Responses to Anonymous Referee #1

Thank you for your positive review of our manuscript. We sincerely appreciate the efforts
you have put in the review process, and we improve this work based on your comments
and suggestions. Below we will respond to your comments one by one. Your comments
are in bold italics, and my responses are in plain text. All the changes have been included

in the newest version of our manuscript.

Major comments:

1. One major comment arises from the lacking descriptions about the
measurement techniques, H-TDMA. I could not get any information about the
experimental protocols and technical details about the study methods, such as
the configuration of HTDMA used in this study, how aerosols were generated
and dried, how aerosols get charged (soft X-ray ionization or corona
discharge)c, the number concentration of aerosols, etc. Elaborating these points
would put this study in better context.

Response: Thank you for your comment. Based on your suggestion and concern,
more information on this part has been added in our new manuscript in section 4.

2. Page 1, line 21-26: This paragraph needs improvements. The authors tried to
describe the significance of aerosol’s hygroscopicity to state their motivations to
study the effects of multi-charge on aerosols. However, the current version was
too short and brief to state the environmental, climate as well as the health
effects of atmospheric aerosols. Furthermore, citing more classical and recent
references.

Response: The introduction has been updated to include more information about
the climatic and environmental effects of atmospheric aerosols, especially
specifying the role of hygroscopic properties. The following is cited from the new
introduction:

‘Atmospheric particles can scatter solar radiation and absorb longwave
radiation, imposing direct effects on the Earth’s radiation balance (Haywood and
Boucher, 2000;Bond et al., 2013). They can also indirectly affect the climate
through acting as cloud nuclei and modify the cloud optical properties and life
cycle (ALBRECHT, 1989;Twomey, 1974;CHARLSON et al., 1992). Both these
two effects are closely related to aerosol particle’s hygroscopicity, which
describes the particle’s ability to absorb water at sub or supersaturated
conditions (e.g. McFiggans et al., 2006). Aerosol hygroscopicity also plays a vital
role in environmental aspects. It has been reported to be an important factor
regulating environmental visibility because it can greatly enhance the particle’s



light scattering efficiency and degrade visibility under relatively high relative
humidity (Chen et al., 2012;Xu et al., 2020). It can increase aerosol particle’s
liquid water content, affect the multiphase chemistry and local photochemistry,
and facilitates particle formation and aging processes (Wu et al., 2018;Herrmann
et al., 2015;Ervens et al., 2011). For human health, aerosol hygroscopicity
directly determines the particle’s size, thus modifying the deposition pattern of
inhaled particles in the human respiratory tract (Heyder et al., 1986;L&dahl et
al., 2007). In general, aerosol particle’s hygroscopicity is one of the most
important properties when quantifying the particle’s climatic and environmental
effects. It’s also useful to characterize the particle’s detailed chemical
information. Therefore, it’s necessary to offer a correct and detailed measurement
of aerosol hygroscopicity.’

Section 3.2: For ambient aerosols, there are different mixing states, e.g.,
internal, external and core-shell structures, whether this factor has an impact
on the multi-charge correction results and has been considered in the
algorithm?

Response: The mixing state doesn’t impact our multi-charge correction results
because the charge distribution and DMA sizing process is only related to the
particle size (Wiedensohler et al., 1986), not affected by the mixing state. In the
algorithm, only the measured mean hygroscopicity is used in the correction.

Minor comments:

1.

Authors should fix the typo and format mistakes of references through the
whole manuscript, especially in the References section.

Response: Thank you for your comment. We double checked our manuscript and
corrected the typos and format mistakes.

Page 1, line 28: I notice that aerosol hygroscopicity measurement techniques
have been reviewed in a recent study (Tang et al., 2019, ACP), please cite it.
Response: This citation has been added to our new manuscript.

Page 1, line 29, 30: Swietlicki et al., 2017 should be Swietlicki et al., 2008.
Response: We updated this citation in the new manuscript.

Page 4, line 100: The results are summarized in Fig. 3b and Table 1.
Response: Thank you for your comment. It has been added in the text.

Page 6, line 171: Please give some information about the sampling site.
Response: We added some site descriptions in the section 4.



6. Page 7, line 195: How large? | suggest that authors provide more discussions
based on their field measurement results.
Response: We have another academic paper focusing on the measurement results
(Shen et al., 2020). We added this citation in the manuscript for reference.



Responses to Anonymous Referee #2

General comments:

Shen et al. present a new algorithm for the size-resolved correction of the hygroscopicity,
x considering shrinking effect caused by to multi-charge number contribution. |
recommend this manuscript to be published in AMT after the following issues to be
addressed and modified.

General response: Thank you very much for your review of our manuscript. Your
comments were very helpful and constructive in improving this work. Below we will
respond to your comments one by one. Your comments are in bold italics, and my

responses are in plain text. In the end of this reply, we also attach our supplement materials.

Major comments:

1. The term “shrinking effect” seems to be unfortunate, since it used for actual
irregular particles restructuring in the humid conditions caused by surface or
capillary forces of absorbed/adsorbed water. To avoid confusion, | recommend
using another term, say “compression effect” or “displacement effect”.
Response: In the AMTD preprint version, we use the term ‘weakening effect’. But
after your comment, we think the term ‘compression effect’ is better and this term
is being used now in the new manuscript. Thank you for your suggestion!

