration of
Type A, AB, and ABC particles (Fig. 5(d) (g) (j)), according to the variations in the concentration of

different types of aerosol.

In Fig.2, as you described, the fraction of non-fluorescent particles does increase when PM2.s and PM1o
reach their peak on March 13, and the non-fluorescent are more related to PMa.s and PM1o. The reasons
for these phenomena are discussed in sec.3.1.3 of the revised version. However, in March 13 event, we

focus on the different behavior of Type AB and ABC aerosols from other types of aerosols before PM



concentrations reach their peak. The increase of non-fluorescent aerosol when PM concentration
reaches their peaks do not disturb the conclusion. The explanation has been modified to avoid

confusion.

Changes:

line 277-282:

“However, Type AB and Type ABC particles have different time variation trends from the above-
mentioned fluorescent particles: N,z and N,z both start to increase at about 3:30 when the wind near
the surface changes (Fig. 2(b)) and they reach their peak at about 7:00-8:00, causing Fry,..-(AB) and
Fror (ABC) toincrease from 1.6 % and 7.2 % to their maximum of 6.5 % and 16.9 % respectively, and
consequently leading Fy,.q; (Fluor) to increase to its daily maximum of 34.7 % at 6:30.

line 315-323:

“At 12:00, when the PM_ s concentration in Hefei reaches its maximum, both the wind near the surface
and at high altitude show a transport path passing several coastal cities in Yangtze River Delta Urban
Agglomerations such as Hangzhou, Ningbo, and Shanghai, which can be a source of wet air mass and
pollutants. The transported pollutants, the increasing emission of local anthropogenic aerosol after
sunrise, the accumulation of aerosols caused by the low-altitude cloud layer, and the hygroscopic growth
of small size aerosol particles under high humidity altogether contribute to the rapid increase of PM
concentration. These increased aerosol particles have a less fraction of fluorescent biological aerosols,
which explains the rapid decrease of fluorescent particles in their fraction to total particles observed by
WIBS after 7:30.”

line 379-381: “These changes that occur in a short amount of time reveal that the transport of aerosols
not only leads to high PMio and PMz.s concentrations but also leads to the increase of some types of

fluorescent particles in their fraction to whole fluorescent particles.”

6. Looking at Figure 8, it seems that most of the increase seen in PM2.5 is actually due to non
fluorescent particles. How it is explained this aspect or how this is in agreement with a transport

of bioaerosol?

Thank you for your valuable comments. Indeed, there is a decrease in the fraction of fluorescent
particles when PM concentration increases. And the main reason is the abnormal concentration
decrease of Type BC particles, which can be proved by the similar magnitude of decrease in Fr,q; (BC)
(-15.2 % during event) and Fr,tq; (Fluor) (-15.5 % during event). However, when considering the
fraction to total particles, to exclude the effect of decreased Ng., Froiai (A) and Frorq (AB)
actually increased during the event. Therefore, the external transported aerosols have lower fractions

of Type BC particles and fluorescent particles but higher fractions of Type A and Type AB particles.



The typical related biological source of Type A, AB, BC particles has been discussed in the revised
manuscript. Laboratory research (Hernandez et al., 2016) shows that Type FL-1 (A, AB, ABC) is often
connected with bacteria and fungi. Although some pollen is categorized into Type BC particles, it is hard
to think of such a high concentration and fraction of pollen (Fgy,, (BC)> 50 % before event) in urban
area. A better explanation of Type BC particles is the highly-oxygenated humic-like substances (HULIS),
which belongs to non-biological interferents and has a similar fluorescent fingerprint of Type BC
particles (Chen et al., 2016, 2020; Wen et al., 2021; Yue et al., 2019) and show moderate correlation
with Type BC particles in field campaign (Yue et al., 2019). The high concentration of highly-oxygenated
HULIS in the urban area and its decrease during dust transport are also observed in research (Wen et
al., 2021).

