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36 Abstract

37 In aerosol science, there is an increasing interest to perform mobile measurements to obtain number size distribution
38 of ultrafine particles (UFP), using portable instruments based on unipolar charging and size segregation by electrical
39 particle mobility. Applications of such measurements range from ambient and indoor aerosol studies to source
40 identification in work environments. However, knowledge on the actual measurement uncertainties of these portable
41 instruments under various conditions has been limited. This investigation presents results from an intercomparison
42 workshop conducted at the World Calibration Center for Aerosol Physics (WCCAP) in Leipzig, Germany, in January
43 2020. Manufacturers and users were invited to have their portable instruments tested and compared against reference
44 instrumentation for particle number size distributions (PNSD) and total particle number concentration (PNC). In
45 particular, the performances and uncertainties of the NanoScan SMPS (Scanning Mobility Particle Sizer) Model 3910
46 (TSI Inc.) and the Mini Wide Range Aerosol Spectrometer (WRAS) Model 1371 (Grimm Aerosol Technik) were
47 investigated extensively against the WCCAP Mobility Particle Size Spectrometers (MPSS) and Condensation Particle
48 Counters (CPC). A total of 11 TSI NanoScan SMPS and 4 GRIMM Mini WRAS instruments were characterized for
49  ambient aerosols as well as lab-generated aerosols.

50  The workshop results affirm that the portable instruments must be serviced and calibrated annually or prior field
51 studies to provide measurements within the given uncertainties. It should be noted that users should carry out timely
52 service, maintenance and calibration of portable instruments at their facilities. During initial inspection, non-serviced
53 NanoScan SMPS instruments overestimated a dominant ultrafine aerosol mode by 120% at around 80 nm.
54 Maintenance and servicing improved the performance. Overall, the performance of NanoScan SMPS instruments
55 improved for the ultrafine aerosol mode while the PNC in the fine aerosol mode still overestimated by up to 80%. The
56 latter effect seems to be systematically related to the unipolar charging of particles, and the reduced sensitivity of
57 electrical particle mobility with increasing particle size above 200 nm. Due to shift in the second mode of bimodal
58  distribution, particles are overcounted around 100 nm. With regard to the integral PNC, some of the NanoScan SMPS
59 found to be in good agreement (i.e. within 20%) compared to the reference CPC. In addition, a reasonably good unit-
60  to-unit agreement within +20% was found for NanoScan SMPS instruments. The Mini WRAS instruments, after
61 proper cleaning and servicing, provided improved results within £15% deviation in PNC in the ultrafine aerosol mode.
62  Overall, most of the GRIMM Mini WRAS instruments (operating with software version 10.0) agrees well with PNC
63 (i.e. 10-50%) when the ultrafine mode was dominant. Conversely, PNC of the fine aerosol mode was systematically
64  underestimated by 60% above 100 nm. Except for one instrument, the integral PNC of the GRIMM Mini WRAS
65 spectrometers were within an uncertainty range of £20% compared to the reference CPC. Additionally, it is important
66  for users to note that the Mini WRAS performed significantly better when using software version 10.0 compared to
67 version 8.2.

68 The workshop results suggest that despite the above-mentioned uncertainties, these portable instruments are suited for
69 mobile ultrafine particle measurements to detect relative differences in the PNSD such as source apportionment studies
70 of ultrafine particles at work places or outdoors near sources.

72 Introduction:

73 Ultrafine aerosol particles (UFP), defined as airborne particles smaller than 100 nm in diameter, have gained
74 increasing attention due to their potential role with regard to human health (Kwon et al., 2020) and climate (Kerminen
75 et al., 2012). UFP are inadvertently emitted into the atmosphere by a number of processes, with combustion sources
76 such as combustion engines, stationary power generation, and natural forest fires counting among the most significant
77  (Lighty et al., 2000). Other sources of UFP include atmospheric nucleation as a result of photochemical processes
78 (Kulmala et al., 2014), and even abrasive processes such as break wear (Jansson et al., 2010). UFP have significant
79 progression rates with respect to aerosol dynamic processes such as coagulation and deposition. Considering the time-
80 dependency of source emission profiles, the spatial and temporal variations of UFP concentrations in the atmosphere
81 may be large (Ning and Sioutas, 2010; von Bismarck-Osten et al., 2013; Kumar et al., 2014).

82 A main hypothesis for their adverse health effects is their small size, allowing UFP to penetrate deep into the alveolar
83 region of the human lung (Kwon et al., 2020), cause size-dependent inflammatory effects (Brown et al., 2001), and
84  translocate to other organs such as the brain (Oberddrster et al., 2005). Atmospheric UFP contains significant fractions
85 of refractory combustion particles, which may not readily dissolve upon inhalation but can instead remain in human
86 tissue for long periods. Besides a refractory core of elemental carbon, they include organic coatings with substances
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of enhanced toxicity such as PAH (polycyclic aromatic hydrocarbons). Such particle types, in combination with
particle surface area, have been proposed as a surrogate for particle-induced health effects (Schmid and Stoeger, 2016).
A further concern related to UFP is engineered nanoparticles, which overlap with the size range of unintended UFP
(Madl and Pinkerton, 2009). Health effects of environmental pollutants on populations are usually determined by
epidemiological methods. Although having grown over the past two decades, the overall epidemiological evidence on
the health-effects of environmental UFP in humans has remained scarce and contradictory (Ohlwein et al., 2018). This
is due partly to the lack of suitable environmental data sets for UFP.

Owing to their small size, UFPs contribute only little to the quantitative measurement of mass-based metrics (PMo,
PMzs or PMy) or light scattering. This limitation also affects attempts to determine UFP chemical composition.
Instead, sensitive techniques based on physical particle counting have been developed to accurately measure UFP
number concentrations and particle size distributions (Kuhlbusch et al., 2011). Useful metrics for UFP include total
particle number concentration (PNC or TNC), and the particle number size distribution (PNSD). From a PNSD,
particle number and surface area concentrations can be derived for any desired particle diameter interval including the
UFP range.

