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Manuscript No.: amt-2021-90
Title: Rapid measurement of RH-dependent aerosol hygroscopic growth using a humidity-controlled fast
integrated mobility spectrometer (HFIMS)

We thank the anonymous referees for their valuable and constructive comments/suggestions on our

manuscript. We have revised the manuscript accordingly and please find our point-to-point responses below.

Comments by Anonymous Referee #1:

General Comments:

In this study, Zhang et al. developed a humidity-controlled fast integrated mobility spectrometer (HFIMS)
for fast measurements of aerosol hygroscopic growth. Based on their previous work, a dual-channel
humidifier and an optimized measurements sequence for different size particles were employed to achieve
fast measurements. Compared to the H-TDMA techniques, the measurements time needed for a complete RH
range cycle (20~85%) were largely shortened for the HFIMS, demonstrating its good feasibility in
hygroscopic growth measurements for size-resolved ambient aerosols under different RHs. The manuscript

is well written and easy to follow, I have several minor suggestions for authors’ consideration.

Detailed Comments:
Line 35: should be “an HTDMA .

Responses: We have corrected it in the revised manuscript.

Line 76: Please clarify the residence time of aerosols in the humidification section.

Responses: The average transport time of particles from the inlet of the RH conditioner to the inlet of the
WFIMS is ~ 3.2 s, and we have clarified this point in the revised manuscript in lines 82 — 83 as:

“The average transport time of aerosols in the humidification section, including the Nafion exchanger and

the tubing leading to the WFIMS separator inlet, is ~ 3.2 5.”

Line 95-96: Please clarify how to control the WFIMS sheath flow rate. A proportional solenoid valve coupled
to a PID controller used here?

Responses: The total flow of WFIMS, i.e., the sum of the sample flow and sheath flow, is maintained by a
critical orifice at a flow rate of 15.2 LPM. With the constant total flow, the desired aerosol flow rate of 0.3
LPM is achieved by PID control of sheath flow using a proportional solenoid valve. We have added a

reference to detailed previous work in the revised manuscript in line 102.

Section 2.2: RH in both aerosol and sheath flow was rather sensitive to the temperature fluctuation, please

state how to maintain the stability of temperature during measurements.
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Responses: Yes, both the WFIMS separator and the growth section are temperature controlled, as well as the
bubble humidifier. The temperature differences among different sections of aerosol and sheath flow passage,
including WFIMS separator, are less than ~0.1°C, which corresponds to an RH variation of less than 0.6 %
(relative change). Note that there were some variations of room temperature due to the activity in the lab,
However, such variations are very slow in comparison, and they do not influence the growth factor

measurements which take place at a much shorter time scale.

Line 159-160: An optimized measuring sequence was introduced for six particle sizes; however, have the
authors evaluated the effect of multi-charge on particle size determination, due to a large proportion of multi-
charge particles (especially for 100-300 nm) selected by differential mobility analyzer (Shen et al., 2021,
https://amt.copernicus.org/articles/14/1293/2021/)?

Responses: We thank the reviewer for this constructive suggestion. The multi-charging effect is not taken

into consideration in the current data inversion routine, and it will be a subject of our future work. We have
clarified this in the revised manuscript in lines 229-231 as:

“The probability density function of the hygroscopic growth factor (GF-PDF) is retrieved from the HFIMS
measurements using an inversion routine described in Wang et al. (2019). We note that particles carrying
multiple charges could contribute substantially to the aerosols classified by the DMA, especially for particles
larger than 100 nm (Shen et al. 2021). This multiple-charge effect is not currently accounted for in the

inversion routine and will be a subject of future study.”

Line 212-214: Have the ambient aerosols been dried before measurement by a SMPS?
Responses: Yes, the ambient aerosols were dried to an RH below 30%. It is now clarified in the revised
manuscript in lines 219-220 as:

“Prior to the SMPS measurement, the aerosol sample was dried to an RH below 30% using a diffusion dryer.”

Section 3.2.2: 1 would like to draw the authors' attention to a recent review paper on the tropospheric aerosol
hygroscopicity in China (Peng et al., 2020). It may be beneficial for the authors to discuss the RH and size
dependence of ambient aerosol hygroscopicity. (https://acp.copernicus.org/articles/20/13877/2020/)

Responses: We thank for the reviewer’s suggestion. We have revised the text accordingly in lines 43-46:
“Particle hygroscopic growth is a function of RH and the hygroscopicity parameter (Petters and Kreidenweis,
2007), which is a function of particle composition and often varies strongly with particle size (e.g., Peng et
al. 2020). Both RH and aerosol composition can exhibit strong temporal and spatial variabilities (Tang et
al., 2019). In addition, the hygroscopicity parameter can vary substantially with RH (Pajunoja et al., 2015;
Rastak et al., 2017; Liu et al., 2018; Peng et al., 2020).”

Line 269-270: Please add references to support this claim.

Responses: Following the reviewer’s suggestion, we have added a reference, and the sentence now reads:


https://amt.copernicus.org/articles/14/1293/2021/
https://acp.copernicus.org/articles/20/13877/2020/
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15

“The mean « values for 35 nm and 50 nm particles then exhibit a slight decrease following the NPF event,
possibly due to the depletion of sulfuric acid and increased contribution of secondary organics to the growth
of nucleation mode particles in the late stage of the NPF event (Dusek et al., 2010; Zheng et al., 2020).”

References

Dusek, U., Frank, G. P., Curtius, J., Drewnick, F., Schneider, J., Kirten, A., Rose, D., Andreae, M. O.,
Borrmann, S., and P&chl, U.: Enhanced organic mass fraction and decreased hygroscopicity of cloud
condensation nuclei (CCN) during new particle formation events, Geophysical Research Letters, 37,
https://doi.org/10.1029/2009GL 040930, 2010.

Zheng, G., Kuang, C., Uin, J., Watson, T., and Wang, J.: Large contribution of organics to condensational
growth and formation of cloud condensation nuclei (CCN) in the remote marine boundary layer, Atmospheric
Chemistry and Physics, 20, 12515-12525, 2020.
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Manuscript No.: amt-2021-90
Title: Rapid measurement of RH-dependent aerosol hygroscopic growth using a humidity-controlled fast
integrated mobility spectrometer (HFIMS)

We thank the anonymous referees for their valuable and constructive comments/suggestions on our

manuscript. We have revised the manuscript accordingly and please find our point-to-point responses below.

