Answers to Referee #1

The authors appreciate the time the reviewer has spent on our manuscript,
assisting us to produce a higher quality, understandable publication. All the
requested comments and suggestions are addressed and introduced to the revised
version of the manuscript.

Major comments:

1. The authors should describe the exact calculation procedure possibly with mathematical
equations for lines 171-174.

Reply: After obtaining GF-PDF, which was represented as c(HGF), ensemble mean
hygroscopic growth factor (HGF), number fraction of particles at each mode and spread of each
mode was calculated according to the following equations (Gysel et al., 2009; Tan et al., 2013):

HGFEpean = [, HGF - c(HGF)d(HGF). (1)
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0 = ([ (HGF — HGFpeqn)? c(HGF)A(HGF)) . )

NF% = [? c(HGF)d(HGF). (3)

Here HGFmean is the number weighted mean hygroscopic growth factor, o is the standard
deviation of GF-PDF, which is used as a measure for the degree of mixing of aerosol population.
NF2P represents the number fraction of particles in which a<HGF<b.

2. Sect. 2.1 and later. The arrival height of 150 m above the ground is unusually low; the model
performs better at higher levels. This raises the question about the representatively of these air
mass trajectories. The authors should discuss and explain their selection, and/or present similar
trajectories for at least 2 more but larger arrival heights (e.g. one just below and one above the
fee troposphere). In addition to that, the authors should describe how the major trajectory
clusters and their frequency in Fig. 7 were exactly derived from the individual trajectories.

Reply: We agree with the Referee that the HYSPLIT model might not work properly when the
arrival height was set as low as 150 m in this study. Hence, we performed the back trajectory
analysis using the HYSPLIT model for arrival heights at 300 m, 700 m, and 1000 m above
ground level. For each arrival height, cluster analysis was then used to group these entire 156
back trajectories into mean trajectories, e.g. clusters for different experimental periods of
interest. The basic principle is to merge trajectories that are spatially near each other and form
groups or clusters that represent these trajectories. This is computationally achieved by
minimizing the differences between trajectories within a cluster and maximizing the differences
between clusters. The detailed equations and calculation procedure are available in the
HYSPLIT Tutorial document
(https://www.ready.noaa.gov/documents/Tutorial/html/traj_clus.html). Results of the back
trajectory analysis for different arrival heights are illustrated in Fig. R1, Fig. R2 and Fig. R3 in
this response respectively. There are no significant differences between the results of the three
different arrival heights. However, we agree with the referee that the arrival height of 150 m is
fairly low for this model. Therefore, we switched to the arrival height of 700 m, which is the



mean height of the boundary layer in Guangzhou during the experimental period according to
the data obtained from European Centre for Medium-Range Weather Forecasts (ERA Interim).

3. Aerosol particles are usually grouped as: nearly hydrophobic (k<0.10), less hygroscopic
(x~0.10-0.20) and more hygroscopic (k>0.20; Liu et al., Atmos. Chem. Phys., 11, 3479— 3494,
2011). The authors may want to follow this attitude, or explain and argue for their own
classification.

Reply: It is a conventional way to group aerosol particles into three characterized modes
regarding their hygroscopicity. However, this might not always be the case; for instance, the
other studies categorized aerosol particles into two modes, namely non or less-hygroscopic
mode and more-hygroscopic mode (Aklilu et al., 2006; Gysel et al., 2007; Tan et al., 2013;
Yeung et al., 2014; Wu et al., 2016) according to their own data. We tried to fit the measured
data into three modes; however, the fitting procedure failed for more than half of the data sets.
Two-mode fitting procedure was then carried out for all of the data.

4. The authors are requested to extend the MS with explicit discussions and estimations of the
uncertainty of their major conclusions to prove their significance. In addition to that, smaller
changes throughout the MS, e.g. showing standard deviations of slopes for correlation lines in
Fig. 10, and similar amendments could also be adopted.

Reply: Yes, we have made a comprehensive uncertainty analysis regarding our measurements
and calculations. Hence, the whole section (Sect. 3.4) was revised as shown below. In addition,
we feel the previous title might not fit for the current study and we changed it to ‘Mixing state and
particle hygroscopicity of organic-dominated aerosols over the Pearl River Delta Region in China’.