2. The shrinking function S (£ 2) is not properly described in the text. Please show
which expression/algorithm was used to calculate it.
Response: Thank you for your suggestion. | added an algorithm flowchart in the
manuscript.
The calculation mainly involves four steps: (1) calculate the f function as
illustrated in supplement section 2, and the f function is used to calculate the
physical diameter of multiply charged particles; (2) for each combination of
(D, ,Vv), generate different g, data points and obtain the corresponding gpp4 from
the equation 10. Then transform the GF space (go, gpma) t0 the hygroscopicity
space (k, kpp4) according to the k-kohler theory; (3) Fit the (k, kpp4) With @
straight line across the origin and obtain the slope as the compression factor; (4)
repeat the step 2-3 for different combination of (D, ,v). The figure below is the
algorithm procedures.



Generate different go and
obtain the corresponding gpua
from equation 10

!

Transform (go, gpma) to the
hygroscopicity space (K, Kppr4)
using k-kohler theory

!

Fit (1, kppr4) With the line
Kppma=S* K. Fitted S is the
compression factor

!

S (D, ,v)

(DS, V) | —

3. The multi-charge algorithm for hygroscopicity correction has not been properly
tested. As a first step, 1 would suggest to apply it for single-component particles
(100; 200, and 300 nm) with well-defined thermodynamic and hygroscopic
properties, ammonium sulfate as an example. Please show the particle’s growth
factors change taking into account F(x, ), Q(x,v,Z) and S{Z ») and then xinitial
and x corrected as a function RH.

Response: Thank you for your suggestion. The following is a test for our
correction algorithm.

In general, the algorithm cannot ensure that the corrected particle’s size-resolved
hygroscopicity is fully consistent with the true values because of the measurement
size resolution (detailed hygroscopicity information between measured size is
lost), but the correction can bring the results closer to the true values.

If we assume a group of ammonium sulfate particles with a constant k of 0.53. Then the
HTDMA is used to scan these aerosol particles. The sample/sheath ratio of the first DMA
is 1/10 and the DMA will select those negatively charged particles (DMA type from
BMI). According to the following two equations:

N(D;;) = JOOOG(D*,x) n(x)dx

G(D*,x) = Z F(x, v)Q(x, v, D;)
v=1
the kernel function for each size set in DMA is shown below with the assumed particle
number size distribution.
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Fig.1: The black lines are the assumed ammonium sulfate particle s number size
distribution. The blue lines are the kernel functions for the diameter set labelled in the
panel.

Then we use the HTDMA to obtain the size-resolved hygroscopicity over the size of
[50,100,150, 200,250, 300,400,500,600] (nm). For each diameter set Dy, in the first
DMA, it will give the corresponding measured hygroscopicity as the following
equations:

1 [ee]
K (Dp) = WDS)L GS(D ,x)K(x)n(x)dx

Gs(Dy, x) = Z F(x,v)Q(x,v,D;)S(D;, v)
v=1

Based on our calculation, we can obtain the K™ (Dy). Then we apply our multi-charge
correction algorithm in the calculated K* (D) and retrieve a corrected one. The
results are listed in the figure below.
The black line is the true hygroscopicity distribution with a uniform k of 0.53. It
can be seen that the measured K*(D,) deviate much from the true distributions
because of multi-charge effect. The sizes of 100 and 150 nm are influenced most
because the high ratio of multiply charged particles. After the correction, the
hygroscopicity distribution comes very close to the true value. The large error at
the size of 50 nm is due to the missing information between 50 nm and 100 nm,
and the size of 50 nm is mostly affected by particles from this size range. If the
measurement size resolution improves, the corrected values will come closer to
the true values.

Kernel Function

Kernel Function
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Due to typos and errors, the text is difficult to read.
Response: Thank you for your detailed review of this manuscript. We double
checked the paper and fixed all the errors.

Minor comments:

1.

3.

4.

Page 1, line 30: Swietlicki et al. should be Swietlicki et al., 2008;
Response: We corrected this citation in the new manuscript.

Page 2, Line 33: (Cubison, Coe, & Gysel, 2005; Gysel, McFiggans, & Coe,
2009; Stolzenburg & McMurry, 2008; Voutilainen, Stratmann, & Kaipio,
2000). Correct citation according to AMT instruction.

Response: We corrected this citation.

Line 41: “Duplissy et al. (2008) obtained ...” Note, Gysel et al., 2009 obtained
the kernel function, Duplissy et al. (2008) just used it for multi-charge
correction.

Response: Thank you, and we have revised this part.

Line 42 “GFs” The abbreviation is not defined.
Response: We added the definition of GFs in the text.



10.

11.

12.

13.

Page 3, Line 70, please define the scale parameter x once.
Response: We removed other unnecessary definition.

Line 74, term n(x) is not defined.
Response: Definition added to the manuscript.

Line 77, Fig, 1b. The corresponding ratio of particles carrying different charges
is calculated from the PNSD using the abovementioned DMA electrical mobility
and charging theory. Please specify in detail how data in Fig.1b were obtained?
Show in the explicit form the F(x,2) and 2(x,7, 1), at least in Supplement.
Response: We added the detailed calculation procedures in the supplement section
1. In the text, we take DMA set size of 100 nm as an example and show that how
we come to the final ratio of particles carrying different charges.

Line 80 For example, when we set 100 nm in the first DMA, more than 40% of
the selected particles are multiply charged. Please double check a 40 % value.
How it was obtained?

Response: As the response to the comment 7, the detailed calculation procedure is
shown in the supplement. The value of 40% is reliable.

Page 3, line 88. An illustration figure (Fig.2) was shown to explain the cause of
this shrinking effect Correct the sentence.
Response: Change made.