Comments by Anonymous Referee #2:

General Comments:

The manuscript by Zhang et al. entitled as ‘Rapid measurement of RH-dependent aerosol hygroscopic growth
using a humidity-controlled fast integrated mobility spectrometer (HFMIS)’ introduces a novel technique to
measure hygroscopic growth of atmospheric aerosol particles with high time resolution. The instrument is
developed using the humidity-controlled fast integrated mobility spectrometer, which the authors have
previously developed. The developed instrument is capable to measure hygroscopic growth of aerosol
particles with the high time resolution, which is difficult to be achieved by other techniques such as the
HTDMA. The performance of the instrument was validated using ammonium sulfate and ambient particles
in an urban area. The manuscript is well written. The topic is within a scope of the journal. The reviewer

suggests accepting this manuscript after addressing the following minor comments.

Detailed Comments:

L57: ‘hygroscopic growth measurements to a wide range of RH conditions (20% to 85%).’

HFIMS is capable to measure hygrscopicity of aerosol particles for the range of 20% < RH < 85%. I was
wondering if the instrument can be operated at RH > 85%, as higher RH is generally more important for
investigating water uptake properties. It will be useful if there is a detailed information about limiting factors
for conducting measurement at elevated RH. Such information will help readers to think about future

approaches in improving hygroscopicity measurements.

Responses: We did not include 90 % RH as one of the setpoints mainly because (1) the main objective is to
develop HFIMS for rapid measurements of aerosol hygroscopic growth at multiple RHs, and (2) it takes a
substantially longer time for aerosol flow RH to reach and stabilize at 90%. The control of aerosol RH at
high values may be improved in future by employing longer Nafion exchangers with increased shell flow or

membrane-less, diffusion-based humidifiers with high sheath flow rates.

L70: ‘Lopez-Yglesias et al. (2014) used a “membrane-less” diffusion-based humidifier to accelerate the
transition between sample RH setpoints. In their HTDMA, it takes about 4 min for the system to stabilize for

a 5% - 20% (absolute value) change in the RH setpoint.’
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The idea of using two nafion tubing for rapid RH control is great. At the same time, | wondered the reason
why the authors did not use the membrane-less diffusion-based humidifier if it is capable to change RH
rapidly.

Responses: On average, it takes about 5 min for aerosol RH to stabilize after a 20% (absolute value) setpoint
change when using the Nafion exchanger. The “membrane-less” diffusion-based humidifier does have a
faster response time. On the other hand, it takes about 4 min for the RH in the diffusion-based humidifier to
equilibrate following a 20% step change in setpoint (Lopez-Yglesias et al., 2014), which is still too long for
the rapid hygroscopic growth measurements at multiple RH levels. Therefore, we employed the dual-channel
humidifier (i.e., two Nafion exchangers operated in parallel) design such that the aerosol flows are
conditioned at two different RHs (i.e., successive RH setpoints) simultaneously. The transition time between
measurements at different RH levels is minimized by sampling aerosols conditioned by the two exchangers
alternately. As it takes about 5 min to complete hygroscopic growth measurements at six sizes at one RH
level, replacing the Nafion exchangers with the diffusion-based humidifiers in the dual channel design will

not further improve the time resolution of the measurements.

L73: ‘In the HFIMS, the sample aerosol is first dried to below 20% RH by a Nafion dryer’

Some organic aerosol particles that do not experience efflorescence might still retain measurable amount of
water at the corresponding RH. It would be good if the authors could provide the reason why the criteria of
‘below 20% has been chosen.

Responses: For field measurements, 20% RH is often used as the criteria for dry aerosol. We agree that at
20%, some organic aerosol particles that do not experience efflorescence might still retain a measurable
amount of water. The RH of the aerosol sample should be kept as low as possible before being classified by
the DMA in the HFIMS system, and this could be achieved by using a longer Nafion dryer with a higher
shell flow rate. On the other hand, in our measurements, particles exhibited essentially no growth when the
RH increased to 40%, suggesting that the particles classified by the DMA contained a negligible amount of

water (i.e., otherwise, we would expect a measurable increase in particle diameter at 40% RH).

L91: ‘The dynamic range of WFIMS is roughly a factor of 10 in mobility, which enables it to detect growth
factors from 0.8 to 2.4 at a single separator voltage.’

I was wondering how the ‘factor of 10 in mobility’ in dynamic range could be translated to the variability in
growth factor of 0.8 to 2.4 (probably because of large slip correction factors for smaller particles?). It would

be better if this sentence could be rewritten in a clearer way.

Responses: The dynamic range of WFIMS is roughly a factor of 10 in mobility. In the free-molecular regime,

it corresponds to a factor of 3 in the size range due to the large slip correction factor (i.e., Z,, < 1/D} ). The
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size range is even larger (i.e., more than a factor of 3) in the transition and continuum regimes. Therefore, at
a single voltage, the dynamic size range of WFIMS is sufficient to cover the particle growth factors from 0.8
to 2.4. We have clarified this in the revised manuscript in lines 92 — 94 as:

“The dynamic range of WFIMS is roughly a factor of 10 in mobility, which translates into at least a factor of
3 in the particle diameter range. Therefore, the size range of WFIMS at a single voltage is sufficient to cover
the growth factors from 0.8 to 2.4.”

L95: ‘The total flow rate of the humid and dry air flows is 18.0 LPM, slightly above the WFIMS sheath flow
rate of 14.9 LPM, and the excess is exhausted.’
Is there a reason why 18.0 Lpm of humidified flow needs to be prepared? | wondered why this approach was

selected, rather than generating 14.9 Ipm of humidified air directly using the mass flow controllers.

Responses: This is designed to avoid pressure fluctuation inside the HFIMS system that could arise from any
mismatch between the flow rates maintained by the mass flow controllers and the critical orifice. By
excessing a small amount of flow into the ambient, we can ensure the pressure stability inside the WFIMS

and thus particle sizing.

L98: ‘The sample flow rate is monitored and maintained at 0.3 LPM through adjusting the sheath flow rate
using a proportional solenoid valve (02484, MKS Instruments) driven by a PID controller.’

