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Abstract Regional studies focusing on the role of

atmospheric nanoparticles in climate change have

gained impetus in the last decade. Several multi-

institutional studies involving measurement of nano-

particles with several kinds of instruments are on the

rise. It is important to harmonize these measurements

as the instruments may work on different techniques or

principles and are developed by different manufactur-

ers. Scanning mobility particle sizers (SMPS) are

often used to measure size distribution of nanoparti-

cles in the airborne phase. Two such commercially

available instruments namely, GRIMM and TSI-

SMPS have been compared for ambient and laboratory

generated conditions. A stand-alone condensation

particle counter (CPC) of TSI make was used as a

reference for particle concentration measurements.

The consistency of the results in terms of mean size

and geometric standard deviation was seen to be

excellent for both the SMPSs, with GRIMM always

showing slightly (approximately 10 %) lower mean

size. The integrated number concentration from

GRIMM-SMPS was seen to be closer to stand-alone

reference CPC compared to TSI-SMPS, for an

ambient overnight comparison. However, a concen-

tration-dependent response, i.e. the variations between

the two instruments increasing with the concentration,

was observed and possible reasons for this have been

suggested. A separate experiment was performed for

studying the modifying effect of diffusion dryer and

sheath air dryer on the measured aerosol size spectra.

A significant hygroscopic growth was noted when

diffusion dryer was attached to one of the SMPS. The

introduction of sheath air dryer in GRIMM-SMPS

produced a significant shift towards lower mean size.

These results have been compared and discussed with

the recent inter-comparison results to strengthen and

harmonize the measurement protocols.

Keywords Nanoparticles � Harmonisation � SMPS �
TSI � GRIMM � Sheath air dryer

Introduction

The relative significance of using aerosol number

concentration limits in place of traditional particulate

matter (PM)-based limits has been unfolding steadily.

Ultrafine/nanoparticles (with geometric diameters less

than 100 nm) contribute negligibly to the integral

mass concentrations used in the PM limits; however,

the number of these particles has shown to have a

direct bearing on the health effects (Peters et al. 1997).
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On the other hand, PM2.5 and PM10 (particles with

aerodynamic diameters less than 2.5 and 10 lm,

respectively) may not be proper indices for linking the

effect of ultrafine aerosols with human health (Biswas

and Wu 2005). The findings of Particle Measurement

Programme (Giechaskiel et al. 2008a, b) have

prompted the introduction of particle concentration

measurements in Euro 5/6 legislation. Simultaneously,

a lot of research effort has been evolved in the past few

years targeting towards estimating the potential hazard

of nanoparticles. The first step towards the hazard

assessment, however, is the correct measurement of

the property of interest and proper interpretation of the

data produced.

There are several methods available to measure

particle concentrations and size distributions of nano-

particles (e.g. condensation particle counter, electrical

low-pressure impactor, scanning mobility particle

sizer, fast mobility particle sizer, etc.). Of these,

condensation particle counter (CPC) for nanoparticle

concentration and scanning mobility particle sizer

(SMPS) for size distribution are widely used for

environmental and workplace measurements. The

latter is a CPC coupled with differential mobility

analyzer (DMA). The CPC samples the aerosols at a

constant flow rate through a saturator, a condenser and

an optical detection assembly. It gives the integral

number concentration of particles larger than the

stated minimum detection size. The counting effi-

ciency and the effective flow rate are required to be

known precisely for correct measurements. Also, the

uncertainties in these parameters and knowledge of

coincidence error and shifting of counting logic from

single particle mode to photometric mode (at high

concentrations) should be known, while employing a

CPC. Recent years have seen the development of

CPCs based on water instead of butanol, and these

have been compared and evaluated (Hering et al.

2005; Biswas et al. 2005; Mordas et al. 2008).

The SMPS employs the principle of size classifi-

cation based on particle mobility in an applied electric

field. It utilizes a continuous scanning voltage to

impart varying mobility to particles and a complex

inversion scheme to deduce the particle sizes from the

mobility spectrum. The accuracy of SMPS measured

size distribution is governed by several parameters

such as the DMA construction, sampling and sheath

air flow rates, voltage accuracy, particle charge

distribution, CPC counting efficiency, particle trans-

port time and particle transmission efficiency (Watson

et al. 2011). The SMPS is generally calibrated using

spherical particles (Mulholland et al. 2006). In most

cases, calibration is only with respect to size and not

particle concentrations due to the absence of reference

particle number concentrations; although a few

attempts have been made for the latter (Koch et al.

