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Abstract

The a�m of th�s art�cle �s to g�ve some bas�c fundamentals 
about the funct�onal pr�nc�ples of aerosol spectrometers, 
procedures for cal�brat�on and val�dat�on of aerosol spec-
trometers and some appl�cat�on examples of actual aerosol 
spectrometer used for part�cle number, s�ze and mass de-
tect�on �n agr�cultural or env�ronmental appl�cat�ons.
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Introduction

Th�s paper w�ll focus on the appl�cat�on of l�ght-scatter-
�ng aerosol spectrometers for part�cle number, s�ze and 
mass detect�on for h�gh part�cle concentrat�ons, exclud�ng 
such appl�cat�ons for clean spaces, where the needed spec�-
f�cat�ons of the aerosol spectrometers are very d�fferent, 
e.g. accurate part�cle s�ze determ�nat�on �s not requested, 
sample volume flow �s comparably h�gh and max�mum 
part�cle concentrat�ons are very low.

The determ�nat�on of part�cle concentrat�on, part�cle s�ze 
d�str�but�on and part�cle mass of aerosol part�cles �s re-
qu�red �n var�ous appl�cat�on f�elds, e.g. chem�cal, pharma-
ceut�cal, agr�cultural, or automot�ve �ndustry. Dur�ng the 
last decade some remarkable steps �n aerosol spectrometer 
development took place, so today aerosol spectrometers 
are used to obta�n all th�s results, ment�oned above.

Aerosol spectrometers

Fundamentals and deta�led descr�pt�ons can be found �n 
l�terature about l�ght scatter�ng of s�ngle part�cles (Van der 
Hulst H. C. 1957, Bohren C. F. and Hufmann D. R. 1998), 
bas�c funct�onal pr�nc�ples of aerosol spectrometers (e.g. 
Se�nfeld J. H. and Pand�s S. 1998 or �n German language 
Haller P. 1999) and d�fferent techn�cal spec�f�cat�ons (e.g. 
Baron P. A. and W�lleke K. 2001 or H�nds W. C. 1998).

L�ght scatter�ng of s�ngle part�cles

Aerosol spectrometers are based on the �nteract�on be-
tween an �nc�dent l�ght beam and s�ngle aerosol part�cles. 
The f�st descr�pt�on and calculat�on for the elast�c scat-
ter�ng and absobt�on by aerosol part�cles accord�ng to the 
�nc�dent wavelength are the Maxwell equat�ons (M�e G.  
1908). L�ght scatter�ng can be d�v�ded �n three ranges, de-
f�n�ng an opt�cal s�ze parameter x by x = π * Dp/λ, w�th 
the aerosol part�cles c�rcumference π * Dp and the �nc�dent 
wavelength λ:

x << 1: Rayle�gh-scatter�ng: part�cle d�ameter �s much 
smaller as the �nc�dent wavelength. The �ntens�ty of the 
scattered l�ght �s proport�onal to the s�xth power of part�cle 
d�ameter (I ~ Dp6). Th�s �s typ�cally for e.g. gas molecules 
�nteract�on w�th solar rad�at�on �n the atmosphere, caus�ng 
blue sky effect or very small aerosol part�cles affect�ng the 
lower s�ze detect�on l�m�t of an aerosol spectrometer.
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x ≅ 1: M�e-scatter�ng: part�cle d�ameter �s about the �nc�-
dent wavelength. There �s a strong �nteract�on between the 
aerosol part�cle and the �nc�dent beam, depend�ng although 
on part�cle refract�ve �ndex w�th no s�mple relat�on be-
tween scattered �ntens�ty and part�cle d�ameter (espec�ally 
for mono chromat�c l�ght, e.g. laser). Th�s �s most relevant 
for atmospher�c aerosol part�cles.

x >> 1: Geometr�c Opt�cs: l�ght rays h�tt�ng the part�cle 
lead to reflect�on, refract�on and absorpt�on, rays pass�ng 
the part�cles edge g�ve r�se to d�ffract�on. The scattered �n-
tens�ty �s proport�onal to the part�cle cross-sect�onal area  
(I ~ Dp2). Th�s w�ll cause e.g. cloud opt�cal effects w�th wa-
ter droplets or ra�nbow effect and affects an aerosol spec-
trometers upper s�ze detect�on l�m�t for course part�cles.