Could particle loss occur in the proportional valve?

Responses: The proportional solenoid valve is used to adjust the sheath flow rate; therefore, no particle loss
is expected to occur in the valve. The total flow of WFIMS, the sum of the sample flow and sheath flow, is
maintained by a critical orifice at a flow rate of 15.2 LPM. The aerosol flow is monitored by a laminar flow
element and maintained at the desired 0.3 LPM via PID control of the sheath flow rate using the proportional
solenoid valve. As the total flow is maintained at 15.2 LPM, this control strategy also ensures a sheath flow
rate of 14.9 LPM.

L122: ‘which are controlled by mass flow meters’

Did the authors use mass flow controllers or mass flow meters?

Responses: It should be mass flow controller. We have corrected it in the revised manuscript, and it now
reads:

“The sheath flow RH is controlled by adjusting the mixing ratio of the humid and dry air flows, which are
controlled by mass flow controllers (Alicat Scientific) that have much faster responses.”



10

15

20

25

30

35

L123: ‘This approach leads to a faster control and stabilization of RH than in the Nafion exchanger.’
It was not clear why this approach provides faster response. Please clarify.

Responses: In a Nafion exchanger, the sample flow RH is varied by transferring water molecules between
the sample flow and shell flow through the Nafion membrane. The aerosol flow RH is therefore controlled
by adjusting the RH of shell flow of the Nafion exchanger and it takes some time for the RH of aerosol flow
inside the membrane tube to respond. As a result, the response of Nafion exchanger to RH setpoint change
is substantially slower than directly varying the mixing ratio of dry and wet flows. The typical response time
for the sheath flow stabilizing to a 20 % step change is less than 60 s by varying the mixing flow ratio. In
comparison, for Nafion exchangers, it takes ~ 5 min for aerosol flow RH to stabilize following a 20% change

in RH setpoint.

L160: ‘At an RH of 85% or lower, the maximum range of growth factor (i.e., the ratio of humidified particle
diameter to that of dry particles) for atmospheric aerosols is 0.8-2.0 (Gysel et al., 2007). For example, for
dry particles of 35 nm, the diameter of humidified particles ranges from 28 to 105 nm. For the next dry size
of 165 nm in the sequence, the possible size range of humidified particles is between 132 and 495 nm.’

The range of 28 to 105 nm corresponds to hygroscopic growth factor of 0.8~3.0. similarly, the measurable
range of hygroscopic growth for 165 nm (132 — 495 nm) corresponds to growth factor of 0.8~3.0. It would
be better to explicitly mention the range of hygroscopic growth factors (rather than showing diameters) so

that the readers can easily compare the measurement range for the present study with Gysel et al. (2007).

Responses: The typical hygroscopic growth factor range of HFIMS is 0.8 ~ 2.4. And here we mistakenly
stated it as 0.8 ~ 3.0 (although HFIMS can still make it for most of the sizes). We have corrected it in the
revised manuscript (lines 163 - 168), and it now reads:

“Here the transition time is minimized by optimizing the size sequence as 35 -> 165 -> 50 -> 265 -> 75 ->
110 nm. At an RH of 85% or lower, the maximum range of growth factor (i.e., the ratio of humidified particle
diameter to that of dry particles) for atmospheric aerosols is 0.8 to 2.0 (Gysel et al., 2007), within the
minimum hygroscopic growth factor range (i.e., 0.8 to 2.4) of HFIMS. For example, for dry particles of 35
nm, the diameter of humidified particles ranges from 28 to 84 nm. For the next dry size of 165 nm in the

sequence, the possible size range of humidified particles is between 132 and 396 nm.”

L239: ‘The variation of GF-PDF suggests that the pre-existing aerosol changed from one that was dominated
by aged particles with large contribution of inorganics (e.g., sulfate) to a mixture of both aged particles and

freshly emitted ones that consisted mostly of organics with low hygroscopicity’
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I wondered if the authors have any evidence to support the idea that freshly emitted less hygroscopic particles
are mostly composed of organic species. There might have been some contributions of soot (or
elemental/black carbon) particles (McMurry et al., 1996)

Responses: We thank the reviewer for this point. Yes, freshly emitted less hygroscopic particles include
possible contributions from soot as well. We have revised the sentence accordingly, and it now reads:

“The variation of GF-PDF suggests that the pre-existing aerosol changed from one that was dominated by
aged particles with large contributions of inorganics (e.g., sulfate) to a mixture of both aged particles and

freshly emitted ones that consisted mostly of low hygroscopicity particles (e.g., organic and soot particles).”

Figure 6: Figure captions are overlapping with data for panels (d1 — d3).

Responses: We have corrected it in the revised manuscript.
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Abstract. The ability of aerosol particles to uptake water (hygroscopic growth) is an important determinant of aerosol
optical properties and radiative effects. Aerosol hygroscopic growth is traditionally measured by humidified tandem
differential mobility analyzers (HTDMA), in which size-selected dry particles are exposed to elevated relative humidity
(RH), and the size distribution of humidified particles are subsequently measured using a scanning mobility particle sizer. As
a scanning mobility particle sizer can measure only one particle size at a time, HTDMA measurements are time-consuming,
and ambient measurements are often limited to a single RH level. Pinterich et al. (2017b) showed that fast measurements of
aerosol hygroscopic growth are possible using a humidity-controlled fast integrated mobility spectrometer (HFIMS). In
HFIMS, the size distribution of humidified particles is rapidly captured by a water-based fast integrated mobility
spectrometer (WFIMS), leading to a factor of ~ 10 increase in measurement time resolution. In this study we present a
prototype HFIMS that extends fast hygroscopic growth measurements to a wide range of atmospherically relevant RH
values, allowing for more comprehensive characterizations of aerosol hygroscopic growth. A dual-channel humidifier
consisting of two humidity conditioners in parallel is employed such that aerosol RH can be quickly stepped among different
RH levels by sampling from alternating conditioners. The measurement sequence is also optimized to minimize the
transition time between different particle sizes. The HFIMS is capable of measuring aerosol hygroscopic growth of six
particle diameters under five RH levels ranging from 20% to 85% (30 separate measurements) every 25 min. The
performance of this HFIMS is characterized and validated using laboratory-generated ammonium sulfate aerosol standards.
Measurements of ambient aerosols are shown to demonstrate the capability of HFIMS to capture the rapid evolution of

aerosol hygroscopic growth, and its dependence on both size and RH.
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1 Introduction