Page 4, Line 117 ...where x is the scale parameter. It was defined in page 3,
line 70.
Response: This definition has been deleted in the section 3.

Line 122 So the question can be simplified as the following. Change to
equation.
Response: Change made.

Page 5, Line 132 One hypothetical k distribution along with the corresponding
multi-charge corrected k distributions are shown in Fig.4. Here is discrepancy
between “hypothetical k distribution” in the text and “measured k distribution”
in the Fig.4 captions. Is it measured or hypothetical k distribution?

Response: The « distribution is hypothetical uncorrected values. We assume an
uncorrected measurement result, and then we applied our correction algorithm to
this distribution to find out the true « distribution.

Page 6, Line 156, Eq.(12) £{Z.x) represents the correction factor caused by the
shrinking effect In Eq.(6) the correction factor was defined as S(Z 2). Is it the
same or new one?



Response: It is a new one. Correction factors for different parameters (here is
hygroscopicity and LH fraction) are not the same.

14. Line 160, ... the question can be simplified into... Change to equation.

15.

16.

Response: Change made.

Line 167 ... distributions are also shown in Fig.4. Change to Fig.5.
Response: Change made.

References Page 9, line 283

Wiedensohler, A., Likemeier, E., Feldpausch, M., & Helsper, C. (1986).
Investigation of the bipolar charge distribution at various gas conditions. Journal
of Aerosol ence, 17(3), 413-416.

Should be:

Wiedensohler, A., Likemeier, E., Feldpausch, M., and Helsper, C.: Investigation
of the bipolar charge distribution at various gas conditions, J. Aerosol Sci., 17,
413-416, https://doi.org/10.1016/0021-8502(86)90118-7, 1986.

Please follow the AMT instruction for paper submission, especially references
and citation section.

Response: We fixed all the reference and citation format mistakes in the new
manuscript.
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1. The procedures of calculating the number ratio of particles carrying different charges.

Step 1. Calculate the particle charge distribution.

The particle charge distribution at each size is based on a theoretical model developed by Wiedensohler

et al. (1986). To calculate the fraction of particles carrying zero, one or two charges, use the equation

below:

D, .

(D, N) = 10/Z0 s tosz]
a,(N) N=-2 N=-1 N=0 N=1 N=2
a, -26.3328 -2.3197 -0.0003 -2.3484 -44.4756
a, 35.9044 0.6175 -0.1014 0.6044 79.3772
a, -21.4608 0.6201 0.3073 0.4800 -62.8900
a, 7.0867 -0.1105 -0.3372 0.0013 26.4492
a, -1.3088 -0.1260 0.1023 -0.1553 -5.7480
a. 0.1051 0.0297 -0.0105 0.0320 0.5049

For the fraction of particles carrying three or more charges, use the equation below:

2megD, kT 72
. [ EE DT iy
f(D ,N) = exp =
P V4m?eoD,kT 2 2meo Dy kT

eZ
where e is the elementary charge of 1.60217733E-19 coulomb; g, is the dielectric constant of

8.854187817E-12 farad/m; the D, is the particle diameter in [m]; k is the Boltzmann’s constant of
1.380658E-23 joule/K; T is the temperature in [K]; N is the number of elementary charge units; ;ﬁ is

the ion mobility ratio of 0.875.

Here we present bipolar particle charge distribution with number of charges up to 4 over the size range
of 10-1000 nm.
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Fig.S1: Calculated number fraction of bipolar charged particles as a function of particle size. Curves
decreasing in maximum charged fraction from left to right represent particles with 1 through 4 charges

respectively.

Step 2: Calculate the DMA transfer function and Kernel function for each size set at DMA. In our field
measurement, the DMA (BMI, Model 2100) selected those negatively charged particles. The
sample/sheath ratio of 0.75/4 is used to calculate the transfer function. Then the Kernel function can be

obtained from:
G(D;,x) = Z F(x, N)Q(x, N, D)
v=1

The following is an example for the DMA set size of 100 nm.
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Fig.S2: The left figure is the calculated DMA transfer function for the DMA set size of 100 nm for
different charges carried. The right figure is the calculated Kernel function of particles as a function of

particle size. Triangle peaks from left to right represent particles with increasing number of charges.

Step 3. Calculate the (1) the total number concentration of particles that can pass through the DMA and
(2) the number concentration of particles carrying v charges. In this step, particle number size

distribution data is needed.

N(D,) = fooG(D;,x) n(x)dx
0

N,(Dy) = fDOG,,(D*,x) n(x)dx
0

Here we present a particle number size distribution data during the relatively polluted period in our field
measurement. When combined with the total kernel function or charge-resolved kernel function, we can
obtain the corresponding number concentration of particles that can pass through the DMA. Fig.S3
shows an example when the DMA set size is 100 nm. It can be seen that when the accumulation mode
particles increase, the doubly or triply charged particles also increase greatly. In this case, when
integrated over the whole size range, the singly charged particles only constitute 55% of all the particles

that can pass through the DMA.
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Fig.S3: (a) The blue line represents the measured particle number size distribution. The red line represents

the calculated kernel function for DMA set size of 100 nm. (b) Calculated number concentration of particles

that can pass through the DMA when the DMA set diameter is 100 nm. Triangle peaks from left to right

represent particles with increasing number of charges.

2. The calculation and properties of f function

In the paper, f function is defined as:

Dy = f(D; ,v)

It describes the physical diameter of charged particles with the known parameters of electrical mobility

diameter (D,) and number of charges (v).

