
Response to reviewers

Thanks for reviewers’ careful reading and constructive comments and suggestions.
We made every effort to respond to reviewers' questions point to point, and revised
our manuscript and appendix according to their comments. For clarity, reviewers’
comments are shown in black italic font. The response is shown in blue normal font.
The modified content in the manuscript and/or the appendix is shown in green bold
font.

Anonymous Referee #1

Referee comment on "Impact of water uptake and mixing state on submicron particles
deposition in the human respiratory tract (HRT): Based on explicit hygroscopicity
measurements at HRT-like conditions" by Ruiqi Man et al., EGUsphere,
https://doi.org/10.5194/egusphere-2022-256-RC1, 2022

Summary:

The study “Impact of water uptake and mixing state on submicron particles
deposition in the human respiratory tract (HRT): Based on explicit hygroscopicity
measurements at HRT-like conditions” by Man et al., examines the impact of
considering hygroscopic properties of ambient aerosol into the deposition rates of
particles in the HRT. It therefore uses measurements of particle size distribution (PSD)
for hydrophobic and hygroscopic particles performed in the North China Plain at a
RH of 98 %. The study shows the impact of a changed PSD due to hygroscopic growth
of ambient aerosol. The results show the sensitivity on aerosol deposition in the HRT
to PSD with a decrease in deposition around24 % when considering hygroscopic
growth of the aerosols in the HRT (with large effect for hygroscopic particles and
rather little for hydrophobic).

The study addresses an important topic and provides a promising analysis based on
measurement data. In the current version of the manuscript there are no substantially
new findings, however, the combination of measurements of size resolved hygroscopic
and hydrophobic aerosol with HRT deposition modeling is a nice and interesting study.
E.g. Ching and Kajino (2018) show comparable results for hygroscopic changes in
the PSD.The study will profit from a more detailed comparison to previous studies,
both on ambient aerosol properties and the HRT deposition. This comparison will
also allow the authors to clearly define the novelty of their study. Furthermore, the
study will benefit from some careful proofreading. Nevertheless, the study is in my
opinion worth to be published after addressing the below listed points.

General comments:

1. A sensitivity analysis on the different deposition mechanisms would be helpful. E.g.,



by turning off single deposition mechanism in the model to estimate the relative
importance of the shift to larger sizes in the PSD due to hygroscopic growth. Also, an
extension of the discussion of the results taking the different deposition mechanisms
into account will be helpful.

[Response]: Thanks for the reviewer’s suggestion.In the MPPD model, the deposition
is calculated using theoretically derived efficiencies for deposition by diffusion,
sedimentation, impaction, and interception within the airway or airway bifurcation
(MPPD: Multiple-Path Particle Dosimetry Model, 2022). As far as I know, the MPPD
do not offer the option to turn off any single deposition mechanism at a time.
Therefore, unfortunately this suggestion cannot be achieved.

2. Are there differences between the ICRP and the MPPD models? Why the authors
chose the MPPD model rather than ICRP?

[Response]: (1) Yes. A key difference between the ICRP and MPPD models is that the
ICRP model takes the inhalable fraction of particles into consideration, while the
MPPD model assumes that surrounding ambient aerosols are all inhaled into human
bodies (Youn et al., 2016).

(2) The reason that the MPPD model was used in this study is that compared with the
ICRP model, the estimated deposition by the MPPD model fits better with the
measured data (Londahl et al., 2007). For example, the deposition of particles with
sub-200 nm diameter resembles that of particles measured with the RESPI instrument
of hydrophobic particles during spontaneous breathing (Kristensson et al., 2013).

[Revise]: The content was modified in Line 170-171 in the manuscript:

“The MPPD model (version 3.04) was used to estimate the deposition of particles
in the HRT, since it fits with the measured data better than the ICRP model
(Londahl et al., 2007).”

3. How does the K parameter change between previous measurements and studies
with lower RH and this study with RH = 98 %. How do the results compare to the
previous studies with lower RH measurements? What is the expected impact of the
difference between the measurements at 98 % RH and the actual nearly saturated
conditions in the lower HRT?

[Response]: (1) The hygroscopicity parameter κ depends on the chemical composition
of particles. Therefore, only the comparison of κ measured simultaneously at the same
sampling site makes sense. In this study, the particle hygroscopicity was only
measured at RH = 98%. Besides, there has been no study comparing the κ measured
by H-TDMA and HH-TDMA at the same site so far. Therefore, the comparison of κ at
different RHs cannot be achieved.

(2) Compared to the hygroscopicity measurement at RH = 98%, the higher actual RH
in the lower respiratory tract will lead to greater hygroscopic growth of particles. As
shown in Figure 3, the particle hygroscopicity reduced the regional and total
deposition doses. Therefore, it is inferred that the higher hygroscopicity in the lower



HRT will further decrease the deposition dose.

[Revise]: The content was added in Line 445-451 in the manuscript:

“Although the particle hygroscopicity was measured at a quite high RH (98%),
there is still a gap between the measurement conditions and the real
HRT-conditions (RH = 99.5%). The higher RH in the lower respiratory tract will
lead to greater hygroscopic growth of particles. Since the particle hygroscopicity
may reduce the regional and total deposition doses, it is inferred that the higher
RH in the lower HRT will further decrease the deposition dose. Therefore,
developing the advanced technology for measuring the hygroscopicity in the real
HRT-conditions will help to explore the influence of hygroscopicity on the
particle deposition in the HRT more accurately.”

4. The PSD measurements are performed to an upper limit of 800 nm, but Fig. 1
shows values until 1 µm, are these a result of a fit?

[Response]: Yes, the particle size range in Figure 1 fitted with that measured by
TDMPS. Based on the measuring principle of the TDMPS, the particle diameter of
the PNSD refers to the electrical mobility diameter. While, the particle diameter in the
MPPD model refers to the aerodynamic diameter. Therefore, the electrical mobility
diameter was converted to the aerodynamic diameter. The detailed process was shown
as follows.