2008).

There are several versions of CPCs and SMPSs

available, primarily developed by TSI (Shoreview,

MN, USA) and GRIMM (Grimm Aerosol Technik

GmbH & Co. KG, Ainring, Germany). The inter-

comparability of these commercially available sys-

tems has been an important issue of investigation. This

is specially so in the context of the data reported in the

literature using different versions. Meaningful infer-

ences from these data are only possible if the systems

used to measure them are well-evaluated vis-à-vis

each other. Evolving a protocol for SMPS operation is

also an important step in this direction. This is all the

more essential for multi-institutional collaborative

programs (such as field campaigns etc.) wherein

quantities of interest are measured using systems from

different manufacturers. Leskinen et al. (2012) high-

lighted the importance of produced data about the

suitability of the aerosol measurement instruments for

real-time nanoparticle exposure estimation.

In the absence of an absolute standard, inter-

comparisons become imperative and only means of

checking the accuracy and reasonableness of mea-

surements. Some inter-comparison studies have been

carried out on size-classifying particle concentration

measurement systems. Ankilov et al. (2002) reported

an agreement within a factor of 2 in a comprehensive

comparison exercise involving sixteen different

instruments. Asbach et al. (2009) compared four

mobility sizers (TSI-SMPS, GRIMM-SMPS and Fast

Mobility Particle Sizer) against laboratory generated

sodium chloride and diesel soot particles. Helsper

et al. (2008) compared the TSI-CPC results with the

GRIMM and TSI-SMPS results. They reported 1.48

times higher concentrations with GRIMM (with short

DMA) compared to a simultaneously running TSI-

CPC. In a recent study by Watson et al. (2011), four

SMPS instruments (TSI nano, TSI standard, GRIMM-

SMPS and MSP wide range spectrometer) were

compared for a month-long ambient exposure.
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This work presents the detailed inter-comparison of

GRIMM-SMPS (model no 5.403C) available at

Bhabha Atomic Research Center (BARC) and the

TSI-SMPS (classifier 3080 with CPC 3775) available

at the Indian Institute of Technology, Kanpur (IITK).

This will serve as a prelude and also strengthen the

confidence on the aerosol measurements to be carried

out as part of a collaborative project between the two

laboratories. Also, inferences will be drawn about the

capabilities of these instruments in measuring the

nanoparticles. Experiments have been carried out

under both controlled and ambient conditions. The

instruments have been challenged to laboratory test

particles (generated by atomisation of sodium chloride

and ammonium sulphate solutions) and ambient

particles, respectively.

A more intuitive and appropriate approach for a

systematic evaluation of the performances would be to

compare the responses of the accompanying CPCs

before comparing the SMPSs. This will help in

identifying the sub-system which is a likely source of

the underlying variations, if any, observed in the SMPS

measurements. Hence, as a first level of comparison,

only the CPCs of both the SMPSs were compared to a

stand-alone TSI-CPC (available with IITK, model no

CPC 3776) which was taken as a reference. The results

indicated the concentration-dependent relative differ-

ences between these units. Subsequently, the second

level of comparison was between the two SMPSs. The

results again showed an increase in the variations as the

sampling conditions varied from ambient low aerosol

concentrations to high concentration environment.

This study discusses the reasons for the CPC differ-

ences at differing concentrations. The study also

attempts the re-assessment of the SMPS differences

observed for the past studies, but conducting experi-

ments for similar device conditions with varying

aerosol concentrations at the same place. The main

aim of this study is to harmonize the differences

observed for SMPS measurements by linking it with

CPC differences and other factors such as the role of

neutralisation efficiencies, inversion schemes, etc.

Another important issue presented as a part of this

study is the effect of diffusion dryer and sheath air

dryer (recommended in the recently developed proto-

cols for using SMPSs) on measurements, particularly

under humid conditions. The modification of results

with the use of these accessories and its implications

have been experimentally studied and discussed.