Bes�de the �nc�dent wavelength and the part�cle d�am-
eter the (complex) refract�ve �ndex of a aerosol part�cle 
def�n�ng �ts scatter�ng and absorpt�on �s very �mportant. 
Depend�ng on the�r chem�cal compos�t�on and the �nternal 
m�xture of aerosol part�cles the refract�ve �ndex �nfluences 
the scatter�ng �ntens�ty of an aerosol part�cle. It has to be 
ment�oned, that scatter�ng �ntens�ty �s not symmetr�cally 
around an aerosol part�cle, but w�th strong d�fferences �n 
scatter�ng angles (0° = backward d�rect�on, 90° scatter�ng 
or 180° forward d�rect�on).

All together, the scatter�ng �ntens�ty g�ven by a s�ngle par-
t�cle depends on the wavelength, �ntens�ty and polar�sat�on 
angle of the �nc�dent l�ght, the detect�on angle of the scat-
tered l�ght and the d�ameter and complex refract�ve �ndex 
of the aerosol part�cle.

So d�fferent aerosol part�cles generate d�fferent scattered 
l�ght �mpulses, wh�ch can be detected to determ�ne part�cle 
concentrat�on and determ�n�ng the �ntens�ty of the scattered 
l�ght �mpulse w�th a pulse he�ght analyser �t �s also poss�ble 
to determ�ne the s�ze of the aerosol part�cle.

Funct�onal pr�nc�ples

An aerosol spectrometer operates by lead�ng s�ngle aero-
sol part�cles through a l�ght beam or through an �ntens�vely 
l�ghted measur�ng volume. The l�ght pulse wh�ch �s scat-
tered by the s�ngle part�cle �s measured and also �ts �nten-
s�ty. Know�ng the sample volume flow and the measur�ng 
per�od the part�cle number concentrat�on can be der�ved 
from the number of the counted scatter�ng pulses. The �n-
tens�ty of the scattered l�ght can be �nterpreted to a part�cle 
s�ze. Depend�ng on cal�brat�on procedure and �nformat�on 
about the m�cro phys�cal propert�es of the measured aero-
sol part�cles �t �s also poss�ble to calculate the part�cle mass 
for a g�ven part�cle s�ze fract�on.

There are many types of aerosol spectrometers commer-
c�ally ava�lable, d�ffer�ng �n the�r techn�cal setups and ma�n 
appl�cat�on f�elds. In the follow�ng the ma�n components of 
an aerosol spectrometer w�ll be expla�ned, w�th regards to 

d�fferent techn�cal solut�ons.
As l�ght source e�ther lasers (e.g. d�ode-lasers, He-Ne-

lasers) or �ntens�ve wh�te l�ght (e.g. xenon h�gh-pressure 
lamps) �s used. The l�ght has to be focuses by a beam op-
t�c �nto a well def�ned, homogeneously �llum�nated opt�cal 
measur�ng volume. The beam opt�c has to full f�ll several 
a�ms. Aerosol spectrometer us�ng a laser have to compen-
sate �nhomogene�ty of the laser beam �ntens�ty, caused by 
the Gauss-shaped d�str�but�on over the laser beam d�am-
eter. Also the border zone error, caused by aerosol part�cles 
wh�ch not fully pass the opt�cal measur�ng volume or pass 
the laser beam �n an area where �ts �ntens�ty �s lower and 
the co�nc�dence error, caused by two or more aerosol par-
t�cles �n the opt�cal measur�ng volume at the same t�me 
have to be avo�ded (e.g. by an opt�cal measur�ng volume 
l�m�tat�on) or m�n�m�zed. Bes�de the opt�cal l�m�tat�on the 
aerosol flow can be focused �nto the l�ght beam, to ach�eve 
a so called aerodynam�c measur�ng volume l�m�tat�on.

After the opt�cal measur�ng volume the beam m�ght be 
collected by a l�ght trap.

The aerosol flow pass�ng the l�ght beam �n the measur�ng 
volume has to be str�ctly volume controlled, to assure the 
known t�me wh�le an aerosol part�cle stays �n the measur-
�ng volume and to be able to calculate the part�cle concen-
trat�on �n the sample.

The scattered l�ght �s collected by the detector opt�cs un-
der a certa�n sol�d angle w�th known aperture and led on 
a detector, typ�cally a photod�ode or a photo-mult�pl�er. 
Aerosol spectrometers are ava�lable w�th detectors placed 
under d�fferent angles, namely �n backward (appr. 0°-45°), 
forward (~180°) or 90° d�rect�on. The detector pos�t�on and 
aperture can be chosen �n a way to m�n�m�ze the �nfluence 
of refract�ve �ndex on scatter�ng �ntens�ty and to compen-
sate M�e-�nterferences �n scatter�ng �ntens�ty when laser 
l�ght �s used. On the other hand s�gnal to no�se rat�o of the 
scatter�ng s�gnal also �s strongly �nfluenced by the detector 
pos�t�on and aperture angle. F�nally the s�gnal has to be 
ampl�f�ed and analyzed by a pulse he�ght analyzer.