[Revise] The related statement was added in the manuscript in Line 148-155:

“To match the particle size range in the MPPD model, the electrical mobility
diameter was converted to aerodynamic diameter by Eq (4) (Khlystov et al.,
2004):

�� = �� �×
� × ��(��)

��(��)
(4)

where �� and �� is the particle aerodynamic diameter (nm) and electrical
mobility diameter (nm), respectively. ρ is the particle density (1.5 g cm-3 in this
study (Hu et al., 2012)). � is the shape factor. �� is the Cunningham slip
correction factor for a certain diameter. Similar to other studies, the shape factor
� is assumed as 1 and �� is neglected in the calculation (Khlystov et al., 2004;
Hu et al., 2012). Therefore, the electrical mobility diameter (in the range of 10.3 -
756.6 nm) was converted to the aerodynamic diameter (in the range of 12.6 -
926.6 nm).”

5. May I overread this information, but what hygroscopicity is assumed for the
calculation of the adjusted PSDs (Fig. 1 and Fig. 5)?

[Response]: The hygroscopicity in Figure 1 and Figure 5 was obtained by HH-TDMA
in the field measurement under real atmospheric conditions. The average κ of
size-resolved particles during the entire sampling period was added in the appendix.



[Revise]: The content was added in Line 228-229 in the manuscript:

“The hygroscopicity of size-resolved particles measured by HH-TDMA during
the sampling period was displayed in Table S1.”

The kappa of size-resolved particles during the entire sampling period was
shown in Table S1 in Line 19-20 in the appendix:

Table S1 Kappa of size-resolved particles during the entire sampling period
Particle diameter (nm) Kappa (mean ± SD)

30 0.24 ± 0.09
50 0.24 ± 0.07
100 0.27 ± 0.06
150 0.28 ± 0.07
200 0.30 ± 0.08
250 0.32 ± 0.10

6. The deposition dose which is one important quantity in this manuscript is highly
sensitive to the exposure time. Since children are associated to a shorter exposure
time, the lower dose seems to be explained by that simple and rather arbitrary
quantity. The deposition rate however, is not influenced by this quantity and thus may
serve better to compare the health impacts of sub-micrometer particulate air pollution.
The exposure time seems quite high in my eyes (for adults and elderly around 4 hours
of “resting” outdoors.

[Response]: Thanks for the reviewer’s comment. We think the deposition dose may be
more intuitive as a measure of the particle deposition than the deposition rate, for the
reason that it takes the human daily activities into account. The exposure time data
came from the statistical results of questionnaire survey of outdoor activity time for
rural population in Hebei, China. People may rest, take light exercise, or take heavy
exercise in the exposure time. However, due to the availability of data, only localized
physiological parameters for resting were obtained. Since the higher exercise level
contributes to the greater particle deposition (Londahl et al., 2007), the actual
deposition dose may be underestimated. Therefore, to remove the impact of the
exposure time parameter, the regional and total deposition rates for three age groups
were also calculated and added as follows.

[Revise]: The statement was added in Line 333-341 in the manuscript:

“As shown in Eq (4), the exposure time is an important parameter for deposition
dose calculations. The exposure time of the adults and the elderly groups was
more than twice than that of children (Table 1), which resulted in the greater
deposition dose for the former two groups. However, due to the availability of
data, only localized physiological parameters for resting were obtained. People
may rest, take light exercise, or take heavy exercise in the exposure time. Since
the higher exercise level contributes to the greater particle deposition (Londahl
et al., 2007), the actual deposition dose may be underestimated. Therefore, to
remove the impact of the exposure time, the regional and total deposition rates



for three age groups were also calculated and shown in Figure S5.”

Figure S5 and the related content were added in Line 69-76 in the appendix:

“As shown in Figure S5, children received the maximum total deposition rate
((4.81 ± 4.55) × 109 #/h), followed by the elderly group ((4.09 ± 3.92) × 109 #/h),
and the adults received the minimum ((3.84 ± 3.69) × 109 #/h). The regional
deposition rate in the TB and P regions for three age groups showed a same
order as the total deposition rate, while the order in the head was quite different.
More specifically, the three age groups had the similar deposition rate in the
head.”

Figure S 5. The average regional and total deposition rates with considering
hygroscopicity for three age groups. The green, orange, and purple column
represent children, adults, and the elderly, respectively.

7. Is the time of hygroscopic growth considered in the MPPD modeling? Ching and
Kajino (2018) pointed the importance of time in the hydration process of particles in
the HRT out. The timescale until the particles reach their equilibrium size depending
on RH can range in the scale of few seconds (Chuang 2003) and thus may play an
important role in the upper respiratory tract.

[Response]: Thanks for the reviewer’s comment. The time of hygroscopic growth was
not included in the MPPD model, and we didn’t take it into account either. Therefore,
we added some statement to point out this factor which may influence the deposition
result.

[Revise]: The content was added in Line 135-139 in the manuscript:

“It should be noticed that the inhaled particle was assumed to reach the
equilibrium size immediately once particles enter into the HRT in this study.
However, the hygroscopic growth rate of particles depends on the particle size,
hygroscopicity, the ambient environment conditions (such as RH and
temperature), and the residence time in the body (Ching and Kajino, 2018). A



previous study pointed out that particles with Dp = 100 nm can reach the
equilibrium size in a few seconds, while the equilibration timescale of particles
with Dp > 1 μm turn to minutes (Ching and Kajino, 2018).”

8. Are in Fig. 5 shown deposition rates for “resting” (table 1) only? It would be
interesting to combine different human behaviors with the ambient pollution (e.g.
physical exercise in the evening hours when pollution is high).

[Response]: (1) Yes. The deposition calculations in this study were all based on the
exposure scenario for resting.

