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ze and time-resolved aerosol
collector platform integrated with environmental
sensors to study the vertical profile of aerosols†

Zezhen Cheng, a Andrey Liyu,a Darielle Dexheimer,b Nurun Nahar Lata, a

Gourihar Kulkarni,c Casey Michael Longbottom,b Fan Mei c and Swarup China *a

Atmospheric particles affect human health, climate, and ecosystems but assessing their impacts is still

challenging. Part of that is because of the limited understanding of the size dependence of particle

properties and variation of these properties along with the vertical profile under different environmental

conditions. Thus, we present a vertical gradient of size-resolved aerosol composition by deploying an

automated size and time-resolved aerosol collector (STAC) platform integrated with sensors on the

Atmospheric Radiation Measurement's (ARM) tethered balloon system (TBS) at the Southern Great Plains

(SGP, Oklahoma) site. Our results highlight variations in atmospheric processing and aerosol sources

along the vertical column by showing similar compositions with different size distributions of particles at

various altitudes. The platform has been deployed in several other ARM campaigns in Oliktok Point

(Alaska), Houston (Texas), and Crested Butte (Colorado). The STAC platform is loaded with an array of 4-

stage cascade impactors to collect aerosol particles within different aerodynamic size ranges up to 20

sampling points per flight for various atmospheric research studies, such as the vertical profile of size-

resolved aerosol chemical composition and multi-phase chemistry. Time-resolved sampling facilitates

the study of the evolution of particles in the atmosphere. The battery-powered, lightweight automated

size- and time-resolved sampling system is ideal for unmanned aerial systems (e.g., TBS) and aircraft

sampling. The STAC platform is integrated with a temperature and relative humidity sensor and

a pressure sensor to monitor ambient conditions, an optical particle counter to measure aerosol size

distribution, and a micro-aethalometer to measure the black carbon mass concentration. Experimentally

derived 50% cut-off sizes of each stage (stages A to D) for a standard impactor are about 2.3, 0.62, 0.42,

and 0.12 mm. The impactor is adaptable to collect smaller particles with an additional replaceable stage E

with a 50% cut-off size of 0.07 mm. The STAC platform facilitates simultaneous sampling of aerosols on

three different types of substrates for multi-modal offline analysis to probe their physical (e.g., phase

state and morphology), chemical (e.g., the elemental composition of individual particles and size-

resolved chemical composition), optical (light absorption and scattering), hygroscopic and ice nucleation

properties.
Environmental signicance

Predicting the Earth's radiative balance relies on the vertical distribution of aerosols, which is not well understood partially due to limitations in measurements.
Here, we present the vertical distribution of size-resolved aerosol composition over an agricultural site by deploying a newly developed lightweight automated
size- and time-resolved aerosol collector (STAC) platform integrated with environmental sensors on unmanned aerial systems (e.g., tethered balloon systems).
The compact system is suitable for collecting ambient particles with different size ranges, ambient particle and black carbon concentrations, andmeteorological
data at different locations and multiple altitudes with high time-resolution. The platform is suitable for various atmospheric research applications, such as to
study the vertical prole of size-resolved aerosol chemical composition, multi-phase chemistry, and ice nucleation.
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1. Introduction

Atmospheric particles can affect climate, human health, and
the ecosystem.1,2 They can directly affect climate by absorbing
and scattering solar radiation and indirectly by acting as warm
and cold cloud nuclei.3–8 Moreover, exposure to atmospheric
Environ. Sci.: Atmos., 2022, 2, 1263–1276 | 1263
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particles can cause various health problems, such as respira-
tory, allergic, and cardiovascular diseases.9–13 Besides these,
atmospheric particles can inuence rates of photosynthesis and
evapotranspiration, alter nutrient inputs through deposition
processes, and offer nutrient transport between terrestrial and
atmospheric systems.2

Understanding atmospheric particles' chemical composition
and size distribution is crucial for improving our knowledge of
these effects. It has been found that atmospheric particles have
complex and diverse chemical compositions and multi-
components in nature, including but not limited to carbona-
ceous particles (e.g., black carbon and organic carbon particles),
sea spray aerosols (e.g., sea salt), bioaerosols (e.g., fungi,
bacteria, viruses, and pollen), and dust, and their size distri-
butions are also highly variable.3,14–16 Even more complicated is
the vertical prole of atmospheric particles, which might alter
particles' properties due to variations in ambient conditions
and their being involved in different atmospheric processes
(e.g., cloud processes and atmospheric aging processes) at
different atmospheric layers.17–21 Conversely, the vertical
proles of atmospheric particles are also essential for regional
and global climate since they have critical impacts on the
atmospheric thermal structure, cloud dynamics, regional-to-
global circulation systems, lower atmospheric thermodynamic
stability, and planetary boundary layer development.17,22,23

Furthermore, climate models also need a more precise vertical
prole of atmospheric particles to reduce the uncertainties of
radiative forcing of atmospheric particles related to vertical
aerosol dispersion.24–28 Thus, the chemical composition and
size distribution of atmospheric particles as a function of height
are critical to understanding the interaction between aerosols
and the atmospheric boundary layer.