Experimental methods

Experiments were performed at Indian Institute of

Technology (IIT) campus in Kanpur, India (26.5�N,

80.3�E, 142 m above mean sea level). For comparison

with laboratory generated aerosols, a small cuboidal

chamber of volume 40 L with an in-built fan to

homogenize the aerosols was used. The chamber had

four sampling ports which were judiciously used

depending on the context and objective of the

experiments performed. The experimental set-up and

the SMPS versions are shown in Fig. 1a, b, respec-

tively. The lower port of the chamber was connected to

a commercial atomizer (TSI aerosol generator 3079)

which was operated at the same air flow rate for all

chamber experiments. The atomized aerosols were

conditioned using silica bead diffusion dryer before

entering into the chamber. One of the upper ports was

used with a flow divider to which GRIMM-SMPS,

TSI-SMPS (hereafter, referred to as G-SMPS and

T-SMPS, respectively) and a TSI-CPC (referred to as

T-CPC) were connected. One of the ports was

connected to other devices used for other measure-

ments (not part of this study). The features of the three

CPCs and two SMPSs are listed in Table 1.

The flow rate at every sampling port was always

verified prior to and usually during the experiments.

All three instruments were operated at their default

flow setting i.e. at aerosol sampling flow rate of

0.3 L min-1 and sheath air flow rate of 3 L min-1.

The aerosol exit provided at one port was through a

HEPA filter. Electrically non-conducting flexible

sampling tubes were used to minimize the losses due

to aerosol charges. To avoid ambiguities, similar

length (and orientation) of sampling tubes was used

for all the instruments being compared, with the tube

length after the flow divider being 0.5 m. Total tube

length representing the sampling path was 1 m for

each of the instruments. For this length and tube

geometry, aerosol losses during tube transit were

found to be insignificant. The scan time for distribu-

tion measurement was also matched for both the

devices. The best available standard protocols

(Wiedensohler et al. 2012) were followed for inter-

comparison exercises.

For the chamber experiments, sodium chloride

(NaCl) and ammonium sulphate ((NH4)2SO4) solu-

tions were used for generating aerosols. For ambient

aerosol experiments, sampling was performed on two
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separate days, one in February 2011 (4–5 February)

and other in July 2011 (19 July). The February

sampling was performed overnight while July sam-

pling was during the daytime. A third experiment was

performed in controlled chamber conditions to deter-

mine the effect of diffusion dryer and sheath air dryer

on the SMPS measurements results. The reasons,

benefits and possible effects of these dryers have been

mentioned in the recommended measurement protocol

for SMPS measurement (Wiedensohler et al. 2012).

We analysed the effect of these devices on compar-

ative SMPS measurements as an extension to our

TSI Atomizer

TSI SMPSGRIMM SMPS

TSI CPC

EXIT Through 
HEPA filter

FAN

Diffusion Dryer

Other Devices

(a) (b)

Fig. 1 a Experimental set-up used for chamber experiments b Photographs of GRIMM-SMPS (5.403) and TSI-SMPS (3775) used in

the study

Table 1 Parameters of the SMPSs used in the study

Parameter G-SMPS T-SMPS Stand-alone T-CPC

Model 5.403C 3696 –

DMA Vienna type TSI-3081 –

Aerosol sampling rate (L min-1) 0.3 0.3 –

Sheath air flow rate (L min-1) 3 3 –

Neutralizer Am241(alpha emitter) Kr85 (beta emitter) –

Diameter range (nm) 11.1–1083.3 nm 14–800 nm –

Impactor 1,185 nm 1,282 nm –

CPC type Butanol based 3775: Butanol based 3776: Butanol based

CPC maximum concentration 107 cm-3 107 cm-3 106 cm-3

CPC lower limit 4.5 nm 4 nm 2.5 nm

Single particle counting threshold 1.4 9 104 cm-3 5 9 104 cm-3 3 9 105 cm-3

Page 4 of 14 J Nanopart Res (2012) 14:1268

123



study. For all experiments, TSI data were analysed

using Aerosol Instrument Manager (version 7) while

GRIMM used SMPS version 1.35 build 1.

Results and discussions

The significance of carrying out experiments with both

ambient and laboratory generated aerosols was to

study the concentration-dependent response of the

instruments. For example, Schlatter (2006) showed

that the CPC of the SMPS itself accounts for the

sizable differences in the aerosol concentrations

reported for values more than 5,000 cm-3. Below a

threshold (see Table 1), single count mode with

coincidence correction is applied in CPCs while above

this concentration; photometric mode is used where

calibration is performed with respect to total scattered

light intensity. With increase in concentration, shifting

of the counting logic to photometric mode can

contribute to the differences between CPCs. However,

prior to commenting on the concentration-related

performance, calibration of the systems used in the

study using standard particles was undertaken. The

results of the experiments performed are discussed

here.

