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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]

Figure 9. Aerosol HGF (left) and water mass (right) of ammonium sulfate (top) and ammonium nitrate (bottom) for the Tianjin case.
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Gas/Aerosol partitioning problem: Pye2020−source Cabauw (Dd=1.e−6[m] mode) 
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Gas/Aerosol partitioning problem: Pye2020−source Cabauw (Dd=1.e−6[m] mode) 
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Gas/Aerosol partitioning problem: Pye2020−source Cabauw (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]
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Gas/Aerosol partitioning problem: Pye2020−source Cabauw (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]

Figure 8. Aerosol HGF (left) and water mass (right) of ammonium sulfate (top) and ammonium nitrate (bottom) for the Cabauw case.
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S p e c i a t e d  G F  f o r  T i a n j i n  —  s o l i d  v s  m e t a s t a b l e  3.4 Sensitivity of Aerosol Hygroscopic Growth Factor to RH
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]
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Gas/Aerosol partitioning problem: Pye2020−source Tianjin (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]

Figure 5. Hygroscopic growth factor of sodium sulfate (upper right), ammonium sulfate (upper left), ammonium nitrate (lower left), calcium

sulfate (lower right) for Tianjin case. Results of EQSAM4Clim_v12 are shown for the gas/liquid and gas/liquid/solid partitioning.
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Gas/Aerosol partitioning problem: Pye2020−source CalNex (Dd=1.e−6[m] mode) 
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Gas/Aerosol partitioning problem: Pye2020−source CalNex (Dd=1.e−6[m] mode) 
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Gas/Aerosol partitioning problem: Pye2020−source CalNex (Dd=1.e−6[m] mode) 
  

 Mg−Ca−K−Na−HCl/Cl−NH3/NH4−HNO3/NO3−H2SO4/HSO4/SO4−H2O − LWC = 0. [ug/m3]

 0

 20

 40

 60

 80

 100

 120

 0  50  100  150  200  250  300  350  400  450

lke=.FALSE., lvola=.TRUE., lmixs=.FALSE., lrhdm=.TRUE., lHSO4=.TRUE., lH2SO4gas=.FALSE., lmetastable=.TRUE., lreverse=.FALSE., lminerals=.TRUE., lorganics=.FALSE.

Mon Dec 11 16:56:05 CET 2023 − eqsam4clim−v12−cams2: CPUs/step =    493      0.217E−05 − debug = no − box = yes − lmass = .FALSE. − lpH = .TRUE. − mode = SP

A
er

os
ol

 W
at

er
 m

as
s 

[µ
g/

m
3 (a

ir)
]

Number of time steps [#]

eqsam4clim−v12−cams2−metas − eqano |
eqsam4clim−v12−cams2−solid − eqano |

 NH4NO3 |

Gas/Aerosol partitioning problem: Pye2020−source CalNex (Dd=1.e−6[m] mode) 
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Figure 10. Aerosol HGF (left) and water mass (right) of ammonium sulfate (top) and ammonium nitrate (bottom) for the CalNex case.
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Gas/Aerosol partitioning problem: Pye2020−source WINTER (Dd=1.e−6[m] mode) 
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Figure 11. Aerosol HGF (left) and water mass (right) of ammonium sulfate (top) and ammonium nitrate (bottom) for the WINTER case.
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The ECMWF’s Integrated Forecasting System (IFS-COMPO) is the European global atmospheric model used to provide global analyses and forecasts of atmospheric composition, including 
aerosols as well as reactive trace gases and greenhouse gases in both the troposphere and stratosphere within the framework of the Copernicus Atmosphere Monitoring Service (CAMS).