The setup of an aerosol spectrometer w�ll �nfluence the 
spec�f�cat�on such as prec�s�on, part�cle s�ze range, num-
ber of s�ze classes, max�mum concentrat�on range but also 
pr�ce, costs for cal�brat�on and serv�ce, s�ze and we�ght or 
roughness. Bes�de the techn�cal spec�f�cat�on of the opt�-
cal detect�on ment�oned above, aerosol spectrometers are 
ava�lable w�th d�fferent setups for spec�al appl�cat�ons, 
e.g.:

automat�c co�nc�dence �nd�cat�on, to �ncrease count�ng 
eff�c�ency
�sok�net�c sampl�ng �nlets for measur�ng �n h�gh veloc�-
t�es
�mplementat�on of Naf�on dryers to reduce hum�d�ty �n 
sampl�ng a�r w�thout heat�ng and w�thout affect�ng par-
t�cle concentrat�on or s�ze d�str�but�on

•

•

•
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�ntegrated f�lters to val�date part�cle mass calculat�on or 
enable further �nvest�gat�on of analysed aerosol part�cles 
(grav�metr�cally, m�croscop�cally or chem�cally)
ex-proof or temperature res�st sensors to enable mea-
surements �n cr�t�cal atmospheres and cond�t�ons
battery powered for portable, mob�le use

If a dev�ce measures the scatter�ng �ntens�ty not from 
s�ngle part�cles but from mult�ple part�cles th�s photom-
eters or nephelometers are not able to determ�ne part�cle 
s�ze d�str�but�on. Also part�cle concentrat�on only can be 
measured w�th these systems, when certa�n requ�rements 
are met (part�cle s�ze d�str�but�on and refract�ve �ndex must 
be constant dur�ng a ser�es of runs). Th�s �s for many ap-
pl�cat�ons most unl�kely, so th�s type of photometers must 
not be m�xed w�th aerosol spectrometers.

Cal�brat�on

Actually there �s no nat�onal or �nternat�onal standard for 
cal�brat�on of opt�cal aerosol spectrometers, yet. But both 
�nternat�onal (ISO) and nat�onal (VDI) work�ng groups 
have been �n�t�al�sed to close th�s gap. The a�m of these 
gu�del�nes �s to descr�be a cal�brat�on procedure and a val�-
dat�on method of aerosol spectrometers, to m�n�m�se the 
dev�at�on �n the results measured by a s�ngle aerosol spec-
trometer and to m�n�m�ze d�fference �n the results measured 
by d�fferent �nstruments.

Part�cle s�ze can be cal�brated by mono d�sperse stan-
dard part�cles, poly d�sperse aerosols �n comb�nat�on w�th 
cyclones (B�nn�ng J. et al. 2006) and theoret�cally by cal-
culat�ng cal�brat�on curve (scatter�ng �ntens�ty vs. part�cle 
s�ze for g�ven refract�ve �ndex or mater�als). For the theo-
ret�cal calculat�on �t �s fundamental to now all parameters 
of the opt�cal setup, e.g. publ�shed by the manufacturer, 
otherw�se the results are completely wrong as publ�shed 
e.g. by Vetter T. 2004.

Two d�fferent types of s�ze standards so called pr�mary 
and secondary standards are ava�lable: Mono d�sperse, 
spher�cal reference part�cles, cert�f�ed by the manufacture 
as pr�mary cal�brat�on standards mostly �n aqueous suspen-
s�on, l�ke polystyrene-latex (Boundy R. H. and Boyer R. 
F. 1952). The s�ze of these part�cles usually was exam�ned 
m�croscop�cally (l�ght or electron m�croscope). A second 
poss�b�l�ty to use standard part�cles �s to generate mono 
d�sperse reference part�cles d�rectly �nto the gas phase, a 
so-called secondary standard. The users are respons�ble 
on �ts own to full f�ll repeatab�l�ty and accuracy of th�s 
method. The d�spers�on of an aerosol us�ng a generator �s 
�nfluenced by the electr�cally charge of the part�cles, so the 
standard aerosol must be neutral�sed by su�table methods. 
Water coat�ngs on the standard part�cles, stab�l�sat�on from 
the solut�on or agglomerates of standard part�cles m�ght 

•

•

•

cause problems dur�ng cal�brat�on procedure (Haller P.  
1999).