We don’t have an analytical expression for f function, but it can be calculated through two steps:

(1) Calculate the electrical mobility Z,,

from Dy, using the following equation:
_eC(Dp)
P 3muD;,




(2) Solve the following nonlinear equation and get the best fit D) through the optimization
method.
_veC(Dy) eC(Dp)
b=

3mu Dy B 3muDy
It will simplify into:

v C(Dy) _ C(Dp)
Dy Dy

The Cunningham slip correction C can be calculated as:
i
C=1+K —
+ Kn[a + 8 exp(Kn)]

where o = 1.142, $=0.558, y=0.999 (Allen & Raabe, 1985). Kn is the Knudsen Number of 24/D,,, and 1 is

1+S/Ty
1+S/T

the gas mean free path with the expression of Ar(%)(TL)( ). S is the Sutherland constant of 110.4 K; T

is the temperature in [K] and T is the reference temperature in [K].

Here, we give an example of the Cunningham slip correction C with the temperature of 25 °C and pressure
of 101300 Pa. f (D* ,v) curves are also shown with 1 through 4 charges respectively. It can be seen that

whenv = 1, the D is equal to D;. When v > 1, the Dy is larger than D,,.

Cunningham Slip correction

10" 102 10° 0 50 100 150 200 250 300
Dp (nm) Electrical mobility diameter Dp* (nm)

Fig.S4: Calculated Cunningham slip correction and f function curve.
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Abstract. The Humidified Tandem Differential Mobility Analyzer (HTDMA) is widely used to obtain thesubmicron
particles’ hygroscopic properties—ef-submicron—particles. Aerosol size-resolved hygroscopicity parameter k measured by
HTDMA will be influenced by the contribution of multiply charged aerosols, and this effect has seldom been discussed in
previous field measurements. Our calculation demonstrates that the number ratio of multiply charged particles is quite
considerable for some specific sizes between 100 nm and 300 nm, especially during the polluted episode. The multi charges
will further lead to the weakeningcompression effect of aerosol hygroscopicity in HTDMA measurements. Therefore, we
propose a new algorithm to do the multi-charge correction for the size-resolved hygroscopicity k considering both the
weakeningcompression effect and multi-charge number contribution. The application in field measurements shows that the
relatively high hygroscopicity in the accumulation size range will lead to the overestimation of the—partiele’sparticles’
hygroscopicity smaller than 200 nm. The low hygroscopicity in coarse mode particles will lead to the underestimation of
accumulation particles between 200 nm and 500 nm. The difference between corrected and measured « can reach as large as
0.05, highlighting that special attention needs to be paid to the multi-charge effect when the HTDMA is used for the aerosol

hygroscopicity measurement.

1 Introduction

Atmospheric particles can affect-the-Earth-Atmosphere-system-through-the-interaction-withscatter solar radiation; and acting
as—cloud-nueleiabsorb longwave radiation, imposing direct effects on the Earth’s radiation balance (ALBRECHT-1989;
CHARLSON-etal-1992: Guo-etak2017:-Haywood &and Boucher, 2000;-Lehmann-&Feichter, 2005-2001-Penner-Hegg;
&Leaitch, 2001 Twomey1974Bond et al., 2013). They can also impact-humanindirectly affect the climate through acting
as cloud nuclei and modify the cloud optical properties and life bydeg%adﬁﬁ—wsrbm{%a#despamnwesmﬁatepy—heakh_yl
(ALBRECHT,

1989;:Twomey, 1974;CHARLSON et al., 1992)—AH-these—effects—are—closelyrelated-to—aerosol’s—hygroscopic—property

. Both these two effects are closely related to aerosol particle’s hygroscopicity, which describes the particle’s ability to

absorb water at sub or supersaturated conditions (e.qg. McFiggans et al., 2006). Aerosol hygroscopicity also plays a vital role
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in_environmental aspects. It has been reported to be an important factor requlating environmental visibility because it can

greatly enhance the particle’s light scattering efficiency and degrade visibility under relatively high relative humidity (Chen

et al., 2012;Xu et al., 2020). It can increase aerosol particle’s liquid water content, affect the multiphase chemistry and local

photochemistry, and facilitates particle formation and aging processes (Wu et al., 2018;Herrmann et al., 2015;Ervens et al.,

2011). For human health, aerosol hygroscopicity directly determines the particle’s size, thus modifying the deposition pattern

of inhaled particles in the human respiratory tract (Heyder et al., 1986;L&ndahl et al., 2007). In general, aerosol particle’s

hygroscopicity is one of the most important properties when quantifying the particle’s climatic and environmental effects.

It’s also useful to characterize the particle’s detailed chemical information. Therefore, it’s necessary to offer a correct and

detailed measurement of aerosol hygroscopicity.