There were numerous measurements conducted at ground-
level sites29–32 and at high altitudes via aircra measure-
ments33–37 to investigate the chemical and size distribution of
atmospheric particles, but these measurements were usually
limited in the number of different altitudes and operationally
expensive. Moreover, in some cases, particle concentrations are
low for online measurements and some sites are difficult to
access. Besides these eld measurements, remote sensing, such
as the Aerosol Robotic Network (AERONET), has also been used
to estimate the particle size distribution and particle types
within the total atmospheric column,38,39 which cannot repre-
sent the vertical distribution of particles.

Recently, unmanned systems have been increasingly utilized
for atmospheric particle measurement due to the advantages of
minimizing environmental research errors, risks, and costs.
One example is the tethered balloon system (TBS), which has
been deployed in several eld campaigns to study aerosol
properties.17,40–46 Along with these different TBSs, the U.S.
Department of Energy's (DOE) Atmospheric Radiation
Measurement (ARM) program developed a TBS, which has been
deployed at several ARM atmospheric observatories such as the
North Slope of Alaska (NSA) site and Southern Great Plains
(SGP) site.46–48

Although the TBS has the advantages mentioned before, the
total weight of instruments loaded on it is limited, prohibiting
1264 | Environ. Sci.: Atmos., 2022, 2, 1263–1276
some heavy-weight online instruments. This brings up oppor-
tunities for collecting samples using impactors for compre-
hensive offline measurements. There are several commercial
cascade impactors, such as the microorice uniform deposit
impactor (MOUDI, TSI),49 Sioutas personal cascade impactor
sampler (PCIS, SKC Ltd)50,51 and rotating drum impactor (RDI)
sampler52–54 which provide size-resolved aerosol sample collec-
tion. However, the MOUDI is about 11–12 kg and requires
a large ow rate pump and high energy support, making it
unsuitable for the TBS. Although the PCIS has a much smaller
weight than the MOUDI (PCIS is about 0.16 kg), the smallest
50% cut-off of the PCIS is 0.25 mm, making it inefficient in
collecting small particles and not providing a time-resolved
aerosol sampling. Atmospheric events might change rapidly
along the vertical column, underscoring the demand for a high
time resolution sampler. Although the RDI sampler can collect
size- and time-resolved particles, it is still unsuitable for TBS
sampling due to weight and power constraints.

Therefore, the main objective of this study was to study the
vertical distribution of aerosol composition by deploying an
automated size and time-resolved aerosol collector (STAC)
platform integrated with environmental sensors, which is light
weight and can be deployed on the ARM's TBS. The STAC
platform can be equipped with a maximum of 20 4-stage STAC
impactors, allowing us to collect particles in specied size
ranges with high time resolution for multi-modal microscopy,
spectroscopy, and mass spectrometry platforms to probe
particle physical and chemical properties. We aim to enhance
the capability of collecting atmospheric particles at multiple
altitudes to improve our knowledge of the vertical prole of
atmospheric particles.

2. Methods
2.1 Design of the STAC platform

Fig. 1 shows the schematic of the size- and time-resolved aerosol
collector (STAC) platform. The STAC platform is a lightweight (39.3
(L) � 22.5 (W) � 14.6 (H) cm, 7.5 kg) automated aerosol particle
collector and meteorological condition monitor which has been
deployed on the ARM's TBS. It aims to investigate the variation of
particle size-resolved physical and chemical properties vertically
under different environmental conditions. The STAC platform is
powered by a 76 W h, 21.8 V Li-ion battery and utilizes a single-
board computer (Model X86 II ULTRA, UDOO) with an Arduino
Leonardo and a custom-made circuit board to control solenoid
latched valves (model L31012VDC, Humphrey) and a 3 LPM pump
(Model B1B-090V12AN-00, Parker Hannin) for collecting samples
on an array of 4-stage STAC impactors, which allows users to
program the sample collection time and the number of samples.

The STAC platform is integrated with a temperature and
relative humidity sensor (Model SEN0385, DFRobot) and
a pressure sensor (Model BMP280, Adafruit Industries) to
monitor the meteorological conditions along with sampling,
and an inline pressure sensor (Model MPRLS0025PA00001AB,
Honeywell) to monitor the pressure in the sampling line as an
indicator of the performance of valves and pumps. The changes
in ow rates are negligible since pressure uctuations are
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic showing the major components of a size- and time-resolved aerosol collector (STAC) platform and 4-stage STAC impactor.
The numbers indicate1 Sample inlet,2 STAC box,3 RH sensor,4 MetOne OPC,5 4-stage STAC impactor,6 battery,7 inlet aluminum manifold,8 outlet
aluminum manifold,9 printed circuit board (PCB) control plate,10 electrical 3-way valves,11 sample pressure sensor,12 power switch,13 pump,14