Hygroscopic growth is a key determinant of the liquid water content, optical properties, and radiative effects of atmospheric
aerosols (Tang and Munkelwitz, 1994; Pilinis et al., 1995; Swietlicki et al., 2008). Water uptake by particles increases light
scattering, promotes heterogeneous chemical reactions, and is essential for the formation of cloud droplets (Wang et al.,
2002; Wex et al., 2009; Surratt et al., 2010; George and Abbatt, 2010). Aerosol hygroscopic growth is mostly measured
using a humidified tandem differential mobility analyzer (HTDMA) (Rader and McMurry, 1986; Swietlicki et al., 2008;
Duplissy et al., 2009; Massling et al., 2011; Lopez-Yglesias et al., 2014). In an HTDMA, dry and charged particles are first
size-selected by a Differential Mobility Analyzer (DMA), then exposed to elevated relative humidity (RH) in a humidity
conditioner. The size distribution of humidified particles, which provides the distribution of particle hygroscopic growth
factor, is measured by a second DMA using the scanning mobility technique. Whereas in theory HTDMA can measure
aerosol hygroscopic growth at a variety of humidity values, practically, field measurements are mostly limited to a single
RH level because of (1) the time-consuming scanning mobility measurements and (2) the long transition time required for
aerosol sample flow RH to stabilize after setpoint change (Santarpia et al., 2005). Typically, a measurement cycle for five
different particle sizes at a single RH requires a minimum of 30 min (e.g., Cerully et al., 2011).

Particle hygroscopic growth is a function of RH and the hygroscopicity parameter (Petters and Kreidenweis, 2007), which is
a function of particle composition and often varies strongly with particle size (e.g., Peng et al., 2020). which-depends—en
particle—compesition—Both RH and aerosol composition can exhibit strong temporal and spatial variabilities (Tang et al.,
2019). In addition, the hygroscopicity parameter can vary substantially with RH (Pajunoja et al., 2015; Rastak et al., 2017;

Liu et al., 2018; Peng et al., 2020). Therefore, measurements under a wide range of RH are often needed to comprehensively
characterize aerosol hygroscopic growth behavior in the atmosphere (Sorooshian et al., 2008; Hersey et al., 2009; Rastak et
al., 2017). RH-dependent hygroscopic growth measurements can also help capture the phase transition of aerosols with
different chemical compositions, i.e., inorganic salts exhibit deliquescent behavior while organics often do not (Tang and
Munkelwitz, 1994).

Several instruments have been developed to improve the measurement speed such that hygroscopic growth can be
characterized at multiple RHs with sufficient time resolution (e.g., Stolzenburg et al., 1998; Leinert and Wiedensohler, 2008;
Sorooshian et al., 2008). Recently, Pinterich et al. (2017b) showed that aerosol hygroscopic growth measurements can be
significantly accelerated using a humidity-controlled fast integrated mobility spectrometer (HFIMS). In essence, HFIMS
replaces the 2@ DMA in traditional HTDMA with a water-based fast integrated mobility spectrometer (WFIMS), which
captures the size distribution of humidified particles instantly (Pinterich et al., 2017b; Wang et al., 2019). In this study, we
present a prototype HFIMS that extends the fast hygroscopic growth measurements to a wide range of RH conditions (20%
to 85%). A newly designed dual-channel humidifier is employed to allow quick changes of the aerosol sample flow RH. In
addition, the measuring sequence is optimized to reduce the “dead time” during the transitions between different sizes of

classified particles. The performance of the HFIMS is characterized using laboratory-generated ammonium sulfate aerosol
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standards. Ambient aerosols in a St. Louis urban area were measured using the HFIMS, and the results are presented to
demonstrate the capability of the HFIMS for capturing the evolution of the hygroscopic growth factor distribution, and its
dependence on particle size and RH.

2 Methods
2.1 Dual-channel HFIMS

One challenge for fast hygroscopic growth measurements at multiple RH levels is the lengthy time required for conventional
humidity conditioners to stabilize following a change of the RH setpoint. The humidity conditioning of size classified
particles is mostly achieved using a Nafion exchanger. Due to the relatively slow diffusion of water molecules through the
Nafion membrane, it often takes a few minutes or more for the Nafion exchanger to reach a new RH setpoint. Lopez-
Yglesias et al. (2014) used a “membrane-less” diffusion-based humidifier to accelerate the transition between sample RH
setpoints. In their HTDMA, it takes about 4 min for the system to stabilize for a 5% - 20% (absolute value) change in the RH
setpoint. The HFIMS developed here employs a dual-channel humidifier that allows for a quick change of the sample aerosol
RH (Fig 1). In the HFIMS, the sample aerosol is first dried to below 20% RH by a Nafion dryer (MD-110 series, Perma Pure
LLC), brought to a steady-state charge distribution in a soft X-ray aerosol neutralizer (Model 3087, TSI Inc), then size-
classified by a DMA (Model 3081, TSI Inc.). The classified aerosol sample is subsequently introduced into a dual-channel
humidifier that consists of two identical Nafion exchangers (MD-110 series, Perma Pure LLC) that condition the size-
selected aerosol at two RH setpoints independently. The shell flows of the Nafion exchangers are generated by mixing
humid air from a bubble humidifier and dry air. The bubble humidifier is slightly heated to compensate for evaporative
cooling. The RH of the aerosol sample flow is controlled by a proportional-integral-derivative (PID) controller that varies the
flowrate ratio of humid air to dry air through a proportional solenoid valve (FSV12, Omega Engineering Inc) on the dry air
line. The size distribution of humidified aerosols is rapidly captured by a WFIMS operated with a constant separator voltage
(Pinterich et al., 2017a). The average transport time of aerosols in the humidification section, including the Nafion exchanger

and the tubing leading to the WFIMS separator inlet, is ~ 3.2 s. The WFIMS combines the fast integrated mobility

spectrometer (FIMS) developed by Kulkarni and Wang (2006b, 2006a) and the laminar flow water-based condensation
methodology of Hering et al. (2014). As with conventional scanning mobility particle sizer (SMPS), WFIMS uses a drift
tube to separate particles of differing electrical mobility sizes. But instead of counting particles of one mobility size at a time,
WFIMS counts all sizes of mobility separated particles at once. Its parallel plate mobility separator is followed by a
condensational growth and imaging system. At the end of the separator, particles are distributed across the sheath flow,
according to their mobilities. The entire flow continues into a condensational growth section that enlarges the particles while
they continue along their laminar flow trajectories. At the end of the growth section a sheet of laser light illuminates the
grown droplets, and this two-dimensional image is captured using a digital camera (Fig. 1). The imaging system detects

individual droplets and records their particle mobility-dependent position, from which the complete size distribution is