High quality instrumentation to determine UFP-related parameters include condensation particle counters (CPC) and
the mobility particle size spectrometer (MPSS). A standard MPSS uses a bipolar diffusion charger to bring the aerosol
particle population into a well-known bipolar charge equilibrium (Wiedensohler et al., 1988). In an MPSS, particle
number size distributions are calculated from electrical mobility distributions employing the size-dependent bipolar
charge distribution in an inversion routine (Pfeifer et al., 2014). Due to their high particle size resolution MPSS data
describe the physical properties of a particle population between 0.01 and 1 um. An intercomparison between
concurrent MPSS and CPC measurements is useful to assure the quality of UFP measurement data by comparing a
size-selective and an integral aerosol measurement. A considerable body of atmospheric measurement data on PNSD
and total PNC data has been collected by various research groups using MPSS and CPC instrumentation. Significant
observations have been made at least since the 1990s, and have been extended to any kind of region of the globe -
remote, continental, urban, roadside, and industrial (Kecorius et al., 2017; Gani et al., 2019; Gong et al., 2020). MPSS
and CPC now form integral part of several continuously operating networks including ACTRIS (Aerosol, Clouds and
Trace gases Research Infrastructure, https://www.actris.eu), GUAN (German Ultrafine Aerosol Network; Birmili et
al., 2016), and multi-center health studies like RUPIOH (Aalto et al., 2005), UFIREG (Lanzinger et al., 2016) and
the 8 European cities study (Stafoggia et al., 2017).

MPSS and CPC instrumentation has also been applied to measure UFP concentrations in workplace environments
(Kuhlbusch et al. 2011; Koivisto et al. 2014; Fonseca et al. 2015a, b; Lépez et al., 2022). Indoor UFP concentrations
using a MPSS have, however, remained scarce in comparison (Zhao et al., 2020), and we are not aware of any
continuous observations indoors. In summary, there is a growing need to measure PNSD and PNC in various locations
and under different conditions (e.g., Wehner et al. 2002; Costabile et al. 2009; Asmi et al. 2011; Cusack et al. 2013).
In addition, there were some intercomparison experiments reported between stationary MPSSs and CPCs (Asbach et
al. 2012; Wiedensohler et al. 2012; Kaminski et al. 2013; Price et al. 2014). While stationary MPSS or CPC
instruments will be the preferred solution for long-term monitoring and high quality laboratory and field experiments,
the inherent limitations of a standard MPSS with respect to weight, dimension, and power requirement may hamper
their application in mobile settings, or when only quick estimates of a UFP number size distributions are necessary.
The use of a radioactive aerosol bipolar diffusion chargers in a standard MPSS may further hamper its deployment
under the safety standards in many countries.

Consequently, commercial manufacturers have developed more lightweight and portable instruments, which can
complement the radius provided by stationary MPSS instruments. Based on a recent survey of the actual use of these
instruments in the scientific community, two portable instruments were identified for this investigation: The NanoScan
SMPS model 3910 (TSI Inc.) and the Mini WRAS spectrometer 1371 (Grimm Aerosol Technik). The major
advantages of these instruments are easy to use, fast, portable, battery operated, relatively small dimension, and use
of a non-radioactive unipolar charger etc. Additionally, the charging efficiency of unipolar chargers is much higher
than bipolar chargers. A higher time resolution of these portable instruments may also be advantageous for short-term
measurements in environments with a more dynamic aerosol such as exposure assessment in occupational hygiene
settings (Jorgensen et al., 2020). However, some technological choices taken in these mobile instruments imply that
some processes such as charging and mobility classification tend to be less well defined than in a standard MPSS.
This may lead to deviations in the resulting PNSD and PNC in comparison with standard MPSS and CPC instruments,
which will be investigated in this paper.
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The TSI NanoScan SMPS model 3910 and the GRIMM Mini WRAS spectrometer 1371 spectrometer use a unipolar
diffusion charger. In contrast to bipolar charging, unipolar charging is associated with additional uncertainties. For
instance, it is known that pre-charged aerosol particles have an impact on the charging efficiency (Qi et al., 2009;
Kaminski et al., 2013). Using a unipolar diffusion charger in conjunction with pre-charged aerosol particles could lead
to a poorly defined unipolar charge distribution. In such cases, the data inversion will not be performed correctly, and
the resulting PNSD will be distorted. Furthermore, unipolar diffusion charging leads to a decreasing sensitivity of the
mean electrical mobility with increasing particle diameter in the fine aerosol mode. Instruments having a unipolar
charge inversion mechanism use an artificial inversion matrix, which cannot compensate for the insensitivity of the
electrical mobility, leading to an overestimation of the PNSD below 200 nm and underestimation above 200 nm. In
practice, this limits the application of such classification devices to the range below 200 nm. It is thus important to
evaluate the performance of the new portable instruments in view of how the aforementioned limitations may actually
be relevant in practice. The most important parameters for a performance evaluation of portable instruments are, a) an
inter-comparison with reference CPC and MPSS, b) checking the unit-to-unit variability, c) flow checks, and d) the
sizing calibration with certified PSL particles (except for instruments with limited size resolution).