Temperature and altitude sensors,15 PC,16 impactor nozzle plate,17 top plate, and18 impaction plate. A micro-aethalometer (microAeth, Model
MA200, AethLabs) is attached (not shown here) to the outside bottom of the STAC box. Yellow arrows indicate the direction of the aerosol flow.
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within 5% during the ights. All sensors are controlled through
the I2C interface from the Arduino Leonardo. A custom soware
application is written in LabVIEW and works on Windows 10
Pro. Communication between LabVIEW and the Arduino Leo-
nardo is in the LINX library. The STAC platform is also equipped
with a portable optical particle counter (OPC, Model 804, Met-
One) to measure aerosol size distribution in the 0.3–2.5 mm
range. All components of the STAC platform are placed inside
a customized 3D-printed box. We also have a micro-
aethalometer (microAeth, Model MA200, AethLabs) attached
to the outside bottom of the STAC box to measure the light-
absorption coefficient of aerosols at 375, 470, 528, 625, and
Table 1 Design and operating parameters of the STAC impactor (sampl

Stage

Pressure above
the impaction plate
(cm Hg)

U (cm
s−1)

D, hole diameter
(mm)

Number of
holes dp

A 741.2 979.10 1041.4 � 8.3 6 2.5
B 730.2 4047.52 512.1 � 3.0 6 0.6
C 718.9 4747.48 386.1 � 2.5 9 0.4
D 703.6 10 610.33 200.6 � 3.4 15 0.1
E 540.6 16 578.64 158.1 � 3.1 15 0.0

a The numbers inside brackets represent the range of uncertainties of th
densities in the literature. b The numbers inside brackets represent the
(dp,50,exp).

© 2022 The Author(s). Published by the Royal Society of Chemistry
880 nm wavelengths to investigate the dependence of aerosol
light-absorption properties on ambient conditions. The STAC
platform is loaded with an array of 4-stage cascade impactors
(maximum of 20) to collect particle samples on different
substrates (e.g., carbon B-lms, carbon lacey, and silicon nitride
substrates) for multi-modal offline analysis to probe their
physical, chemical, and optical properties. For example,
collected samples can be utilized for offline analysis of phase
states,55 phase separations,56 morphology and mixing states of
particles,57–59 and to evaluate their size-resolved chemical
composition.60 Particles collected on TEM grids can be probed
to study hygroscopic behavior,61,62 and particles collected on
ing flow rate: 3LPM)

,50,design (mm) dp,50,theo
a (mm) dp,50,exp

b (mm)

Geometric
standard
deviation (sg)

2.39 (1.84–3.11) 2.27 (1.68–2.89) 4.97
0.620 (0.449–0.856) 0.615 (0.571–0.651) 1.39

5 0.447 (0.317–0.628) 0.421 (0.413–0.429) 1.34
5 0.133 (0.089–0.200) 0.119 (0.117–0.121) 1.53
5 0.057 (0.037–0.090) 0.069 (0.067–0.070) 1.47

e theoretically derived 50% cut-off size (dp,50,theo) based on the particle
range of uncertainties of the experimentally derived 50% cut-off size

Environ. Sci.: Atmos., 2022, 2, 1263–1276 | 1265
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silicon nitride substrates can be utilized for ice nucleation
studies.60,63 Furthermore, particles collected on lacey TEM grids
will facilitate studies of optical properties (light absorption and
scattering) of electron beam-resistant spherical particles using
electron energy loss spectroscopy.64
2.2 Design of 4-stage STAC impactors

The middle panel of Fig. 1 shows the schematic of a 4-stage
STAC impactor, which is a miniaturized cascade impactor. The
height of the STAC impactor is �54.0 mm and the diameter is
�16.5 mm. The total weight of a STAC impactor is�11.0 g. Each
stage includes an impactor nozzle plate with different numbers
and sizes of round micro-orices (see Table 1), an impaction
plate to hold substrates, and a top plate to secure the plate (see
right panel of Fig. 1). These plates are made of a printed circuit
board (PCB) coated with copper. We used micro drills to make
the micro-orices on the impactor nozzle plates. We use a 1 mm
wide, 9 mm ID square prole rubber O-ring to seal between the
plates. These plates are stacked together in an aluminum
cylinder, which includes two caps with a 1

4 inch inlet and
a cylinder body to hold the plates. The design and choice of the
material allow us to minimize the weight and avoid particle
losses due to electrostatic deposition. The standard setup of a 4-
stage STAC impactor includes stages A, B, C, and D. The
impactor is adaptable to collect smaller particles with an addi-
tional replaceable stage E.

