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Concept of high quality simultaneous measurements of 
the indoor and outdoor aerosol to determine the exposure 
to fine and ultrafine particles in private homes
J. Zhao, K. Weinhold, M. Merkel, S. Kecorius, A. Schmidt, S. Schlecht, T. Tuch, B. Wehner, W. Birmili,  
A. Wiedensohler

Summary Simultaneous measurements of indoor and outdoor aerosol 
particles are crucial for determining the relationship of indoor to out-
door particle concentrations (Indoor/Outdoor ratio; I/O ratio) as well as 
the indoor particle exposure. This article describes an improved concept 
to determine the exposure to indoor particles, including the indoor and 
outdoor measurements of particle number size distribution (PNSD) of 
fine and ultrafine particles, and coarse mode particle mass concentra-
 tions. Special mobility particle size spectrometers (Mobility Particle Size 
Spectrometer; MPSS), designed and built at TROPOS, have been em-
ployed to determine the indoor and outdoor PNSD (0.01 to 0.8mm). 
The MPSS should be calibrated against a reference MPSS at a calibra -
tion facility (e.g. the World Calibration Center for Aerosol Physics; 
WCCAP) every second month. This article describes the set up and 
quality assurance of the indoor and outdoor measurement system, as 
well as the logistic of the measurement. Examples of yearlong measure-
ments at Leipzig are shown as illustrative results. Ultrafine aerosol parti-
cles are especially produced due to cooking activities or candle burning. 
The median I/O shows that the indoor aerosol is increasingly decoupled 
from outdoor during nighttime. During daytime, the influence of the 
outdoor aerosol is more significant and the I/O ratio is close to 1.0. 

Zusammenfassung Simultane Messungen von Aerosolpartikeln im In-
nenraum und Außenbereich sind entscheidend für das Verhältnis von 
Innenraum- zu Außenbereich-Partikelkonzentrationen (I/O-Verhältnis) 
sowie der Partikelbelastung im Innenraum. Dieser Artikel beschreibt ein 
verbessertes Konzept zur Bestimmung der Exposition von Innenraum-
partikeln, einschließlich der Messungen der Partikelgrößenverteilung 
(Particle Number Size Distribution; PNSD) von feinen und ultrafeinen 
Aerosolpartikeln im Innenraum und Außenbereich sowie der Partikel-
massenkonzentrationen im groben Partikelgrößenbereich. Spezielle Par-
tikelgrößenspektrometer (Mobility Particle Size Spectrometer; MPSS), 
von TROPOS entwickelt und gebaut, wurden eingesetzt um die PNSD 
im Innen- und Außenbereich (0,01 bis 0,8 mm) zu bestimmen. Die 
MPSS sollten jeden zweiten Monat in einer Kalibrierungseinrichtung   
 (z. B. dem World Calibration Center für Aerosol Physics; WCCAP) ge-
gen ein Referenz-MPSS kalibriert werden. Dieser Artikel  beschreibt den 
Aufbau und die Qualitätssicherung der Innen- und  Außenmesssysteme 
sowie die Logistik der Messung. Als anschauliche Ergebnisse werden 
Beispiele von einjährigen Messungen in Leipzig  gezeigt. Ultrafeine 

Konzept für qualitativ hochwertige simultane Mes-
sungen des Innenraum- und Außenaerosols zur Be-
stimmung der Exposition von feinen und ultrafei-
nen Partikel in privaten Wohnungen

 Aerosolpartikel werden insbesondere aufgrund von Kochaktivitäten 
oder brennenden Kerzen erzeugt. Der Median des I/O-Verhältnisses 
zeigt, dass das Innenraumaerosol nachts zunehmend vom Außenbe-
reich entkoppelt ist. Tagsüber ist der Einfluss des Außenaerosols signifi-
kanter und das I/O-Verhältnis liegt nahe bei 1,0.