1ResearchConcepts io GmbH, Freiburg i.Br., Germany (sm@researchconcepts.io); 2HYGEOS, Lille, France; 3KNMI, De Bilt, Netherlands; 4BIRA-IASB, Brussels, Belgium; 5ECMWF, Bonn, Germany

Recently the Equilibrium Simplified Aerosol Model for Climate version 12 (EQSAM4Clim-v12) has been implemented in IFS-COMPO and will be used in cycle 49R1 to compute the inorganic gas/aerosol equilibrium partitioning involving major ammonium, sulphate and nitrate compounds, i.e., NH3/NH4+, H2SO4/HSO4-/SO42- and 
HNO3/NO3-, as well as the non-volatile mineral cations Ca2+, Mg2+, Na+, and K+. The composition and aerosol water mass (AW) is calculated by EQSAM4Clim through the neutralization of anions by cations, which yields numerous salt compounds. In EQSAM4Clim, all salt compounds (except CaSO4) can partition between the 
liquid and solid aerosol phase, depending on temperature (T), relative humidity (RH), AW and the T-dependent RH of Deliquescence of (a) single solute compound solutions (RHD) and (b) of mixed salt solutions (MRHD). The possibility to store the speciated AW from each EQSAM4Clim salt compound has been implemented in 
IFS-COMPO in an experimental version. Additionally, the associated compound’s growth factors (GF) and various aerosol properties have been added to the IFS-COMPO output diagnostics. Here, we show that results related to the speciated AW and GFs as computed by EQSAM4Clim-v12 in IFS-COMPO based on RHD compare 
well with the corresponding lookup table values of IFS-COMPO that are currently used operationally. The speciated aerosol water diagnostics based on MRHD will be used to improve the aerosol optical depth (AOD) calculations. Differences between an AW and GF based AOD coupling will be discussed.
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Figure 1. Comparison of the EQSAM4Clim AW results.
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Take Home Message

Speciated AW versus GF — why does it matter for IFS? 

• Speciated AW or GF needed for AOD calculation. 

• Radiative forcing feedback of aerosol mass through AOD. 

• Aerosol hygroscopic growth currently represented in IFS only by GF (for optics). 

• GF is a fractional value to characterise hygroscopic growth of aerosol compounds or mixed composition. 

• GF is, however, independent of actual aerosol loading (total aerosol, or single solute compound mass). 

• But, actual aerosol mass loading determines humidity amplified light extinction. 

• More dry particulate mass, more aerosol water can be present for solute hydration. 

• More aerosol mass, more water, more haze and lower visibility — all at the same composition (GF) … . 

• Thus stronger radiative forcing feedback, also for IFS … . 

• Same issue of GF as with RH … . 
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3.5. Speciated GF in the IFS for AOD Coupling 
Finally, Figure 11 shows the GF values of ammonium sulphate and ammonium nitrate of 
EQSAM4Clim (v12) as used in the IFS in comparison with the corresponding lookup table values 
of IFS currently in operational use, for the same data point (collocated). Generally, the values are 
in good agreement, particularly for ammonium sulphate. The difference for ammonium sulphate 
in dry conditions (RH <=40%) can be explained by the hysteresis effect: the growth factor is not 
the same in these conditions when ambient air is getting wetter (from 10 to 30% RH, for 
example), in which case the GF remains null, than when the air is getting drier (from 60 to 20% 
for example), in which case the GF continuously decreases, as shown by EQSAM4Clim values.  

 

Figure 11: The GF values of ammonium sulphate (left) and ammonium nitrate (right) of EQSAM4Clim (v12) as used in 
the IFS, overlayed with the corresponding IFS lookup table values currently in operational use for sulphate (left) and 
nitrate_1 (right). 
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Figure 12: The GF values of sodium chloride (left) and sodium nitrate (right) of EQSAM4Clim (v12) as used in the IFS, 
overlayed with the corresponding IFS lookup table values currently in operational use for sea-salt aerosol (left) and 
nitrate_2 (right). 

Figure 12 compares collocated EQSAM4Clim and IFS growth factors for sea-salt aerosol and 
nitrate_2 (sodium nitrate, formed from sea-salt parFcles). The agreement is very good for sea-
salt aerosol, except in dry condiFons, which comes from the fact that EQSAM4Clim considers a 
mixture for sodium chloride. For sodium nitrate, the agreement is less good, which could 
warrant a revision of the growth factor used in the future. 

4. Conclusions 
The speciated aerosol water mass has been implemented in EQSAM4Clim (v12) and the 
diagnostic output evaluated for selected aerosol compounds and composition cases. 
Additionally, the associated compound’s growth factors (GF) and various aerosol properties , i.e., 
the aerosol dry and aqueous PM, both mass and molar based, aerosol density, total growth 
factor, aerosol domains, and hydrogen concentration, have been added to the diagnostic output. 