The design of impaction stages was based on Marple and
Willeke, 1975, which is well-documented and widely used. The
design of impactor stages was based on the desired 50% cut-off
particle size (dp,50), for which 50% of the particles will be
collected on the impaction plate. dp,50 can be calculated based
on Stokes' number at 50% collection efficiency (St50):

St50 ¼
rpd

2
p;50CcU

9mD
(1)

where Cc is the slip correction factor, U is the average jet velocity
through the nozzle (cm s−1), D is the impactor's nozzle diameter
(mm) (estimated based on the designed value), rp is the particle
density, and m is the dynamic viscosity of air (0.0182 g cm−1 s−1).
We assume that rp is equals to 1.6 g cm−3 to represent
laboratory-generated and ambient particle density.66–74 The Cc is
given by the equation:65

Cc ¼ 1þ 0:163

Pdp
þ 0:0549

Pdp
exp

��6:66Pdp
�

(2)

where P is the air pressure at the impaction plate and dp is the
particle diameter (mm). For round-nozzle impactors, the St50 is
0.7.75 Thus, based on our designed dp,50 (dp,50,design) of each
stage (2.5, 0.6, 0.45, 0.15, and 0.06 mm, respectively), we
designed the size and number of nozzles of each stage's
impactor nozzle plate.
2.3 Laboratory evaluation of collection efficiency of each
impactor stage

To evaluate the performance of the STAC impactor, we per-
formed experiments with laboratory-generated aerosols. First,
1266 | Environ. Sci.: Atmos., 2022, 2, 1263–1276
we measured the hole size of impactor nozzle plates (D) using
an environmental scanning electron microscope (ESEM,
Quanta 3D, Thermo Fisher) equipped with an FEI Quanta
digital eld emission gun, operated at 20 kV and 480 pA. We
used a temperature- and pressure-compensatedmass owmeter
(model 5200-2, TSI, Inc.) to measure the pressure drop of each
impactor nozzle plate (DPx, where x is equal to the stage number
(A, B, C, D, and E)) and impaction plate (DPimpaction), and used
these values to estimate the pressure at each impaction plate (Px
¼ Pambient − P

DPx − aDPimpaction, where a is equal to the
number of stages before stage x (0–3)). PE is calculated by using
the set of stages A, B, C, and E. Different sets of stages might
change the pressure on the impaction plates, thus altering the
50% cut-off size. Based on measured parameters (Px, U, and D)
and assumed particle density (rp ¼ 1.6 g cm−3), we used eqn (1)
and (2) to calculate each stage's theoretical 50% cut-off size
(dp,50,theo) and listed it in Table 1. However, several studies have
reported that particle density might vary between 1 and
2.5 g cm−3.67,69,72,74,76–78 To account for the ambient particle
density variation, we also include dp,50,theo calculated by using
rp equal to 1 and 2.5 g cm−3 as uncertainties in Table 1.

To evaluate the performance of the impactor, we calculated
the collection efficiency (h) of each stage using:

h ¼ ndp ; before � ndp ; after

ndp ; before
� 100% (3)

where ndp, before and ndp, aer are the particle number concen-
trations at dp before and aer the impactor stage. ndp, before is
measured as the total particle concentration before an impactor
and ndp, aer is measured as the total particle concentration aer
an impactor with the impaction plate. We use ammonium
sulfate (AMS) particles, laboratory-generated polystyrene latex
microspheres (PSL, sizes are 0.803� 0.014, 1.592� 0.016, 2.994
� 0.031, and 6.007 � 0.040 mm), and deionized (DI) water
droplets to determine the collection efficiency of particles. AMS
particles and DI water droplets were generated by atomizing
500 mL of �10 g L−1 AMS solution and 400 mL DI water,
respectively, with a nitrogen ow at 3 LPM using an aerosol
generator (model 3076, TSI, Inc.), and PSL particles were
generated by nebulizing�4 mL of�0.01 vol% PSL solution with
2 LPM nitrogen using a medical nebulizer (8900-7-50, Salter
Labs, Inc.). We conditioned AMS and PSL particles in a diffu-
sion dryer (model 306 200, TSI, Inc.) to reach a relative humidity
below 15%. AMS solution was prepared by dissolving �4 g AMS
(CAS number: 7783-20-2, Sigma Aldrich) in �0.4 L DI water. PSL
solution was prepared by diluting concentrated PSL solution
(Part numbers: AP3800A, AP4016A, AP4016A, and AP4206A,
respectively, Applied Physics, Inc.) with DI water. We used
a scanning mobility particle sizer (SMPS, TSI, Inc.) to measure
the number size distribution within the size range of 0.01–1 mm.
The SMPS includes an electrostatic classier (Model 3082, TSI,
Inc.) coupled with a long differential mobility analyzer (DMA,
Model 3081A, TSI, Inc.) and a versatile water-based condensa-
tion particle counter (WCPC, model 3789, TSI, Inc.). To calcu-
late the collection efficiency of particles larger than 1 mm, we
used an optical particle counter (OPC, Model 804, Met One
Instruments, Inc.) to measure the concentration of the particles
© 2022 The Author(s). Published by the Royal Society of Chemistry
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before and aer stage A in size ranges of 0.7–1, 1.0–2.5, 2.5–5.0,
and 5.0–10.0 mm. The OPC was calibrated before the experi-
ment, and the uncertainty of each size range was within 10%.
This uncertainty has been accounted for in the measurement
uncertainties. This study only used AMS particles for SMPS
measurements and PSL particles and DI water droplets for OPC
measurements.