Section 3.4
3.4 Hygroscopicity-composition closure

3.4.1 Approximations of the HGForg

Hygroscopic growth factors of organic compounds in the ambient aerosols, HGF.yg, cannot be
determined from direct observations. However, by conducting closure analysis using different
approximation approaches, HGForg was estimated to range widely from about 1.0 to 1.3 for various
ambient aerosols in other studies (Gysel et al., 2004; Carrico et al., 2005; Aklilu et al., 2006; Good et
al., 2010; Hong et al., 2015; Chen et al., 2017). In this section, we performed a closure study between
the measured and predicted HGF using a PM1 bulk chemical composition from the ACSM. An
ensemble-mean HGF.4 Of 1.1 was determined when the sum of all residuals (RMSE, root mean square
error) between the measured growth factors and corresponding ZSR predictions reached a minimum by
varying HGForg between 1.0 and 1.3.

By applying HGFqq of 1.1, Fig. 9 (Fig. R4 in this response) compares the ACSM-derived HGF with the
HTDMA-measured ones for four different-size particles, with the color code indicating the O:C ratio. It
is obvious that the degree of agreement increased with increasing particle size. However, the bulk
aerosols mainly represent the chemical composition of aerosol particles near the mass median diameter
of the mass size distribution of ambient aerosol particles (Wu et al., 2013). The question then arises as
to which extent the size-resolved chemical composition of aerosols (for instance, 100 nm and 145 nm
particles) is comparable with the one of the bulk aerosol. Previous studies (Cai et al., 2017; Cai et al.,
2018) reported that the average organic mass fraction of PM1 were about 25% and 16% lower than those



of 100 nm and 145 nm particles respectively measured by High-Resolution AMS (HR-AMS) during the
same season of 2014 at the same measurement site. Correspondingly, the average inorganic mass
fraction of PM1 were about 25% and 16% higher than those of 100 nm and 145 nm particles obtained
in their results. Due to insufficient information of the size-resolved chemical composition of ambient
aerosols, we hence made an arbitrary assumption by applying the results from Cai et al. (2017). In this
section, we considered the mass fraction of organic being 25% and 16% higher and a corresponding
lower inorganic mass fractions (ammonium sulfate mass fraction is decreased) at smaller sizes (100 hm
and 145 nm) compared to the bulk aerosol. In addition, we assumed a 20% uncertainty in theses
suggested values, thus resulting in 25%+3% and 16+3% of elevation in organic mass fractions in the
100 nm and 145 nm particles for current study. This would lead to larger values of HGForg as 1.23 (100
nm particles) and 1.26 (145 nm particles) when assuming different chemical compositions of size-
resolved particles compared to the bulk aerosols, see Fig. 10 (Fig.R5 in this response). In contrast to the
results from bulk chemical composition, the closure for 100 nm particles considerably improved, as the
RMSE value between the HTDMA_HGF and ACSM_HGF decreased from 1.61 to 0.87 with more than
90% of the data were within 10% closure. The closure for 145 nm particles did not show any significant
improvement, with no reduction in the RMSE value. However, the newly-determined HGForg is
expected to be more accurate than the one reported in the previous section, as assumptions of size-
dependent chemical composition was considered even though with some uncertainties. In addition, the
newly-obtained HGForg was close to the one (1.18) by Yeung et al. (2014), who studied the
hygroscopicity of ambient aerosols in September 2011 at the HKUST Supersite, less than 120 km away
from our measurement site.

Previous studies suggest that a single ensemble HGFogy approximation might not be capable of
evaluating the hygroscopicity of ambient aerosols from different sources with various characteristics.
Hence, the HGFory approximation according to the O:C ratio was tested using the chemical composition
of both bulk aerosols and size-resolved particles based on previous assumptions, respectively. To
facilitate our comparison, the closure analysis was only conducted for the 145 nm particles. The relation
between HGForg and the O:C ratio based on the chemical composition of bulk aerosols was obtained as
follows:

HGF,.4 = 0.31-0:C +0.88. ©)