Calibration tests using standard particles

In order to check the sizing accuracy of G-SMPS and

T-SMPS, calibration tests were performed in the test

chamber. Certified (Duke Standard) Polystyrene Latex

(PSL) particles of two different sizes (299 and

499 nm) were used in these tests. Atomized PSL

particles were injected into the test chamber after

passage through the diffusion dryer. After establishing

steady state concentration, average size distribution

recorded by G-SMPS and T-SMPS were compared.

Figure 2 presents the SMPS distributions for PSL

stated sizes of 299 and 499 nm. As may be seen, the

observed peaks for G-SMPS and T-SMPS were 2.68

and 4.01 %, respectively, away from the stated PSL

size of 299 nm. Similarly, for the 499 nm PSL size,

this difference was seen to be 4.41 and 1.20 %,

respectively. Further, we nebulized blank de-ionized

water (without adding PSL) and no significant num-

bers were seen at these stated sizes. Given the

uncertainty in the PSL size (±2.5 %) and other

possible experimental uncertainties, the results were

well within the confidence to proceed further. The

calibration of CPC’s was not performed for number

concentration but their performances for low concen-

tration condition was tested. All CPC’s matched well

within acceptable limits as will be shown in ambient

comparison results.

Comparisons using laboratory generated particles

Prior to comparing the SMPSs, the CPCs of both the

SMPSs were compared with the stand-alone T-CPC in

the test chamber, using particles generated from

atomized sodium chloride solution (0.01 % v/v). Just

prior to the injection of atomized aerosols, stand-alone

T-CPC which recorded 21172(±1290) cm-3 average

particle concentration showed higher concentration by

a factor of 1.089(±0.096) and 1.049(±0.100) com-

pared to CPCs of T-SMPS and G-SMPS. On injection

of the test aerosols (concentration measured by stand-

alone T-CPC was 40752(±6452) cm-3), this factor

changed to 1.177(±0.273) and 1.070(±0.241) for

CPCs of T-SMPS and G-SMPS, respectively (Fig. 3).
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This observation is in agreement with the work of

Schlatter (2006) wherein a 5 % variation (factor of

1.05) was seen up to 1,000 particles cm-3 which

increased to 10 % (factor of 1.1) for 10,000 particles

cm-3. A larger variation in the present study is seen

owing to higher observed concentrations. The limits of

single particle mode counting for these devices is

shown in Table 1. Considering stand-alone CPC as

reference for this case (since it uses single particle

counting mode for both concentrations), the factor of

difference increased for both CPCs i.e. of G-SMPS &

T-SMPS when concentration was increased in the

chamber. Since CPC of G-SMPS was measuring

concentrations in the photometric mode for both cases

(chamber ambient and particle injection), the factor

increased slightly from 1.049 to 1.07. Relatively, this

factor increased more in case of CPC of T-SMPS since

it measured concentrations in single particle mode and

transition mode for background and after injection,

respectively. The concentration difference factor of

the two CPCs (ratio of concentration measured by

CPC of G-SMPS and of T-SMPS) increased from

1.038 to 1.095 for the above case. The transition to

photometric mode at differing thresholds and the

inherent calibration, instrumental and sampling vari-

ations contributed to these observed differences. It

should also be noted that, both CPCs of TSI had a

difference of 8.9 % even at lower chamber ambient

case which still can be taken as acceptable. It has been

shown in previous studies that small changes in

instrument settings or flows inside the instruments can

contribute to the measurement differences between

different systems. For example, even a small change in

thermistor settings can cause a difference of concen-

trations between CPCs (Lui and Deshler 2003). So, it

is reasonable to accept the variations of different

models (of different age) even if they are factory

calibrated. However, it would be interesting to see the

performances of these CPCs at still lower ambient

concentrations.

The second step was the comparison of G-SMPS

and T-SMPS in controlled chamber conditions using

two different types of test particles generated from

sodium chloride (0.01 % v/v) and ammonium sulphate

(0.03 % v/v) solutions. After conditioning through the

diffusion dryer, these were passed into the chamber.

The steady state average size distribution for NaCl and

(NH4)2SO4 aerosols measured by the G-SMPS and

T-SMPS are as depicted in Figs. 4 and 5. For NaCl

particles, the geometric means recorded by the

T-SMPS and the G-SMPS were 64 and 53 nm

(G-SMPS 15.6 % lesser than T-SMPS), respectively.

The geometric standard deviations obtained from the

size distributions were similar at 1.88 and 1.87,

respectively. The total number concentrations were

compared in the common size ranges of the two

SMPSs. It was found that the G-SMPS showed a

higher concentration by a factor of about

1.881(±0.078). For (NH4)2SO4 particles, the geomet-

ric mean measured by G-SMPS was 10.3 % lesser

than the T-SMPS and the total particle concentration

was higher by a factor of 1.725(±0.279). Asbach et al.