The results show that the GF values of EQSAM4Clim (v12) as used in the IFS compare well with 
the corresponding lookup table values of IFS currently in operational use for ammonium sulfate 
and ammonium nitrate. Differences can be attributed to assumptions made on the aerosol 
physical state. Especially, the solids or metastable assumption can have a strong impact on the 
radiative forcing estimates of IFS. This is indicated by the considerably large differences in the 
AW and GF values for both assumptions, as shown by various results of the EQSAM box model.  

A comparison of collocated growth factors as computed by EQSAM4Clim and those used in the 
IFS has been carried out for four species. The agreement is in general good, except for sodium 
nitrate. Differences can be attributed to the use of MRHD values, as discussed in Section 2. 
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Top: The GF values of ammonium sulphate (left) and ammonium 
nitrate (right) of EQSAM4Clim (v12) as used in the IFS, overlayed 
with the corresponding IFS lookup table values currently in 
operational use for sulphate (left) and nitrate_1 (right).  
Generally, the values are in good agreement, particularly for 
ammonium sulphate. The difference for ammonium sulphate in 
dry conditions (RH <=40%) can be explained by the hysteresis 
effect: the growth factor is not the same in these conditions when 
ambient air is getting wetter (from 10 to 30% RH, for example), in 
which case the GF remains null, than when the air is getting drier 
(from 60 to 20% for example), in which case the GF continuously 
decreases, as shown by EQSAM4Clim values.

Bottom: The GF values of sodium chloride (left) and sodium 
nitrate (right) of EQSAM4Clim (v12) as used in the IFS, 
overlayed with the corresponding IFS lookup table values 
currently in operational use for sea-salt aerosol (left) and 
nitrate_2 (right). 
The collocated EQSAM4Clim and IFS growth factors for sea-salt 
aerosol and nitrate_2 (sodium nitrate, formed from sea-salt 
particles). The agreement is very good for sea- salt aerosol, 
except in dry conditions, which comes from the fact that 
EQSAM4Clim considers a mixture for sodium chloride. For 
sodium nitrate, the agreement is less good, which could warrant 
a revision of the growth factor used in the future.
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2.1.2 Water activity parameterization as a function of �i

To parameterize the aerosol hygroscopic growth we introduce a new parameterization for the
water activity, i.e. adding to the definitions summarized above. Since the computation of all
the aw representations is to some degree problematic � mainly since for all successful water
activity parameterizations the correction coefficients are not independent of aw �, we suggest
here a new relation of aw and the solute molality, µs, as a central aspect of our formulations.
aw and µs are related by a single solute specific coefficient �i:

aw =
�
A + µo

s · Mw · �i ·
⇤

1
µo
s
· µs + B

⌅�i⇥�1

=
�
A + µo

s · Mw · �i ·
⇤

1
µo
s
· 1
Ms · (1/⇥s � 1) + B

⌅�i⇥�1
(15)

The terms �i, A and B are dimensionless [�], while µs is the solute molality
[mol(solute)/kg(H2O)] defined by Eq. (11). A and B also depend only on µs and �i, but
for certain applications they can be neglected, i.e. A= 1 and B = 0, as demonstrated in Sect. 3.
To match units with µs, we multiply µs on the rhs of Eq. (15) with an initial concentration of 1
mole of pure solute that dissolves in 1 kg of initially pure water, considering stoichiometry and
molality scale, i.e. µo

s = 1 [mol/kg]. Mw is the molar mass of water [kg/mol)].
Similar to the VH concept, i.e. Eq. (5), and the activity coefficient concept, i.e. Eq. (9), we

express the water activity aw in terms of the solute molality µs and a solute specific correction
coefficient. However, �i introduced here is not only a linear correction factor, which is the
case in other water activity representations, but appears also as a constant in the exponent of
Eq. (15) in the form of x · ax. According to our findings �i can be assumed constant for the
entire aw range (0 � 1). Hence, it suffices to determine �i, e.g. with the bisection method,
using any aw value if the corresponding µs is known, e.g. at saturation. In case of saturation,
aw equals the RH of deliquescence (RHD) and µs is given through the relation Eq. (11) by the
mass fraction ⇥sat