3
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derived. The dynamic range of WFIMS is roughly a factor of 10 in mobility, which translates into at least a factor of 3 in the

particle diameter range. Therefore, the size range of WFIMS at a single voltage is sufficient to cover the growth factors from
. Here, the WFIMS sheath
flow is generated by mixing particle-free dry air with filtered humid air from another slightly heated bubble humidifier. The

sheath flow RH is maintained at the same setpoint as that of the aerosol sample flow by adjusting the ratio of humid and dry
air flow rates, which are controlled individually by a mass flow controller (Fig. 1). The total flow rate of the humid and dry
air flows is 18.0 LPM, slightly above the WFIMS sheath flow rate of 14.9 LPM, and the excess is exhausted. The total flow
rate of WFIMS, i.e., the sum of sample and sheath flow rates, is controlled at 15.2 LPM by a critical orifice. The sample flow

rate is monitored using a laminar flow element (LFE) and maintained at 0.3 LPM through adjusting the sheath flow rate

using a proportional solenoid valve (0248A, MKS Instruments) driven by a PID controller (Pinterich et al., 2017a).

The sample flow RH is monitored by a probe (HMP 60, Vaisala Inc.) immediately downstream of each Nafion exchanger. A
higher sample flow rate of 0.6 LPM is employed for both Nafion exchangers to reduce particle diffusion loss and the
response time of the RH probe to the RH change inside the exchanger. Given the WFIMS sample flow rate of 0.3 LPM, the
extra 0.3 LPM is exhausted just upstream of the WFIMS sample flow inlet. Due to the very large sheath to sample flow ratio
(i.e., 14.9/0.3), RH inside the WFIMS is dominated by sheath flow RH, which is measured using a probe with high accuracy
(HMP 110, Vaisala Inc.). A chilled mirror hygrometer (OptiSonde, General Eastern Instruments) is also operated inline to
measure the dew point of WFIMS sheath flow for periodic calibration of the sheath flow RH probe. The aerosol flow rate of
the upstream DMA is dictated by the total flow rate of the dual-channel humidifier of 1.2 LPM. The DMA sheath flow rate
is maintained at 12 LPM through a closed loop to achieve a 10:1 sheath to aerosol flow ratio.
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Figure 1. Schematic diagrams of dual-channel humidity-controlled fast integrated mobility spectrometer.

2.2 RH control and stepping

As WFIMS quickly captures the size distribution of humidified particles, the major obstacle for fast hygroscopic growth
measurements at multiple RH levels is the long transition time (e.g., ~ 5 min) for the Nafion exchanger to stabilize following
changes of the RH setpoint. In the new HFIMS, the transition time is minimized by using the dual-channel humidifier. The
sample flow RHs of the two parallel Nafion exchangers are controlled independently. When the WFIMS samples aerosol
conditioned by one Nafion exchanger, the other exchanger equilibrates to the next RH setpoint. The transition time between
measurements at different RH levels is therefore minimized by sampling aerosols conditioned by the two exchangers
alternately. With the dual-channel humidifier design, the transition time is now dictated by the stabilization of the WFIMS
sheath flow RH, which is maintained at the same setpoint as that of the aerosol sample. The sheath flow RH is controlled by
adjusting the mixing ratio of the humid and dry air flows, which are controlled by mass flow meters-controllers (Alicat
Scientific) that have much faster responses. This approach leads to a faster control and stabilization of RH than in the Nafion
exchanger. It requires less than 60 s for the sheath flow RH to be within 0.5% of the setpoint for a step change of 20%

(absolute change).
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2.3 Measuring sequence

Figure 2 shows the RH inside the WFIMS, DMA classifying voltage, and WFIMS separator voltage, during an example
sequence for the hygroscopic growth measurements of ambient aerosols. The sequence includes five RH levels (20%, 40%,
60%, 75%, and 85%). At each RH level, hygroscopic growth is measured for aerosol classified at six dry sizes of 35, 50, 75,
110, 165, and 265 nm as recommended by the EUSAAR (European Supersites for Atmospheric Aerosol Research) project
(Duplissy et al., 2009). Figure 2a shows the distribution of detected particle number (R; ) as a function of the normalized x-
location (%, i.e., normalized distance traveled by the particles along the direction of electric field in the separator) in the
viewing windows of WFIMS (Kulkarni and Wang, 2006a; Kulkarni and Wang, 2006b). Under the uniform electric field
inside the WFIMS separator, larger particles travel a shorter distance in the direction of the electric field and are detected
with lower % values. In comparison, smaller particles travel further and are therefore detected at locations corresponding to
higher ¥ values. At each of the 5 RH levels, the DMA HYV is stepped through 6 voltages (288, 562, 1176, 2296, 4435, and
8980 V) to classify particles with diameter ranging from 35 to 265 nm (Fig. 2b). The WFIMS has a dynamic size range of a
factor of 10 in electrical mobility (Kulkarni and Wang, 2006a), and its separator voltage is varied based on the DMA HV to
cover the size range of humidified particles (i.e., 350, 650, 1400, 3000, 4500, and 5500 V). The upper limit of the WFIMS
voltage is set at 5500 V to eliminate the possibility of arcing when operated at a high RH (i.e., 85%). The change of WFIMS
voltage slightly lags (approximately 3 seconds) the DMA classifying voltage to offset the flow transport time between the
outlet of the DMA and the exit of the WFIMS separator. The mean growth factor, i.e., the ratio of average humidified
particle diameter measured by the WFIMS to the DMA-selected dry particle diameter, varies substantially among different
particle sizes, indicating a strong size dependence of aerosol hygroscopic growth (Fig. 2c).
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Figure 2. Example of the hygroscopic growth measurement sequence of ambient aerosols with six dry sizes (35, 50, 75, 110, 165,
and 265 nm) under five RHs (20, 40, 60, 75, and 85%). (a) The number of particles (R;) detected by WFIMS as a function of
normalized x-locations within the viewing window and time. (b)The DMA classifying voltage (red line) and WFIMS separator
voltage (blue line). (c) RH inside the WFIMS separator and mean growth factor measured by HFIMS as a function of time. (d)
Actual particle count rate of HFIMS as a function of time.

