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ABSTRACT
Air quality monitoring using airborne platforms is rapidly gaining ground as unmanned aerial
vehicles (UAVs) are becoming easier, less expensive, and safer to operate on a routine basis. To
facilitate measurements of key atmospheric properties, however, efforts are still required in
developing/testing miniaturized instruments for use onboard UAVs. Here, we test two commercially
available cost-effective/lightweight optical particle counters (OPCs; Alphasense Model N2) capable
of measuring the size distributions of airborne particles having diameters from 380 nm to 17 mm.
Tests were made against a reference and recently calibrated OPC (Grimm Model 1.109) using
monodisperse polystyrene spheres. All instruments were placed in a chamber in which the
temperature and pressure varied in the ranges of –5 to 23�C and 0.7 to 1.0 atm, respectively;
conditions typically encountered during UAV flights. Agreement in the particle number
concentrations measured by the Alphasense and the Grimm OPCs was within 40%, under all
experimental conditions used in this work, when particles having sizes >1 mm were employed
during the tests. Deviations higher than 50%, however, were observed when the instruments were
tested with 1.0- and 0.8-mm polysterene spheres. The particle sizes reported by both Alphasense
OPCs were within § 5% with respect to the nominal polysterene spheres’ size under all operating
pressures and temperatures down to 5�C. At lower temperatures, the sizing accuracy of one of the
two Alphasense OPCs degraded significantly. While our findings support that the Alphasense OPCs
can be used at low temperature/pressure conditions, they should be carefully tested prior the
measurements to ensure good performance.

EDITOR
Kihong Park

1. Introduction

Environmental monitoring using unmanned aerial
vehicles (UAVs) is becoming more and more popular
over the recent years mainly due to recent advances of
the technology (Sørensen et al. 2017), and the fact that
it is a cost-effective way for performing systematic Earth
observations. Of particular interest is their application
in the field of atmospheric sciences, where UAVs can
provide excellent platforms for probing vertical distribu-
tions and obtaining three-dimensional mappings of key
atmospheric parameters, as well as the capability to per-
form measurements at places that are not easily accessi-
ble (Villa et al. 2016). Considering that aerosol particles
are very important constituents of the atmospheric
environment—affecting human health, visibility, and

climate—recent efforts have yielded vertical profiles of
their properties using compact in-situ instruments
onboard UAVs (Bates et al. 2013; Alvarado et al. 2015;
Chilinski et al. 2016; Wilcox et al. 2016).

In view of the limitations in size and payload, several
attempts have been made to develop miniaturized and
lightweight systems for conducting atmospheric research
flights with UAVs (Bezantakos et al. 2015; Barmpounis
et al. 2016; Gao et al. 2016; Surawski et al. 2017; Yu et al.
2017). One commercially available and potentially prom-
ising tool for measuring the size distribution of aerosol
particles onboard UAVs is the OPC produced by Alpha-
sense Ltd. (Model OPC-N2), which has a volume of 190
cm3 and weighs 105 g. The operating principle of this
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OPC is similar to that of other commercial instruments
that measure the light scattered by sampled particles
when those are illuminated by a laser source (McMurry
2000).

A number of compromises have been made by Alpha-
sense in order to keep the OPCs compact, lightweight,
and inexpensive, the most important of which being the
absence of a sheath flow to keep the aerosol sampled in a
confined beam. Although this can reduce the particle
sizing and counting capabilities of the instrument, using
its signal to determine the size distributions of the sam-
pled particles is still possible under certain assumptions
made at the data inversion stage. The second most
important compromise is the use of a fan (instead of a
pump) to pull the sample flow through the system.
Although this solution will not introduce any experimen-
tal artefacts when the instrument samples at still air, it
can introduce significant errors due to flow fluctuations
when the pressure drop along the flow path of the instru-
ment is higher than that induced by the fan.

Sousan et al. (2016) have recently characterized the
Alphasense OPC-N2, showing that it can provide number
and mass concentrations similar to those reported by a
Grimm OPC (Model PAS-1.108) for particles larger than
1mm, under laboratory conditions. Here, we build on this
work and evaluate the sizing and counting performance
of this OPC at low temperature and pressure conditions
that can be typically encountered by the instruments dur-
ing flights with UAVs that have no pressure and/or tem-
perature controlled payload compartments. The operating
conditions were simulated inside a laboratory chamber in
which the temperature and pressure varied from –5 to
23�C and from 0.7 to 1.0 atm, respectively, corresponding
to conditions at altitudes up to a few km above sea level
(a.s.l.), depending on ground conditions.