So far, intercomparison studies between portable instruments such as TSI NanoScan SMPS model 3910 and the
GRIMM Mini WRAS spectrometer 1371 and stationary MPSS have been limited. Only a few studies were conducted
for the TSI NanoScan SMPS model 3910 instruments (Tritscher et al., 2013; Stabile et al., 2014; Hsiao et al., 2016;
Fonseca et al., 2016). These studies were only limited to either using laboratory-generated test aerosols such as NacCl,
Ag, polystyrene latex, ammonium sulfate (NH4).SO4 particles, di-ethyl hexyl sebacate (DEHS), TiO2, and diesel soot
particles) or using indoor aerosols. Yamada et al. (2015) tested the performance of the TSI NanoScan SMPS model
3910 using nano-TiO, powder as a test aerosol. They found large differences in PNSD when test aerosols were used
and could not explain the reasons. However, they found that the measured PNSD for indoor aerosols was quite
consistently measured by the TSI NanoScan SMPS model 3910 except for particles greater than 200 nm. Another
recent study comparing portable instruments in exposure environments reports large variations between nanoparticle
measurements and results for the four scenarios (inert metal gas (MIG) welding, polyvinyl chloride (PVC) welding,
cooking, and candle-burning) tested (Jorgensen et al., 2019). Stabile et al., (2014) compared the TSI NanoScan SMPS
model 3910 and a reference SMPS with various polydisperse test aerosols under laboratory conditions. They found
that the agreement was best for spherical particles. Vo et al., (2018) showed a performance comparison of field-
portable instruments (including TSI NanoScan SMPS model 3910) to a reference MPSS challenged by monodisperse
and polydisperse sodium chloride aerosols. They found that the PNC measured by TSI NanoScan SMPS model 3910
is within 13% of the reference MPSS for monodisperse aerosols. However, to use these portable instruments in
ambient conditions, to the best of our knowledge, no such intercomparison study is available.

The goal of this study was to determine the uncertainties of PNCs and PNSDs measured by the TSI NanoScan SMPS
model 3910 and the GRIMM mini WRAS spectrometer 1371 portable particle size spectrometers in comparison to
reference MPSS and CPC of the WCCAP. We tested the portable instruments’ performance and uncertainties using
certified monodisperse PSL particles, ambient urban aerosol, and a polydisperse sodium chloride aerosol.

2. Methodology:
2.1 Instrumentation

Two types of portable particle size spectrometers are compared against reference instrumentation (see Table 1). A
TROPOS-designed MPSS (referred to as WCCAP MPSS) served as a reference instrument for PNSD measurements.
It is regularly calibrated for sizing (PSL certified standard at 203 nm) and total particle number concentration, using
a calibrated reference CPC. The total CPC of the MPSS is regularly calibrated at the WCCAP against a calibrated
faraday cup aerosol electrometer (FCAE), which is annually calibrated at the PTB (Physikalisch-Technische
Bundesanstalt), the German National Metrology Institute (NMI). The MPSS and its calibration procedures are
described extensively in Wiedensohler et al. (2018).

2.1.1 TSI NanoScan SMPS model 3910

The TSI NanoScan SMPS model 3910 (TSI Inc., Shoreview, MN, USA) is a portable MPSS (Tritscher et al., 2013)
of compact dimensions (45 x 23 x 39 cm). It is specifically designed to measure PNSD within the range of 10-420 nm
(13 size channels while in scanning mode) with a sampling time of 60 s. A non-radioactive unipolar diffusion charger



https://doi.org/10.5194/amt-2022-155 Atmospheric
Preprint. Discussion started: 16 May 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques

190
191
192
193
194
195
196
197
198
199
200
201
202

203
204

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

221

222
223

Discussions

(corona jet type; Medved et al. 2000), a radial differential mobility analyzer ((DMA; Zhang et al. 1995; Fissan et al.
1998), and an isopropanol-based CPC are the main components of this instrument. The working principle is as follows.
The aerosol flow (inlet: 0.75 L min) enters the instrument and is then pre-conditioned to remove larger particles
using a cyclone with a cut-off diameter of 550 nm. Afterwards, all aerosol particles are positively charged in a corona-
jet-type unipolar diffusion charger using the opposed flow technique to ensure the stability of the ionizer needle. The
0.25 L min! of the charged aerosol sample flow passes through a radial DMA, whose bottom plate is at a high negative
voltage and the top is at ground. During 45 s of the ‘scanning mode’ measurement, the radial DMA’s voltage is ramped
up to scan the particle size range from 10 to 420 nm (equivalent mobility diameter in case of singly charged particles).
The particles are counted in an isopropanol-based CPC. This built-in CPC is similar to the handheld CPC model 3007
(TSI Inc.) (Hameri et al., 2002). Applying an inversion matrix including a unipolar charge distribution, the PNSD is
calculated with a size resolution of 13 size bins (midpoint diameters are: 11.5, 15.4, 20.5, 27.4, 36.5, 48.7, 64.9, 86.6,
115.5, 154.0, 205.4, 273.8 and 365.2 nm). From the inverted PNSD the instrument determines and reports the total
PNC and geometric mean diameter as well.

2.1.2 GRIMM Mini WRAS spectrometer 1371

The GRIMM Mini WRAS spectrometer 1371 (Grimm Aerosol Technik) is also a compact device for aerosol
measurements (23 x 25 x 22 cm) that combines two measurement techniques: an optical aerosol spectrometer to
determine the particle size distribution in 31 equidistant channels from 250nm to 35um and an electric sensor called
“nano sizer” to size ultrafine particles by their electrical mobility diameter in the size range from 10 to 200 nm with a
resolution of 10 size bins (midpoint diameters are: 10, 14, 19, 27, 37,52, 72, 100, 139, 193 nm). Details on the GRIMM
optical aerosol spectrometer is reported e.g. by Burkart et al., (2010). The nano sizer consists of a unipolar diffusion
charger, a deposition electrode, and an FCAE. Here, the aerosol inlet flow rate of 1.2 L min* is led to a unipolar
diffusion charger. This charger generates a high ion number concentration using high positive voltage between a
central corona wire and a surrounding circular screen grid. The ions are then accelerated by the electric field in the
direction of the screen, pass it, and are directed further towards the outward-lying grounded housing (virtual earth).
The sample aerosol is passed through the ion cloud between the screen grid and the grounded housing, and the aerosol
particles are unipolarly charged. Subsequently, the particles enter the deposition electrode, where a negative voltage
is continuously ramped in 10 steps from high voltage to low voltage within 60 seconds, thereby changing the threshold
electrical mobility of particles that are allowed to enter the FCAE for detection. The PNSD is calculated by using an
inversion algorithm that includes Kernel functions for the size-dependent penetration efficiency of charged,
monodisperse particles through the deposition electrode.