1 Introduction

Ambient aerosol particles have drawn special attention by 
many studies because of the health effects (e.g. asthma, car-
diovascular diseases) caused by the inhalation [1-4]. Other 
studies have indicated that health effects of fine (particle 
diameter <1 mm) and ultrafine (particle diameter <0.1 µm) 
aerosol particles could potentially be more harmful than 
those of PM2.5 (particle diameter <2.5 mm) [5-7]. 
Additionally, there is a growing concern about the exposure 
to indoor particles, since people spend most of their time 
indoors, in developed countries around 60% [8-10]. Indoors, 
people are exposed to a mixture of particles from outdoor 
and generated by human indoor activities [11; 12]. Many 
studies reported that the outdoor particle number size dis-
tribution (PNSD) is modified due to ventilation process [13; 
14]. Furthermore, indoor particle losses are strongly par-
ticle size-dependent [15; 16] and highest for ultrafine and 
course particles. To understand the indoor particles expo-
sure, it is therefore important to study indoor particle emis-
sions due to residential activities as well as the influence of 
the outdoor aerosol on the indoor particle number size dis-
tribution (PNSD). 
The most commonly used methods of indoor particles expo-
sure measurements are: outdoor measurements to predict 
indoor concentrations, the use of a direct personal monitor, 
or simultaneously indoor and outdoor measurements [17]. 
For the first two methods there are missing the indoor 
source or outdoor source information, respectively. The 
method of simultaneous measurement of indoor and out-
door PM10 and PM2.5 has been well studied [14; 17 to 20]. 
Until now, either studies lacked measurements of the PNSD 
of fine and ultrafine particles, or their measurements were 
statistically not robust, because of an insufficient number of 
probed homes. One could therefore only retrieve an incom-
plete overview, which was probably not representative. 
This article describes an improved concept to determine 
indoor and outdoor PNSD of fine and ultrafine particles with 
high quality, as well as measurement of course mode par-
ticle mass concentrations. The whole concept is designed to 
perform measurement in multiple private homes over a 
period of more than one year in order to obtain statistically 
more representative data. This concept includes a) the 
design of instrumentation to make investigations around 
the year possible, b) the quality assurance of the instru-
ments and data, and c) the logistic of the measurement.
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2 Instrumentation

2.1 Design considerations
To provide high-quality indoor and outdoor particle number 
size distributions across the range 0.01 to 0.8 mm, special 
mobility particle size spectrometers (MPSS) were designed 
and constructed by TROPOS (Figures 1 and 2). Measuring 
air quality in occupied indoor environments requires 
enhanced standards for the technical equipment with 
regard to avoiding hazards and nuisances. One aspect is the 
avoidance of radioactive material or organic solvents that 
are usually employed in standard MPSS instruments. In 
addition, it is advocated to minimize the noise emerging 
from the equipment. Other aspects include portability – in 
order to be able to move the instrumentation easily from 
one dwelling to another, and operational flexibility. Outdoor 
equipment, in contrast, needs to be sheltered from extreme 
temperatures, rain and excessive humidity. Preliminary 
considerations of the planned indoor/outdoor measure-

ments led to the conclusion that these standards could be 
best achieved with a pair of newly designed and custom-
built instruments. 

2.2 Indoor mobility particle size spectrometer
The indoor measurement system has been designed to pro-
vide a minimum of nuisance to the dwelling’s occupants 
with respect to noise as well as hazardous odours and radia-
tion. Regular MPSS instruments are typically equipped with 
a Condensation Particle Counter (CPC) operated with buta-
nol as the working fluid and a bipolar diffusion charger con-
taining radioactive nuclides. To meet higher safety stan-
dards, the indoor system described here is equipped with a 
water-based CPC (TSI Inc., GP-WCPC Model 3787). The 
bipolar diffusion charger is custom-designed and contains a 
Ni63 nuclide. The decay activity is 95 MBq, which is within 
the free legal limit of 100 MBq, thus minimizing its impact 
on the indoor environment. The entire indoor MPSS system 
is pictured in Figure 1. Its housing has been made sound-
proof to reduce noise of the CPC and other small pumps. In 
addition, the original pump of the water CPC was replaced 
by a low-noise pump, because the vibrations of the original 

pump turned out to be too noisy for applicati-
ons in private homes. Moreover, the ventila-
tion of the water-based CPC was augmented 
to prevent overheating. The entire measure-
ment rack is ventilated to keep the system 
temperature close to the room temperature.

2.3 Outdoor mobility particle size spectro-
meter
To resist temperature changes in the outdoor 
environment, the outdoor instrument was 
thermally insulated, and incorporated into a 
waterproof shelter. The MPSS rack 
(Figure 2a) includes a special air-conditioner 
for cooling and heating (Rittal CS 9776500, 
650 W for cooling, and 400 W for heating). 
Due to the availability of both, air-conditio-
ning and heating, the inside temperature can 
be kept between 22 and 26°C for ambient 

Figure 1. Indoor system, custom-built by TROPOS.