(2) Thanks the reviewer’s suggestion. There are some studies that takes human
activities into consideration in the process of calculating the particle deposition
(Londahl et al., 2007; Salma et al., 2015; Bennett et al., 2008; Daigle et al., 2003).
Please refer to Line 192-193 in the manuscript: “Similarly, different exposure
scenarios (e.g. sleeping, exercising, walking, etc) can result in different dose
estimations and are not discussed here”. For instance, a study found that the exercise
level had little influence on the DF, but it had great impact on the minute ventilation
(up to fourfold), leading to the increasing deposition dose (Londahl et al., 2007).
However, our study force on the effect of the hygroscopicity on the particle deposition
in the human respiratory tract, so we took a simple exposure scenario (resting) as an
example. Therefore, although the exercise level is an important impact factor in the
particle deposition, it was not discussed in this study. Some statement was added as
follows.

[Revise]: (1) The content was modified in Line 187-189 in the manuscript:

“These values were considered for an exposure scenario for resting (e.g., sitting)
and nasal breathing. All the model simulations were conducted based on this
exposure scenario using the male physiological parameters, as corresponding
data for females were not available.”

(2) The statement was added in Line 193-195 and 452-454 in the manuscript:

“For instance, previous studies found that the exercise level had great impact on
the minute ventilation and led to the increasing deposition dose (Londahl et al.,
2007).”

“Due to the limited measurements and physiological parameters, some vital
factors which may have effect on the particle deposition in the HRT were not
considered in this study, such as gender, the exercise level, and the particle
density.”

Specific comments:

1. Fig.1: The figure would profit from including the range of the PSD. Also in the
appendix a comparable figure for day and nighttime would be interesting for better
understand the ambient aerosol conditions.



[Response]: According to the reviewer’s suggestion, Figure 1 was modified and the
PNSDs during the daytime and nighttime were shown in the appendix.

[Revise]: Figure 1 was shown in Line 237-243 in the manuscript:

Figure 1. (a) The average particle number size distribution (PNSD) measured by
TDMPS during the sampling period. The average PNSDs of the (b) hygroscopic
and (c) hydrophobic groups in the human respiratory tract at different relative
humidities (RHs). The black markers, blue lines, and red lines represent PNSDs
under dry conditions (RH < 30%), in the head (RH = 60%), and in the TB and P
(RH = 99.5%), respectively. The upper and lower edges of the grey area
represent the 90th and 10th quantiles of PNSDs, respectively.

The content was added in Line 235-236 in the manuscript:

“The PNSDs of ambient aerosols during the daytime and nighttime were shown
in Figure S1.”

Figure S1 and corresponding content were added in Line 30-36 in the appendix:

“The particle number size distributions (PNSDs) of ambient aerosols during the
daytime and nighttime were shown in Figure S1. The particle number
concentrations (PNCs) were (1.99 ± 1.28) × 104 and (1.71 ± 0.71) × 104 #/cm3 in
the day and at night, respectively.”



Figure S 1. The average particle number size distributions (PNSDs) measured by
TDMPS (the black markers) during the (a) daytime (5:00-19:00) and (b)
nighttime (20:00-4:00). The upper and lower edges of the grey area represent the
90th and 10th quantiles of the PNSDs, respectively.

2. Fig.2: The figure would profit from including the range of the deposition fraction
(percentiles or SD). I would appreciate a corresponding figure for children and
elderly in the supplement.

[Response]: (1) The calculation process of DFs is as follows:

Input physiological parameters into the MPPD model to obtain a series of DFs of
particles in the range of 10 nm - 10 μm. The hourly wet particle diameters were
calculated by multiplying the hourly HGF data and the corresponding dry particle
diameters, and then average them to obtain the average wet particle diameters during
the sampling period. Then, based on the function between DF and particle size
derived from the MPPD model, the DFs corresponding to the average wet particle
sizes are obtained. Therefore, the range of DFs cannot be calculated here, and the
range of the wet particle diameters are shown as follows.

(2) The size-resolved DFs for children and the elderly groups were added in the
appendix.

[Revise]: (1) The content was added in Line 231-232 in the manuscript:

“The wet diameters of hydrophobic and hygroscopic particles in the HRT were
shown in Table S2.”

Table S2 was added in Line 21-22 in the appendix:

Table S2 Wet diameters of hydrophobic and hygroscopic particles in the HRT

Dry diameter
(nm)

Wet diameter (mean ± SD, nm)
ET TB/P

Hydrophobic Hygroscopic Hydrophobic Hygroscopic
12.6 12.7 ± 0.0 13.4 ± 0.4 13.1 ± 0.2 17.0 ± 2.1
14.2 14.3 ± 0.0 15.2 ± 0.5 14.9 ± 0.3 19.8 ± 2.6
16.1 16.2 ± 0.1 17.2 ± 0.5 17.0 ± 0.3 23.3 ± 3.2
18.2 18.3 ± 0.1 19.5 ± 0.6 19.3 ± 0.4 27.4 ± 3.7
20.5 20.7 ± 0.1 22.1 ± 0.6 22.0 ± 0.5 32.4 ± 4.3
23.2 23.4 ± 0.1 25.1 ± 0.6 25.1 ± 0.6 38.5 ± 4.7
26.2 26.5 ± 0.1 28.5 ± 0.6 28.7 ± 0.8 45.9 ± 5.0
29.7 30.0 ± 0.1 32.4 ± 0.7 32.8 ± 1.0 54.9 ± 5.4
33.6 33.9 ± 0.1 36.7 ± 0.7 37.5 ± 1.3 65.5 ± 5.9
38.0 38.4 ± 0.1 41.7 ± 0.8 42.9 ± 1.6 77.9 ± 6.8
42.9 43.4 ± 0.1 47.2 ± 0.8 49.1 ± 1.9 92.4 ± 7.9
48.5 49.0 ± 0.2 53.5 ± 1.0 56.2 ± 2.4 109.4 ± 9.3
54.9 55.4 ± 0.2 60.6 ± 1.1 64.3 ± 2.9 129.1 ± 11.0
62.0 62.7 ± 0.2 68.7 ± 1.2 73.5 ± 3.5 152.0 ± 12.8