Table 1: Specifications of instruments used during the inter-comparison workshop. Instruments No. 1 and 2 are the
portable aerosol spectrometers under study, while No. 3 and 4 are WCCAP’s reference instrumentation.

Instrument | Manufactu | Studied Size Size Time Aeroso | Sheath | Other
rer Metric range resolution resoluti | I/Inlet | flow Specificatio
(nm) (Total on (s) Flow (Lmin" | ns
number of (L h
bins) mint)

1. | TSI TSI Inc. PNSD+PNC | 10-420 | 13 60 0.75 - Non-
NanoScan radioactive,
SMPS unipolar
model 3910 diffusion

charger
(corona jet
type)

2. | GRIMM GRIMM PNSD+PNC | 10-193 | 10 60 1.2 - Non-
Mini Aerosol radioactive,
WRAS Technik unipolar
model 1371 diffusion

charger,
Faraday
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Aerosol
Electromete
r (FCAE)
3. | WCCAP WCCAP PNSD+PNC | 10-800 71 300 1 5 Bipolar
MPSS diffusion
charger,
85Kr, 370
MBq
radioactive
source, TSI
CPC 3772
4. | Reference TSI Inc. PNC >10nm | - 1 1 - -
CPC model
TSI 3772

224
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226
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229
230
231

232
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235

2.2 Laboratory setup and Experimental approach:

The intercomparison experiments of the portable instruments were divided into two periods: NanoScan SMPS model
3910 from Jan. 27-29, 2020, and the GRIMM Mini WRAS spectrometer 1371 from Jan. 29-31, 2020. Data were
recorded for 1 min average for the portable instruments, while for WCCAP MPSS, the 5 min averaged data was
generated. Most of the participating TSI NanoScan SMPS model 3910 were operated with NanoScan Manager version
1.0, while the FMI instruments had a homemade data acquisition software and the firmware 1.2 and 1.3 for their two
instruments, respectively (Table Al).

Table 2: Specifications of instruments used during the inter-comparison workshop.

Instruments

Participating Institutes

TSI NanoScan

1. TSI GmbH, Germany

Technische Universitat Braunschweig, TUBS

Danish Technological Institute, DTI

Institute for Combustion and Power Plant Technology, IFK

Institute of Environmental Assessment and Water Research, IDAEA-CSIC
Wessling GmbH

Norwegian University of Science and Technology, NTNU

Finnish Meteorological Institute, FMI

Politecnico di Torino, PdT

Federal Environment Agency (UmweltBundesamt), UBA Langen

©oNOGA WD

=
=

GRIMM Mini WRAS

Universita Cattolica del Sacro Cuore, UNICATT
GRIMM Aerosol Technik
Institute of Ceramic Technology, ITC

WCCAP MPSS

Pl N e

Leibniz Institute for Tropospheric Research, TROPOS

Table 3: Experimental procedure followed during the inter-comparison workshop.

Date

Experimental activities from January 27-31, 2020

January 27, 2020

Initial intercomparison without service and maintenance (TSI NanoScan SMPS)
> Setting up the TSI NanoScan SMPSs beside the WCCAP MPSS.
> Zero and leak check
> Flow checks using Gillian Gilibrator.
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> Overnight run (initial intercomparison) of all TSI NanoScan SMPS instruments and the WCCAP
MPSS from 06.00 pm- 06.00 am, using the ambient aerosol.

January 28, 2020

Final intercomparison after service and maintenance (TSI NanoScan SMPS)
> A manufacturer’s maintenance service.
e Cleaning of the inlet impactor
e Checking or exchanging of the wick and filters
e Cleaning of the unipolar charger and cyclone
> Size calibration with certified 125 nm PSL particles
Overnight run (final intercomparison) of all TSI NanoScan SMPS instruments and the WCCAP
MPSS from 06.00 pm to 06.30 am, using the ambient aerosol

\4

January 29, 2020

Size calibration with certified 125 nm PSL particles (TSI NanoScan SMPS)
Zero and leak check

Flow checks using Gillian Gilibrator

Calibration with polydisperse NaCl particles.

vV VYV

\4

January 29, 2020

Initial intercomparison without service and maintenance (GRIMM Mini WRAS)

> Setting up the GRIMM Mini WRAS beside the WCCAP MPSS.
Zero and leak check
Flow checks using Gillian Gilibrator.
Overnight run (initial intercomparison) of all GRIMM Mini WRAS instruments and the WCCAP
MPSS from 06.00 pm- 06.00 am, using the ambient aerosol (UNICATT instrument run on software
version 10.0, ITC used version 7.2 instrument model while both GRIMM instruments were

YV VYV

operated with on 8.2 version; Table A4)

January 30, 2020 Final intercomparison after service and maintenance (GRIMM Mini WRAS)
> Size calibration with certified 125 nm PSL particles

> Calibration with polydisperse NaCl particles

> All GRIMM Mini WRAS are changed to software version 10.0

MPSS from 06.00 pm-06.30 am, using the ambient aerosol

Overnight run (final intercomparison) of all GRIMM Mini WRAS instruments and the WCCAP