(2009), in their study on laboratory comparisons with

NaCl aerosols, obtained a factor of 1.42–1.7

with GRIMM showing higher number concentrations

with almost similar inferences for mean size differences.
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Fig. 3 Time series plot of the NaCl particle concentrations recorded by the three CPCs
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An internal analysis of the size-wise variations in

the particle concentrations was also carried out and the

relative concentration factor (RCF) was estimated as:

RCF ¼ CG � CTf g=CT

where CG and CT are the particle concentrations

measured by the G-SMPS and T-SMPS, respectively.

RCF is introduced here to compare the results of this

study in view of size-based differences discussed in

the previous studies. As indicated in Table 2, larger

RCFs of 4.33 and 1.70, respectively for NaCl and

(NH4)2SO4 particles, were observed in the lower size

ranges (13–30 nm). These can be compared with the

work of Asbach et al. (2009) wherein, factors of up to

2.6 were obtained for lower size ranges. The RCFs

were lower for higher size ranges.

The results for the concentration difference of the

SMPSs re-assessed the previous studies carried out for

laboratory-controlled high concentration conditions.

The sources of uncertainty which might be causing

these differences have been discussed elsewhere

(Wiedensohler et al. 2012; Watson et al. 2011). The

most significant might be CPC responses, DMA

transfer functions, efficiency corrections, instability

of the flows and the differences in neutralized charge

distributions. Liu and Deshler (2003) have discussed

the effect of aerosol flow changes and insufficient

neutralisation on the difference between CPC and

SMPS. Before examining these aspects, it is worth-

while to also check the differences of CPCs of these

units at low ambient concentrations. The next step for

our study thus was the comparisons in ambient

conditions before attempting the discussion of the

above results for the concentration differences.

Comparisons in ambient conditions

Although in some past studies, efforts were made to

check the inter-variations for ambient measurements,

we carried out experiments so that the similar

condition devices could be tested for both high and

low concentration conditions. This would help us to

harmonize the measurements for different concentra-

tion conditions. These experiments in ambient envi-

ronments were conducted during 4–5 February, 2011

and 19 July, 2011. First, all the three CPCs (T-CPC,

CPC of G-SMPS and the CPC of T-SMPS) were

compared to check the differences in the total number

concentrations recorded by the two instruments.
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Table 2 Size segregated relative concentration factor (RCF)

for laboratory comparison

Size range (nm) Relative concentration factor

NaCl (NH4)2SO4

13–20 4.33 1.70

20–30 2.13 1.16

30–50 0.67 0.39

50–70 1.00 0.85

70–100 0.37 0.36

100–150 0.79 0.98

150–200 0.84 1.11

200–300 0.26 0.55

300–400 1.10 1.50
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Figure 6 shows the results in the form of time series

recorded on February 4, 2011 for a period of about

2.5 h in the ambient environment of IIT Kanpur site.

As can be seen, in comparison to higher concentration

conditions, as in chamber experiments, CPC variations

were low. The CPC of T-SMPS and G-SMPS,

respectively showed a factor of 1.013(±0.014) and

1.047(±0.022) times higher concentrations than the

stand-alone T-CPC. The average aerosol concentra-

tion as measured by T-CPC during this period was

11,363(±2555) cm-3. As the concentration was low

(below the threshold of single counting mode), close

matching of CPCs indicates that coincidence corrected

single particle counting for all these CPCs is

reasonable.

The CPCs were then coupled with their respective

DMAs to form the SMPSs. The two SMPS (i.e.

G-SMPS and T-SMPS) along with standalone T-CPC

were connected to a flow divider, and similar protocols

as followed during test chamber experiments were

followed. However, for ambient comparisons, the tube

exit at the other end of flow divider was directly

exposed to ambient environment. Figure 7 shows the

time series of overnight recording of all instruments

used for ambient comparisons (February 4–5, 2011).

All comparisons yielded extremely confident results

in terms of the trend of the data. It can be seen clearly

that, both SMPS followed the ambient changes

perfectly. Although, the correctness of the produced

data from both the units cannot be checked in absence

of an absolute standard, we attempted a preliminary

comparison of SMPS integral number concentration

with the standalone T-CPC concentration assuming it

as a reference standard. As seen in Fig. 7, the

G-SMPS concentrations were closer to T-CPC and

remained higher constantly w.r.t. T-SMPS. The

representative mean size estimated by G-SMPS

shifted to lower size compared to T-SMPS. The

geometric standard deviation for both instruments

followed each other.

