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Presentation plan 
1. Theory

a. Text Book: Köhler theory
b. κ — parameter
c. How a particle can behave exposed to different Rh?
d. What is affected by Rh?

2. Apparatus
a. OPC—N3
b. ACS1000

3. Results
a. κ

i. Growth factors
ii. Curve fitting & κ values
iii. κ values for two seasons

b. correction of PM data
i. Rh from OPC—N3
ii. applying the correction

4. Conclusions



Theory Hygroscopicity
water up-take



How to grow a 
particle?



How to grow a 
particle?

equilibrium vapor 
pressure over a flat 

surface of pure water

HellTchi via Wikimedia Commons

https://commons.wikimedia.org/wiki/File:Vapor_pressure.svg
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Kelvin equation

Formation of droplet in pure air when 
relative humidity
Rh~400%

Dependence of the ratio of the saturation vapor pressure over a curved 
surface to the saturation vapor pressure over a flat surface on the drop 
radius. Credit: W. Brune, Fundamentals of Atmospheric Science, PennState 
Collage

Introduction to Atmospheric Science, Texas Tech

(1)

S — Saturation ratio
esc— equilibrium vapor pressure over a curved surface of pure water
es — equilibrium vapor pressure over a flat surface of pure water
𝜌w — density of water
Mw — molecular weight of water
σs/a — surface tension of the solution/air interface
R — universal gas constant
T — temperature
D — diameter of droplet

https://www.e-education.psu.edu/meteo300/node/676
https://www.e-education.psu.edu/meteo300/node/676
http://www.atmo.ttu.edu/schroeder/ATMO_1300/Notes/chapter5.pdf
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Raoult’s Law

Solvent (in what we dissolve)

Solute (the substance dissolved in solvent)

nw— number of moles of water per unit volume of solution 

ns— number of moles of solute per unit volume of solution
nL— number of moles of water per unit volume of pure water
Ns— total moles of solute
rd— radius of droplet

Van’t Hoff factor

(3)

(4)

(5)

Gas

Liquid
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Köhler theory
S — Saturation ratio
esc— equilibrium vapor pressure over a 
curved surface of water with solute
es — equilibrium vapor pressure over a flat 
surface of pure water
aw — activity of water in solution
𝜌w — density of water
Mw — molecular weight of water
σs/a — surface tension of the solution/air 
interface
R — universal gas constant
T — temperature
D — diameter of droplet
Ns - number of moles of solute

[Petters and Kreidenweis, 2007]

Rault Law Kelvin Equation

(2)
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Atmoz, CC BY-SA 3.0, via Wikimedia Commons

Number size distribution of CN and CCN at SS 0.2 - 1.0% 
averaged over Monsoon. [Bhattu & Tripathi, 2014]

sC

dC

https://commons.wikimedia.org/wiki/File:Kohler_curves.png
https://commons.wikimedia.org/wiki/File:Kohler_curves.png
https://creativecommons.org/licenses/by-sa/3.0
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Raoult’s Law

Solvent (in what we dissolve)

Solute (the substance dissolved in solvent)

nw— number of moles of water per unit volume of solution 

ns— number of moles of solute per unit volume of solution
nL— number of moles of water per unit volume of pure water
Ns— total moles of solute
rd— radius of droplet

Van’t Hoff factor

(3)

(4)

(5)

Gas

Liquid



           knurowska@fuw.edu.pl

Proposed parametrisation κ
[Petters and Kreidenweis, 2007]

𝜀i — volume fraction of i-th 
solute in volume of all 
solute

𝜅 — hygroscopicity parameter 

[Petters and Kreidenweis, 2007]

(6)

(7) (8)

Vs — volume of the dry particulate matter 

Vw— volume of the water

Dd — dry diameter

D — diameter of the system (water + solute)
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Computing κ 
sc— Dd  best fit of eq. 7

HTDMA - humidified tandem differential mobility 
analyzer.   

(9)
[Petters and Kreidenweis, 2007]
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Typical κ values in the atmosphere

[Petters and Kreidenweis, 2007]

Atmospheric 
particulate matter is 

typically characterized 
by 0.1<𝜅<0.9

no-hygroscopic 0
slightly 0.01
very hygroscopic 0.5
sea salt 1.1
sodium chloride 1.5

[Zieger, Väisänen, Corbin, 2017]

soot κ=0 to10-3

[Moore, Ziemba, et al., 2014]
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How a particle can behave exposed to different Rh?
A) non — hygroscopic

soot

mineral dust

[Weingartner 1997, Sjogren 2007]

aged particles
insoluble particles with 
hygroscopic inorganic 
species

[Petters et al., 2006]

B) soluble & hygroscopic

sulfuric acid (H2S04)

organic compounds

[Titos, 2016]

C) transition point & hygroscopic

sodium chloride (NaCl), 

ammonium sulphate (NH4)2SO4 

[Titos, 2016]

deliquescence point (DRH)

efflorescence point (ERH)



Absorption
and
Adsorption

https://www.sanier.pl/bw-hasla/slownik-absorpcja/
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[Wise, Martin et. al.,  2008]

The history of a particle is 
extremely important

ETEM - environmental 
transmission electron 
microscope

DRH 75%± 2%
[Vlasenko S. et. al, 2017] 
“The mass growth factor (Gm) of ammonium 
sulfate (a) and sodium chloride (b) aerosol 
particles observed as a function of relative 
humidity (Rh) compared to the full Köhler model: 
blue and red crosses represent apparent 
non—prompt deliquescence and efflorescence 
thresholds.”