Moreover, we collected dry Suwannee River fulvic acid (SRFA,
1S101F, International Humic Substance Society) particles and
Arizona test dust (ATD, ISO 12103-1, A1 ULTRAFINE TEST
DUST, Powder Technology Inc.) particles with a STAC impactor
to evaluate the size range of particles on each impactor stage.
Dry SRFA particles were generated using a medical nebulizer
(model 8900-7-50, Salter Labs, Inc.) by nebulizing 3 mL of
500 ppm SRFA DI water solution with a nitrogen ow at 2 LPM
and then drying the stream with the same diffusion dryer. Dry
ATD particles were generated using a customized dry particle
disperser by blowing 3 mg ATD with a nitrogen ow at 1 LPM.
We also added an additional nitrogen ow to SRFA and ATD
sample ows to make up the total ow rate needed for the STAC
impactor. Dry SRFA and ATD particles were collected on carbon
Type-B TEM grids (Ted Pella Inc) loaded on the impaction plate
of each stage and then used computer-controlled scanning
electron microscopy with energy-dispersive X-ray spectroscopy
(CCSEM-EDX) to probe their area equivalent diameter.79,80

CCSEM-EDX utilizes an ESEM (Quanta 3D, Thermo Fisher)
equipped with an FEI Quanta digital eld emission gun, oper-
ated at 20 kV and 480 pA, to retrieve individual particles' shape,
morphology, and projected size (area equivalent diameter)
based on their ESEM images. The CCSEM-EDX is equipped with
an EDX spectrometer (EDAX, Inc.) to probe the spectra of
individual particles. SRFA has advantages such as dry SRFA
particles are spherical and stable under an electrical beam and
have a wide size distribution (from <100 nm to >5 mm).55,81,82
2.4 Field deployment of the STAC platform on a tethered
balloon system

We deployed the STAC platform via the ARM's TBS to collect
ambient particle samples and meteorological data at the SGP
atmospheric observatory (DOE's ARM mega-site), located near
Lamont, in north-central Oklahoma, on February 14th, 2022.
Ambient particles were collected onmultiple substrates (TEM B-
lm grids, lacey grids, and silicon nitride substrates) loaded on
4-stage STAC impactors. The STAC platform is also equipped
with an OPC and amicro-Aeth. During each TBS ight, the STAC
platform was attached to the TBS along with one condensation
particle counter (CPC, model 3007, TSI) and one printed optical
particle spectrometer (POPS, Handix Scientic) to measure the
particle concentration and size distribution, one iMet radio-
sonde, and one wind speed and direction sensor to monitor
meteorological conditions. The TBS was launched at 18:25
(UTC) and grounded at 21:38 (UTC). Sample collection condi-
tions are illustrated in Table S1.†During this ight, we collected
5 STAC impactors (IM1–IM5). IM1 was collected when the STAC
platform was loitering at�200 m above ground level (AGL), IM2
was collected when the STAC platform was ascending from
© 2022 The Author(s). Published by the Royal Society of Chemistry
�200 m AGL to �400 m AGL, IM3 was collected when the STAC
was loitering at �400 m AGL, IM4 was collected when the STAC
platform was ascending from �400 m AGL to �700 m AGL, and
IM5 was collected when the STAC platform was ascending from
�700 m AGL to �850 AGL. Each impactor sample was collected
for 30 min. Under these sampling conditions, around 105

particles per STAC impactor are deposited. This particle loading
is suitable for multi-modal offline analyses. Typically, similar
particle concentrations are needed for chemical composition,
optical properties, and ice nucleation measurements. Lower
particle loadings are needed for relative humidity-dependent
phase state and hygroscopicity measurements as particles will
grow and coalesce aer water uptake. We select an area away
from the center impaction point for these experiments, where
particle loadings are lower.

In this study, we focus only on the vertical distribution of
aerosol composition using single particle analysis via CCSEM-
EDX and scanning transmission X-ray microscopy with near-
edge X-ray absorption ne structure spectroscopy (STXM-
NEXAFS). We performed CCSEM-EDX analysis on stage C and
D samples to characterize the morphology and quantify the
relative element percentage of 15 elements (C, N, O, Na, Mg, Al,
Si, P, S, Cl, K, Ca, Mn, Fe, and Zn) of individual particles in eld-
collected samples. Due to the lack of coarse mode particle
concentrations during this case study, stage A and B particle
loadings were poor. We focused on stage C and D samples
because of sufficient loadings for CCSEM-EDX analysis. Based
on their relative elemental percentage, we classied each
particle as carbonaceous, sulfate, sodium-rich (Na-rich),
sodium-rich with sulfate (Na-rich/sulfate), dust, silicon with
sulfate (Si + S), potassium with sulfate (K + S), and others using
previously dened parameters.60

Moreover, we also used STXM-NEXAFS at beamline 5.3.2.2 of
the Advanced Light Source (ALS) at the Lawrence Berkley
National Laboratory to probe the carbon functional groups and
mixing state of organic (OC), inorganic (IN), and elemental
carbon (EC).83–88 STXM uses a monochromatic so X-ray beam
generated from a synchrotron light source and a zone plate with
25 nm outer zones to focus on spotting size. The transmitted
intensity of X-rays at each pixel in STXM images is recorded by
raster scanning the sample under xed beam energies.83