The particle residence time inside the DMA and the time required for particles to travel from the DMA outlet to the WFIMS
separator leads to “dead time” following changes in classified particle size. Given the parabolic flow profile in the tubing,
particles travel with a range of velocities inside the HFIMS. As a result, following a change in the DMA classifying voltage,
it takes some time for the vast majority of the particles classified at the previous size to exit the system. During this transition
time, measurements may be strongly affected by particles classified at the previous size, especially when the particle
concentration at the new size is much lower. Such transition time is common in measurements of size-resolved aerosol
hygroscopicity. For example, in DASH-SP, it requires a maximum transition time of 17 s to switch between different DMA-
selected sizes (Sorooshian et al., 2008). For traditional HTDMA, a transition time on the order of 20 s is negligible when
compared to the long measurement time (i.e., several minutes). However, such transition time rivals the measurement time of
HFIMS at each particle size and is one of the main obstacles for fast measurements at multiple sizes. Here the transition time
is minimized by optimizing the size sequence as 35 -> 165 -> 50 -> 265 -> 75 -> 110 nm. At an RH of 85% or lower, the
maximum range of growth factor (i.e., the ratio of humidified particle diameter to that of dry particles) for atmospheric

aerosols is 0.8- - 2.0 (Gysel et al., 2007), within the minimum hygroscopic growth factor range (i.e., 0.8 to 2.4) of HFIMS.

For example, for dry particles of 35 nm, the diameter of humidified particles ranges from 28 to 84 165-nm. For the next dry

7
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size of 165 nm in the sequence, the possible size range of humidified particles is between 132 and 396 495-nm. Because
there is no overlap in the two size ranges of humidified particles, measurements at 165 nm are not affected by 35 nm
particles remaining in the HFIMS, therefore the transition time between these two sizes (35 and 165 nm) can be significantly
reduced to 5 seconds. In the optimized size sequence, an extended transition time of about 23 seconds is only required for the
change of the classified size from 75 nm to 110 nm (i.e., the last step of the sequence). This relatively long transition time is
necessary to ensure most of 75 nm particles have exited the HFIMS before the measurement at 110 nm commences. To
balance the counting statistics at all six sizes, we determined the sample times based on typical continental aerosol size
distributions, and they are 35, 25, 25, 20, 35, and 50 s for 35, 50, 75, 110, 165, 265 nm, respectively. The sample times may
be adjusted dynamically based on ambient aerosol size distributions. Figure 2d shows the particle counts detected by
WFIMS per second. Because WFIMS measures aerosol size distribution at a time resolution of 1 second, sufficient particle
counts (e.g., over 300 in 50 s for 265 nm) can be collected within the sample times for calculating the growth factor
distribution (Wang et al., 2019). With this optimized size sequence, measurements of the hygroscopic growth at a single RH
for six particle sizes can be made every five minutes. In 25 min, which HTDMA typically requires to complete
measurements of six particle sizes at a single RH, HFIMS can provide particle hygroscopic growth at 5 RH levels from 20%
to 85% for all six particle sizes.

3 Results and discussion
3.1 Hygroscopic growth factor of ammonium sulfate particles

The capability of the HFIMS to accurately characterize particle hygroscopic growth was evaluated by measuring laboratory-
generated ammonium sulfate particles, whose hygroscopic growth behavior has been well documented (Onasch et al., 1999;
Martin, 2000). First, the sizing accuracy of WFIMS is confirmed by the excellent agreement between the mean diameter
measured by WFIMS under dry conditions (i.e., RH = 20%) and DMA centroid diameter (Fig. 3). For six nominal sizes, i.e.,
35, 50, 75, 110, 165, and 265 nm, the maximum difference between WFIMS measured mean diameter and DMA centroid
diameter is below 2%.

We further examine the accuracy of HFIMS measurements by comparing hygroscopic growth of ammonium sulfate particles
measured by the HFIMS with theoretical values. Figure 4 shows the size-resolved hygroscopic growth factor (GF) as a
function of RH for ammonium sulfate particles with diameters of 35, 50, 75, 110, 165, and 265 nm, respectively. The orange
and purple solid lines represent theoretical predictions of the growth factor curve with and without Kelvin effect taken into
consideration, respectively (Biskos et al., 2006; Bezantakos et al., 2016).The growth factor curve predicted by Extended
Aerosol Inorganic Model (E-AIM) (Clegg et al., 1998; Wexler and Clegg, 2002) is shown by the green lines, and it agrees
well with those predicted by the model with Kelvin effect neglected. The HFIMS measured hygroscopic growth curves show
that deliquescence started at ~79.8% RH, in agreement with previous studies (Tang and Munkelwitz, 1993; Martin, 2000).

There is an increase of 1% RH of deliquescence RH observed for smaller particles (i.e., 35 and 50 nm), and the increase is

8



likely due to increased equilibrium water vapor pressure over the surface of smaller droplets (i.e., Kelvin effect) (H&meri et
al., 2000). Above the deliquescence point (i.e., RH> 80%), the hygroscopic growth measured by the HFIMS is in good
agreement with those predicted by the model with Kelvin effect taken into account. Owing to Kelvin effect, particle
hygroscopic growth decreases with decreasing dry particle size. For example, at 85% RH, the hygroscopic growth factor of

205 265 nm particles is around 1.57, and it decreases to around 1.50 for particles of 35 nm.
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Figure 3. (a) Time series of mean diameters measured by WFIMS at RH of 20% and DMA-selected sizes. (b) Scatter plot
comparing DMA-selected particle size and WFIMS measured particle size and linear regression.