2. Methods

2.1. Instrumentation

Two Alphasense OPC-N2 systems were used in the tests
reported in this work. These OPCs employ a low-power

micro fan that is sufficiently strong to draw an air flow
through the device, with typical sample flow rates being
around 220 ml/min, and distribute the particle number
concentrations throughout 16 size bins, ranging from
0.38 to 17 mm. The instruments come calibrated by the
manufacturer using polystyrene latex (PSL) spheres (i.e.,
refractive index of ca. 1.6 C i0; Marx and Mulholland
1983), and against another commercially available OPC,
namely the TSI Model 3300 OPC (personal communica-
tion with Alphasense). The commercially available soft-
ware that accompanies the Alphasense OPC reports size
distribution expressed either as particles/s (i.e., particle
flux) or particles/ml (i.e., particle number concentration)
for each size bin.

A recently calibrated OPC (Grimm Model 1.109) was
used as reference for the measurements reported here.
The Grimm OPC distributes the particle number con-
centration of the sampled aerosols into 31 size bins from
250 nm to 32 mm, and in contrast to the Alphasense
OPC-N2 it employs a controlled pump for establishing a
constant flow rate of ca. 1.2 lpm.

2.2. Experimental setup and procedure

Both the sizing and counting accuracy of the two Alpha-
sense OPCs were determined using monodisperse poly-
styrene (PS) spheres (NIST Traceable PS Microspheres,
Magsphere Inc.) of six different nominal sizes: 0.8, 1.0,
2.5, 5.1, 7.2, and 10.2 mm. Aqueous solutions containing
the PS spheres were prepared by diluting some drops of
the purchased PS stock solution with MilliQ pure water
(conductivity of 0.055 mS/cm). All stock solutions con-
tained 1% w/v PS solid spheres, except for those with a
nominal size of 0.8 mm, whose content was 10% w/v.
The amount of PS stock solution used varied from 5 to
30 drops per 100 ml of MilliQ pure water, depending on
the desired concentrations during the tests (i.e., more
droplets were used for the bigger particles to compensate
for their lower number concentration and inertial losses
along the experimental setup).

Figure 1 shows the experimental setup used for the
measurements. A constant-output atomizer (TSI Model

Figure 1. Schematic diagram of the experimental setup.
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3076) was employed for atomizing the PS solutions,
while a silica gel diffusion dryer was used downstream of
the atomizer to dry the PS particles. Adequate drying
of the atomized aerosol was ensured by measuring the
relative humidity (RH) of the sample stream downstream
the dryer using a temperature/relative humidity (T/RH)
sensor (Rotronic HC2-05). The resulting dried aerosol
(RH <35%) was then passed through a cylindrically
stainless steel chamber, having diameter of 0.4 m and a
length of 1.4 m, within which all three OPCs (i.e., the
two Alphasense and the Grimm 1.109) were placed. It
should be noted here that all the instruments, together
with a second T/RH sensor for measuring the conditions
inside the chamber, were placed close to each other near
the chamber outlet, with their inlets facing the flow. A
perforated plate was placed behind the chamber inlet to
provide more homogenous airflow. To achieve tempera-
tures down to –5�C, the entire chamber was placed
inside a chest freezer that had internal dimensions 0.5,
2.1, and 0.7 (length, width, and height, respectively) m.
A vacuum pump together with a vacuum pressure regu-
lator and flow regulating valves was employed for main-
taining the sample flow rate through the chamber at
3.0 lpm while regulating the pressure inside the chamber
to 0.70, 0.85, and 1.00 atm for the different experiments.
Potential deviations between the true and the measured
RH caused by pressure variations were significantly
lower (i.e., of the order of 0.1% at 0.70 atm; Luijten et al.
1998) than the T/RH sensor accuracy (i.e., of the order
of 1.5%) and therefore not considered in this work.