This closure was no better than the one shown in Fig. 9 using constant a HGForg, both being based on
the chemical composition of bulk aerosols, and there was little change in the RMSE value (from 0.63 to
0.62). By taking into account of the variation of the O:C ratio, HGForg ranged from 0.9 to 1.2 when using
Eqg. 3 with around 80% of the data having values larger than 1. This finding implies that the
approximation in Eq. 3 may introduce huge errors, as 20% of the values of HGF.y were not physically
correct. The closure considering size-dependent chemical composition of aerosols from previous
assumptions is shown in Fig. 11 (Fig. R6 in this response), with a new relation between HGForg and
the O:C ratio as:

HGFg = (0.32 4 0.01) - 0: C + (1.10 £ 0.04). 4)

The closure was somewhat better than in Fig. 9 according to the slightly lower RMSE value (0.58 vs.
0.63). In addition, HGForg ranged from 1.1 to 1.4 with the varying O:C ratio, and there were no HGForg
values smaller than unity, indicating that the new relation in Eq.4 seems more widely applicable than
the one in Eqg. 3. In general, by looking at the fitted slopes being much less than unity with consideration



of all the discussion above, we are concerned that other potential uncertainties may remain in the closure
analysis between the measurements and predictions. This motivates us to make a comprehensive
uncertainty analysis of the hygroscopic-composition closure. It is important to note that the uncertainty
analysis below is taking into account the aforementioned assumption regarding the size-dependent
chemical composition of aerosols.

3.4.2  Uncertainties of hygroscopicity-composition closure

Swietlicki et al., (2008) discussed the sources of error associated with HTDMA measurements and
concluded that the stability and accuracy of DMA2 RH should be controlled well to maintain the
nominal RH (for instance 90%). The accuracy of DMA2 RH in our system was controlled to be 90+£1%.
This will result in a variability in the measured HGF of +0.04 around the reported HGF. The bias
uncertainty (2.3%) associated with RH accuracy are generally smaller than the estimated uncertainty
(10%) reported in HTDMA measurements (Yeung et al., 2014). For hygroscopicity-composition closure,
this biased HGF will lead to a change of 2.1% in HGForg with respect to the previously-determined
value of 1.26.

Other uncertainties pertain to the densities used for organic materials and black carbon. The density
value is estimated to range between 1000 and 1500 kg/m?® for organic materials (Kuwata et al., 2012)
and 1000 and 2000 kg/m? for black carbon (Sloane et al., 1983; Ouimette and Flagan, 1982; Ma et al.,
2011). The calculated uncertainty in the ACSM-derived HGF using the density value at each extreme
for organic materials and black carbon is less than 3.2% and 2%, respectively, both having relatively
small effect on the determination of the constant value of HGFg.

Another source of uncertainty comes from the measurement of aerosol mass concentration performed
by the ACSM and Aethalometer. Bahreini et al. (2009) did a comprehensive uncertainty analysis on
aerosol mass concentration measurements using an Aerosol Mass Spectrometer (AMS), having similar
operating principle as the ACSM, of which systematic biases are not available. Their study reported an
overall uncertainty of 30% for AMS measurements and concluded that it might be better for ground-
based studies. Jimenez et al. (2018) gave accuracies of 5-10% from other AMS practitioners and claimed
that these estimated accuracies might be too small. Hence, we used an overall uncertainty of 20% for
the mass concentration measurements in this study. The uncertainty in the BC measurements given by
the manufacture of the Aethalometer is within 5% (Hansen et al., 2005; Zhang et al., 2017). The effect
of the perturbation in aerosol mass concentration of each species on the ACSM-derived HGF as well as
the determination of HGF.g are summarized in Table. 2 (Table 1 in current response). The change in
the mass concentration of sulfate exerts the largest effect on the ACSM-derived HGF as well as the
corresponding HGForg, which is not surprising since sulfate contributes the highest fraction in more
hygroscopic component in aerosols.

In general, uncertainties were relatively low for each individual case discussed above. It is possible that
the contribution from multiple factors could reduce the overall uncertainties. The greatest uncertainty
aforesaid may still arise from the chemical composition of size-segregated aerosols, since the
performance of the closure and the approximations of HGForg were most sensitive to changes in the
mass concentration of sulfate and organic materials in aerosols. Except for the reasons discussed
previously, other factors may also cause potential effects on the hygroscopicity closure. Pajunoja et al.
(2015) showed that phase state of organic aerosols, which varies with ambient conditions, might have
an effect on the determination of hygroscopicity of organic fraction in aerosols. Previous studies (Suda
et al., 2014) suggested that the interaction between inorganic and organic materials within the
particle phase might alter the hygroscopicity of organics in mixtures and speculated that ZSR
mixing rule may not hold for inorganic dominated aerosols (Hong et al., 2015).