s . Solubility values and the corresponding thermodynamic data are available
for many compounds, e.g. in the CRC Handbook of Chemistry and Physics (2006).
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Rose08 have used the Pitzer-Simonson-Clegg mole fraction based model AIM of Clegg et al.
(1998a, b), Wexler and Clegg (2002) as a reference model (Clegg and Wexler, 2007), which is
also based on osmotic coefficients, i.e. on Eq. (4), but combines the OS model with the universal
functional group activity coefficient model (UNIFAC, Fredenslund et al., 1975).

The activity coefficient model describes the water activity by

aw = fw · xw = fw · (1 + Mw · µs)
�1 (9)

fw [�] denotes the rational or mole fraction scale activity coefficient of water, which is in-
cluded in this water activity representation model to account for non-ideal solutions and solutes
that dissociate (partly or completely). xw [�] is the mole fraction of water in the solution that
at equilibrium contains the numbers of moles (amount-of-substance) nw [mol] and ns [mol] of
water and solute, respectively. xw can be mathematically described as:

xw =
nw

nw + ns
=

1

1 + ns/nw
= (1 + Mw · µs)

�1 (10a)

Analogously, the mole fraction of the solute xs is given by

xs = 1 � xw =
ns

nw + ns
=

1

1 + nw/ns
=

�
1 +

1

Mw · µs

⇥�1

(10b)

i.e. satisfying the condition xs + xw = 1 for a binary solution (sone solute and water).
xw and xs are related to the solute molality µs [mol(solute)/kg(H2O)] by

µs =
ns

mw
=

ns

nw
· 1

Mw
=

xs
xw

· 1

Mw
= (Mw · [1/xs � 1])�1 = (Ms · [1/�s � 1])�1 (11)

where �s =
ms

(ms + mw) [�] is the solute mass fraction, ms and mw [kg] the masses of solute
and water, with Ms and Mw [kg/mol] the corresponding molar masses, respectively.
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Tang and Munkelwitz (1994) and Tang (1996) have presented parameterizations for the
activity of water in aqueous solutions derived from electrodynamic balance (EDB) single
particle experiments as polynomial fit functions of RH dependent solute mass percentage
(100 · ⇥s). The solute mass fraction ⇥s and the polynomial coefficients aq [�] are listed
e.g. in Table A2 of Rose08 to which we refer for a further discussion (also for 2-5).

2. Osmotic coefficient (OS) models, e.g. Robinson and Stokes (1959,1965), Pitzer and May-
orga (1973), Brechtel and Kreidenweis (2000), which are of the type:

aw = exp

�
�Mw · �w ·

⌅

i

µi

⇥
= exp(�Mw · �s · �s · µs) (4)

According to Robinson and Stokes (1959) (the book pages are online freely accessable
at http://books.google.de/books?id=6ZVkqm-J9GkC&printsec=frontcover) the water ac-
tivity aw is related to the total molality of all solute species

⇤
i
µi by the dimensionless

molal osmotic coefficient of the aqueous phase �w [�], where
⇤
i
µi can be expressed as

�s · µs if the molal osmotic coefficient of the solute �s is used in conjunction with the
solute molality µs [mol/kg(H2O)] and the solute’s stoichiometric coefficient �s. Mw is
the molar mass of water in SI-units [kg/mol]. �w deviates from unity as the solution
becomes non-ideal.

3. Van’t Hoff factor (VH) models, e.g. van’t Hoff (1887), Low (1969), Young and Warren
(1992), which are of the type:

aw =
1

1 + is · ns/nw
= (1 + Mw · is · µs)

�1 (5)