2.3. Data processing

To acquire the data from the OPCs, we used the software
provided by the manufacturers (Grimm 1.178 and
Alphasense 1.0.5779.33206), setting the sampling time
intervals at 6 s for all of them. All the recorded data were
then averaged over 1 min. It should be noted here that
the data recorded by the Alphasense OPC software
include the particle flux expressed as particles/s for each
size bin, and the flow rate through the instrument
expressed in ml/s. The particle number concentrations
(i.e., particles/ml) were then determined by dividing the
two variables. For each particle size tested, we then com-
pared the total number concentration, measured by each
of the Alphasense OPCs with the one measured by the
Grimm OPC, but using only the bins corresponding to
particles larger than 0.4 mm. The main reasons for doing
so were (1) to overcome potential differences associated
with the lower boundary of the bin that includes the
smallest particles (Grimm 1.109 has its lower detectable
particles size at 0.25 mm, whereas Alphasense at 0.38
mm), and (2) to avoid counting particles formed by the

residuals in the PS sphere solution that were usually
observed as distinguished peaks at the low end of the size
spectra recorded by the Grimm OPC.

The sizing accuracy of all OPCs was assessed by com-
paring the geometric mean diameters (GMDs) calculated
by the measured size distributions with the nominal size
of each monodisperse PS sphere sample. More specifically,
the recorded measurements (i.e., particle number concen-
trations at each size bin) were first converted to normal-
ized dN/dlogd units and then fitted with a lognormal
curve using a nonlinear least square fitting algorithm
based on the interior-reflective Newton method (Coleman
and Li 1994, 1996). Measurements using PS spheres of
specific nominal sizes were recorded over several tens of
minutes, and the median value of the GMDs obtained by
the fitting procedure on every measurement was then
used for assessing the sizing accuracy of each instrument.
For smaller particles, the typical duration of the experi-
ment was of the order of 30 min, but for the bigger par-
ticles (i.e., >5 mm in diameter) the experiments lasted ca.
10 min. The main reason for that was the lower number
concentration of PS spheres in the initial stock solutions
that forced us to use less solvent (i.e., pure water) for pre-
paring the samples, resulting in small amount of solutions
that depleted relatively fast during these experiments.

3. Results and discussion

3.1. Counting performance at room conditions

Figure 2 shows the correlation between the particle num-
ber concentrations measured at ambient conditions (i.e.,
ca. 23�C and 1 atm) by the two Alphasense and the
Grimm OPCs for the six different PS sphere sizes used in
this work. With the exception of particles smaller than
2.5 mm, agreement between the two Alphasense OPCs is
within 20%. For particles having sizes of 0.8 and 1.0 mm,
however, the discrepancy between them exceeds 100% in
many cases, and are characterized by increased variabil-
ity, compared to the measurements conducted with big-
ger particles (cf. also the recorded concentrations over
time shown in the online supplementary information
[Figure S1]). Compared to the reference instrument (i.e.,
the Grimm 1.109), both Alphasense OPCs overestimated
the number concentrations by over 100% when tested
with particles having nominal size of 0.8 mm. For all the
other sizes (i.e., particles having nominal sizes above 1.0
mm), the differences between the number concentrations
measured by the Alphasense and the Grimm OPCs did
not exceed in most of the cases 40%. Best agreement (i.e.,
absolute difference <10%) between the two types of
instruments was observed for particles having nominal
size of 2.5 mm.
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The observed overestimations in the reported particle
number concentrations of 0.8 mm is in contrast to what
is reported by Sousan et al. (2016), who found that the
counting efficiency of the Alphasense OPC is similar to
that of the Grimm 1.108, which in turn has a very similar
performance with the Grimm 1.109 model (Heim et al.
2008; Burkart et al. 2010) for this size of particles.
Excluding potential experimental artefacts such as coin-
cidental counts (since the concentration of particles was

always less than 100 #/cm3) and concentration nonuni-
formities within the test chamber, the most plausible
explanation for this disagreement is the updated firm-
ware used by the Alphasense OPCs (version 18 and
above), which, since the work reported by Sousan et al.
(2016) (that used version 17b), includes an additional
weighing for taking care of the underestimation of
particle concentrations for the smaller size bins
(Alphasense 2015).

Figure 2. Comparison of particle number concentrations measured by the two Alphasense OPCs, denoted as Alpha1 and Alpha2, and
the Grimm 1.109 OPC that was used as a reference. The measurements were carried out with PS spheres having sizes of 0.8 (a), 1.0 (b),
2.5 (c), 5.1 (d), 7.2 (e) and 10.2 (f) mm.
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Despite the discrepancies in the measured number
concentrations of sub-1-mm particles, which need to be
investigated further, the overall good agreement between
the two Alphasense and the Grimm OPCs when sam-
pling larger particles builds trust toward employing them
for measuring the concentrations of particles in the
coarse mode. Considering, however, that the counting
performance of OPCs depends strongly on the stability
of the flow pulled through the instrument, a more robust
sample flow system (i.e., replacing the fan with an exter-
nal pump) should be used to compensate for potential
flow fluctuations due to sudden air speed changes; some-
thing that is quite common in UAV flights.