3. Results and Discussion
3.1 Initial inter-comparison of the NanoScan SMPS model 3910 instruments using ambient aerosol

The first intercomparison experiment was done with all instruments without any service to determine the actual
performance at the arrival. The intercomparison was done from 06.00 pm on Jan. 27 to 06.00 am on Jan. 28, 2020,
using the WCCAP MPSS as a reference. During ambient aerosol sampling, the NTNU instrument failed just after 10
minutes of operation and sampled room-air. Thus, NTNU data is not considered in figures 1 and 2. Based on the
contour plot of the PNSD, the most stable time periods were selected for discussion and interpretation. Figure la
represents the intercomparison for the ambient run (Jan. 27, 2020) from 07.00 pm to 11.00 pm. During this period,
mainly a bimodal PNSD in ultrafine aerosol mode was observed. However, NanoScan instruments failed to identify
the peak around 25 nm. Compared to the WCCAP MPSS, the mode peak in ultrafine aerosol mode for NanoScan
SMPS was deviated by 10% in size. Furthermore, the PNC of the first ultrafine aerosol mode was underestimated by
60%, and the PNC of dominant ultrafine aerosol mode was overestimated by 120%. The latter is probably a
misclassification caused by the unipolar charging. The PNC of the NanoScan SMPS instruments lies mostly within
the £20% range of the PNC measured by the reference CPC as shown in Fig. 1b. Additional uncertainties for the
PNSD and PNC may also derive from the limited number of particle size bins, as described in (Buonanno et al., 2009).
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253 Furthermore, the NanoScan SMPS showed different PNSD for the size range greater than 200 nm and an

254 underestimation of the total PNC by 80%.
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258 Figure 1: PNSD ambient intercomparison of the NanoScan SMPS model 3910 instruments on Jan. 27, 2020 from
259  07.00 pm to 11.00 pm. The dashed black lines show +20% range in sizing (a) The dark black solid line shows the
260  PNSD of the WCCAP MPSS. (b) Time series of the PNCs. The PNC of the reference CPC is represented by the solid
261 red line, while the red dotted lines show the + 20% range. The solid black line represents the integrated PNC of the
262  WCCAP MPSS.
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3.2 Final inter-comparison of the NanoScan SMPS model 3910 after service and maintenance
3.2.1 Size calibration NanoScan SMPS model 3910 with PSL particles

The size calibrations were performed using certified PSL (polystyrene latex) particles of 125 nm. This PSL particle
size was used for two reasons (1) in a dilute solution, the number concentration of PSL particles is sufficiently high
(1 drop i.e. 1% by volume in 150 ml pure water) (2) for particle size larger than 100 nm, residual material layer from
aqueous solution on PSL particles is not significant (Wiedensohler et al., 2018). Figure 2 shows that a TSI NanoScan
SMPS model 3910 cannot resolve the monodisperse peaks of single and doubly charged PSL particles due to the
limited size resolution.
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Figure 2 Size calibration of the NanoScan SMPS model 3910 with 125 nm certified PSL particles. The closest size
bin is at 115.5 nm for the NanoScan instrument as compared to PSL peak. The solid black line shows the PSL
calibration of the WCCAP MPSS.
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293 Figure 3: (a) PNSD ambient intercomparison of the TSI NanoScan SMPS instruments on Jan. 28-29, 2020 from 11.30
294 pm to 06.00 am. The black solid line shows the PNSD of the WCCAP MPSS. The dashed black lines show +20%
295 range in sizing (b) Time series of the PNC. The PNC of the reference CPC is represented by the solid red line, while
296  the red dotted lines show the +20% range. The solid black line represents the integrated PNC of the WCCAP MPSS.
297 Based on the results shown in Figure 3a, the performance of all NanoScan SMPS model 3910 was found to be
298 significantly improved after service and maintenance. Figure 3a represents the intercomparison for the ambient run
299  (Jan. 28-29, 2020) from 11.30 pm to 06.00 am. During this period, mainly a bimodal PNSD was observed. The TSI
300 NanoScan SMPS instruments underestimate the PNC in the ultrafine aerosol mode by up to 40% compared to the
301  WCCAP MPSS. The mode peak deviations in the ultrafine aerosol mode was approximately 10% compared to the
302 mode peak diameter of MPSS. The PNC measured by NanoScan SMPS were overestimated up to 80% when compared
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with WCCAP MPSS in the fine aerosol mode. The latter result seems to be a systematic effect of the unipolar charging
and the reduced sensitivity of the electrical particle mobility with an increasing particle size above 200 nm. There is a
slight shift in distribution observed for NanoScan instruments. This could be due to the algorithm limitation as with
bimodal distribution the inversion matrix reaches its limit. In Figure 3b, the integrated PNC of the WCCAP MPSS
was within the +20% range, while most of the NanoScan SMPS model 3910 were within the 20-40% range as
compared to the reference CPC. Here, a reasonably good agreement was found between unit-to-unit (i.e. within the
+20% range).

3.2.3 Calibration of TSI NanoScan SMPS model 3910 using a polydisperse NaCl aerosol
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Figure 4: Performance of NanoScan SMPS model 3910 using a nebulizer-generated NaCl aerosol with PNC of
approximately 10,000 cm. The solid black line shows the WCCAP MPSS.

The last step of the calibration of the NanoScan SMPS model 3910 was to use a polydisperse unipolarly pre-charged
nebulizer-generated laboratory aerosol in the size range below 100 nm. In Figure 4, the peaks of the PNSDs at
approximately 35 nm measured by NanoScan SMPS instruments agree well with the WCCAP MPSS. The sizing
accuracy of most of the NanoScan SMPS instruments is within £20% uncertainty range except for two instruments.
The two units overestimated the PNC by 25% and 30% respectively from WCCAP MPSS. The inversion matrix is
calibrated by monomodal particles so the algorithm behaves reasonably well.

11
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330 3.3 Initial inter-comparison of the GRIMM Mini WRAS spectrometer 1371 without service and maintenance
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334 Figure 5: (a) PNSD ambient intercomparison of the GRIMM Mini WRAS spectrometer 1371 on Jan. 29-30, 2020
335 from 11.00 pm to 06.00 am. The dashed black lines show +20% range in sizing (b) Time series of the PNC. The PNC
336 of the reference CPC is represented by the solid red line, while the red dotted lines show the +20% range. The solid
337  black line represents the integrated PNC of the WCCAP MPSS.