Figure 2. a) Outdoor system with outer panels and roof dismantled. The air-conditioner occupies the right 
hand segment of the rack. b) Complete assembly of the outdoor system as employed in the field.

Figure 3. Example of the intercomparison results from May 26, 2017. The time series of the PNCs (10 
to 800 nm) of the indoor, outdoor, reference MPSS and reference CPC are compared. The dashed lines 
represent the +/-10% target uncertainty range around the reference CPC.
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temperatures between -10 
and 35°C. Although the out-
door system is designed to 
operate outside (balcony, ter-
race, garden), the potential 
nuisance by butanol exhaust 
vapors from the CPC needs to 
be controlled. An active car-
bon filter is therefore used at 
the exhaust tube of the out-
door system, which is regu-
larly changed to avoid satura-
tion. 

2.4 Additional measurements
Both MPSS are complemen-
ted by optical particle size 
spectrometers (Grimm, 
Model 1.108) that provide 
PM10, PM2.5 and PM1 particle 
mass concentration. Measurements of equi-
valent black carbon mass concentration 
(microAeth Model AE51) and CO2 concentra-
tion (CO2 sensor, GMP252 Vaisala) were 
added for the indoor instrument. CO2 con-
centrations measurements are useful to 
document ventilation events such as opening 
doors or windows. (CO2 generated by the 
occupants will be diluted with ambient air.) 
Furthermore, equivalent black carbon mass 
concentrations are helpful to determine the 
impact of the outdoor aerosol and to identify 
indoor sources that are related to combustion 
or heating processes such as candle burning 
or baking. For easier transport and installa-
tion, both instruments were designed in a 
modular fashion, also having their weight 
optimized. Steady and lockable wheels were 
installed for easier handling.

3 Quality assurance 

To maintain a high reliability of the measurement data the 
indoor and outdoor MPSS are calibrated against a reference 
MPSS at the World Calibration Center for Aerosol Physics 
(WCCAP) every second month. During these intercompari-
sons, the indoor, the outdoor, and the WCCAP reference 
MPSS measure the PNSD of the ambient aerosol simultane-
ously. Furthermore, the CPCs are calibrated against a Fara-
day Cup Aerosol Electrometer (FCAE). 
Particle number concentration (PNC) and mean particle 
number size distribution (PNSD) of indoor and outdoor 
MPSS should be within a ±10% target uncertainty compared 
to the reference MPSS and reference CPC as shown in Fig -
ure 3 and Figure 4a. The PNC of indoor and outdoor MPSS 
should have a close linear relationship with the reference 
CPC as shown in Figure 4b. The calibration procedures    
and target uncertainties are described in more detail in 
 Wiedensohler et al. [21].
Figure 4a shows the mean PNSD of the indoor, the outdoor 
and the reference MPSS. The PNSD of the indoor and out-
door MPSS are within the target uncertainty of +/10% over a 
wide range against the reference MPSS. Only below 20 nm 

in particle diameter, the deviation become somewhat 
greater. This increased uncertainty of MPSS is a general 
feature, which was already described in a former study [22]. 
The PNSD have been calculated using the inversion routine 
[23] and corrected for internal losses using the method of 
equivalent length [22] as well as for size-dependent coun-
ting efficiency of the butanol and water CPCs.

4 Planning and logistics of indoor/outdoor measure-
ments

The instruments described in this article are, at the time of 
writing, being used for a cross-sectional study across 40 
homes in Germany. The typical logistics of such field mea s -
urements consist of the transportation of the instruments 
between the dwellings under study, the training of study 
participants to use a digital activity logbook, and to establish 
Internet access to both instruments for the purpose of 
remote maintenance. The measurement cycle is illustrated 
in Figure 5. 
Each MPSS instrument is running under control of a cus-
tom-made data acquisition program (LabVIEW Version 

Figure 4. Example of the intercomparison results from May 26, 2017. a) The mean PNSD of the indoor, outdoor, and refe-
rence MPSS. The dashes lines represent the +/-10% target uncertainty around the reference MPSS. b) Linear regression 
between the particle number concentrations of the indoor and outdoor MPSS, and reference CPC. Legend at top left shows 
the curve fit results, coefficient values ± one standard deviation.