Nevertheless, the interpretation of the hygroscopicity-composition closure and different approximation
of HGF.q above reveals that in order to estimate accurately the properties of ambient aerosols, we might



need to have precise measurements of chemistry, including the size-dependent chemical composition of
the aerosols, as well as a better prediction model for HGF.

Table 1. Sources of uncertainties associated within hygroscopicity-composition closure, given
in terms of three standard deviation and their corresponding contribution to the overall
uncertainty in hygroscopicity-composition closure.

Parameter Uncertainty | Uncertainty  in | HGForg
(3 standard | measurements (relative
deviation ) t0 1.26)
RH (DMA2) 1% 2.3% in | 3.2%
measured HGF
Organic density 18% 2.6% in | 3.2%
ACSM_derived
HGF
BC density 33% 1% in | 2%
ACSM_derived
HGF
NH4, NO3 mass concentration 20% 0.6%, 0.5% 0.8,
1.6%
SO4 mass concentration 20% 1.8% 4%
Organics mass concentration 20% 1.4% 3.2%
BC mass concentration 5% 0.1% 0.8%

Minor comments:

1. Itis disturbing that the terms aerosol — aerosols — aerosol particles are not used in a consistent
manner in the MS (e.g. lines 64, 123 and 196). The authors should decide which option to use,
and should adopt it in a coherent nomenclature.

Reply: I decided to use ‘aerosol particles’ in the revised manuscript to keep a coherent
nomenclature.

2. Abbreviation PM stands for particulate matter (as correctly stated in line 191), but it is
sometimes used for particle matter mass (e.g. line 30). The explanation of the abbreviation
should be given at its first occurrence, and it is redundant to repeated it e.g. in lines 232— 233.
Furthermore, simply write for instance: “The PM2.5 mass concentration varied” instead of “The
range of particle mass concentration (PM2.5) varied”. In addition, it is not the range that varies.

Reply: I revised the sentence to: ‘The PM2.5 mass concentration varied from 20 to 180 ug/m?,
with relatively low values (roughly below 50 ug/m?) during most of the time.’

3. Hygroscopicity usually refers only to sub-saturated conditions. Clarify line 65, or give
appropriate references to back your statement.



Reply: References were added to back up my statement: ‘Aerosol hygroscopicity describes the
interaction between aerosol particles and ambient water molecules at both sub- and super-
saturated conditions in the atmosphere (Topping et al., 2005; McFiggans et al., 2006; Swietlicki
et al., 2008).’

4. Micron (e.g. lines 98, 177, Fig. 2) is not an Sl unit. Micrometer should be used instead.

Reply: ‘Submicron’ was used as a definition for particles with sizes smaller than 1 micrometer
in diameter. This term is widely used in aerosol research articles.

5. Remove the repetitions in lines 102—-103 considering lines 67—609.

Reply: I modified the sentence to: ‘Hygroscopicity, as an important physico-chemical property
of atmospheric particles (Cheng et al., 2008; Gunthe et al., 2011; Cheng et al., 2016), has also
been implemented into extensive campaigns in densely populated areas, such as North China
Plain (Massling et al., 2009; Liu et al., 2011) and Yangtze River Delta (Ye et al., 2013).”

6. Revisit “self-assembly” (line 120) and “self-assembled” (line 152), or use perhaps laboratory
made instead.

Reply: Yes, I used ‘self-assembled’ in the revised manuscript.
7. Clarify lines 185-189.

Reply: Wu et al. (2009) compared the BC concentration in PM1 and PM2.5, respectively, and
found that BC aerosols mainly exist in the fine particles with roughly 80% of the BC mass in
PML1. Due to the limited literature data on BC size distributions in the PRD region, we used this
simplified assumption by Wu et al. (2009) to estimate the BC concentration in PM1 for this
study.

8. Abscissa of Figs. 1 and 2 shows rather Date than Time, and its format of e.g. “(dd-MM)”
could also be indicated. Furthermore, they could have (this) consistent format in both figures.
In Fig. 2, how can be the probability in colour coding larger than 1? Explain or modify this. Put
word space between measured values and their units everywhere in the figures. Extend the
interpretation of your finding and discussions related to Fig. 2 within the frame of the conjunct
conclusions of Cheung et al., Atmos. Chem. Phys., 16, 8431— 8446, 2016.