338 Figure 5a represents the ambient intercomparison on Jan. 29-30, 2020 from 11.00 pm to 06.00 am. Here, a bimodal
339 PNSD was observed with the WCCAP MPSS. The dominating ultrafine aerosol mode peak was observed for the
340 UNICATT instrument operating with the software version 10.0. The ultrafine aerosol mode PNC for the UNICATT
341 instrument was within +20% range compared to the WCCAP MPSS. For the other GRIMM Mini WRAS
342 spectrometers (i.e. ITC and GRIMM) operating with software version 7.2 and 8.2 respectively, the ultrafine aerosol
343 mode peak deviation from the WCCAP MPSS was 56% while the ultrafine aerosol mode PNC was underestimated
344 by 40%. The fine aerosol mode peak around 180 nm could not be resolved by all instruments irrespective of the
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software used. The difference between the software version lies in different inversion matrices. In Figure 5b, the PNC
were compared and only the UNICATT instrument operating with software version 10.0 remains within +20% range
compared to the PNC of the reference CPC. The PNC was underestimated by 60% by other instruments when
compared to the PNC of the reference CPC.

3.4 Final inter-comparison of the GRIMM Mini WRAS spectrometer 1371 after service and maintenance

3.4.1 Size calibration of GRIMM Mini WRAS spectrometer 1371 with PSL particles
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Figure 6: Size calibration of the GRIMM Mini WRAS spectrometer 1371 with 125 nm certified PSL particles. The
closest size bin is at 139 nm for the Mini WRAS instrument as compared to PSL peak. The black line shows the PSL
calibration of the WCCAP MPSS.

Figure 6 shows that a GRIMM Mini WRAS spectrometer 1371 cannot resolve the monodisperse peaks of single and
doubly charged PSL particles due to the limited size resolution. The UNICATT instrument showed a different behavior
when challenged with PSL particles than other GRIMM Mini WRAS spectrometers 1371. This could be due to
software version 10 used by UNICATT while the rest other used old software versions.
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374  Figure 7: (a) PNSD ambient intercomparison of the GRIMM Mini WRAS spectrometer 1371 on Jan. 30 to 31, 2020
375  from 06.00 pm to 05.00 am. The solid black line shows the PNSD of WCCAP MPSS. The dashed black lines show
376 +20% range in sizing (b) Time series of the PNC. The PNC of the reference CPC is represented by the solid red line,
377  while the red dotted lines show the +20% range. The solid black line represents the integrated PNC of the WCCAP
378  MPSS.
379 All the four GRIMM Mini WRAS spectrometers 1371 were operated with software version 10.0. It needs to be pointed
380  out that operating the Mini WRAS with software version 10.0 requires instrument-specific calibration factors that
381 were only available for the GRIMM Mini WRAS spectrometer 1371 of “UNICATT” during the calibration workshop.
382 The other GRIMM Mini WRAS spectrometers 1371 were operated with “default” values for the calibration factors.
383  Therefore, larger deviations from the results of the reference instrument need to be expected. Figure 7a, representing
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the ambient intercomparison, showed a dominant ultrafine aerosol mode peak around 35 nm. The GRIMM Mini
WRAS spectrometer 1371 deviated by 16% in the mode peak diameter in ultrafine aerosol mode while the PNC of
the ultrafine aerosol mode of all instruments was overestimated between 10-50%. All GRIMM Mini WRAS (operating
with software version 10.0) overestimated the PNC between 10 and 50% when there was a dominant ultrafine aerosol
mode. The fine aerosol mode peak around 130 nm could not be not detected and PNC of fine aerosol mode was
systematically underestimated above 100 nm by 60%. Figure 7b, representing the integrated PNC when compared
with the reference CPC. Except for instruments from ITC, all other GRIMM Mini WRAS spectrometers were within
+20% uncertainty range. The GRIMM Mini WRAS spectrometer 1371 performance was found to be improved after
cleaning, & servicing as well when operated with the software version 10.0.

3.4.3 Calibration of the GRIMM Mini WRAS spectrometer 1371 using a polydisperse NaCl aerosol
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Figure 8: Performance of the GRIMM Mini WRAS spectrometers 1371 using a nebulizer-generated NaCl aerosol
with PNC of approximately 10,000 cm. The black dotted line shows the WCCAP MPSS.

In Figure 8, the peak of PNSDs at approximately 35 nm measured by GRIMM Mini WRAS spectrometers 1371 agree
well with the WCCAP MPSS in terms of mode peak. The agreement looks good when the mode peak is compared
while the size distribution measured by most of the GRIMM Mini WRAS spectrometers 1371 misses the +20%
uncertainty range compared to WCCAP MPSS. The GRIMM Mini WRAS instruments overperformed by 20-40%
when compared with the WCCAP MPSS. The algorithm behaves reasonably well as the inversion matrix is calibrated
by monomodal particles.

In addition, the inversion matrix of software version 10.0 created an artificial peak around 100 nm.
3.5. Performance of the WCCAP MPSS and reference CPC

The following plots show the correlation of the integrated PNC of the WCCAP MPSS versus the PNC measured by
the reference CPC. Figures 9 a, b, ¢, and d show an underestimation of the MPSS derived PNC between 10-15% for
different time period.
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412  Figure 9: Correlation of the PNC of the WCCAP MPSS versus the reference CPC for the ambient intercomparison
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413 periods: (a) Jan. 27, 2020 (b) Jan. 28-29, 2020 (c) Jan. 29-30, 2020 (d) Jan. 30-31, 2020.

414

415 4. Summary and recommendations

416  The performance of portable MPSS, the NanoScan SMPS model 3910, and the GRIMM Mini WRAS spectrometer
417 1371 were evaluated in intercomparison workshops against a reference MPSS and CPC of the WCCAP. Inter-
418  comparison and calibrations with ambient and laboratory-generated aerosols respectively were performed at the

419  WCCAP, Leipzig, Germany from Jan. 27-31, 2020.

420  The following general recommendations are important for the TSI NanoScan SMPS model 3910 and GRIMM Mini

421  WRAS 1371 spectrometers based on workshop results:

422

423 - It is important to clean and service the instruments on a yearly basis to improve their performance. It is
424 advised that users should carry out such activities at their own institute/facilities. This includes the cleaning
425 of various parts such as inlet impactor, wick, filter check, cleaning of cyclone and charger, etc.