Changes: line 435-455, sec. 3.3.2

“Figure 8 reveals that as the external aerosol reaches the ground (Fig. 7(a)), Mean D and Mean AF
of all types of fluorescent aerosol particles increase sharply at different degrees from 6:00 on 19 March,
which is higher than that in the two events described before and also the highest record during the
observation period. The impact from the external aerosol indicates that the external aerosol layer is
dominated by non-spherical aerosol particles in coarse mode. Although all other types of fluorescent
particles exhibit an increase in their number concentration during this event, Type BC shows a different
trend. As portrayed in Fig. 8(i), Nz abnormally decreases from 0.68 cm at 6:00 to 0.52 cm-3at 9:00,
causing Feor (BC) to decrease from 57.6 % at 6:00 to 36.4 % at 9:00 and Fy,.q; (BC) to decrease
from 25.8 % at 6:00 to 10.6 % at 9:00. Considering its high concentration before 6:00, the sharp decline
of N also lead to the rapid decrease of Fy,.q; (Fluor), which decrease from 44.7 % at 6:00 to 29.2 %
at 9:00 (Fig. 8(b)). To compensate for the decreased Ny, all other types of fluorescent particles show
increases in their Fgy,., in different degrees, which is predictable. However, when considering the
Froiar Of Other types of fluorescent particles to exclude the influence of decreased Ng., they do not
exhibit sharp decreases in Fr,.q; like Type BC particles does, only Fr,.q; (€) shows slightly decrease
from 6.6 % to 5.3 % (Fig. 8(f)). On the contrary Fr,:q (A) and Fr,:q; (AB) increase from 0.7 % and
0.5 % at 6:00 to 1.4 % and 0.9 % (Fig. 8 (d) and (g)). From the almost the similar decline range of
Frota (BC) and Fr,iq; (Fluor) and no similar sharp decrease of Fr,.,; Observed in other types of
fluorescent particles, it can be concluded that the major reason for the significant drop of Fr.q; (Fluor)
are the abnormal decrease of Ny during the event. In addition, the increase of Fr,.q (A) and
Frotar (AB) during transport indicates that the external transported aerosol has a higher fraction of
Type A and Type AB particles and a much lower fraction of Type BC particles than local aerosols. ”

Changes: line 501-516

“In addition, the abnormal decrease in the concentration of Type BC particles should also be noted
during this event. Laboratory test (Hernandez et al., 2016) shows that Type BC particles are not a typical
fluorescent type for bacteria and fungal spores. Bacteria and fungal spores are mainly connected with
Type FL-1 particles. On contrary, EEM (excitation-emission matrix) analysis result from sampled
aerosol (Chen et al., 2016, 2020; Wen et al., 2021; Yue et al., 2019) shows that highly-oxygenated HULIS
(humic-like substances) has a similar fluorescent fingerprint to Type BC particles and can thus be non-
biological fluorescent interferent during WIBS measurement by categorized into Type BC particles. This
point is supported in an Mt. Tai field campaign (Yue et al., 2019) by the moderate correlation between



Type BC particles and highly-oxygenated HULIS. Atmospheric HULIS has many sources including
primary emission mechanisms like biomass burning, and multiple secondary formation processes (Wu et
al., 2021). Compared with rural areas, there are abundant air pollutants of strong oxidation capacity in
urban areas like NOx and O3, which may contribute to the formation of highly-oxygenated organic
aerosol like HULIS (Tong et al., 2019). This can explain the high concentration and fraction of local
Type BC particles and the abnormal decrease of its concentration and fraction during external aerosol
transport. This explanation is adopted by previous research (Wen et al., 2021), where they also find the
decrease of highly-oxygenated HULIS concentration in the urban area during the dust period.”

7. Lines 342-345. It should be explained better why it is believed that in this case there was
bioaerosol attached to pre-existing dust and not in the other cases. A similar question arise for
the lines 360-367. The difference with the previous mentioned work what that ratio is compared
for aged and local aerosol could be due to differences in the local sources rather than on

bioaerosol attached to dust. Please explain and comment better these points.

Thank you for your valuable comments. Judging from the transport path, the high PM1o concentration
during the event, and the characteristics of external aerosols which are unseen in the previous two
events detected by WIBS, the external aerosols are most likely to be mineral dust. Compared with local
fluorescent aerosols, external fluorescent aerosols have higher sizes but lower fluorescent quantum
efficiency. So it is not appropriate to assume these transported fluorescent aerosols are individual
bioaerosol particles. A better explanation is that these transported external large-size particles result

from the bacteria attached to dust. Detailed discussions are contained in the changes of the text.

Besides, we abolished the previous explanation that the different ratio of (N, + Nyp)/Npc between
local and external aerosols are attributed to the survival mechanism of bioaerosol by attaching to other
particles. As discussed in Comment 6, the highly-oxygenated HULIS is related to Type BC particles in
WIBS detection. There is new evidence showing that highly-oxygenated HULIS have many sources
including primary emission and secondary formation. The high abundant Type BC particles in Hefei
should be attributed to the high abundant air pollution of strong oxidation capacity in urban rather than
a transformation from bioaerosol. And the abnormal decrease of Type BC particles during the event
should be attributed to the different compositions of external and local aerosols. Detailed discussion

and additional references are covered in the changes in Comment 6.
Changes: line 465-500