Nowadays, there-are-many instruments-that have been used to characterize aerosol particle’s hygroscopicity, and HTDMA is
one of the most widely used- (Swietlicki et al., 2008;Tang et al., 2019;Kreidenweis and Asa-Awuku, 2014). As it can directly

give the particle’s size distribution after water uptake, it can be employed to -ebtain-both-the-mixing-stateand-bultk-mean

et-alyobtain both the mixing state and bulk mean hygroscopic properties of ambient aerosol particles. Two Differential

Mobility Analyzers (Swietlicki et al., 2008) are used in this technique to quantify the size change of particles under different

RH exposure. The measured distribution function (MDF) is skewed and smoothed from the particle’s actual growth factor
probability density function (GF-PDF). So several inversion algorithms have been developed to inverse the true GF-PDF
(Cubison—Cee—&—Gysel; et al., 2005;-Gysel—MeFiggans—&—Coe; et al., 2009;-Stolzenburg &and McMurry, 2008;
Voutilainen—Stratmann,—&Kaipio; et al., 2000). These inversions include the TDMACfit algorithm, the optimal estimation
method (OEM}Y), and_the TDMAInv algorithm. However, these algorithms are based on the assumption that the particles

sampled are dominated by singly charged particles. Under this condition, the forward function can be simplified and data
analysis is limited within the size concerned, not interferedinfluenced by other sizes. If the number fraction of multiply
charged particles at the selected dry diameter becomes significant, the measured results will be affected by the contributions
from other dry sizes. In this case, appropriate data inversion is quite complicated.

However, in some special cases, the accurate data inversion for multi-charge particles can be achieved when the sampled
particles are exclusively doubly or triply charged. i

particles-and-applied-them-in-the-data-inversion-to-retrieve-the-correct GFs-Gysel et al. (2009) obtained the kernel functions

for multiply charged particles and Duplissy et al. (2008) applied them in the data inversion to retrieve the correct growth

factors (GFs). The dry sizes he selected are dominated by doubly or triply charged particles. However, in most field
measurements, this assumption is invalid. As far as we are concerned, no previous studies have done the multi-charge
correction for atmospheric aerosol particles in the HTDMA measurement. The effect of multi-charge correction on the size-
resolved hygroscopicity is also not fully evaluated for atmospheric aerosols.

In this study, we first analyse the number contribution from particles carrying different charges. Then we present the

weakenirgcompression effect of multiply charged particle’s hygroscopicity in the HTDMA measurement. These two effects
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were included into the algorithm to do the multi-charge correction for particle’sparticles’ size-resolved hygroscopicity. Then

the application and corresponding influences of multi-charge correction on particle’s hygroscopicity were discussed.

2 Multi-Charge Effects
2.1 Number Contribution from multiply charged particles

In the DMA sizing process-ef-the-DMA, only particles within a narrow range of electrical mobility (Z,,) can transmit through
the classifier exit slit and come to the downstream humidification and size distribution measurement system. The electrical
mobility is defined as:

_ nec{Dy) veC(Dp)
2 = 3muby 3mUDy 1)

where C(D,) is the Cunningham slip correction; the e is elementary charge; the av is the number of elementary charges on
the particle; the u is the gas viscosity poise and D, is the particle’s physical diameter. From the equation abeve;(1), we can
see that with the same electrical mobility, particles can have different eembinationcombinations of diameters and number of
charges, and this is where multi-charge effects come from.

The range that can pass through the DMA is defined as the mobility bandwidth, AZ,,:

da 7%
AZp = azp (2)

where the Z; is the set mobility, and the g, and g, is the aerosol flow rate and sheath air flow rate, respectively. This

equation doesn’t account for diffusion broadening.

We can calculate the particle charge distribution at each size based on a theoretical model developed by Wiedensohler et al.

(1986). Then the particle’s probability to pass through a DMA classifier can be determined using the kernel function
G(D;,x):
GG (D, x) = B Foav)Q06w-) = Yoe1 F(x, v)Q(x, v, Dp) Q)

where the 1D is the diameter set in the DMA and x is the scale parameter; F(x, v) is the charge distribution of particles that

exit from a neutralizer— with v_charges at the scale parameter x. Q(x, v,+3Dy) is the probability of particles to pass through
the DMA with--charges-atwhen the seale-parametersset diameter is D,,. In this study, the maximum value of v is set as 10.
Therefore, given a particle number size distribution (PNSBn(x), the number of particles that can pass through the DMA with

a set diameter of iD, is:



95

100

105

110

115

120

N@O-=f566D;) = [ G(Dy, x) n(x)dx @

TFhelf the number of particles carrying specific charges is needed, the kernel function in the equation (4) need to be replaced

with:

G,(D;,x) = F(x,v)Q(x,v,D;) (5)
and the corresponding number concentration of particle that can pass through the DMA is:
N, (Dp) = [ G,(Dy, x) n(x)dx (6)

The number ratio of particles carrying different charges can alse-be-determined-be calculated from N, (D) /N (Dp).
Two aerosol size distribution cases representing thea relatively clean period and_a polluted period during our field

measurement (refer to section 4) are shown in Fig. 1. The corresponding ratio of particles carrying different charges is

calculated from the PNSD using the abovementioned DMA electrical mobility and charging theory. The detailed calculation

procedures can be referred to in the supplement section 1. During the polluted period when total particle volume
concentration is large, an obvious feature in PNSD is that the accumulation mode larger than 100 nm grows very large. The
growth of this mode leads to an increase in the proportion of multi-charged particles, especially in the size range of 100-300
nm (electrical mobility diameter). For example, when we set 100 nm in the first DMA, more than 40% of the selected
particles are multiply charged. This ratio is about 30% and 20% for_the electrical diameter of 200 nm and 300 nm,
respectively. Thus the HTDMA measured size-resolved hygroscopicity will also be influenced by those multiply charged
large particles.