426 - Itisrecommended to run initial zero and leak checks in order to find any internal leak before the instrument
427 operation.

428

429 After service, cleaning and performing zero and leak checks, following performances have been identified:

430
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431 TSI NanoScan SMPS:

432 - The performance of NanoScan SMPS instruments improved for the ultrafine aerosol mode while the PNC in
433 the fine aerosol mode still overestimated by up to 80%. This is due to reduced sensitivity of electrical particle
434 mobility with increasing particle size above 200 nm.

435 - The performance of some of the NanoScan SMPS found to be in good agreement (i.e. within 20%) compared
436 to the reference CPC, considering integral PNC.

437 - The mode peak deviations (difference in peak diameter of NanoScan mode peak from WCCAP MPSS mode
438 peak diameter) in the ultrafine aerosol mode was within limit i.e. approx. 10%. However, the peak height
439 measured by NanoScan instruments is lower as compared to MPSS.

440 - Areasonably good unit-to-unit agreement within +20% was found for NanoScan SMPS instruments.

441 GRIMM mini WRAS spectrometer:

442 - The performance of Mini WRAS spectrometer run with software version 10.0 found to be improved
443 significantly with less uncertainties than the previous software versions 7.2 and 8 respectively, when
444 compared to the WCCAP MPSS.

445 - The mode peak deviations (difference in peak diameter of Mini WRAS mode peak from WCCAP MPSS
446 mode peak diameter) for ultrafine aerosol mode was 15%. However, the peak height measured by Mini
447 WRAS instruments is higher as compared to MPSS.

448 - With dominant ultrafine aerosol mode, most of the GRIMM Mini WRAS instruments (operating with
449 software version 10.0) agree well with PNC (i.e. 10-50%). Conversely, PNC of the fine aerosol mode was
450 systematically underestimated by 60% above 100 nm due to limitation of the inversion matrix.

451 - Except for one instrument, the integral PNC of the GRIMM Mini WRAS spectrometers were within an
452 uncertainty range of +20% compared to the reference CPC.

453 Additional results:

454 - Calibrations were done with certified PSL particles of 125 nm and polydisperse laboratory-generated NaCl
455 particles. Both the TSI NanoScan SMPS and the GRIMM Mini WRAS spectrometer 1371 were not able to
456 resolve the monodisperse PSL particles due to the limited size resolution.

457 - Both, the NanoScan SMPS model 3910 and GRIMM Mini WRAS spectrometers 1371 were able to determine
458 the peak diameter of a polydisperse unipolarly pre-charged nebulizer-generated NaCl aerosol in the size range
459 below 100 nm.

460  This intercomparison study provided the advantages and limitations of both the portable instruments i.e. NanoScan
461  SMPS and Mini WRAS. Based on the workshop result, these portable instruments are easy to use and are suited for
462 mobile ultrafine particle measurements, especially to detect relative differences in the PNSD such as source
463  apportionment studies of ultrafine aerosol particles at work places or outdoors near sources. These portable
464 instruments can also be used for nanotechnology workplaces with appropriate care.

465 We recommended to users how best performance can be achieved using these portable instruments at workplaces or
466 outdoor near sources based on inter-comparison workshop results. However, further field studies might be required to
467  determine exactly how to apply these portable instruments for a good performance during mobile measurements when
468 installed for example on backpacks or drones.

469  Data availability. The data can be made available upon request.
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Appendix A: Tables consisting of technical details of portable instruments during intercomparison experiment
Table Al. Technical details of the TSI NanoScan SMPS instruments Day 1 (Jan.27, 2020)