3. Results and discussion
3.1 Measurements of pressure drop at each stage and
a theoretical 50% cut-off diameter

Table 1 summarizes the STAC impactor's design and operating
parameters for the 3 LPM sampling ow rate. As shown in Table
1, the tolerance of the nozzle hole diameter is less than 2% and
increases with the decrease in the hole diameter. This is ex-
pected due to the mechanical vibration when using a smaller
drill. The pressure above the impaction plates decreases grad-
ually from stage A to stage D. However, the pressure above the
stage E impaction plates decreases sharply due to the smaller
nozzle size. The theoretical 50% cut-off sizes (dp,50,theo) derived
based on the measured pressure above the impaction plate and
nozzle size for stage A to stage E are about −4%, 3%, 12%,
Environ. Sci.: Atmos., 2022, 2, 1263–1276 | 1267
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Fig. 2 (a) Particle collection efficiency at each stage as a function of
particle diameter (dp). (b) Particle loss at each stage as a function of dp.
The shaded areas represent uncertainties in collection efficiency.
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−11%, and 15% different from the designed 50% cut-off size
(dp,50,design), validating our design. The increase in the differ-
ence between dp,50,theo and dp,50,design might contribute to the
increased variance of nozzle diameter from stage A to E.
3.2 Laboratory evaluation of impactor stages

3.2.1. Collection efficiency of laboratory-generated parti-
cles. Laboratory-generated particle collection efficiency for each
stage as a function of particle diameter (dp) is plotted in
Fig. 2(a). The experimentally derived 50% cut-off particle sizes
(dp,50,exp) and uncertainty size ranges of dp,50,exp for each stage
are 2.27 (1.68–2.89), 0.615 (0.571–0.651), 0.421 (0.413–0.429),
0.119 (0.117–0.121), and 0.069 (0.067–0.070) mm, respectively
(see Table 1). The collection efficiency for stage A retrieved from
the OPC is the average of DI water droplets and PSL particles,
and we used logarithmic interpolation to retrieve the diameter
at a certain collection efficiency. To evaluate the performance of
each stage of the STAC impactor, we compared the dp,50,exp with
dp,50,theo. As shown in Table 1, dp,50,exp values for each stage are
very close to dp,50,theo, and the differences between dp,50,exp and
dp,50,theo are about 5.4%, 0.88%, 5.8%, 10.7%, and −20.3%,
respectively. The difference between dp,50,exp and dp,50,theo
1268 | Environ. Sci.: Atmos., 2022, 2, 1263–1276
increases from stage B to E, whichmight be due to the increased
variance of nozzle diameters and pressure drop across the
impactor nozzle plates. Moreover, the difference between stage
A dp,50,exp and dp,50,design and dp,50,theo might be partially due to
the wide width of the size bin of the OPC, which measures the
total particle count of particles with dp between 1 mm and 2.5
mm.Moreover, only stage E has a 50% cut-off size larger than the
theoretical value due to the more signicant particle loss of the
stage E impactor nozzle plate caused by the smaller nozzle hole
size (see Fig. 2(b)). For stages B and C, the uncertainty in dp,50,exp
increases with the particle size due to the decrease in particle
concentrations for particles larger than 0.7 mm.

Particle loss in each stage within the size range of 10% and
90% collection efficiency is evaluated by removing the impac-
tion plate and measuring the AMS particles, PSL particles, and
DI water droplet concentration before and aer the STAC
impactor using the SMPS and OPC. As shown in Fig. 2(b), the
curves of particle loss as a function of particle diameter for each
stage have a U-shape due to increasing diffusion loss with the
decrease in particle size and increased gravitational and inertial
deposition loss with the increase in particle size. Overall, for
each stage, the particle loss is signicantly lower than the
collection efficiency in the collection particle size range of
stages B to E (less than 10%). However, particle loss can
increase to more than 14% for stage A when particles are larger
than 5 mm. This might be because of increasing static electricity
loss caused by rubber O-rings inside the impactor and deposi-
tion loss of larger particles.

The precision in particle separation characteristics of each
impactor stage is represented by the sharpness of the collection
efficiency curve of that stage, which can be quantied in terms
of the geometric standard deviation (sg, sg ¼ (dp,84%/dp,16%),
where dp,84% and dp,16% are the particle diameters correspond-
ing to 84% and 16% collection efficiency, respectively).65 The
experimentally derived sg values for each stage are listed in
Table 1. Theoretically, lower sg values indicate better particle
separation at an impactor stage. As shown in Table 1, the sg

values of stages B to E are approximately 1.24–1.53, indicating
reasonably sharp aerodynamic particle separation characteris-
tics of each stage. However, sg for stage A is �4.97, which is
signicantly larger than that of other stages. The wider size bin
of the OPC might respond to this large sg.