Figure 5. Flowchart of indoor and outdoor simultaneous measurement at private homes.
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6.66, National Instruments). The program shows the instru-
ment’s status parameters (e.g. temperature, relative humi-
dity, error code) and time series of preliminary measure-
ment results. After installation of the instruments, a zero 
check (total filter connect inlet) and a flow check for the 
whole system ensure that the system has no leaks and all 
the air pumps are working correctly. When the PNSD plot of 
the MPSS program shows outliers, the high voltage che-
cking and calibration of DMA is also necessary. 
To be able to interpret the indoor measurement and to 
minimize the effort of the people, a digital active logbook 

was developed as shown in Figure 6a. Speci-
fic activities can easily be selected by clicking 
as illustrated in Figure 6b.
In order to obtain more statistically signifi-
cant measurement data, measurements 
should be continuous and last days long. At 
the same time, during the measurement in 
the household, the operation staffs should be 
absent to avoid an impact on residence’s nor-
mal life. It is however necessary to be able to 
remotely check and control measurements. 
Therefore, a remote control software (e.g. 
TeamViewer) is installed on every PC. 
Through an Internet connection, we could 
easily obtain access to the PC (Figure 7) at 
any time, and operate troubleshooting if 
necessary. 

5 Illustrative results 

5.1 Time series of indoor CO2 and black 
 carbon concentration 
“Open window” is one of the most common 
indoor activity, and it has a non-negligible 
influence on the contribution of indoor sour-
ces to indoor air. For the example in  
Figure 8, the indoor particle number concen-
tration shows one sharp peak, reaching the 
outdoors concentration. At the same time, a 
drop in the CO2 concentration indicates an 
open window.

Figure 9 shows an example of toasting. During this event of 
approximately 15 minutes, the total particle concentration 
increases by more than two orders of magnitude and is far 
higher than the outdoor concentration. At the same time, 
the equivalent black carbon mass concentration increases 
by a factor of eight. 

5.2 Time series of the indoor and outdoor relationship
Figure 10 shows an example of one private home in Leip-
zig. One can clearly see the nighttime period from 00:00 to 
08:00 with no activities and the active period from 08:00 to 

Figure 8. Example of time series of indoor and outdoor particle number concen-
trations, and indoor CO2 concentration, the shaded area marks the time of open 
windows.

Figure 7. Example of remote control observation. Indoor system PC interface. 

Figure 6. Interface of digital activity logbook. a) All options of activities selected. b) Ventilation and 
the subcategories “window open” and “window tilt” selected. 

Figure 9. Example of time series of indoor particle number concentration, and in-
door black carbon concentration, the shaded area indicates the time when a 
toaster was used.
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24:00. Figure 10a shows the time 
series of the median and 25-75 per-
centile of PNCs measured indoors 
and outdoors. From the median of 
the indoor and outdoor PNCs, one 
can see that the outdoor PNC is gene-
rally higher than the indoor one. 
During nighttime, both indoor and 
outdoor PNCs decreased constantly 
due to less traffic and no indoor emis-
sions. On the other hand, the indoor 
PNC and I/O ratio show peaks during 
breakfast, lunch and dinnertime. 
Ultrafine aerosol particles are pro-
duced, especially due to cooking acti-
vities or candle burning.
The influence of the outdoor aerosol 
on the indoor PNC or PNSD is usually 
described by the ratio between 
indoor and outdoor (I/O ratio) of the 
PNC or PNSD. In this example, the 
I/O ratio was calculated by dividing 
the indoor PNC by the outdoor PNC 
(10 to 800 nm) for each 5 min measurement. Figure 10b 
shows the time series of the median and 25 to 75 percentile 
of I/O ratio. The median I/O ratio is in the range of 0.5 to 
2.4. During nighttime, the indoor aerosol is increasingly 
decoupled from outdoor, while during daytime the influ-
ence of the outdoor aerosol is more significant (I/O ratio 
close to 1.0). The 75 percentile of I/O ratio is however in the 
range of 0.7 to 8.5, showing the presence of indoor particle 
sources, mainly to activities related to combustion or hea-
ting processes.

5.3 Indoor source 
Figure 11 shows an example of the indoor PNSD before, 
during and after toasting. The black dots represents PNSD 
before heating, while the red dotd show the PNSD directly 
after toasting. It can be seen that the majority of the emitted 
particle are in the range around 20 nm particle diameter. In 
the following, the particles grow by coagulation or are lost 
by diffusion to surfaces in the living room. The peak of 
PNSD consequently moves from approximately 20 to 50 nm, 
while the PNC drops by more than a factor of ten.
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