Serial Owner DAQ Last Last filter/ | inlet flow | inlet flow | other info
Number Software Calibratio | wick measured | displayed
and n change (L minY) | (L min?)
Version Day 1 Day 1
3910181009 | TSI Device NA NA 753.7 nfa AM,
internal, AM, 764 PM
NanoScan 749.1 PM
Manager
1.0
3910122701 | Technische Device July 31, Jan.20, 725 714
Universitat internal, 2012 2020 (AM)/
Braunschweig, NanoScan 709.2
TUBS Manager (PM)
1.0
3910151401 Danish Device Jan. 8, Probably 684.9 684
Technological internal, 2019 at
Institute, DTI NanoScan calibratio
Manager n
1.0
3910174404 | IFK Device May 22, NA 726 698
internal, 2018
NanoScan
Manager
1.0
3910131603 | IDAEA-CSIC Device March 1, NA 810.1 823 Laser
internal, 2018 current
NanoScan error (mA):
Manager 67.9
1.0 (11:19)
3910161701 | Wessling GmbH | Device Nov. 16, Probably | 696 742
internal, 2018 at
NanoScan calibratio
Manager n
1.0
3910164102 | Norwegian Device Sept. 20, Probably | 717 749
University of internal, 2019 at
Science and NanoScan calibratio
Technology, Manager n
NTNU 1.0
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3910141702 Finnish Homemade | April 30, Jan. 27, 785 782
Meteorological , firmware | 2019 2020
Institute, FMI 1.2
3910154701 | Finnish Homemade | Feb. 18, Jan. 27, 692 723
Meteorological , firmware | 2019 2020
Institute, FMI 1.3
3910151403 | Politecnico di Device Nov. 14, NA 745.5 739
Torino internal, 2017
(PdT) NanoScan
Manager
1.0
3910182301 | Umweltbundesa | NanoScan | Jan. 1, June 22, 760.5 at 794
mt Langen Manager 2018 2018 12:30;
1.0 740.7 at
15:00
480
481
482 Table A2. Technical details of NanoScan SMPS instruments from 10 different institutes (Jan. 28, 2020) after servicing
483  and maintenance.
Device Serial Number | inlet | inlet flow | Qinet, | Service done during inlet inlet Qinie | other
and Owner flow | day2 measur | WOrkshop flow flow tmeas | INFO
day2 | (ccm) - ed/displ day2 day2 ured/di
(ccm | instrume | ayed (ccm)- | (ccm) - | spiaye
)- nt measure | instrume | g
meas d nt
ured after after
servicin | servicing
9
NanoScan | 3910181009 745 760 0.98 | Only the inlet impactor was | 746.3 763 0.98
SMPS (TSI) cleaned. Checked wick.
NanoScan | 3910122701 703.2 | 750 0.94 | inlet cleaned, wick changed | 705.4 710 0.99
SMPS (TUBS)
NanoScan 3910151401 680.1 | 674 1.01 | Inlet cleaned, wick filter 681.5 702 0.97
SMPS (DTI) changed, charger cleaned,
cyclone cleaned
NanoScan 3910174404 722 704 1.03 | Inlet cleaned, wick filter 717.1 720 1.00
SMPS (IFK) changed, charger cleaned,
cyclone cleaned
NanoScan 3910131603 786.2 | 820 0.96 | inlet cleaned, wick checked | 793.9 828 0.96 | Laser
SMPS (IDAEA- curren
CSIC) terror
(mA):
67.9
(10:45
)
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NanoScan 3910161701 695.3 | 743 0.94 | inlet cleaned, wick new, 680.7 722 0.94
SMPS (Wessling IPA new, 2 internal small
GmbH) filters new, two tubes new
NanoScan 3910164102 717 714 1.00 | inlet cleaned, wick was 716 720 0.99
SMPS (NTNU) checked
NanoScan | 3910141702 774 777 1.00 | cyclone and charger 783 782 1.00
SMPS (FMI 1) cleaned, wick changed,
changed filters, cut tubing
ends to make them tighter,
checked cpc performance
by using an inline filter:
zero check still fails, needs
service
NanoScan | 3910154701 690 | 721 0.96 | cyclone and charger 709 724 0.98
SMPS (FMI 2) cleaned, wick and filters
changed
NanoScan | 3910151403 743.7 | 736 1.01 | Inlet cleaned, wick 755.9 749 1.01
SMPS Politecnico di changed, charger cleaned,
Torino reservoir cleaned, one filter
(PdT) changed
NanoScan 3910182301 739.1 | 785 0.94 | inlet cleaned, wick changed, | 754.7 814 0.93
SMPS (UBA new pump (left one from
LANGEN) looking left), 2 internal
small filters
484
485

486  Table A3. Technical details of NanoScan SMPS instruments from 10 different institutes (Jan. 29, 2020).

Device Serial Number | Owner inlet flow day3 inlet flow day3 Qinlet measured/displayed
(ccm) - measured | (ccm) - instrument

NanoScan 3910181009 TSI 748.7 - -

SMPS

NanoScan | 3910122701 TUBS 711.3 716 0.99

SMPS

NanoScan | 3910151401 DTI 678.7 696 0.98

SMPS

NanoScan | 3910174404 IFK 721.4 720 1.00

SMPS

20




https://doi.org/10.5194/amt-2022-155

Atmospheric

Preprint. Discussion started: 16 May 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques
Discussions
NanoScan 3910131603 IDAEA- - - -
SMPS CsIC
NanoScan | 3910161701 Wessling 675 721 0.94
SMPS GmbH
NanoScan | 3910164102 NTNU 721 740 0.97
SMPS
NanoScan | 3910141702 FMI 1 780 783 1.00
SMPS
NanoScan | 3910154701 FMI 2 698 709 0.98
SMPS
NanoScan 3910151403 Politecnico di | 751.6 748 1.00
SMPS Torino
(PdT)
NanoScan | 3910182301 UBA 753 814 0.93
SMPS LANGEN
487
488

489 Table A4. Technical details of Mini WRAS spectrometer instruments from 3 different institutes on (Jan. 29, 2020).
490 UNICATT instruments operated with software version 10.0 while ITC at version 7.2 and GRIMM instruments at

491 version 8.2.

Device Serial DAQ Last Last Rinsing | Inlet Charge | High other info
Number | Software | Calibratio | filter/wic | Air flow r status | voltage
and Version n k change | flow (L | day 3 (nA) of the
Owner mint) ccm corona
measure charger
d(L V)
min?)
MiniWR | 71-16-06 | ver.10.0 | May 1, May 1, 0.549 1.205 25 3250 Silica gel
AS UNICAT 2019 2019 changed on
T December 2019
MiniWR | 71-16-09 | ver.7.2 Sept. 1, never 0.572 1.189 2.504 3780 Silica gel
AS ITC 2016 (Limit) changed Jan-20
MiniWR | 71-19-09 | ver. 8.2 Jan. 28, Jan. 15, 0.561 1.193 2.503 2999 New Unit
AS Grimm Rev I 2020 2020
Aerosol
Technik
MiniWR | 71-18-11 | ver. 8.2 Jan. 28, Jan. 0.585 1.204 2.501 3250 Demo Unit
AS Grimm Rev | 2020 15,2020
Aerosol
Technik

492
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Table A5. Technical details of Mini WRAS spectrometer instruments from 3 different institutes (Jan. 30, 2020). All
four instruments worked on software version 10.0.

Device Serial Owner DAQ Last Last Rinsing Air | Inlet flow day 4
Number Software Calibratio | filter/wick flow (L ccm measured (L
and Version | n change mint) min™)
MiniWRA | 71-16-06 | UNICA | ver. 10.0 May 1, May 1, 2019 | 0.54 1.179
S TT 2019
MiniWwRA | 71-16-09 | ITC ver. 10.0 Sept. 1, never 0.566 1.179
S 2016
MiniWwRA | 71-19-09 | Grimm ver. 10.0 Jan. 28, Jan. 15,2020 | 0.561 1.189
S Aerosol 2020
Technik
MiniwRA | 71-18-11 | Grimm | ver. 10.0 Jan. 28, Jan. 15, 2020 | 0.61 1.194
S Aerosol 2020
Technik
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