. Dry size =35 nm . Dry size = 50 nm 22 Dry size =75 nm
“fa) o HFIMS measured “[(b) ® HFIMS measured “e) ® HFIMS measured
Modeled GF (w/ Kelvin effect) Modeled GF (w/ Kelvin effect) Modeled GF (w/ Kelvin effect)
2 Modeled GF (w/o Kelvin effect) 2 Modeled GF (w/o Kelvin effect) 2 —— Modeled GF (w/o Kelvin effect)
——E-AIM ——E-AM — EAM
- 18 .18 .18
o o o
© © ©
ﬁ 1.6 ﬁ 1.6 / ﬁ 1.6
E E 7 E
14 14 214
o o . o
1.2 1.2 1.2
1le @ o o 0 0 o o o o 1---.--00¢o-.‘ 1.-.-.-.-...-‘
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
210 RH (%) RH (%) RH (%)
22 Dry size =110 nm 22 Dry size = 165 nm 22 Dry size = 265 nm
“1d) ® HFIMS measured ) (e) ® HFIMS measured () ® HFIMS
Modeled GF (w/ Kelvin effect) Modeled GF (w/ Kelvin effect) Kohler GF (w/ Kelvin effect)
2 ——Modeled GF (w/o Kelvin effect) 2 ——Modeled GF (w/o Kelvin effect) 2 ——Kohler GF (w/o Kelvin effect)
——E-AM ——E-AM ——E-AM
.18 18 . 1.8
o o o
kS kS kS
; 1.6 / ; 1.6 / :—é 1.6
2 3 2
O 1.4 O 1.4 O 1.4
o o o
1.2 1.2 1.2 .
.
.
1(@ ® @ @ @ © & ¢ o o o 1/ @ @ @ @ @ o o o o o 1le © @ @ @ o @ o ¢ o om
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
RH (%) RH (%) RH (%)

Figure 4. Hygroscopic growth curves of ammonium sulfate particles for 6 DMA-selected sizes (35, 50, 75, 110, 165, and 265 nm).
Black circles present growth factor derived from HFIMS measurements. Solid lines are model predictions of the growth factor
curves with and without Kevin effects and calculated from E-AIM model.
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3.2 Hygroscopic growth measurement of ambient aerosols
3.2.1 High time resolution measurements of hygroscopic properties Ambient aerosol

Hygroscopic growth of ambient aerosols was measured by the HFIMS on the Danforth campus of Washington University in
St. Louis, US (38<=38' N, 90°18" W, 10 m a.s.l.), which is just beyond the western edge of the City of St. Louis. The
measurement sequence is shown in Fig. 2. Aerosol size distribution ranging from 11.7 to 429.4 nm in particle diameter was

measured concurrently by a SMPS (-model 3938, TSI Inc.). Prior to the SMPS measurement, the aerosol sample was dried to

an RH below 30% using a diffusion dryer. Figure 5a shows the evolution of aerosol size distribution during a period of 3

days (March 1 - 4, 2021). Each particle size distribution was fitted by a sum of up to 3 lognormal modes. The time series of
the fitted diameter of the dominate mode (i.e., the mode with the highest number concentration) is shown by black dots in
Fig. 5a. Strong variations in both aerosol size and number concentration were evident during the sampling period. The high
concentration of nucleation mode particles and the continuous increase of the mode diameter indicate a regional new particle
formation (NPF) followed by condensational growth of newly formed particles on March 2™, The NPF event was observed
at around 10:00 am local time (LT) and the newly formed particles continued to grow until the early morning of the next day
(March 3™,

The probability density function of the hygroscopic growth factor (GF-PDF) is retrieved from the HFIMS measurements
using an inversion routine described in Wang et al. (2019). We note that particles carrying multiple charges could contribute
substantially to the aerosols classified by the DMA, especially for particles larger than 100 nm (Shen et al., 2021). This

multiple-charge effect is not currently accounted for in the inversion routine and will be a subject of future study. The high

time resolution and size-resolved GF-PDF captures the variations of the aerosol hygroscopic growth and the mixing state
with time, shedding light on the evolution of aerosol particles. Figure 5b and 5d show the temporal variations of the GF-PDF
at 85% RH for 35 and 265 nm particles, which represent those grown from newly formed particles and the pre-existing
particles, respectively (Wu et al., 2016). The time series of mean GF under the five RHs (20%, 40%, 60%, 75%, and 85%)
for 35 and 265 nm particles are shown in Fig. 5¢ and 5e. The mean GFs are essentially 1 at 20% and 40% RH for both 35 nm
and 265 nm particles, indicating negligible water uptake in the low RH range. However, particles at the two sizes exhibit
different hygroscopic growth at elevated RHs and mixing states, especially during the NPF event. Particles with a diameter
of 35 nm show a unimodal GF-PDF at 85% RH during most of the 3-day measurement period (Fig. 5b), suggesting an
internal mixture. The mean GF of 35 nm particles at 85% RH remained low (i.e., ~ 1.1) before the NPF event, and it jumped
from ~ 1.1 to ~ 1.25 at the beginning of the event (i.e., ~ 10:00 am LT on March 2"%). This GF increase is likely due to the
participation of sulfuric acid in the formation and early growth of the new particles (Shantz et al., 2012; Wu et al., 2016). In
comparison, the GF-PDF of 265 nm particles was initially dominated by a single mode at ~ 1.5 while, gradually transitioned
to bimodal as the NPF event proceeded, indicating a shift from internal mixtures to external mixtures. The bimodal GF-PDF
consists of one mode with low GF (i.e., close to 1) and one with GF at ~ 1.5. The variation of GF-PDF suggests that the pre-

existing aerosol changed from one that was dominated by aged particles with large contributions of inorganics (e.g., sulfate)
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to a mixture of both aged particles and freshly emitted ones that consisted mostly of low hygroscopicity particles (e.qg.,

organic and soot particles)mestly—ef-organies—with-lowhygrescepicity. As a result, the mean GF of 265 nm particles

250 decreased from 1.4 at the start of NPF event to 1.2 at ~18:00 pm LT on March 2™, This transition is likely due to a change of

the airmass sampled.
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Figure 5. Aerosol size distribution measured by SMPS and GF-PDF retrieved from HFIMS measurements on the Danforth
campus of Washington University in St. Louis from March 1 to 4, 2021. (a) Temporal evolution of aerosol size distributions
255 ranging from 11.7 to 429.4 nm. Black dots are the fitted geometric mean diameter of the mode with the highest number
concentration. (b, d) Temporal evolution of probability density function of growth factor of 35 nm and 265 nm particles at 85%
RH. (c, €) Timeseries of mean growth factor of 35 nm and 265 nm particles at five RHSs levels (20%, 40%, 60%, 75%, and 85%b).