3.2. Sizing performance at room conditions

Figure 3 shows the median GMDs obtained from all the
OPC measurements (cf. Section 2.3 for details) as a func-
tion of the nominal size of the monodisperse PS spheres.

In general, all instruments provided GMD values close
to the 1:1 line (Figure 3a), exhibiting a §5% uncertainty
in determining the size of the PS spheres (Figure 3b).
The only exception was an underestimation of the order
of 20% reported by the Grimm 1.109 OPC when PS
spheres having sizes of 0.8 and 1.0 mm were used in the
tests (Figure 3b). Similar observations have also been
reported by Peters et al. (2006) who compared the per-
formance of that OPC with an Aerodynamic Particle
Sizer (APS; TSI Model 3321), and later by Heim et al.
(2008), during a comparison of three different OPCs,
who attributed them to undulations in its response
resulting from the use of monochromatic light and the
higher number of size bins (31) compared to other simi-
lar instruments. Considering that the Alphasense OPCs
also employ a monochromatic light source (cf. table 1 in
Sousan et al. 2016) but have fewer sizing bins (16), sizing
accuracy is not affected in the sub-2-mm range.

3.3. Overall performance at low temperature
conditions and sea level pressure

Figure 4 shows the measured number concentrations and
estimated GMDs by the two Alphasense and the Grimm
1.109 OPCs when sampling 0.8-mm PS spheres at atmo-
spheric pressure as the temperature in the chamber
decreased gradually. The chamber, which was placed in
the chest freezer for this set of experiments as described
in section 2.2, was gradually cooled from ambient tem-
perature to –5�C over 5 h. Temperature and RH in the
vicinity of the instruments within the chamber were con-
stantly monitored, with the RH never exceeding 75%.
The counting performance of all OPCs at low tempera-
tures was comparable in the sense that all instruments
exhibited similar trends, capturing the decrease in parti-
cle concentration during the course of the measurements
(Figure 4a). This decrease was caused by PS spheres
gradually adhering to the glass reservoir of the atomizer
when the excess liquid was recirculated back to the
solution.

In terms of sizing, all OPCs exhibited fluctuations
(Figure 4b) as temperature decreased in the chamber,
with the difference between the Alphasense and the
Grimm OPCs being consistent with the measurements at
ambient conditions (cf. Section 4.2). One of the Alpha-
sense OPCs and the Grimm OPC showed fluctuations
within less than 5%, which can be attributed to instru-
ment uncertainties. The other Alphasense OPC, how-
ever, exhibited a sudden decrease in the GMD calculated
by the measurements below 5�C, although the number
concentration of particles reported by the same instru-
ment was not affected (cf. Figure 4a). This behavior (for
the specific Alphasense OPC) was repeatable, with the

Figure 3. Geometric mean diameter (GMD) of PS spheres deter-
mined from the size distributions measured by the Alphasense
and the Grimm OPCs (a), together with the relative differences
from the nominal PS particle size (b), for each test.
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signal recovering again at temperatures higher than 5�C.
A possible reason for this behavior could be the conden-
sation of water vapor on impurities on the optics of the
specific OPC, as the temperature inside the chamber
decreased. Considering that the Alphasense OPCs do not
use a sheath flow, as compared to the Grimm and other
commercially available OPCs, the possibility of contami-
nating the optical system of the instrument, which can
very well affect its overall performance since impurities
can serve as sites for water condensation at lower tem-
peratures and/or higher humidity, is increased. It is
therefore absolutely necessary to run calibration tests in
order to identify potential similar behaviors before
deploying these systems in UAV missions, especially
when the operating temperature is expected to be signifi-
cantly lower than 10�C. Adequate drying of the sampled
aerosol (i.e., maintaining its RH as low as possible and
ideally below 40%) is therefore essential for avoiding

condensation of water on impurities in the measuring
volume of the instrument. Doing so will also prevent
aerosol particle growth due to water uptake, thereby
yielding measurements of their size distributions accord-
ing to the WMO/GAW guidelines and recommendations
(GAW report No. 227, 2016).