For the cal�brat�on of part�cle concentrat�on no pr�mary 
standard ex�sts. The count�ng eff�c�ency only can be de-
term�ned by compar�son of an aerosol spectrometer w�th a 
well-def�ned reference un�t (aerosol spectrometer or other 
e.g. D�fferent�al Mob�l�ty Analyzer, DMA and Condensa-
t�on Part�cle Counter CPC).

Application examples for particle counting, sizing and 
mass determination

The selected examples show results from part�cle mea-
surements both count�ng, s�z�ng and mass determ�nat�on. 
All measurements have been carr�ed out w�th laser aerosol 
spectrometers of var�ous models manufactured by Gr�mm 
Aerosoltechn�k, A�nr�ng.

All Gr�mm aerosol spectrometers operate w�th a very 
s�m�lar opt�cal detect�on pr�nc�ple:

d�ode-laser w�th 780 nm or 683 nm
15 channel or 31 s�ze channels
90° scatter�ng l�ght detect�on w�th a g�ven aperture of 
about 60°
max�mum part�cle concentrat�on w�thout co�nc�dence 
2,000 part�cles/cm³
1.2 l/m�n sampl�ng flow

The spectrometers are ava�lable as portable model mea-
sur�ng part�cle concentrat�on or part�cle mass for all s�ze 
channels and equ�pped w�th an �ntegrated 47 mm-PTFE 
f�lter for grav�metr�cally control of dust mass. Other Ver-
s�on �s 19" rack vers�on for cont�nuously measurements of 
PM10, PM2.5 and PM1 (s�multaneously) or part�cle con-
centrat�on �n 31 s�ze channels. These models are equ�pped 
w�th a spec�al sampl�ng p�pe to avo�d condensat�on and to 
control relat�ve hum�d�ty and opt�onally w�th external sen-
sors, spec�al weather hous�ng for cont�nuously measure-
ments.

F�gure 1 and 2 show a measurement dur�ng 24 hours �n 
a lay�ng hen stable �n summer (f�gure 1) and w�nter (f�g-
ure 2) performed w�th a 15 s�ze channel aerosol spectrom-
eter Model 1.108, Gr�mm and a t�me resolut�on of 1 m�nute 
mean values. The s�ze channels where summed up to one 
fract�on smaller 1 µm and one fract�on b�gger 1 µm.

•
•
•

•

•
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F�gure 1:
Part�cle concentrat�on �n summer t�me �n a lay�ng hen stable for two s�ze ranges (0.3 µm - 1 µm and 1 µm - 20 µm) dur�ng 24 hours, w�th a t�me resolut�on 
of 1 m�nute (Schne�der C. 2005)
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F�gure 2:
Part�cle concentrat�on �n w�nter t�me �n a lay�ng hen stable for two s�ze ranges (0,3 µm - 1 µm and 1 µm - 20 µm) dur�ng 24 hours, w�th a t�me resolut�on of 
1 m�nute (Schne�der C. 2005)
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The f�gures above clearly show the d�fferences �n part�cle 
number concentrat�on between the seasons. H�gh vent�-
lat�on rates dur�ng summer (f�gure 1) cause a d�lut�on of 
part�cles smaller 1 µm. Dur�ng n�ght a seasonable �nflu-
ence on course part�cles can be neglected. S�ze select�ve 
concentrat�on measurements w�th h�gh temporal resolut�on 
conta�n�ng a lot of �nformat�on about a�r qual�ty, vent�la-
t�on performance or an�mal hyg�ene.

F�gure 3 and 4 show a measured normal�zed part�cle s�ze 
d�str�but�on w�th a Gr�mm W�de Range Aerosol Spectrom-
eter cons�st�ng of an aerosol spectrometer (Gr�mm Model 
1.108) �n comb�nat�on w�th a SMPS system for nano part�-
cle count�ng (CPC, Gr�mm Model 5.400) and s�z�ng (DMA, 
Gr�mm Model 5.500). The measurement took place �n a 
cattle stable (f�gure 3) and �n a p�g stable (f�gure 4).
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F�gure 3:
Normal�zed part�cle s�ze d�str�but�on �n a cattle stable measured w�th an opt�cal part�cle counter (OPC 0.3 µm < D < 20 µm) and a sequent�al mob�l�ty par-
t�cle s�zer (SMPS 0.0055 µm < D < 0.3 µm) and modelled part�cle s�ze d�str�but�on (0.0055 < D < 20 µm) calculated for four lognormal s�ze modes, namely 
nucleat�on-mode, accumulat�on-mode 1, accumulat�on-mode 2 and coarse part�cle-mode (Onyeneke-Edwards H. C. 2006)