“The increased mean diameter and asphericity factor of all types of aerosol particles, the transport path,
and the high PMyo concentration during the event altogether indicate the transported external aerosols
are dominant by large-size non-spherical particles, which are most likely to be mineral dust. Although
Frota (Fluor) decreases during the transport event, the increasing Froiq (A) and Froiq (AB)
during the transport event still indicates the potential bioaerosol transport, because bacteria and fungal
spores are related with Type FL-1 (usually Type A, AB, ABC particles) particles (Hernandez et al., 2016;
Savage et al., 2017). According to their mean diameter, the sizes of these transported Type A and Type
AB particles during this event are mainly distributed in the range of larger than 1.8 wm for Type A



particles and larger than 2.0 um for Type AB particles, which means the potential transported bioaerosol
particles are the largest among the three transport events. However, it is not appropriate to assume that
these increased Type A and Type AB are individual bioaerosol particles. Previous works (Savage et al.,
2017; Yue et al., 2019) show that larger fluorescent biological aerosol particles are more likely to exhibit
a higher fluorescent intensity and wider fluorescent spectrum range, which means exhibit fluorescent in
multiple fluorescent channels in WIBS measurement. For example, larger size fungal spores and pollen
have higher probabilities to be categorized as Type ABC particles than smaller bacteria. During this
event, the transported external aerosol particles have larger sizes than local aerosol particles, however,
the expected particles with the highest fluorescent intensities, Type ABC particles do not show an obvious
increase in their fraction to total particles. These phenomena indicate that the larger size transported
external fluorescent particles do not have an apparently higher fraction of Type ABC particles, and thus
have lower fluorescent efficiency than local fluorescent particles. In addition, considering the
transported external Type A and Type AB particles have the particle size and asphericity factor
characteristics like mineral dust, it is a better explanation that these transported external large-size Type
A and Type AB particles result from the bacteria that attached to dust. Researches reveal that microbial
activity is significant in the aerosols from desert regions, even impacting the composition of aerosols in
downwind regions (Ho et al., 2005; Hua et al., 2007; Maki et al., 2014, 2015; Tang et al., 2018). During
long-range transport, larger mineral particles attached by bacteria can serve as a shelter and favor the
survival of bacteria. Dust-attached bacteria have been found in SEM (scanning electron microscope)
images from air samples of previous research (Tang et al., 2018). A field campaign (Maki et al., 2019)
in the Gobi Desert, which is the source of this event, reveals that after dust events, bacteria from
Bacteroidetes, which are known capable of attaching to coarse particles, increase their relative
abundance in air samples. The above results support our explanation of WIBS data. The pathogenic
bioaerosol during dust transport events is believed to be linked to allergen burden and asthma (lchinose
et al., 2005; Liu et al., 2014), and even multiple diseases such as Kawasaki disease in humans (Rodoet
al., 2011) and rust diseases in plants (Frchlich-Nowoisky et al., 2016). Dust transport events generally
occur during spring in Hefei. The WIBS data during this event indicates that the long-range dust
transport during spring has potential risks to human health in the Hefei area.”

8. Line 345. Ok for diffusion, including vertical diffusion due to the increasing boundary-layer depth,

however, | do not see any evidence of dry deposition in this dataset.

Thank you for your suggestion. The high PM1o concentration during this event indicates that there are
a large number of large size particles. Usually, large particles tend to settle faster by gravity (Valsaraj
and Kommalapati, 2009). But this process lacks direct observation evidence during this event. For a
more rigorous explanation, the text has been modified and the description about dry deposition has

been removed.

Changes: line 427-433

“WIBS data (Fig. 7 (g) (h)) show that particles in coarse mode are most abundant during this period.
Temperature is rising and humidity decreasing (Fig 7. (i)) while PMy is increasing, which inhibits
hygroscopic growth and accumulation of aerosol particles. So, it can be inferred that the sharp increase



of PMjo concentration cannot be attributed to the local aerosol accumulation or hygroscopic growth,
but the transport of external aerosols. After sunrise, with an increase in solar radiation, the PBL height
rises, and aerosol diffusion increases. The increased aerosol diffusion contributes to the decrease of PM
concentration after 10:00.”

9. Line 402. See the previous comment on attached dust, if this is not the only explanation please be

more cautious in interpretation.

Thank you for your suggestion. Based on the reply in comment 7. We decide to remain the text here.

10. Line 28. Probably it is better to say long-range bioaerosol transport.

Thanks for your suggestion. We correct it.

11. Line 330. Use an apex for ms™.

Thanks for your suggestion. We correct it.
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