3.2.2. Laboratory evaluation of the collected particle size
range at each stage. Particle size distributions and representa-
tive ESEM images of dry SRFA particles and ATD particles at
each stage are shown in Fig. 3. As shown in Fig. 3(a–e), SRFA
particles collected on stages A, B, C, D, and E have size ranges of
�0.36–5.7 mm, �0.23–2.8 mm, �0.14–1.4 mm, �0.071–1.8 mm,
and �0.045–0.71 mm, respectively. The size modes for stages A,
B, C, D, and E are�1.4 mm,�0.90, �0.43,�0.38, and�0.11 mm,
respectively. The ATD particles collected on stages A to D have
size ranges of �0.45–7.1 mm, �0.23–2.5 mm, �0.18–1.8 mm, and
�0.11–1.8 mm, with size modes at�1.4, 0.75, 0.45, and 0.40 mm,
respectively (Fig. 3(f–i)), agrees well with the experimentally
estimated collection efficiency. Sub-micron size particles
(smaller than 1 mm) were collected at stage A due to the inertial
deposition of small particles. We have observed �14.1% of ATD
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CCSEM-EDX measured particle size distribution of SRFA particles collected on stage A to E (a to e) and ATD particles collected on stage A
to D (f to i). The insets are representative ESEM images of particles at each stage. AED stands for area equivalent diameter. The black dashed lines
represent Gaussian fitting to the size distribution.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 8
:2

1:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
particles on stage D and�7.5% and�3.8% of SRFA particles on
stages D and E, respectively, larger than the 100% collection
efficiency cut-off size of the previous stage particles, which
might bounce from higher to lower stages.89 The fraction of
these bounced particles depends on the particles' properties,
such as viscosity and density, and environmental conditions,
such as relative humidity and temperature.90 Moreover, the cut-
off sizes of each stage are based on aerodynamic diameter,
while the CCSEM-EDX measures the projected area equivalent
diameter, which differs from the aerodynamic particle size.
3.3 Vertical gradient of aerosol properties using the STAC
platform

Fig. 4 shows a representative example of a ight pattern during
eld deployment of the STAC platform at the ARM's TBS at the
SGP site on February 14th, 2022, including the total particle
concentration, temperature, RH, and altitude. Representative
raw data from the OPC and microAeth are shown in Fig. S2,†
indicating the variation of particle concentration and their light
© 2022 The Author(s). Published by the Royal Society of Chemistry
absorption properties at different altitudes. Insets in Fig. 4 show
the combined size-resolved chemical composition obtained
from CCSEM-EDX analysis of stage C and stage D samples for 5
STAC impactors (IM1–IM5) collected at about 200 m, 200–400
m, 400 m, 400–700 m, and 700–850 m AGL, respectively.
Representative ESEM images of particles collected on each stage
for IM5 (700–850 m) are shown in Fig. S3.† Overall, Fig. 4 shows
variations in the ambient conditions, particle chemical
composition, and particle concentrations at different altitudes.
As expected, ambient temperature decreases and RH increases
with increasing altitude. The CPC data show a higher concen-
tration of particles at 200–400 m AGL and 700–850 m AGL
altitude ranges than that of other samples collected at different
altitudes. The particle size ranges from CCSEM-EDX analysis
were not signicantly different for samples at different alti-
tudes. However, size distribution varies at different altitudes.
For example, at a lower altitude (200 m AGL), the mode is
shied towards a larger size (�1 mm), while in the highest
altitude range (700–850 m), the mode is towards smaller parti-
cles (�0.2 mm). Overall, these size ranges exceed the expected
Environ. Sci.: Atmos., 2022, 2, 1263–1276 | 1269
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Fig. 4 TBS profile during one of the flights on February 14th, 2022, at the ARM SGP site. Ambient aerosol particle samples were collected using
the STAC platform at about 200, 200–400, 400, 400–700, and 700–850 m AGL. The color bars on the left represent the total particle
concentration of particles smaller than 1 mm retrieved from the CPC. The color bars on the right represent relative humidity and temperature. The
figures in the insets show the combined size-resolved composition obtained from stage C and stage D samples for 5 STAC impactor samples
collected at different AGL altitudes (IM1 (200 m), IM2 (200–400 m), IM3 (400 m), IM4 (400–700 m), and IM5 (700–850 m)) The shaded red area
indicates the collection periods for 4-stage STAC impactors separated by the vertical black dashed lines. AED stands for area equivalent diameter.
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collection size range of stages C and D of STAC impactors, and
we did not see particle aggregation based on ESEM images (see
Fig. S3†). One potential explanation is that these particles might
be in a liquid state with low viscosity so that they spread out and
deform to a at shape when they impact the substrate.55,91,92
Fig. 5 (a) Representative carbon K-edge STXM-NEXAFS spectra of OC +
observed in IM1 (200 m) stage D. (b) STXM-NEXAFS was used to analyze
different colors represent organic carbon (green), inorganics (cyan), and