2.2 Weakening-EffectCompression effect of Hygroscopicity

In previous studies, Gysel et al. (2009) presented that the center of the kernel function at higher charges is systematically
offset toward smaller GFs. An illustration figure (Fig.2) was shown to explain the cause of this compression effect. For
electrical mobility diameter of 100 nm, the doubly and triply charged particles are about 151 nm and 196 nm, respectively.
When all these three kindkinds of particles have a true growth factor of 1.6, they will grow to the size of 160 nm, 242 nm,
and 314 nm. Since the number of charges they carry remainremains the same as before, their peak sizes in the second DMA
are around 160 nm, 154 nm, and 150 nm. Therefore, the growth factors they display in the HTDMA measurement isare 1.6,
1.54 and 1.5, respectively. It can be clearly seen that the growth factor is decreased or weakenedcompressed. We call this
phenomenon as weakeningthe compression effect of growth factor or hygroscopicity brought by the multi-charge.
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In the electrical mobility theory, when we set a diameter D, in the DMA, the electrical mobility, Z,,, can be calculated as:

__ec(Dp) _(Z)

P 3muby’

Then the physical diameter (D;) of particles having the same electrical mobility but with v charges is:

veC(Dy)  C(Dyp)
p B =Dy
3TUZp C(Dp)

vV —

(8)
and we define the f function as:
Dy = £(D;,v). 9

The f function describes the physical diameter of multiply charged particles given an electrical mobility diameter. The

properties and detailed calculation procedures of f function can be found in the supplement section 2.

For a particle of size D, with v_charges, if we assume a true growth factor of g, the particle will grow to the size of gD, .

The virtual growth factor depicted in the DMA is expressed as gpp 4. These parameters will fit into this equation:
9oDp = f(gDMAD; ;V) = gof(D; ,v). 10

Given the f function, Dy, and v, each g, can be substituted into the equation (10) to get a corresponding gppma. If v =1,

namely, particles carrying only one elementary charge, then gp,4.is equal to g,. If v > 1, namely, particles are multiply

charged, then the g, will be lower than g,. In Fig.2(b), an example is presented with D; = 100 nm and v = 2. The X-

axis is the assumed true growth factor (g,) and the Y-axis is the calculated virtual growth factor depicted in DMA (gpaa)-

Generally, the larger the g, _is, the greater the difference between g, 4.and g, is.

According to Petters and Kreidenweis (2007), aerosol particle’s hygroscopic parameter k_can be calculated from the growth

factor under a specific RH using x-kohler theory. As illustrated in Fig.3a, all the data points in Fig.2b can generate

corresponding data points in the hygroscopicity space. It is clear that the decreased growth factor will result in a decreased

hygroscopicity and the compression effect also increases almost linearly with the particle’s hygroscopicity. If we fit these

data points with a straight line across the origin, the slope can be considered as the compression factor. Fig.3a is an example

for D; =100 nm and v = 2._For each combination of electrical mobility diameter D; and number of charges v, we can

repeat this calculation and linear fitting process, and obtain the compression factor S(D,,, v) for hygroscopicity. The

algorithm to calculate the compression factor is listed in Fig.4 and the results are summarized in Fig.3b and Table 1.
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3 Method of Multi-Charge Correction
3.1 Multi-charge correction for size-resolved hygroscopicity

Multi-charge corrections are common when the DMA is used to scan the aerosol sizes, especially in the PNSD
measurements. The shape of PNSD after multi-charge correction can be significantly different from that of the raw measured
one. Therefore, it’s necessary to evaluate the effect of multi-charge correction on the size-resolved hygroscopicity obtained
by HTDMA. This study developed an algorithm to do the multi-charge correction for the measured values based on the work
of Deng et al. (2011) and Zhao-et-ak(2019)--Zhao et al. (2019)

Our correction is based on the assumption that, for each electrical mobility set at DMAL, the measured mean hygroscopicity
is contributed by all particles that can pass through the DMAL. All the contributing particles carry the mean hygroscopicity
of its physical size. For example, when a particle with a larger dry diameter (P5Dy) carrying n charges pass through the
DMAI1 and make a contribution to the MDF, it’s hard to tell which hygroscopicity it carries because it has a probability
distribution function over hygroscopicity. In our algorithm, this particle is assumed to have a hygroscopicity of the mean
value in the size DDy This assumption is statistically right and feasible but may not be true on a single-particle scale.

When the scan diameter in the first DMA is set as B;:D;, the observed mean hygroscopicity #:K* by HTDMA can be

expressed as:

where—x——is—the—scale—parameter,—K*GOK " (D;) = $ I Gs(Dy, x)K@n(x)dx (1)

where K(x) is the true mean x for the scale parameter x; n(x) is the true aerosol number size distribution; N()N (D) is the
total number concentration of particles that pass through the first DMA. The Giéi—,%}Gs(D;,x) is the transformed kernel
function G{2)(D;, x) of DMAL, which includes the weakeningcompression effect S(éD;, v).