3.4. Overall performance at low pressure
and low temperature conditions

Summarized results of the sizing performance of all the
OPCs when sampling 0.8-mm PS particles at reduced pres-
sures and ambient temperature, as well as at a combination
of the lowest pressure (i.e., 0.7 atm) and 5 �C temperature,
are provided in Table 1. PS particles having sizes of 0.8 mm
were selected for these tests as with those we observed the
largest difference between the Alphasense and the Grimm
OPC during the tests conducted at 1.0 atm pressure and at
room or reduced temperatures (cf. Sections 4.1 and 4.3).
The counting efficiency (data not shown) of all the OPCs
was not affected by exposing them to lower than sea level
pressures (i.e., down to 0.70 atm.) and temperatures down
to 5�C, exhibiting similar performance in tests conducted
with particles of the same size at room conditions (cf. Sec-
tion 4.1). The sizing results of the tests performed at 1.00
atm were very similar to our initial measurements (cf. Sec-
tion 4.2) demonstrating the good repeatability of the experi-
ments and of the performance of all the OPCs used in this
work. When reducing the pressure to 0.85 and 0.70 atm,
the sizing performance of both the OPCs (cf. Table 1)
remained fairly constant (i.e., standard deviation of the esti-
mated GMDs from all the measurements was lower than
2.5 £ 10¡3 mm) and within experimental uncertainty. The
sizing performance of the instruments remained unaffected
also when both the temperature and pressure were reduced
to 5�C and 0.70 atm, respectively, as shown in Table 1. A
minimum temperature of 5�C was selected in these tests,
since below this threshold the sizing accuracy of one of the
two Alphasense OPCs was degraded as discussed above.

Figure 4. Number concentrations (a) and GMDs (b) determined
by all the OPCs when sampling 0.8-mm PS spheres at 1 atm and
temperature that decreased from 23 to –5�C. Note that the con-
centration of particles in the chamber was decreasing during the
course of the experiment that lasted ca. 5 h.

Table 1. Median values of the GMD determined from the particle
size distributions measured by each instrument at different pres-
sures and at room temperature, as well as at 0.70 atm and at 5�C
using PS spheres with a nominal size of 0.8 mm. Note that the RH
inside the chamber was <35% during the tests carried out at
room temperature and under all pressures, while it did not
exceed 75% during the 0.70 atm/5�C test.

Pressure Grimm Alpha1 Alpha2

1.00 atm 0.63 0.85 0.86
0.85 atm 0.60 0.83 0.85
0.70 atm 0.59 0.84 0.84
Pressure/Temperature
0.70 atm/5�C 0.62 0.81 0.83
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The results provide evidence that at least down to
0.70 atm and at 5�C the sizing accuracy of the Alpha-
sense OPC is not compromised. Evidently, only the
temperature and not the pressure was the only reason
for degrading the sizing performance of one of the two
Alphasense’s OPC below 5�C.

4. Conclusions

In this work, we tested the performance of two Alpha-
sense OPCs under a wide range of conditions, which can
be encountered within the atmospheric column, in order
to assess the possibility of employing them onboard
UAVs. The tests were carried out using monodisperse
NIST traceable PS spheres having diameters that ranged
from 0.8 to 10.2 mm and by employing a Grimm 1.109
OPC as a reference instrument. The measured particle
number concentrations of both Alphasense OPCs under
room conditions was found to be comparable to that of
the reference instrument for particles having sizes of
1 mm and above, exhibiting differences within less than
40%. When using PS particles having a nominal size of
0.8 mm, we observed larger differences (with the Alpha-
sense OPCs overestimating the particle number concen-
trations by a factor of two or more) under the same
conditions. Our results therefore build confidence
toward using these lightweight OPCs for measuring the
number concentration of coarse particles, but also sug-
gest that the data corresponding to smaller particles
should be treated with care. The sizing accuracy of the
Alphasense OPCs under room conditions was within
experimental uncertainty and within §5% of the nomi-
nal size of the particles used in the tests. Both the count-
ing and sizing performance of the Alphasense OPCs
remained unaffected down to 5�C and 0.7 atm. However,
one of the two available instruments suffered from a sys-
tematic degradation of its sizing accuracy at tempera-
tures below 5�C, most likely due to impurities in its
optics system. This highlights the need for testing these
systems before any use. During flights where the instru-
ments are expected to be directly influenced by sudden
air speed changes, causing sample flow fluctuations, it is
also advised to either record the flow rate through the
system, or replace the fan driving the sample flow with a
well-controlled flow system.
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