The results �n f�gure 3 and 4 show, that the opt�cal par-
t�cle counter and the SMPS system measure �n the overlap 
s�ze range around 0.3 µm �n the same concentrat�on range, 
also completely d�fferent techn�ques are compared (e.g. 
opt�cal latex-equ�valent d�ameter and electr�cal mob�l�ty 
d�ameter). Th�s means that the used cal�brat�on methods 
for number and s�ze are su�table and lead to prec�se and 
reproduc�ble results. The measured s�ze d�str�but�on eas-
�ly can be expla�ned by comb�ned log normal d�str�but�ons. 

The comb�nat�on of opt�cal part�cle counters w�th a SMPS 
system enables to measure a complete s�ze range from 5nm 
up to 20 µm w�th one set up.

The graphs �n f�gure 5 and 6 show data sets from a s�mul-
taneous measurement of two env�ronmental dust mon�tors, 
Gr�mm, mode l 107, dur�ng a w�nter day. These aerosol 
spectrometers are able to obta�n PM10, PM2.5 and PM1 
mass concentrat�on s�multaneously. The spectrometers 
were mounted �n a spec�al weather hous�ng for tempera-
ture and hum�d�ty control. One spectrometer (f�gure 6) was 
equ�pped w�th a heated sampl�ng �nlet, the other spectrom-
eter (f�gure 5) was standard vers�on w�th no temperature 
mod�f�cat�on.
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F�gure 4:
Normal�zed part�cle s�ze d�str�but�on �n a sw�ne stable measured w�th an opt�cal part�cle counter (OPC 0.3 µm < D < 20 µm) and a sequent�al mob�l�ty par-
t�cle s�zer (SMPS 0.0055 µm < D < 0.3 µm) and modelled part�cle s�ze d�str�but�on (0.0055 < D < 20 µm) calculated for four lognormal s�ze modes, namely 
nucleat�on-mode, accumulat�on-mode 1, accumulat�on-mode 2 and coarse part�cle-mode (Mahmoud-Yas�n N. 2006)
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F�gure 5:
Mass fract�on PM10, PM2.5 and PM1 dur�ng a w�nter day, measured w�th a standard sampl�ng �nlet
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F�gure 6:
Mass fract�on PM10, PM2.5 and PM1 dur�ng a w�nter day, measured w�th a heated sampl�ng �nlet

As �nd�cated �n the graphs �n f�gure 5 and 6 �t can be seen, 
that PM10 and PM2.5 fract�on are almost the same. Look-
�ng on the effect of the heated sampl�ng �nlet, �t �s obv�-
ous, that about 1/3 of the part�culate matter �s sem� volat�le 
compounds, wh�ch are lost, �f the sampl�ng �nlet �s heated. 
Th�s measurements have been compared w�th mass frac-
t�ons collected w�th standard f�lter samplers, runn�ng at 
the same locat�on s�multaneously and chem�cal analyses. 
The Gr�mm 107 was used �n many �nternat�onal campa�gns 
w�th very good results, e.g. Gorny R. L. et al. 2002, L�ao 
C.-M. et al. 2003, Putaud J.-P. et al. 2003, Querol X. et al. 
2004.

The further development of the model 107 �s the Gr�mm 
model 180 env�ronmental dust mon�tor. Th�s stat�onary 19" 
rack vers�on has been approved (Umweltbundesamt, 2006) 
as an equ�valent PM10 measur�ng system, accord�ng to EN 
12341! It runs w�th a �ncluded Naf�on dryer, wh�ch enables 
s�multaneously determ�nat�on of PM10, PM2.5 and PM1 
mass fract�on, wh�le the PM2.5 mass fract�on �ncludes the 
sem�-volat�le spec�es, but exclud�ng water. Th�s �s a b�g 
advantage �n compar�son to other env�ronmental dust sam-
plers as descr�bed e.g. by Delbert J. E. et al. 2007.

As shown above, aerosol spectrometers successfully can 
be used �n appl�cat�ons, where part�cle number, s�ze or 
mass has to be determa�ned.
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