649G (Dy, x) = B Fee Qs 086w Yo, F (x, v)Q(x, v, Dy)S (Dy, v) (612)
NB=f660D;) = [ 6(Dy, x) n(x)dx (713)
So the guestionequation (5) can be simplified asinto the following:

K ©
or
K=HK"(D;) = [, H(Dj, x)K(x) (14)
or
K* © = HK (15)

where the K~Ge)K(x) or K<K is the true distribution of k we want to obtain, and XK (D,) or KK" is the measured x
distribution. H{i2)(D;, x) is:
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H(—iﬁe}(D*, X) = n(x)G*éiﬁe}(D*, x)dx (2016)

=t
N N(Dp)
HGﬁé}(D*,X) or H matrix is the forward function and can be calculated from given information. Given a true x distribution,
we should be able to calculate the measured « distribution imposed by multi-charge effect. The H matrix accounts for the
DMA transfer function, the particle charge distribution, weakeningcompression factors and number distribution of particles
over each size parameter. The detailed steps to solve this matrix inverse problem can be found in Zhae-etak+(2619).Zhao et
al. (2019)

One hypothetical uncorrected k distribution K*(D,;) along with the corresponding multi-charge corrected x-distributionsK(x)
are shown in Fig.4. It represents a common case in the ambient environment: relatively low hygroscopicity for ultrafine
particles, high hygroscopicity in accumulation mode size and nearly hydrophobic in the coarse mode. Two PNSD are used in
the multi-charge correction, representing clean and pollution conditions. It can be seen that large variation of k over sizes
will cause large difference between pre- and post-corrected k distribution, especially when the large variation exists in the
singly, doubly and triply charged particle sizes. For example, the difference between measured and corrected k reach a peak
in 150 nm and 350 nm. For electrical mobility size of 150 nm, the corresponding doubly and triply charged particles are
around 235 nm and 314 nm. These three sizes are located in the area where x increases steeply. Similarly, for electrical
mobility size of 350 nm, the corresponding doubly and triply charged particles are about 605 nm and 852 nm. These three
sizes are also located in the area where k drops greatly. Another point that can be seen from Fig. 4 is that an increasing trend

of x will cause the measured k overestimated and a decreasing trend of k will cause the measured k underestimated.

3.2 Multi-charge correction for mixing state

Except for the size-resolved mean hygroscopicity, the key information that can be obtained from the HTDMA also includes
the mixing state and the detailed shape of GF-PDF or k-PDF. The correction of GF-PDF or k-PDF involves the inversion of
two-dimensional vectors, which is too complicated for this study. But the mixing state can be simply represented by the
particle number fraction in different GF ranges. Here, we can use the number fraction of Less-Hygroscopic particles as an
example.

The correction for mixing state is similar in general to the correction for mean hygroscopicity, but differ in some minor
aspects. When the scan diameter in DMA is set as DD, the observed number fraction of less-hygroscopic particles by

HTDMA can be expressed as:

+ R A~ * * * 1 © *
AE———N—@—fg—G—GHQA—%%@e}d%M (D;) = e Jy Gs(Dy, x)M (x)n(x)dx (&417)
where the A;:M"(Dy) is the measured number fraction of LH group particles at the DMA selected diameter DDy ; the

ALy M (x) represents the true number fraction at scale parameter x.
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E4iG, (D), x) = Bar Fee e v 66 R2—20L F(x, v)Q(x, v, Dp) Sy (D, v) (18)
NB=F"669D;) = [,” G(D;, x) n(x)dx (2319)
where the €555, (D, v)_ represents the correction factor caused by the weakeningcompression effect. This factor varies
with different GF-probability distribution function (GF-PDF) and cannot be simplified into a constant. If we assume that the

weakeningcompression effect on the LH number ratio can be neglected, then this parameter is 1 and the guestionequation
can be simplified into:

o0

=y H A 14
o
A=HA* @s M*(Dy) = [" H(Dy, x)M(x) (20)
or
M* = HM (21)
where H(i2)(D;, x) is:
HE50(D;, %) =ﬁ@n(x)G(ED;,x)dx (1622)

The H{iﬁe)(D*,x) or the H matrix can also be calculated from given information. One hypothetical AGgmeasured M* (D)

distributions along with the corresponding multi-charge corrected AGQM (x) distributions are also shown in Fig.45.

4 Application in field measurements

During the winter of 2019, a comprehensive aerosol field measurement focusing on hygroscopicity properties over a size
range of 50-600 nm was conducted at a Beijing urban site. The measurement was conducted on the rooftop of a six-floor
building in the campus of Peking University. It shares the same location with the AERONET station of BEIJING PKU (39°

59° N, 116°18° E). The sampling site is in the northwest of Beijing, surrounded by schools, residential buildings, and

shopping centers.
During the measurement, an HTDMA instrument was employed to measure hygroscopic growth factors of particles with dry

100, 200, 300, 400, 500, and 600 nm at 85% RH. Before the aerosol sampling, a PM10 impactor was used to remove aerosol

particles with aerodynamic diameters larger than 10 um. Then a dryer was used to decrease the RH to less than 30%. Next,

the dried poly-disperse particles were guided into a splitter with different instruments located downstream. These
instruments include the HTDMA and a BMI scanning electrical mobility sizer (BMI SEMS, Model 2100). In both these two
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measurement systems, aerosol particles were firstly charged by a soft X-ray neutralizer (TSI, Model 3088) and those

negatively charged particles were selected by the DMA. For the HTDMA, the ratio of sample to sheath in the first DMA is

0.75/4. To calibrate the measurement system, ammonium sulfate particles were tested to compare with the theoretical values.

The calibration includes both the dry test and RH test. For the best working performance, the room was air-conditioned at

25 C and circulated all the time. Particle number size distributions (PNSD) were given by the SEMS with a size range of 10-
1000 nm.

To evaluate the effects of multiply charged particles on the size-resolved hygroscopicity, we choose two weeks’

measurement data to do the multi charge correction. The particle number size distribution and measured size-resolved
hygroscopicity xk are shown in Fig. 6. For better comparison, we also present the size-resolved difference between measured
and corrected hygroscopicity data. What’s to be noted is that, since the upper limit of hygroscopicity measurement is 600
nm, the hygroscopicity in the higher size range is assumed to decrease linearly to O at 1 um. Here we presume the
hygroscopicity for coarse mode particles is 0. For particles larger than 1 pm, the number concentration is also assumed to
decrease linearly to 0 at 1.2 um in the multi-charge correction.