Figure 8a shows a representative size distribution

simultaneously recorded by T-SMPS and G-SMPS.

The geometric mean obtained for the G-SMPS was

122 nm (which was 10.2 % lesser than T-SMPS).

However, the GSDs for both the size distributions

were similar (%2.04). Instead of comparing the total

number concentration as provided by the instrument

software, we compared the integrated concentrations

only for the size range common to both the instru-

ments. With this, results from G-SMPS were found to

be a factor of 1.252(±0.163) higher than T-SMPS.

Figure 8b depicts the similar result obtained for the

comparison on July 19, 2011 performed to check

the repeatability of the February results. For this case,

the aerosol concentration from G-SMPS was a factor

of 1.161(±0.321) higher while the mean was 10.2 %

lesser than T-SMPS with almost similar GSD. These

results are comparable to those of a recent work by

Watson et al. (2011) comparing similar units at Fresno

Supersite (ambient) wherein the G-SMPS number

concentrations were higher than T-SMPS by a factor

of 1.26 (for 10–30 nm) which gradually reduced for

the higher sizes finally leading to a trend reversal

(T-SMPS [ G-SMPS). Figure 9 shows the hourly

averaged distributions for three different times. All

environmental changes e.g. bimodality were captured
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by both the instruments. No convincing size segre-

gated effect was observed. As observed for low

concentration conditions, the G-SMPS number con-

centration results were approximately 20 % higher

than T-SMPS. A small part of this difference can be

linked to the CPC differences (&5 %) and the

remaining may be attributed to similar factors dis-

cussed at higher concentration measurements. The

next section discusses the possible reasons for the

observed differences.

Harmonisation of particle concentration

measurements

Based on the results of the measurements as discussed

in the previous sections, an attempt to achieve harmo-

nisation when measuring particle concentrations using

systems from different manufacturers was made. As

shown in Fig. 10a, the ratios of the concentrations

recorded by CPCs of the two SMPSs to the T-CPC were

plotted as a function of the concentration (measured by
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T-CPC). It was observed that, in concentration range of

10,000–40,000 cm-3, concentration ratio for both

CPC increased with concentration. However, CPC of

G-SMPS (to T-CPC) ratio was seen to be saturating,

while that of CPC of T-SMPS was observed to be

increasing, in the above-stated concentration range.

Similarly, Fig. 10b shows the ratio of the concentra-

tions measured by G-SMPS and T-SMPS as a function

of the aerosol concentration (average of G-SMPS and

T-SMPS). This ratio increased with increase in aerosol

concentration.

The role of single particle counting mode and the

transition effect (to photometric mode) has already

been discussed in CPC measurement results. This

study also showed that G-SMPS measured higher

particle concentrations compared to T-SMPS (consis-

tent with the similar studies performed world-over).

For low concentrations, a fraction of this difference

may arise due to CPC differences (as observed in our

work). While inversion scheme differences were ruled

out as a possible reason, the other possible reasons

may be the differences in CPC efficiency curves,

diffusion losses and the other sampling variations

(Wiedensohler 2012). As the SMPS difference for

ambient measurements were not too large for our

study, the small differences in device characteristics

and measurement uncertainties during measurements

can account for the observed response. Considering

above arguments, it seems reasonable to accept the

SMPS differences for the ambient measurements.

At higher concentrations, the CPC differences

became large, but these may not contribute to the
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large SMPS differences. When the CPC is connected

as a part of SMPS, the particles reaching the CPC

would be size segregated and hence, at lower concen-

trations. Hence, the counting mode for this small

concentration would be single counting and CPC

responses matched fairly well for single counting

mode. Then, a possible explanation for the observed

SMPS differences is based on the neutralisation

efficiency of these systems. In comparison to ambient

case, the charges produced due to atomisation will be

large. No additional neutralizer was used in our study

except the neutralizers of these devices. An inefficient

neutralisation would result in higher number concen-

tration as well as lower mean size. Liu and Deshler

(2003) demonstrated the effect of such neutralizing

inefficiency to explain the larger differences of CPC

and SMPS at lower sizes. Since this charging-related

effect would be prominent for lower sizes, it also

explains the larger RCF (for smaller sizes) observed in

our study. The neutralisation efficiency can thus be

tested for such experiments so as to understand and

negate observed effects.