3.2.2 RH and size dependence of hygroscopicity distribution

260 At a given RH, particle hygroscopic growth depends on the hygroscopicity parameter (i.e., k), which is a function of
thermodynamic properties, including molar volume, activity coefficient, and surface activity, of the species within the
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particles (Petters and Kreidenweis, 2007). The probability density function of hygroscopicity, x-PDF, is converted from GF-
PDF based on the following relationship (Petters and Kreidenweis, 2007; Su et al., 2010; Liu et al., 2011):

Kk(GF) = (GF® — 1) - [ﬁ exp (M) - 1] , Q)

RT pyDpGF

265 where D, is the diameter of dry particle and GF is the hygroscopic growth factor at different RHs measured by HFIMS. a5,
is the surface tension of the solution/air interface, M,, is the molecular weight of water, R is the universal gas constant, T' is

the absolute temperature, p,, is the density of water.

[—RH=75% ——RH =85 %]

6 Before NPF event During NPF event After NPF event
c @ 41 (a2) (a3)
4
5 4
w Kory = 0.063 Kogo = 0.23 Kso = 0.15
E 2 K;g“ﬁ; =0.081 2 Kgoon = 0.24 2 g = 0.14
'Ii
0 0 0
-0.2 0 02 04 06 08 -0.2 0 02 04 06 038 -0.2 0 02 04 06 038
_°fo) (b2) (b3)
S 4 4 4
L A =0.084 K =0.16 K =0.15
75% = 75% = 75% =
E 2 Kgzor 0.082 2 Kgzor 0.15 2 Kgzor 0.13
'Ii
0 0 0
-0.2 0 02 04 06 08 -0.2 0 02 04 06 038 -0.2 0 02 04 06 038
6 6
e e (c2)
£
o4 4
w Ko, =0.18 #7505 = 0.20 A3
S, K75% = 0:20 2 Khoee=0.22 13
5‘4‘
0 0
-0.2 0 02 04 06 08 -0.2 0 02 04 06 038 0.8

12



270

275

280

[—RH=75% ——RH =85 %|
Before NPF event During NPF event After NPF event

6
(at)

£
U.ﬁ =
Koo, = 0.
DD,- 2 1»%??:288??

0.2 0 02 04 06 08

] 5F(b1) (b2)
c
o4 4
u_m Koeon = .084 Kogor = 0.16
DDI- 2 Koo = 0.082 2 Kide = 0.15
0 0
02 0 02 04 06 08 02 0 02 04 06 08

13
13

n7so = 88

06 08

“85%

Figure 6. Probability density function of hygroscopicity parameter (k-PDF) before (al-d1), during (a2-d2) and after (a3-d3) the
NPF event period (06:53 am, 09:57 am, and 23:53 pm, respectively) on March 2", 2021. The mean k value derived from each k-
PDF is also given in the plots.

Figure 6 shows the x-PDF derived from GF-PDF at 75% and 85% RH before, during and after the NPF event, corresponding
to 06:53, 09:57, and 23:53 LT on March 2", as marked by red dashed lines in Fig. 5a. At all three timepoints, k-PDF varies
with particle diameter, indicating strong size dependence of particle chemical compositions. k-PDF is unimodal for particles
with diameters of 35 and 50 nm, showing these particles are internally mixed. The mean k values for 35 nm and 50 nm
particles show substantial increases at the start of the NPF event compared to those prior to the event (e.g., mean x at 85%
RH increased from 0.08 to 0.24 for 35 nm particles). This trend is consistent with the contribution of sulfuric acid to the
formation and early growth of new particles (Kulmala et al., 2004; Wu et al., 2016). The mean x values for 35 nm and 50 nm
particles then exhibit a slight decrease following the NPF event, possibly due to the depletion of sulfuric acid and increased
contribution of secondary organics to the growth of nucleation mode particles in the late stage of the NPF event (Dusek et
al., 2010; Zheng et al., 2020). Prior to and at the beginning of the NPF event, the x-PDF for particles of 265 nm was
dominated by a mode with x value at ~ 0.4, consistent with the picture that pre-existing particles were dominated by aged

particles with large contributions of inorganics (e.g., sulfate). The x-PDF becomes bi-modal following the NPF events,
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suggesting a transition of the pre-existing particles to an external mixture of freshly emitted particles with low
hygroscopicity {e—deminated-by-organies) and aged background particles with higher hygroscopicity. The x-PDFs derived
from GF-PDF under two RHSs (75% and 85%) mostly agreed well with each other, except for 265 nm particles prior to and at
the start of the NPF, for which the dominant, more hygroscopic mode shows a slightly higher x value at 85% (Fig. 6d1-d2).
This higher x at 85% RH may be due to an increase of the amount of water in the humidified particles that is available for

the solvation of organics with low water solubility (Petters et al., 2009).

4 Summary

In this study, we present a humidity-controlled fast integrated mobility spectrometer (HFIMS) for fast measurements of
aerosol hygroscopic growth. The HFIMS can measure the distributions of particle hygroscopic growth factor at six diameters
(e.g., 35, 50, 75, 110, 165, and 265 nm, respectively) under five RH levels (e.g., 20, 40, 60, 75, and 85%, respectively)
within 25 min. All 30 measurements are completed in less than 1 min per measurement, on average. The fast measurement
speed is achieved by combining the rapid measurements of aerosol size distribution by a water-based FIMS, the capability of
a dual-channel humidifier for quickly stepping among different RH levels, and an optimized measurement sequence that
minimizes the transition time between measurements at different particle sizes. Measurements of laboratory-generated
ammonium sulfate aerosol standards show that the HFIMS is capable of accurately measuring aerosol hygroscopic growth.
The capability of the HFIMS is also demonstrated by measuring ambient aerosols over a period of ~ 3 days. The HFIMS
measurements successfully capture the temporal variations and the size and RH dependences of aerosol hygroscopic growth,

which provide insights into the evolution of atmospheric aerosol processes.
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