How a particle behave exposed
to different Rh?
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[Wise, Semeniuk et. al.,  2008]
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AOD

[Zieger, Väisänen, Corbin, 2017]

𝛞
sea salt 1.1
sodium chloride 1.5

[Zieger, Väisänen, Corbin, 2017]ECHAM6-HAM2 model
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Arctic

𝛾 — parameter describing magnitude of 
scattering enhancement

[Zieger, Fierz-Schmidhauser et al. 2010]

scattering coefficient

scattering enhancement factor
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What is affected by the humidification of aerosol 

1. influences the direct aerosol radiative 
forcing - scattering, AOD

2. affects the particle’s efficiency to act as 
cloud condensation nuclei (CCN)

3. kinematics of particle deposition fluxes
4. increases the water volume available for 

absorption of gases and heterogeneous 
chemical reactions

5. models parametrisation



Apparatus 



OPC—N3

Particle range spherical equivalent size 0.35 —

40 [μm]

• Sample flow rate (typical) 280 [mL/min]

• Laser: 658 [nm]

• Humidity range 0 — 95 [%] (non—condensing)

• Measures PM1 PM2.5 PM10

• Particle density 1.65 [g/ml]

• RI (refractive index) 1.5 + 0i

• Temperature range —10 — 50 [°C]



ACS1000

10% above ambient. 40% — 
90%. (Dependant on flow)

Rise and Fall Time < 20 minutes

Flow Rate: 1 to 10 l/min

Sequence —> Points (sequence 
can have 4 subsequences)



OPC-N3
A

CS
10

00



Results



Two seasons 
December 2020

17—31.12.2020

15 days

172 cycles

Spring 2020

26—28.03.2020

5 6 8 .04.2020

29—30.04.2020

04.05.2020

16—23.05.2020

17 days

139 cycles
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16—23.05.2020

log10(Nbin/Vbin)

r [
µm

]
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17—31.12.2020

log10(Nbin/Vbin)

r [
µm

]



κ—Köhler theory
Saturation ratio (~Relative humidity) 
can be assumed as water activity

aw= Rh

𝜌w — density of water
𝜌p — density of aerosol particle
Rh — relative humidity
m — the wet aerosol mass (Rh > 0%) 
m0 — the dry aerosol mass (Rh = 0%)

[Pope F. D., 2010]

Growth factor and κ 
[Pope F. D., 2010]

assumed 1 for aerosol > 100 nm



κ—Köhler theory
PMwet — particulate matter from OPC—N3 
from wet pipe (changing humidity)

PMdry — particulate matter from dry pipe

[Crilley, 2018]

𝜌w — the density of water is 1 [g/cm3],
 𝜌p — bulk dry particle density is  1.65 [g/cm3].

The value for κ can be found by a non—linear
curve fitting of a humidogram (m/mo vs. aw)

non—linear curve fitting with 2 parametres



Example of curve fitting 
December 2020Spring 2020

26.03.20 21:48 19.12.20 10:19

cykl nr 23cykl nr 9



Justyna Lisok, 2020

Aurora 4000
Spring 2020

scattering enhancement factor



κ and GF(RH= 85%)
December 2020Spring 2020

<κSpring>= 0.2151±0.0041 <κWinter>= 0.0440±0.0016



κ and GF(RH= 85%)

<κSpring>= 0.2151±0.0041 <κWinter>= 0.0440±0.0016



κ and air mass trajectories Spring 2020



MERA II

κ 

Philic

Phobic



Diurnal variation of κ
Spring 2020 December 2020
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Correction of PM
data from OPC—N3



Rh from OPC—N3 and from ACS1000

Spring 2020

Maximum Rh at OPC—N3: 61.8%

Maximum Rh of ACS1000: 91.83%

time depending response
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Correction equation
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mean κ value for 
the period 
29-30 April 2020 
κ= 0.2647



Conclusions

OPC-N3:

1. Dependence of relative humidity can be:
○ advantage —> measurement of hygroscopic properties

○ disadvantage —> needed correction for PM measurements

2. The single parameter κ can be used to correct the PM data

3. Rh given by OPC—N3 is biased and not reliable

κ 
4. The κ variates with day time during Spring measurements.

5. The κ change between seasons drastically <κSpring>= 0.22       <κWinter>= 0.04
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