The van’t Hoff factor is [�] is a constant, and similar to the stoichiometric coefficient
(dissociation number) �s. deviations of is from �s can be attributed to solution non-
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of the dry solute and of the pure water contained in the droplet, Dwet can be expressed in terms
of the dry mass equivalent diameter Ds [m] and the RH dependent mass equivalent growth
factor gs [�] of the droplet. gs is defined as the ratio of wet to dry droplet diameter, and can be
expressed in terms of the solute molality µs = ns/mw [mol(solute)/kg(H2O)]:

gs =
Dwet
Ds

=
�
Vwet
Vs

⇥1/3
=

�
Vw + Vs

Vs

⇥1/3
=

�
Vw
Vs

+ 1
⇥1/3

=
�
�s · mw
�w · ms

+ 1
⇥1/3

=
�

�s
Ms · �w · µs

+ 1
⇥1/3

(2)

Vwet = Vw + Vs [m3] is the total volume of the wet droplet with Vs = ms/�s = ns Ms/�s
and Vw = mw/�w = nw Mw/�w [m3], i.e. the volumes of the initially dry solute and the
associated pure water, respectively. ms and mw [kg] denote the corresponding solute and water
masses, Ms and Mw [kg/mol] the molar masses, ns and nw [mol] the number of moles, and
�s and �w [kg/m3] the densities, respectively. In the following gs will be referred to as the
hygroscopic growth factor (HGF) and applied to atmospheric aerosols.

2.1.1 Water activity representations � Concepts

To clarify similarities and differences with previous work, we follow Rose et al. (2008) �
in the following abbreviated as Rose08 (available at http://www.atmos-chem-phys.net/8/1153/
2008/) � as they present a comprehensive overview of water activity representations on which
the various present-day Köhler models are based. Rose08 have subdivided the water activity
representations into 5 categories (see their Table 3), i.e.

1. Activity parameterization (AP) models, e.g. Tang and Munkelwitz (1994), Tang (1996),
Kreidenweis et al. (2005), which are of the type:

aw = 1 +
⇤

q

aq · (100 · ⇥s)
q (3)

7

Rose08 have used the Pitzer-Simonson-Clegg mole fraction based model AIM of Clegg et al.
(1998a, b), Wexler and Clegg (2002) as a reference model (Clegg and Wexler, 2007), which is
also based on osmotic coefficients, i.e. on Eq. (4), but combines the OS model with the universal
functional group activity coefficient model (UNIFAC, Fredenslund et al., 1975).

The activity coefficient model describes the water activity by

aw = fw · xw = fw · (1 + Mw · µs)
�1 (9)

fw [�] denotes the rational or mole fraction scale activity coefficient of water, which is in-
cluded in this water activity representation model to account for non-ideal solutions and solutes
that dissociate (partly or completely). xw [�] is the mole fraction of water in the solution that
at equilibrium contains the numbers of moles (amount-of-substance) nw [mol] and ns [mol] of
water and solute, respectively. xw can be mathematically described as:

xw =
nw

nw + ns
=

1

1 + ns/nw
= (1 + Mw · µs)

�1 (10a)

Analogously, the mole fraction of the solute xs is given by

xs = 1 � xw =
ns

nw + ns
=

1

1 + nw/ns
=

�
1 +

1

Mw · µs

⇥�1

(10b)

i.e. satisfying the condition xs + xw = 1 for a binary solution (sone solute and water).
xw and xs are related to the solute molality µs [mol(solute)/kg(H2O)] by

µs =
ns

mw
=

ns

nw
· 1

Mw
=

xs
xw

· 1

Mw
= (Mw · [1/xs � 1])�1 = (Ms · [1/�s � 1])�1 (11)

where �s =
ms

(ms + mw) [�] is the solute mass fraction, ms and mw [kg] the masses of solute
and water, with Ms and Mw [kg/mol] the corresponding molar masses, respectively.
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2.1.4 Solute molality (µs) as a function of �i

According to our parameterization of water activity (aw) the solute molality (µs) is also param-
eterized as a function of �i and directly given by re-arranging Eq. (15):

µs = µo
s ·

⇧⇤
1

�i · µo
s · Mw

·
�

1

aw
� A

⇥⌅ 1
�i

� B

⌃
(17a)

Using the relation of aw and RH, Eq. (1), Eq. (17a) can be expressed in terms of RH, �i and
Ke, whereby Ke also depends on µs according to Eqs. (1-2). Thus, with aw = RH

Ke
i.e.:

µs = µo
s ·

⇧⇤
1

�i · µo
s · Mw

·
�

Ke

RH
� A

⇥⌅ 1
�i

� B

⌃
(17b)

Eq. (17b) can be directly solved, e.g. with the bisection method, while Eq. (17a) can also
be analytically solved, since the Ke term is not relevant for flat surfaces. However, this also
depends on the choice of the A and B terms. In case of a flat surface and subsaturation (RH ⇥ 95
[%]), Ke, A and B are neglected, i.e. Ke = 1, A = 1 and B = 0, and Eq. (17b) reduces to:

µs = µo
s ·

⇧⇤
1

�i · µo
s · Mw

·
�

1

RH
� 1

⇥⌅ 1
�i

⌃
(17c)

For applications up to RH ⇥ 98 [%], a slightly different representation of Eq. (17c) can be
used, which only differs by a term B98, i.e.

µs = µo
s ·

⇧⇤
1

�i · µo
s · Mw

·
�

1

RH
� 1

⇥⌅ 1
�i

� B98

⌃
(17d)

Eqs. (17a-d) relate the solute molality µs to aw and RH, depending only on the solute specific
coefficient �i. Note that B�terms are needed only for high RH > 95 [%]. The A and B-terms
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2.1.2 Water activity parameterization as a function of �i

To parameterize the aerosol hygroscopic growth we introduce a new parameterization for the
water activity, i.e. adding to the definitions summarized above. Since the computation of all
the aw representations is to some degree problematic � mainly since for all successful water
activity parameterizations the correction coefficients are not independent of aw �, we suggest
here a new relation of aw and the solute molality, µs, as a central aspect of our formulations.
aw and µs are related by a single solute specific coefficient �i:

aw =
�
A + µo

s · Mw · �i ·
⇤

1
µo
s
· µs + B

⌅�i⇥�1

=
�
A + µo

s · Mw · �i ·
⇤

1
µo
s
· 1
Ms · (1/⇥s � 1) + B

⌅�i⇥�1
(15)

The terms �i, A and B are dimensionless [�], while µs is the solute molality
[mol(solute)/kg(H2O)] defined by Eq. (11). A and B also depend only on µs and �i, but
for certain applications they can be neglected, i.e. A= 1 and B = 0, as demonstrated in Sect. 3.
To match units with µs, we multiply µs on the rhs of Eq. (15) with an initial concentration of 1
mole of pure solute that dissolves in 1 kg of initially pure water, considering stoichiometry and
molality scale, i.e. µo

s = 1 [mol/kg]. Mw is the molar mass of water [kg/mol)].
Similar to the VH concept, i.e. Eq. (5), and the activity coefficient concept, i.e. Eq. (9), we

express the water activity aw in terms of the solute molality µs and a solute specific correction
coefficient. However, �i introduced here is not only a linear correction factor, which is the
case in other water activity representations, but appears also as a constant in the exponent of
Eq. (15) in the form of x · ax. According to our findings �i can be assumed constant for the
entire aw range (0 � 1). Hence, it suffices to determine �i, e.g. with the bisection method,
using any aw value if the corresponding µs is known, e.g. at saturation. In case of saturation,
aw equals the RH of deliquescence (RHD) and µs is given through the relation Eq. (11) by the
mass fraction ⇥sat

s . Solubility values and the corresponding thermodynamic data are available
for many compounds, e.g. in the CRC Handbook of Chemistry and Physics (2006).
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for certain applications they can be neglected, i.e. A= 1 and B = 0, as demonstrated in Sect. 3.
To match units with µs, we multiply µs on the rhs of Eq. (15) with an initial concentration of 1
mole of pure solute that dissolves in 1 kg of initially pure water, considering stoichiometry and
molality scale, i.e. µo

s = 1 [mol/kg]. Mw is the molar mass of water [kg/mol)].
Similar to the VH concept, i.e. Eq. (5), and the activity coefficient concept, i.e. Eq. (9), we

express the water activity aw in terms of the solute molality µs and a solute specific correction
coefficient. However, �i introduced here is not only a linear correction factor, which is the
case in other water activity representations, but appears also as a constant in the exponent of
Eq. (15) in the form of x · ax. According to our findings �i can be assumed constant for the
entire aw range (0 � 1). Hence, it suffices to determine �i, e.g. with the bisection method,
using any aw value if the corresponding µs is known, e.g. at saturation. In case of saturation,
aw equals the RH of deliquescence (RHD) and µs is given through the relation Eq. (11) by the
mass fraction ⇥sat

s . Solubility values and the corresponding thermodynamic data are available
for many compounds, e.g. in the CRC Handbook of Chemistry and Physics (2006).
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2.1.3 RH of deliquescence (RHD) as a function of �i