70.2 70.9 ± 0.2 77.8 ± 1.4 83.8 ± 4.0 178.8 ± 14.8
79.3 80.1 ± 0.2 88.1 ± 1.6 95.2 ± 4.7 209.8 ± 17.1
89.7 90.5 ± 0.2 99.7 ± 1.8 107.7 ± 5.3 245.8 ± 19.8
101.4 102.2 ± 0.2 113. 0 ± 2.1 121.4 ± 6.0 287.4 ± 22.9
114.7 115.5 ± 0.2 127.9 ± 2.4 136.3 ± 6.8 335.5 ± 26.7
129.7 130.4 ± 0.3 144.9 ± 2.8 152.6 ± 8.0 390.8 ± 31.5
146.7 147.4 ± 0.3 164.2 ± 3.3 170.8 ± 9.6 454.6 ± 37.5
165.8 166.5 ± 0.3 186.0 ± 4.0 191.1 ± 11.7 527.1 ± 44.8
187.5 188.2 ± 0.4 210.6 ± 4.8 214.1 ± 14.3 610.2 ± 53.9
212.0 212.6 ± 0.4 238.6 ± 5.8 240.4 ± 17.4 704.6 ± 64.9
239.8 240.4 ± 0.5 270.3 ± 6.9 270.6 ± 21.2 812.4 ± 77.7
271.2 271.8 ± 0.5 306.1 ± 8.3 305.0 ± 25.6 934.3 ± 92.3
306.6 307.2 ± 0.6 346.5 ± 9.7 344.3 ± 30.8 1072.0 ± 108.9
346.7 347.5 ± 0.7 392.3 ± 11.4 389.3 ± 37.0 1228.6 ± 127.5
392.0 392.8 ± 0.8 443.9 ± 13.3 440.6 ± 44.1 1405.2 ± 148.3
443.2 444.1 ± 0.9 502.2 ± 15.4 499.0 ± 52.4 1604.7 ± 171.4
501.3 502.2 ± 1.1 568.3 ± 17.7 565.9 ± 61.9 1830.9 ± 197.0
566.8 567.9 ± 1.2 642.8 ± 20.2 642.0 ± 73.0 2086.0 ± 225.3
640.9 642.1 ± 1.4 727.1 ± 23.1 728.9 ± 85.8 2374.4 ± 256.9
724.7 726.0 ± 1.6 822.2 ± 26.3 828.1 ± 100.7 2699.7 ± 292.1
819.5 821.0 ± 1.8 929.8 ± 29.9 941.4 ± 118.0 3067.6 ± 331.2
926.6 928.4 ± 2.0 1051.3 ± 33.8 1070.9 ± 138.5 3481.9 ± 374.7

(2) The content was added in Line 253-254 in the manuscript:

“The size-resolved DFs for the children and the elderly groups were shown in
Figure S2-S3.”

Figure S2-S3 were shown in Line 37-50 in the appendix:



Figure S 2. Size-resolved (a) head, (b) TB, (c) P, and (d) total deposition fractions
(DFs) of particles under dry conditions (i.e., without considering hygroscopicity),
and hydrophobic and hygroscopic particles in humid environments (i.e.,
considering hygroscopicity) for the children group. The black, blue, and red dots
represent dry, hydrophobic, and hygroscopic particles, respectively. In Figure
S2(a), the black dots representing DFs under dry conditions is hidden behind the
blue dots representing DFs of hydrophobic particles, because these two sets of
DFs are close to each other.

Figure S 3. Size-resolved (a) head, (b) TB, (c) P, and (d) total deposition fractions
(DFs) of particles under dry conditions (i.e., without considering hygroscopicity),
and hydrophobic and hygroscopic particles in humid environments (i.e.,
considering hygroscopicity) for the elderly group. The black, blue, and red dots
represent dry, hydrophobic, and hygroscopic particles, respectively. In Figure
S3(a), the black dots representing DFs under dry conditions is hidden behind the
blue dots representing DFs of hydrophobic particles, because these two sets of
DFs are close to each other.

3. Fig.3: Is it possible to include the red line (as indicator for the hygroscopic and
hydrophobic fraction) in all columns?

[Response]: Figure 3 was modified according to the reviewer’s suggestion.

[Revise]: Figure 3 was shown in Line 325-330 in the manuscript:



Figure 3. Regional and total deposition doses for (a) children, (b) adults, and (c)
the elderly with/without considering particle hygroscopicity. The dark blue
columns represent doses without considering hygroscopicity. The light blue
columns represent doses considering hygroscopicity. The red lines on the column
represent the division of doses of hygroscopic (above the red line) and
hydrophobic particles (below the red line). Numbers above each column mean
the corresponding particle doses with a unit of 1010 #/day.

4. Fig.4: Is for this figure the average PSD (Fig. 1) or the daily PSD (corresponding
to Fig. 5) used? How does it behave with the particle fraction above 1 µm in the head
region? Fig. 2 shows an increasing deposition fraction for larger particles and there
is a significant fraction of particles above 1 µm after hygroscopic growth.

[Response]: (1) The deposition dose was calculated based on the hourly PNC data,
and the corresponding hourly deposition doses were averaged and displayed as Figure
4. The deposition rate in Figure 5 was calculated in the same way.

(2) The head DFs of particles in the size range of 10 nm - 10 μm were shown in
Figure R1. As displayed in Figure R1, for particles above 1 μm, the DF in the head
increases first and then decreases as particle diameter increasing. The maximum DF
appeared at about 2 μm. The statement describing the regional and total DFs of larger
particles was added as follows.

Figure R 1 The size-resolved DFs in the head for the adults group. The particle
density was set as 1.0 g/cm3.



[Revise]: The content was added in Line 454-459 in the manuscript:

“Besides, the deposition pattern of particles with diameters larger than 1 μm was
not discussed here due to the lack of the measurement of the PNSD and
hygroscopicity of coarse particles. While, as an important part of the ambient
particle mass, the coarse particles may also make a significant contribution to
the particle deposition in the HRT (Figure S9). The relevant research which may
find out the impact of particle hygroscopicity on the deposition mass dose of
coarse particles ought to be carried out in the future.”