Reply: Figure 1 in the manuscript was modified and is shown below as Fig.R7. The color bar
in Fig. 2 in the manuscript indicates the probability density rather than probability. To integrate
the probability density along the x-axis, we will obtain the probability value. This is why its
value is larger than one. All figures were modified as suggested.

9. Figures 3, 4 and 6 show the mean diurnal variations; the label of abscissa should be consistent
in three figures; remove the tick label at 25; the time unit as “(HH)” should also be indicated;
“during this study” is redundant; avoid abbreviations in the figure captions everywhere. Extend
the interpretation of your finding and discussions related to the diurnal plots (Figs. 3 and 4 or
Sects. 3.2 and 3.3) within the frame of the similar recent data of Enroth et al., Atmos. Chem.
Phys. Discuss., https://doi.org/10.5194/acp-2017-926, 2017.

Reply: I moved Fig. 3 in the manuscript into supplement material part and modified all figures
as suggested. Brief comparison was made between our results and Enroth et al. (2018).



10. AIl correlation scatter plots should have squared layout to facilitate better their
interpretations.

Reply: Figures with x-axis and y-axis indicating the same variables was modified to have
squared layout, see Fig. 4, Fig. 5 and Fig. 6.

11. Rounding off strategy should be revised throughout the MS; e.g. of R2 in the figures or
HGForg in lines 399, 405 (“1 and 1.3”), 515 or 546.

Reply: Yes, | modified all values I used in the whole manuscript to follow consistent strategy.
12. Lines 288-289: Remove “black carbon or” from “with black carbon or soot”.
Reply: Yes, I removed ‘black carbon or’ from the text.

13. Line 319: Consider writing “compounds with different water uptake ability” instead of
“compounds of different water uptake ability”.

Reply: Yes, | changed it to ‘compounds with different water uptake ability’ in Line 319 in the
revised manuscript.
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Figure R1: The major clusters for the 72-hour backward trajectory simulation for air masses
arriving at the CAWNET Panyu site at a height of 300 m. The upper panel shows the results
throughout the whole observational period, while the lower panel on the left side shows the one
during polluted days and the one on the right-hand side is for clean days.
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Figure R2: The major clusters for the 72-hour backward trajectory simulation for air masses
arriving at the CAWNET Panyu site at a height of 700 m. The upper panel shows the results
throughout the whole observational period, while the lower panel on the left side shows the one
during polluted days and the one on the right-hand side is for clean days.
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Figure R3: The major clusters for the 72-hour backward trajectory simulation for air masses
arriving at the CAWNET Panyu site at a height of 1000 m. The upper panel shows the results
throughout the whole observational period, while the lower panel on the left side shows the one
during polluted days and the one on the right-hand side is for clean days.
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Figure R4: Closure study between the HTDMA-measured HGFs and the ACSM-derived HGFs.
The black solid lines indicate the 1:1 line and the black dash lines represent £10% deviation,
while the red lines are the lines fitted to the data points. The color bar indicates the O:C ratio of
the organic aerosol fraction.
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Figure R5: Closure study between the HTDMA-measured HGFs and the ACSM-derived HGFs
assuming the average inorganic mass fraction of PM1 were about 25%z 3% and 16% +3% higher and
the average ammonium sulfate mass fraction of PM1 were about 25%z 3% and 16% 3% lower than
those of 100 nm and 145 nm particles. The black solid lines indicate the 1:1 line and the black dash
lines represent £10% deviation, while the red lines are the lines fitted to the data points. The
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color bar indicates the O:C ratio of the organic aerosol fraction.
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Figure R6: Closure analysis with the best fitting between the measured HGFs and the ACSM-
derived ones using the O:C-dependent HGForg. The assumption of size-dependent chemical
composition of aerosols was considered to determine the ACSM_derived HGF. The equation
is the achieved approximation for HGForg as a function of the O:C of organic aerosol fraction.
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Figure R7: Time series for relative humidity (RH), wind speeds, wind directions and
concentrations of PM2.5 as well as BC concentration (bottom panel).
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