1270 | Environ. Sci.: Atmos., 2022, 2, 1263–1276
Another explanation is that large particles could bounce from
higher to lower stages.89 Fig. 4 shows that most of the particles
collected during this ight on stages C and D are carbonaceous
(�79.8–96.2%). Even if the major fractions of particles are
carbonaceous at different altitudes, the size modes of
IN, OC + EC + IN, OC, and OC + EC from different types of particles
the carbon speciation maps of all the particles from IM1 stage D. The
elemental carbon (red).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CCSEM-EDX derived size-resolved chemical composition of ambient particles collected at the ARM SAIL ground site on December 9th,
2021, for (a) stage A, (b) stage B, (c) stage C, and (d) stage D. The insets are representative ESEM images of particles on each stage. AED stands for
area equivalent diameter.
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carbonaceous particles are different, suggesting different
atmospheric processing along the vertical column. Moreover,
from IM1 (200 m AGL) to IM2 (400 m AGL), the fraction of dust
particles increased from �2.8% to �3.7%, and there was
a signicantly lower fraction of dust particles at 400 m, 400–700
m, and 700–850 m AGL (�0.4% and �1.5%, respectively),
indicating that the dust source might be local dust emission.93 A
small fraction of sulfate particles has been found in all samples
(�1.0–7.0%), with the highest fraction at 200–400 m AGL
(�7.0%). These sulfate particles in all samples have a size range
between 0.2 and 1 mm. Sulfate particles larger than 0.6 mm
might be products of cloud processing and subsequent trans-
port back to low altitudes,20,94–99 and those less than 0.6 mm
might be generated from possible anthropogenic sources.100,101

Aerosol particle samples collected by using the STAC plat-
form can be used for multi-modal analysis. For example,
samples collected on TEM grids can be utilized for chemical
imaging. Fig. 5 shows representative carbon K-edge STXM-
NEXAFS spectra and chemical speciation maps of four typical
particle mixing states we observed and the carbon speciation
maps of all the particles analyzed by STXM-NEXAFS from STAC
impactor stage D of IM1 (200 m). As shown in Fig. 5, IM1 is
dominated by OC (�79.3%) at the time of sample collection. We
also observed considerable fractions of IN (�9.0%) and EC
(�8.4%) internally mixed and coated with OC, suggesting that
our samples might have been aged during transport.102–104
© 2022 The Author(s). Published by the Royal Society of Chemistry
We present another case study of size-resolved particle
composition at the ground site to demonstrate the ability to
collect a wide size range of ambient particles for 24 h using the
STAC platform during the ARM Surface Atmosphere Integrated
Field Laboratory (SAIL) ground site near Crested Butte, Colo-
rado, on December 6th, 2021.105 We show an example of size-
resolved chemical composition using the same classication
method60 and a representative microscopy image of particles
collected on stages A, B, C, and D (Fig. 6). Sample collection
conditions are illustrated in Table S2.† As shown in Fig. 6,
chemical compositions are highly variable across stage A to
stage D. Carbonaceous particles dominate in all stages, and
their number fractions increase from stage A (�29.2%) to stage
D (�86.8%). Besides carbonaceous, sulfate particles are the
second highest fraction in all stages (�10.9–43.7%). Dust and K
+ S particles have a high contribution in stages A and B (24.7%
and 4.0% for stage A and 21.2% and 1.5% for stage B, respec-
tively). These K + S particles are typically associated with aged
biomass-burning aerosols.106 The variance in SGP TBS samples
and SAIL ground samples highlights the variations in aerosol
composition at different geographical locations.
4. Conclusion

We present a vertical gradient of size-resolved aerosol compo-
sition using a newly developed lightweight automated size- and
Environ. Sci.: Atmos., 2022, 2, 1263–1276 | 1271
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time-resolved aerosol collector (STAC) platform integrated with
environmental sensors. The system can be programmed to
capture aerosols for different time intervals depending on the
ambient aerosol concentrations. The platform has been
deployed on the ARM's TBS in several ARM eld campaigns. Our
laboratory and eld evaluation of the STAC platform suggests
that it can be used to collect aerosol particles with broad size
ranges with high time resolution (minutes to hours). For
example, the system can collect particles while intersecting
different layers of plumes or different layers of clouds to study
the evolution of particles in the atmosphere. The vertical
gradient of aerosol composition for the case study shows
a similar composition of particles with a different size distri-
bution, suggesting either different aerosol sources and/or
atmospheric processing at different altitudes.

Simultaneous particle collections on various substrates
facilitate multi-modal and correlative analysis to probe their
physical (e.g., the phase state and morphology), chemical (e.g.,
the size-resolved chemical composition and mixing state),
optical (light absorption and scattering), and ice nucleation
properties. Besides sample collection, the STAC platform
monitors meteorological conditions, aerosol particle size
distribution, and optical properties. Thus, the STAC platform
serves other atmospheric research, such as the vertical prole of
aerosol chemical composition, multi-phase chemistry, and ice
formation potential. The current limitation of the STAC plat-
form includes the lack of information about sample loading on
the substrate. Future studies will include data from controlled
laboratory experiments with a range of particle concentrations
monitored by the OPC with different sampling durations. The
STAC soware can be modied to convert the system into an
adaptive and triggered sampling system to automatically switch
the valve and move to the next sampling impactor once particle
loading reaches a certain number using the integrated OPC
particle concentration data. The system can be easily modied
to be utilized as a long-term sample collection system at ground
sites and remote locations. Furthermore, several other sensors
for gas and volatile organic compound measurements can be
integrated into the STAC platform for ux studies.
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