Figure S9 and the related statement were added in Line 90-95 in the appendix:

“As shown in Figure S9, a peak appeared at Dp = 2 - 3 μm in the DF curves of
the head and P regions, which resulted in a peak in the total DF curve. It implied
that particles with larger diameters may also have a significant contribution to
the particle deposition in the human respiratory tract.”

Figure S 9. The size-resolved regional and total DFs for the adult group. The
particle density was set as 1.0 g/cm3.

5. Fig.5: NO, CO, BC and OH should be introduced with the corresponding
measurement method in the methods section. Is it possible to show a fraction of the
BC mass to the mass of hydrophobic aerosol (calculated from the PSD)? This will be
helpful in understanding the displayed data. The figure and interpretation would
benefit from including the median deposition rate without considering hygroscopic
growth as done in the other figures. For interpretation also, the total particle number
concentration should be added and included into the discussion.

[Response]: (1) Thanks for the reviewer’s advice. The measurement methods of NO,
CO, BC and OH radical were added in the manuscript.

(2) The fractions of the BC mass to the mass of hydrophobic particles were calculated
and shown in the appendix.

(3) Figure 5 was modified and Figure S6 of the deposition rates without considering



hygroscopicity was added according to the reviewer’s suggestion.

[Revise]: (1) The measurement methods of NO, CO, BC and OH radical were
added in Line 106-110 in the manuscript:

“Besides, NO and CO was monitored by a NOx chemiluminescence analyzer
(42i-TLE, Thermo Scientific) and a Trace Level Carbon Monoxide Analyzer
(48iQ, Thermo Scientific), respectively (Chen et al., 2020). The BC mass
concentrations were measured by a Multi-Angle Absorption Photometer (MAAP
Model 5012, Thermo, Inc.) (Wang et al., 2019). The OH radical was measured by
a Laser-induced fluorescence (LIF) (Tan et al., 2020).”

(2) Figure S8 was added in Line 86-89 in the appendix:

Figure S 8 The relationship between the mass proportion of BC in the
hydrophobic particles and the hygroscopicity parameter (κ). The blue dots
represent the κ corresponding to the top 5% highest mass proportions of BC in
the hydrophobic particles.

(3) The content of Figure S6 was added in Line 374-375 in the manuscript:

“By comparison, the diurnal variations of the deposition rates of hygroscopic
and hydrophobic particles without considering hygroscopicity were displayed in
Figure S6.”

Figure 5 and the related statement were modified in Line 370-372, 378-384, and
399-400 in the manuscript:

“In order to link human daily activities to the particulate matter deposition, the
diurnal variations of deposition rates of hygroscopic and hydrophobic particles
considering hygroscopicity for the adults group averaged over the entire field
campaign were investigated and displayed in Figure 5.”



Figure 5. The diurnal variations of deposition rates considering hygroscopicity
and particle number concentrations (PNCs) of (a) hygroscopic and (b)
hydrophobic particles for the adults group. The red lines represent the median
deposition rate. The upper and lower edges of the grey area represent the 75th
and 25th quantiles of deposition rates, respectively. The black lines represent the
average PNC. (c) The diurnal variations of the average concentrations of NO,
CO, BC, and OH radical during the sampling period. The blue, red, black, and
green lines represent NO, CO, BC, and OH radical, respectively.

“It is indicated that the deposition rates of particles were mainly influenced by
the PNC.”

Figure S6 was added in Line 77-81 in the appendix:

Figure S 6. The diurnal variations of deposition rates without considering
hygroscopicity and particle number concentrations (PNCs) of (a) hygroscopic
and (b) hydrophobic particles for the adults group. The red lines represent the
median deposition rate. The upper and lower edges of the grey area represent the



75th and 25th quantiles of deposition rates, respectively. The black lines represent
the average PNC.

6. L40: This sentence reads as life expectancy declines, which is not the case
(Haidong et al., 2019).

[Response]: According to the reviewer’s suggestion, we revised the statement.

[Revise]: Line 40-42 in the manuscript:

“Toxicological and epidemiological studies showed that ambient particles can
result in the declining life expectancy and rising premature mortality (Chen et al.,
2013; Correia et al., 2013; Dockery et al., 1993; Pope and Dockery, 2013; Pope et
al., 2009).”

7. L.45: A reference for this statement will be beneficial.

[Response]: Thanks for the reviewer’s suggestion. A reference was added.

[Revise]: Line 42-45 in the manuscript:

“Compared with coarse particles, submicron particles (i.e., particles with
diameter ≤ 1 μm) have smaller sizes and larger specific surface areas, which tend
to carry more toxic and harmful components and reach deeper into the human
respiratory tract (HRT) (Oberdorster, 2001).”

8. L.74: this statement is quite general. There are also many measurements of
hygroscopicity with e.g. CCN counters.

[Response]: Thanks for the reviewer’s comment. The related statement was corrected.

[Revise]: The content was modified in Line 73-76 in the manuscript:

“Hygroscopicity measurements of ambient aerosols under subsaturated
conditions are mainly conducted by Humidity Tandem Differential Mobility
Analyzer (H-TDMA) (Farkas et al., 2022; Kristensson et al., 2013; Londahl et al.,
2009) or Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe
(DASH-SP) (Cavaleiro Rufo et al., 2016; Youn et al., 2016).”

9. L.161: Is deposition and clearance not the output parameter of the MPPD
model?

[Response]: Deposition/clearance is an input option in MPPD v3.04, which is used to
select whether to perform clearance calculations in addition to deposition calculations
in the human respiratory tract. Please refer to Line 196-197 in the manuscript: “It
should be noted that any clearance mechanisms were not considered in this study,
hence our results show the upper limit of exposure.”

10. L.165: The particle range in model is until 1 µm but PSD in Fig. 1(b) reaches up
to 1.2 µm. What is the expected effect of neglecting the tail of the PSD?