The results of these experiments are being used by

the participating laboratories for their collaborative

work. For ambient conditions, these laboratories are

using a multiplication factor of 1.2 for converting the

total number concentration measured by T-SMPS to

mirror it with the G-SMPS. However, in the absence of

standardized size-based interpretations, use of such a

relative factor will not be valid for size distributions.

Also, at high concentration conditions, more experi-

ments (such as with hydrophilic particles, with lower

average charge, etc.) are required to discuss and

implement any such kind of conversion factor.

Effect of silica gel trap (sheath air dryer)

in G-SMPS

An important part of this study was to test the effect of

diffusion dryer and sheath air dryer on the measured

aerosol size spectrum. Due to reasons of effect on

bipolar charge equilibrium and to limit fluctuations of

relative humidity (RH) inside the DMA, it is recom-

mended to use diffusion dryer at sample inlet and

sheath air dryer (with heat exchanger) in sheath air

path (Wiedensohler et al. 2012). In continuation to

exploring SMPS performance related to RH studies,

we continued inter-comparison experiments with two

different objectives.

The first objective was to measure the hygroscopic

growth of atmospheric aerosols at high humidity

conditions. This was required to analyse the effect of

diffusion dryer on the size spectrum. In many prac-

tices, these dryers are used without any RH control so

the sample RH reduces to a very low value. In such

cases, the actual and the measured inferences can be

very different. Towards this, G-SMPS and T-SMPS

were used to measure hygroscopic growth of ambient

aerosols (Shamjad et al. 2012). T-SMPS was used to

measure the ambient size distribution while the

G-SMPS was used to measure the dry distribution

(diffusion dryer was attached to the inlet). The silica-

based dryer reduced the RH at the exit of the dryer to

as low as 5 %. This RH and the chamber humidity

conditions were measured by Vaisala Humidcap

(HMT 330, serial no. B4050039) with an accuracy

of 1 % for RH\90 and 1.7 % above 90 %. As shown

in Shamjad et al. 2012, the hygroscopic growth factor
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(ratio of modal diameter for wet and dry distributions)

varied from 1.02 to 1.18 for RH variations between

59.3 and 76.5 %. The details of these observations

have been discussed in Shamjad et al. (2012). As

growth factors also depend on the chemical compo-

sition, it is inappropriate to relate RH to aerosol

growth. But as can be seen, the measured size can be

quite different from the actual size for such cases. This

understanding becomes particularly important when

such dryers are used without RH control and the

measured parameters are used for other estimations

and data interpretation.

The second objective was to analyse the effect of

sheath air drying on the measured spectrum. Con-

trolled studies with particles produced using an

atomizer, were performed to analyse the effect of

sampling from a humid environment. T-SMPS was

connected to the chamber without any sheath air dryer

(with no RH control and heat exchanger) while a silica

beads dryer was connected in the sheath path of

G-SMPS. The RH in the chamber was noted, and it

was seen to be maintained between 20 and 30 %. In a

separate exercise, the sheath air dryer (not connected

in SMPS path) was seen to be reducing RH to less than

10 %. The RH conditions inside the DMA were not

measured except the noted temperature response of

DMA sensor which was seen to be fluctuating within

low acceptable range. In two different experiments,

one with NaCl (0.01 % v/v) and the other with

(NH4)2SO4 (0.03 % v/v) solutions, the effect of using

a dryer in the sheath air path on the resulting size

distribution was studied. For NaCl particles, the mean

size observed with the G-SMPS was 32 nm (compared

to 58 nm with T-SMPS) with the dryer in the sheath air

path corresponding to a variation of 44.8 % with

respect to the T-SMPS. In the absence of the dryer, the

mean sizes were found to be 54 and 64 nm for the

G-SMPS and T-SMPS, respectively, i.e. a change of

15.6 % relative to T-SMPS. These are depicted in

Fig. 11.

Similar results were obtained with (NH4)2SO4

particles as well (Fig. 12). The size variation in this

case reduced from 24.4 % (with dryer) to 10.3 %

(without the dryer) w.r.t. the mean size given by

T-SMPS. These results can be taken as the reflection of

the interaction of aerosol stream with the surrounding

sheath flow. The RH of the sheath air can influence the

aerosol drying, particularly for wet aerosols. In such

cases, the aerosol size exiting neutralizer will change

during the flight towards the DMA slit. As the flow rate

of sheath air was ten times higher than the sample flow

rate (3 against 0.3 L min-1), dried sheath air reduced

the mean size significantly.