Here, we determine �i from the compound’s RH of deliquescence (RHD), since temperature de-
pendent values are available for major compounds, which are relevant for atmospheric aerosol
modeling. The RHD can be obtained as a function of �i from Eq. (15) and Eq. (1), i.e. substi-
tution of aw = RH

Ke
yields:

RH =
Ke�

A + µo
s · Mw · �i ·

⌥
1
µo
s
· µs + B

��i⇥ (16a)

and at saturation, where RH = RHD and ws = ⇥sat
s , Eq. (16a) can be expressed as:

RHD =
Ke�

A + µo
s · Mw · �i ·

⌥
1
µo
s
· 1
Ms · (1/ws � 1) + B

��i⇥ (16b)

Thus, RHD values can be obtained with Eq. (16b) if ws, �i, A and B are known. In Sect. 3
we derive these yet unknown terms first from RHD measurements, by solving Eq. (16b) once,
for example with the bisection method. The temperature dependency of the RHDs is obtained
by (e.g. Wexler and Potukuchi, 1998):

RHD(T ) = RHD(To) · exp
⇧
Tcoef ·

⇤
1

T
� 1

To

⌅⌃
(16c)

The T�dependent RHD values (with ws at T ) can be used to determine �i by solving
Eq. (16b) e.g. with the bisection method for the compounds for which RHD and ws data are
available. The procedure is described in Sect. 3.
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Aerosol hygroscopic growth parameterization, S.Metzger et al., 2011

New + fully analytical equations

New 

New 

A e r o s o l  w a t e r  —  c a l c u l a t i o n

Swen Metzger, ResearchConcepts io GmbH

Atmosphere 
Monitoring

M o t i v a t i o n

–  Aerosol water (AW) itself is volatile and sensitive to: 

• equilibrium aerosol composition 

• primary aerosols (particularly sea salt, but also aged dust / OC / BC) 

• consideration of solids (change in diameter due to dissolution and water uptake) 

• aerosol hysteresis effect (efflorescence values << deliquescence values) 

– AW affects the of aerosol wet radius, which in turn affects all aerosol tracer transport 
(dependency of sedimentation and deposition on particle radius) 

– AW affects the radiation and meteorology (indirectly through AOD, directly through CCN) 

– AW itself is a composite or aerosol precursor emissions and meteorology 

– AW is highly variable in time and space 

Swen Metzger, ResearchConcepts io GmbH

Atmosphere 
Monitoring

M o t i v a t i o n

–  EQSAM4clim allows to parameterise the gas/liquid/solid aerosol partitioning and 
associated aerosol water uptake sufficiently fast and accurate (i.e., noise free) for NWP: 

• Aerosol water parameterization: long-term evaluation and importance, 10.5194/
acp-18-16747-2018, 

• Transboundary particulate matter, photo-oxidants, acidifying and eutrophying 
components, EMEP report 2019, ISSN 1504-6192 (on-line),  

• Comparing the ISORROPIA and EQSAM Aerosol Thermodynamic Options in CAMx, 
Springer Book chapter 2020: 10.1007/978-3-030-22055-6_16). 

–  Compared to the IFS previous schemes, EQSAM4clim improves the aerosol 
tracer ammonium and nitrate, as its concept basically allows to better consider mineral 
cations (i.e., here: calcium, magnesium, potassium), which are important for the gas/
liquid/solid aerosol partitioning (Importance of mineral cations and organics in gas-
aerosol partitioning of reactive nitrogen compounds: Case study based on MINOS 
results, 10.5194/acp-6-2549-2006)

Swen Metzger, ResearchConcepts io GmbH
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