[Response]: We thank the reviewer for pointing out this typo. The particle range



selected in the MPPD model was 0.01-10.0 μm rather than 0.01-1.0 μm.

[Revise]: The content was corrected in Line 182-183 in the manuscript:

“The particle diameter range was set as 0.01 - 10.0 μm.”

11. L318 and Fig.2: What is the potential explanation for the underestimation of
particles below 20 nm in P?

[Response]: The DFs of hygroscopic and hydrophobic particles with considering
hygroscopicity (hereinafter referred to as “wet particles”) were obtained based on the
DFs of particles without considering hygroscopicity (hereinafter referred to as “dry
particles”). More specifically, it was considered that the DF of wet particles with Dp

after hygroscopic growth was equal to that of dry particles with the same diameter
(Dp). Therefore, the DF curve of wet particles corresponds to shifting the particle size
range of the DF curve of dry particles to the right. For clarity, the abscissa of Figure 2
refers to the dry diameter of particles. Therefore, the phenomenon of the
underestimation of particles below 20 nm in the P region occurred.

[Revise]: The statement was added in Line 208-213 and Line 231-232 in the
manuscript:

“The DFs of hygroscopic and hydrophobic particles with considering
hygroscopicity (hereinafter referred to as “wet particles”) were obtained based
on the DFs of particles without considering hygroscopicity (hereinafter referred
to as “dry particles”). More specifically, it is considered that the DF of wet
particles with Dp after hygroscopic growth was equal to that of dry particles
with the same diameter (Dp). Therefore, the DF curve of wet particles
corresponds to shifting the particle size range of the DF curve of dry particles to
the right.”

“The wet diameters of hydrophobic and hygroscopic particles in the HRT were
shown in Table S2.”

12. L.347: The conclusion from the presence of hygroscopic newly formed aerosol is
somehow confusing, since the study points out that hygroscopic aerosol is less
effective deposited in the HRT. The factor is the larger number concentration, not the
aerosol hygroscopicity (as mentioned above including the total number concertation
in Fig.5 will make this clearer). I also wonder why the aerosol disappeared in the
morning hours (e.g. Fig.S1 2014/06/28 around 8 am)?

[Response]: (1) Although the particle hygroscopicity had greater impact on the
deposition of the hygroscopic particles than that of the hydrophobic particles, the
hygroscopic particles contributed more to the particle deposition in the HRT due to
the larger PNC (please refer to Figure 3 in the manuscript).

(2) Thanks for the reviewer’s advice. Figure 5 and the related statement were
modified as the reviewer’s suggestion. Please refer to the revise (3) in the fifth
specific comment.



(3) Aerosols disappeared due to the change of meteorological conditions, such as the
increase of wind speeds.

[Revise]: The content was modified in Line 392-395 in the manuscript:

“Our previous study showed that the NPF events and subsequent growth
produced a large amount of hygroscopic and internally mixed particles (Wu et
al., 2017b), thus increasing the PNC (as shown in the black line in Figure 5(a))
and leading to the enhanced deposition rate of hygroscopic particles in the day.”

13. L.356: Is the low boundary layer height meant as a general feature of the PBL or
is it somehow measured or modeled during the campaign? A reference here would be
nice.

[Response]: The obvious diurnal variation of the planetary boundary layer (PBL)
height is a general feature of the PBL. The PBL is always lower at night than that
during the daytime, which was not measured or modeled in this study. The reference
was added according to the reviewer’s advice.

[Revise]: The content was modified in Line 406-408 in the manuscript:

“The strong primary emissions (such as the biomass burning process (Wu et al.,
2017a), weak chemical processes, and low boundary layer height (Zhang et al.,
2014) resulted in the increased hydrophobic particle number concentration.”

14. L.363: This conclusion cannot be drawn that straight forward. What about the
other aerosol during the peak concentrations of BC mass? How does the K value for
BC compare to literature studies on the hygroscopicity of BC? An indication in Fig.S2
which are the “5% highest BC periods” chosen and also the BC fraction compared to
all aerosol mass will be beneficial.

[Response]: (1) Thanks for the reviewer’s suggestion. In heavy polluted events,
ambient aerosols with high BC mass concentration may also consist of high
concentration level of secondary species. Therefore, the related statement was
modified in the manuscript.

(2) Pure BC particles is always regarded as completely hydrophobic, so the κ of BC is
set as 0 (Riemer et al., 2010).

(3) Based on the reviewer’s suggestion, we calculated the mass proportion of BC in
the hydrophobic particles to replace the BC mass concentrations, and corresponding κ
was modified. Besides, the former Figure S2 was deleted from the appendix.

[Revise]: The related statement was modified in Line 415-420 in the manuscript:

“Since BC primarily comes from combustion processes, the κ corresponding to
the top 5% highest mass proportion of BC in the hydrophobic particles was
employed to represent the κ value of primary emission particles (Figure S8). The
κ of BC with Dp = 50 nm was 0.20 ± 0.12, which was lower than that of the
similar size particles during the NPF events (κ = 0.37 ± 0.03) in our previous



publications (Wu et al., 2017b). In this study, the total DF for adults was ~ 0.258
when κ = 0.20, while it dropped to ~ 0.217 when κ = 0.37, with a decline change
of 15.9%.”

The Figure S8 was added in Line 86-89 in the appendix:

Figure S 8. The relationship between the mass proportion of BC in the
hydrophobic particles and the hygroscopicity parameter (κ). The blue dots
represent the κ corresponding to the top 5% highest mass proportions of BC in
the hydrophobic particles.

15. L.367: I do not see the benefit of the discussion; the PSD and PNC are not the
same for freshly emitted and aged aerosol. Further, hydrophobic and hygroscopic
particles can be emitted from the same source.

[Response]: Thanks for the reviewer’s advice. The related statement was deleted in
the manuscript.

16. L.388: The discussion on the atmospheric oxidation capacity could be more
addressed in the results section to strengthen this conclusion.

