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Abstract. The Humidified Tandem Differential Mobility Analyzer (HTDMA) is widely used to obtain submicron particles’
hygroscopic properties. 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 compression
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 compression 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 particles’ 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 k 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 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
(Chenetal., 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;Lcnhdahl et al., 2007). In general, aerosol

particle’s hygroscopicity is one of the most important properties when quantifying the particle’s climatic and environmental
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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, many instruments 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 obtain 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 et al., 2005;Gysel et al., 2009;Stolzenburg and
McMurry, 2008;Voutilainen et al., 2000). These inversions include the TDMACfit algorithm, the optimal estimation method
(OEM), 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 influenced 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. 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
compression effect of multiply charged particle’s hygroscopicity in the HTDMA measurement. These two effects were
included into the algorithm to do the multi-charge correction for particles’ 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, 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:
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where C(D,) is the Cunningham slip correction; the e is elementary charge; the v 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 (1), we can see that
with the same electrical mobility, particles can have different combinations 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,,:
AZ, =277 @)

qsh

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):

G(D;, x) = Tooy F (x,v)Q(x, v, D;) 3)
where the Dy, 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, D) is the probability of particles to pass through the
DMA when the set diameter is Dy. In this study, the maximum value of v is set as 10.

Therefore, given a particle number size distribution n(x), the number of particles that can pass through the DMA with a set
diameter of Dy, is:

ND;) = [ G(Dy, x) n(x)dx (4)
If 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:

Ny(Dp) = [ Go(D5, %) n(x)dx (6)
The number ratio of particles carrying different charges can be calculated from N,,(D;)/N(Dy).

Two aerosol size distribution cases representing a 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
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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 Compression 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 kinds 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 remains 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 are 1.6, 1.54 and 1.5,
respectively. It can be clearly seen that the growth factor is decreased or compressed. We call this phenomenon as the
compression effect of growth factor or hygroscopicity brought by the multi-charge.

In the electrical mobility theory, when we set a diameter D, in the DMA, the electrical mobility, Z,,, can be calculated as:

_ eC(Dp)
P 3nyDZ",' (7)
Then the physical diameter (D;) of particles having the same electrical mobility but with v charges is:
v _ veC(Dp) _ C(Dp) VD; ®)

p 3muz,  C(Dp)
and we define the f function as:
Dy = £(D5v). )
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 g,D,.
The virtual growth factor depicted in the DMA is expressed as gpu4- 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 gppya. Ifv =1,
namely, particles carrying only one elementary charge, then gpu4 is equal to go. If v > 1, namely, particles are multiply
charged, then the gpp, 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 (gpuma)-
Generally, the larger the g, is, the greater the difference between gpu4 and g is.
According to Petters and Kreidenweis (2007), aerosol particle’s hygroscopic parameter x can be calculated from the growth

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

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 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 (D,)) carrying n charges pass through the DMA1
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
Dy . 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 Dy, the observed mean hygroscopicity K* by HTDMA can be expressed

as:
K*(D;) = @ Iy Gs(Dp, x)K()n(x)dx (11)
where K(x) is the true mean x for the scale parameter x; n(x) is the true aerosol number size distribution; N (Dy) is the total
number concentration of particles that pass through the first DMA. The GS(D*,x) is the transformed kernel function
G(D;, x) of DMAL, which includes the compression effect S(D;, v).

Gs(Dy,x) = Too1 F (x,v)Q(x, v, D;)S(Dy, v) (12)
ND;) = [, G(Dy, x) n(x)dx (13)

So the equation (5) can be simplified into the following:
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K*(Dy) = [,” H(D;, x)K(x) (14)

or
K* = HK (15)
where the K(x) or K is the true distribution of x we want to obtain, and K*(Dy) or K™ is the measured x distribution.
H(D;,x) is:

* — 1 * *
H(D;,x) = —N(D;)n(x)G (D;, x)dx (16)

H(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, compression factors and number distribution of particles over each size
parameter. The detailed steps to solve this matrix inverse problem can be found in Zhao et al. (2019)

One hypothetical uncorrected x distribution K*(D,) along with the corresponding multi-charge corrected K(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 k 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 D;;, the observed number fraction of less-hygroscopic particles by

HTDMA can be expressed as:
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M*(D}) = @ Iy Gs(Dp, x)M () (x)dx 17)
where the M*(D,) is the measured number fraction of LH group particles at the DMA selected diameter D;; the M (x)
represents the true number fraction at scale parameter x.

Gs(Dy,x) = Ty F(x, v)Q(x, v, D;) Sy (D;, v) (18)
ND;) = [, G(Dy, x) n(x)dx (19)
where the Sy, (D,,, v) represents the correction factor caused by the compression effect. This factor varies with different GF-

probability distribution function (GF-PDF) and cannot be simplified into a constant. If we assume that the compression

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

M*(D;) = f,” H(D;, x)M(x) (20)
or
M* = HM (21)

where H(D;, x) is:

H(D;, x) = ——=n(x)G(D;, x)dx (22)

N(pg)
The H(D*,x) or the H matrix can also be calculated from given information. One hypothetical measured M*(Dy)

distributions along with the corresponding multi-charge corrected M (x) distributions are also shown in Fig.5.

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
diameters of 50, 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 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
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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 k 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 0 at 1 um. Here we presume the
hygroscopicity for coarse mode particles is 0. For particles larger than 1 um, 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 smaller 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
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.
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In this study, we first demonstrate that the multi-charge not only influence the hygroscopicity measurement through the
number contribution, but also through the compression 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 compression effect. This effect can be quantified as a compression factor using the electrical mobility
theory. The compression 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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280 Table 1 The compression factor for aerosol particle’s hygroscopicity under 85% RH over different electrical mobility diameters.

Dp (nm)
50 100 200 300 400 500 600
v

1 1 1 1 1 1 1 1
2 098 090 085 08 087 0.89 090
3 0.95 0.82 0.77 0.80 0.83 0.85 0.86
4 0.92 0.77 0.73 0.77 0.80 0.82 0.84
5 0.89 0.74 0.71 0.75 0.78 0.81 0.83
Dp (nm)
12 50 100 200 300 400 500600

V=13 ,umafcm:"
V =57 ,u,mah.:m3

dn/dlogDp (10° /cc)

Electrical Mobility Diameter (nm)

285
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.
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.

295  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 compression effect of different growth factors for doubly
charged particles with an electrical diameter of 100 nm.
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electrical mobility diameters carrying different number of charges at 85% RH.
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