This shift in the mean size on using such a dryer can

be significant, especially if the particles are hygro-

scopic. Moreover, the use of the dryer is likely to alter

the size distribution of the particles from that in the

real environment from which they are sampled. In

event of requirement of wet aerosol sampling, if

sheath drying is used then its effect should be known to

the end users. Hence, it is important that a correct

protocol for measurements pertaining to the use of the

sheath air dryer be evolved based on the application

and end point of the measurements. In context of a

significant change in the mean size due to insertion of

dryer in sheath air path, a correction factor should be

included in software for use in cases where these

dryers are being supplied to the users in closed loop
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measurements (without RH control). The estimation

of this important correction factor (particularly in view

of the recent protocols) requires the specific studies

which can be focused on the above aspects. Also as

mentioned in Shamjad et al. (2012), similar RH

conditions might lead to different growth factors due

to changes in the chemical compositions hence a

careful controlled composition dependent study can be

advantageous to assist the protocol development.

Conclusions

The CPCs of the G-SMPS and T-SMPS were

compared with each other and with a stand-alone

CPC for ambient and laboratory generated conditions.

For ambient conditions, the CPC results were within a

factor of 1.05 while for high concentration compari-

sons, the CPC differences increased to a factor of 1.18.

These CPC were coupled with their respective DMAs

and G-SMPS and T-SMPS were compared following

the similar protocols. For ambient conditions,

G-SMPS particle concentration results were

1.16–1.25 times higher than T-SMPS results. An

excellent consistency was observed while comparing

the mean size and geometric standard deviation from

both the instruments. G-SMPS mean size was always

approximately 10 % lower than T-SMPS mean size

while GSD was seen to be almost similar. For

laboratory generated aerosols, the difference of

G-SMPS and T-SMPS results increased to 1.7–1.9

with almost similar inferences as ambient case for

mean and GSD. Although the above-mentioned fac-

tors may be valid for one particular set of instruments

and settings, these can provide sufficient information

for harmonizing the measurements during field cam-

paigns. An attempt made for comparing ambient

integral number concentrations obtained from SMPS

results with a stand-alone CPC showed that GRIMM

results were closer to the stand-alone CPC. A definite

trend of increase in CPC differences and SMPS

differences with increase in aerosol concentration was

observed. The CPCs were found to be matching for

low concentrations verifying the correctness of the

coincidence corrected single counting measurements.

For these concentrations, the possible reasons for

SMPS differences have been stated. For high concen-

tration measurements, CPC differences were

increased due to shifting to photometric mode at

different thresholds. However, these differences

would not contribute to the SMPS differences for

these high concentration conditions. The neutralizing

inefficiency can be a possible reason for consistently

observed large differences for laboratory high con-

centration measurements. The size-wise inferences

showed large differences for lower size ranges which

got reduced for higher size ranges.

The use of diffusion dryer at the inlet of one SMPS

was utilized to measure the hygroscopic growth of

ambient aerosols. The introduction of sheath air dryer

or similar device in the sheath air path introduces a

significant shift (towards lower end) in the mean size

of the distribution. This highlights the need for a

proper guideline for the use of the sheath air dryer

when making measurements with an SMPS. If the use

of such a dryer is imperative, then a correction factor

may be incorporated so as to predict the size distri-

bution close to that in the environment which is being

sampled. The quantification of such a shift
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(and correction factor), however, requires detailed

study performed over a range of humidity conditions

and aerosol hygroscopicity.

In general, it is necessary to understand the

importance of inter-comparison exercises for harmo-

nisation of the measurements, especially when carry-

ing out regional studies using different versions of

SMPSs in multi-institutional programmes. Following

a correct protocol can be advantageous if the user

knows the effect of sub-systems used in the measure-

ments. The variations between instruments for nano-

particle ranges should be taken care while drawing

conclusions, since a variation by a factor of about 2–4

is seen in the number concentrations at low particle

size ranges (\30 nm). The concentration-dependent

responses have shown that the data obtained from one

SMPS can be utilized to relate it to other SMPS

performance (for the ambient comparisons). It will

help both of the collaborating laboratories to conduct

studies at their respective locations and to correlate the

conclusions. Since nearly all recent protocols high-

light the importance of using diffusion dryer and/or

sheath air dryer for SMPS measurements, the impli-

cations of RH-based studies can be taken as a

preamble for the other specific RH-related studies.
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