[Response]: Thanks for the reviewer’s advice. Some discussion was added in the
manuscript.

[Revise]: The content was added in Line 392-395 in the manuscript:

“For instance, a previous study pointed out that the atmospheric oxidation
capacity may enhance the particle formation by oxidizing the trace gases emitted
from sources (such as biomass burning) and producing low-volatility
condensable vapors, which nucleates in the plume (Wu et al., 2017a) Therefore,
the ultrafine particles may be produced during transport (Wu et al., 2017a).”

17. L.390: What are the strong primary emission sources over night?

[Response]: According to our previous study (Wu et al., 2017a), the strong primary
emission source is biomass burning.



[Revise]: The content was modified in Line 406-408 in the manuscript:

“The strong primary emissions (such as the biomass burning process (Wu et al.,
2017a)), weak chemical processes, and low boundary layer height (Zhang et al.,
2014) resulted in the increased hydrophobic particle number concentration.”

18. L.392: This study does not provide insights about aging state, it shows the
difference between hydrophobic and hygroscopic particles. Thus, I recommend to
rephrase the sentence from “aged aerosol” to hygroscopic.

[Response]: Thanks for the reviewer’s advice. The statement was modified in the
manuscript.

[Revise]: The content was modified in Line 440-442 in the manuscript:

“Additionally, fresh emitted particles have lower hygroscopicity and higher DFs
compared with hygroscopic particles with the same diameter and concentration,
which may result in higher deposition.”

19. L.396: I do not see this aspect covered by the manuscript. Maybe a rephrasing
closer to the actual research performed will help.

[Response]: Thanks for the reviewer’s advice. The statement was deleted in the
manuscript.

20. L.399: Data availability – maybe the authors want to consider a publication of
the data on an open accessible research data repository after publication.

[Response]: Thanks for the reviewer’s suggestion. We will submit the data to the open
accessible research data repository after the publication of our manuscript.
[Revise]: Line 461-462 in the manuscript:

“Data availability. The data presented in this article can be accessed on the open
accessible research data repository.”

Technical comments:

1. There are some citations doubled in single sentences. Some of the cited literature
seems to be not the primary literature.

[Response]: Thanks for the reviewer’s correction. The references were checked and
modified.

2. L.140: Consider to reconstruct the sentence.

[Response]: Thanks for the reviewer’s advice. This sentence was reconstructed as
follows.

[Revise]: Line 159-162 in the manuscript:

“The hydrophobic particles in urban environments have been interpreted as



originating from freshly emitted soot and vehicle exhaust, while the hygroscopic
particles have been regarded to experience long-distance transport
(Baltensperger, 2002; Swietlicki et al., 2008).”
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Anonymous Referee #2

Referee comment on "Impact of water uptake and mixing state on submicron particles
deposition in the human respiratory tract (HRT): Based on explicit hygroscopicity
measurements at HRT-like conditions" by Ruiqi Man et al., EGUsphere,
https://doi.org/10.5194/egusphere-2022-256-RC2, 2022

Summary:

In this work the authors describe measurement of the hygroscopic growth of
externally mixed particles from the North China Plain. They use these data in
conjunction with a lung deposition model to predict the effect of hygroscopic growth
on deposition in the respiratory tract. The results show that in total, dose was reduced
when hygroscopic growth effects were considered as the more numerous smaller
particles, that deposit via diffusion mechanisms, deposited less effectively. Variations
were seen across the size range, with smaller particles showing a reduced likelihood
to deposit, while larger particles were more likely to deposit.

Overall, this paper goes some way towards showing the importance of considering
hygroscopic growth, but the extent of new insights is limited. The effects are reported
to be rather small so an improved sensitivity analysis and consideration of
uncertainties is needed to validate and support the conclusions. Some specific points
towards this are detailed below:

1. Deposition fraction is on a particle number basis, and the conclusions connect the
dose with the number of particles. The authors should consider reporting dose on a
mass deposition basis, which will significantly increase the contributions of the larger
particles on deposited dose.

[Response]: Thanks for the reviewer’s suggestion. The particle deposition can be
weighed by particle number concentrations, mass concentrations, and/or surface area
concentrations. Evaluating the deposition dose on a mass basis is definitely an
important task in exploring the health risk of particles (such as in toxicological
studies). However, due to the lack of the measurement of the PNSD and
hygroscopicity of coarse particles, the deposition mass dose of larger particles cannot
be calculated in this study. We used the particle number dose as a weight for the
reason that the measurement object was submicron particles rather than coarse
particles. As the predominant particle type by number in ambient submicron particles,
ultrafine particles contribute insignificantly to mass (Xia et al., 2009), but they do
great harm to human health (Elsaesser and Howard, 2012; Englert, 2004; Oberdorster,
2001; Sioutas et al., 2005). Therefore, the deposition number dose can highlight the
health risk of ultrafine particles. As mentioned above, we used the deposition number
dose of particulate matters as a measure to study the particle deposition. The relevant
statement was added in the manuscript.

[Revise]: The statement was added in Line 454-459 in the manuscript:



“Besides, the deposition pattern of particles with diameters larger than 1 μm was
not discussed here due to the lack of the measurement of the PNSD and
hygroscopicity of coarse particles. While, as an important part of the ambient
particle mass, coarse particles may also make a significant contribution to the
particle deposition in the HRT (Figure S9). The related research to find out the
impact of the particle hygroscopicity on the deposition mass dose of coarse
particles ought to be carried out in the future.”

Figure S9 and related content were added in Line 90-95 in the appendix:

“As shown in Figure S9, a peak appeared at Dp = 2 - 3 μm in the DF curves of the
head and P regions, which resulted in a peak in the total DF curve. It implied
that particles with larger diameters may also have a significant contribution to
the particle deposition in the human respiratory tract.

Figure S 9. The size-resolved regional and total DFs for the adults group. The
particle density was set as 1.0 g/cm3.”