Generally, for particles less than 200 nm, the particle’s hygroscopicity will be overestimated. For particles larger than 200
nm,_the particle’s hygroscopicity will be underestimated. From Fig. 6(b), we can see that in the urban environment, the
hygroscopicity often peaks at the size range of 200-400 nm. The relatively high hygroscopicity in this size range will be

mixed into the lowersmaller size in the HTDMA measurement, leading to a false increase of measured k. Similarly, most of

the ambient particles have a relatively lower hygroscopicity in the upper size. When they carry multiple charges and sneak
into to the lower accumulation size set by the DMA, the hygroscopicity in the target size region will be lowered.

The overall difference between corrected and measured size-resolved k mostly lie within 0.05. For the electrical mobility
size that affected most by multi-charge particles, e.g. 100 nm, the doubly or triply charged particles correspond to 151 nm
and 196 nm. These three sizes normally share similar hygroscopicity, which leads to a small effect on the measured k.
However, when there exists a large variation of hygroscopicity in these three sizes, the multi-charge correction in this size
will be necessary. For particles larger than 300 nm, the multi-charge effect is mostly contributed by particles larger than 500
nm. Few field observations on hygroscopicity have covered this size range, which brought large uncertainty to the multi-
charge correction. From our measurement, the variation of hygroscopicity in this size range is relatively large, depending on

different pollution conditions:_(Shen et al., 2020). On average, the hygroscopicity of particles above 500 nm is lower than

other accumulation sizes. Because of the assumption of few particles above 1 um, the multi-charge effect on the size above

500 nm is fairly small. In practice, this can be achieved by installing an impactor before the inlet of the first DMA.

5 Conclusion

The HTDMA instrument has been extensively used in numerous field measurements to obtain the hygroscopic properties of

submicron particles. Aerosol particles sampled by the DMA are quasi-monodisperse with different charges and different

9
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diameters. Thus, size-resolved hygroscopicity measured by DMA will be influenced by the contribution of multiply charged
aerosols. In the hygroscopicity measurement by HTDMA, this effect has seldom been discussed in previous field
measurements.

In this study, we firsthyfirst demonstrate that the multi-charge not only influence the hygroscopicity measurement through
the number contribution, but also through the weakeningcompression effect. On one hand, the number fraction of multiply
charged particles is quite considerable, especially under polluted conditions. Results show that there can be 30% to 40% of
selected particles are mistaken from large multiply charged particles in the polluted period. On the other hand, the growth
factor or hygroscopicity measured by the HTDMA can be smaller than the true value for multiply charged particles, which is
also called the multi-charge weakeningcompression effect. This effect can be quantified as a weakeningcompression factor
using the electrical mobility theory. The weakeningcompression factor reaches its peak around the size of 200 nm and
increases with the number of charges the particle carries.

We propose an algorithm to do the multi-charge correction for the size-resolved hygroscopicity k and mixing state. The
algorithm is based on the principle of SMPS multi-charge correction and the knowledge of aerosol PNSD is required. The
key in this algorithm is to obtain the forward function and to solve the inverse problem.

The proposed multi-charge correction is applied in a field measurement to evaluate the multi-charge effects. The relatively
high hygroscopicity in accumulation size range will lead to overestimation of the particle’s hygroscopicity smaller than 200
nm. The low hygroscopicity in coarse mode particles will lead to the underestimation of accumulation particles. The
difference between measured and corrected x can reach as large as 0.05.

The measured hygroscopicity between 200 nm and 400 nm is influenced by multiply charged particles larger than 400 nm,
indicating that the hygroscopic measurement above 400 nm is necessary if correct hygroscopic properties want to be
obtained for accumulation mode particles. For particles larger than 400 nm, the multi-charge effect can be removed by
installing an impactor with cutting size around 1 um or even lower. In the future hygroscopicity measurements, our studies
highlight that special attention should be paid to the multi-charge effects, and multi-charge correction should be done if

accurate size-resolved hygroscopicity needs to be obtained.
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|365 Table 1 The weakeningcompression factor effor aerosol particle’s hygroscopicity under 85% RH over different electrical mobility

diameters.

\Nw 50 100 200 300 400 500 600
1 1 1 1 1 1 1 1
2 098 090 085 0.86 087 0.89  0.90
3 095 082 077 0.80 083 0.85 0.6
4 092 077 073 077 080 0.82 084
5 089 074 071 075 078 081 083
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Figure 1. (a) Two cases of particle number size distribution during the field measurement. The black line represents the relatively
clean period and the blue line represents the heavily polluted period. (b) The number ratio of particles carrying different charges.

380 The left bar with black edge color corresponds to the PNSD in black line; the right bar without edge color corresponds to the
PNSD in blue line.
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Figure 2. (a) Effects of particle carrying multiple charges; black, blue and red lines represent singly, doubly and triply charges

particles, respectively. The circle points are particles selected by DMA when the electrical mobility diameter is set as 100 nm.

When the true growth factor is 1.6, these particles will grow to the corresponding crossed points. The mode of the MDF of multiply

charged particles peaks at a smaller GF than the true value. (b) The weakeningcompression effect of different growth factors for
390 doubly charged particles with an electrical diameter of 100 nm.
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