2. Does the lung deposition model change the density of the particles as they grow
due to water uptake? A density of 1.5 g/cm3 is high for hygroscopic particles at >90%
RH. I suggest a sensitivity analysis be performed to compare the difference in
deposition for 1.0 and 1.5 g/cm3 particle distributions.

[Response]: (1) Thanks for the reviewer’s comment. The change of the particle
density during the water uptake was not included in the MPPD model.

(2) Due to the lack of the particle density measurement during the sampling period,

we compared the differences between the size-resolved DFs of particles with ρp =

1.0 g/cm3 vs. ρp = 1.5 g/cm3 for adults. The results and discussions of the sensitivity

analysis of the particle density were added as follows.

[Revise]: The statement was added in Line 291-293 in the manuscript:



“It should be noted that the particle density would change during hygroscopic
growth, which was not considered in the calculation due to the lack of the
measurement of the particle density. The sensitivity analysis of the particle
density on the regional DFs was shown in Figure S4.”

Figure S4 and related statement were added in Line 51-68 in the appendix:

“The particle density mainly affects the probability of inertial impaction during
the particle deposition process, which can be evaluated by using the
dimensionless Stokes number (Stk), defined as Eq (S1) (Pramod et al., 2011):

��� =
����

����
�����

(S1)

where �� is the density of the particle. The Stokes number is the basic

parameter describing the inertial impaction mechanism. A larger Stokes number
implies a higher probability of deposition by impaction (Pramod et al., 2011).

Due to the lack of the density measurement of particles during the sampling

period, the differences between the size-resolved DFs of particles with �� = 1.0

g/cm3 vs. �� = 1.5 g/cm3 for adults were compared. As displayed in Figure S4,

the particle density has great influence on the particle deposition in the head and
P regions for larger submicron particles. The average DF differences in the head,
TB, P, and the whole HRT were (11.1 ± 13.9)%, (0.5 ± 0.8)%, (3.8 ± 6.4)%, and
(4.2 ± 6.5)%, respectively. Therefore, the measurement or estimation of the
particle density during the particle hygroscopic growth is of great importance in
calculating the particle deposition in human bodies.

Figure S 4. Size-resolved regional deposition fractions (DFs) of particles with
density (ρ) = 1.0 vs. 1.5 g/cm3 for the adults group. The blue, green, and purple
markers represent the DFs of particles with ρ = 1.0 g/cm3 in the head, TB, and P,



respectively. The blue, green, and purple lines represent the DFs of particles with
ρ = 1.5 g/cm3 in the head, TB, and P, respectively.”

The statement was added in Line 452-454 in the manuscript:

“Due to the limited measurements and physiological parameters, some vital
factors which may have effect on the particle deposition in the HRT were not
considered in this study, such as gender, the exercise level, and the particle
density.”

3. How was the dry size of the particles determined in the hygroscopic growth
measurements? Were any shape correction factors considered?

[Response]: (1) As seen in Figure R1, the H-TDMA consists of two differential
mobility analyzers (DMAs) and two condensation particle counters (CPCs). The
monodisperse aerosol sizes cut with mobility diameters (30, 50, 100, 150, 200, and
250 nm in this study) were selected in turn by the first DMA under dry conditions
(RH < 10%). Then, the aerosols passed through a humidifier with a controlled higher
RH, and the size distributions over wet mobility diameters were measured with the
second DMA (Duplissy et al., 2011).

Figure R 1. Set-up of the H-TDMA (Hennig et al., 2005)

(2) No shape correction factor was considered in this study. The ambient aerosols at
this sampling site mainly consisted of secondary aerosols (Wu et al., 2017), which are
mostly spherical. Irregular particles, such as sea salt and dust, contributed little to
aerosols collected at the sampling site. In addition, irregular particles generally exist
in coarse mode particles rather than submicron particles. Therefore, The shape factor
� was set as 1.

[Revise]: The content was added in Line 148-155 in the manuscript:

“To match the particle size range in the MPPD model, the electrical mobility
diameter was converted to aerodynamic diameter by Eq (4) (Khlystov et al.,
2004):



�� = �� �×
� × ��(��)

��(��)
(4)

where �� and �� is the particle aerodynamic diameter (nm) and electrical
mobility diameter (nm), respectively. ρ is the particle density (1.5 g cm-3 in this
study (Hu et al., 2012)). � is the shape factor. �� is the Cunningham slip
correction factor for a certain diameter. Similar to other studies, the shape factor
� is assumed as 1 and �� is neglected in the calculation (Khlystov et al., 2004;
Hu et al., 2012). Therefore, the electrical mobility diameter (in the range of 10.3 -
756.6 nm) was converted to the aerodynamic diameter (in the range of 12.6 -
926.6 nm).”

4. How accurate is the RH measured in the HTDMA? How stable is the RH? At the
high RH of these measurements, even fractions of a % of RH can lead to significant
changes in the size of the particles and will introduce uncertainty in the results.

[Response]: The accuracy and stability of the HH-TDMA were studied by Hennig et
al (2005). The RH in the second DMA reached an absolute accuracy of ±1.2% for
98% and a long-term stability of ± 0.1-0.4% of set point values (Hennig et al., 2005).

[Revise]: The content was added in Line 114-116 in the manuscript:

“The RH in the second DMA reached an absolute accuracy of ±1.2% for 98%
and a long-term stability of ± 0.1-0.4% of set point values (Hennig et al., 2005).”

5. On line 103, HH-TDMA is referred to – what does the second “H” stand for?

[Response]: The HH-TDMA is the abbreviation of the high humidity tandem
differential mobility analyzer (please refer to Line 91-92 in the manuscript). Therefore,
the second ‘H’ stands for ‘humidity’.

6. Line 84 – a constant value of kappa with RH does not indicate an ideal solution. It
indicates that the effective molar volume of the solute does not vary with RH.

[Response]: Thanks for the reviewer’s correction. The related expression was
modified according to the reviewer’s advice.

[Revise]: Line 83-84 in the manuscript:

“It was further assumed that κ was independent of RH on the premise that the
effective molar volume of the solute does not vary with RH.”
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