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Abstract

A mass based hygroscopicity parameter (k,) and volume based hygroscopicity
parameter (k,) models were applied to the data extracted from OPAC (Optical
Properties of Aerosols and Clouds). The microphysical properties obtained were radii
of the atmospheric aerosols of Antarctic, arctic, continental average, continental clean,
continental polluted maritime tropical, maritime polluted, maritime clean, Sahara and
urban at eight different relative humidity of 0%, 50%, 70%, 80%, 90%, 95%, 98% and
99%.The parameters k, and k, of the aerosols were determined using multiple
regression analysis with SPSS at each relative humidity. Although it was discovered
that k, is greater than k., the R? for all the models are greater than 90%, The p-values
and significances are less than 0.05.Therefore it can be concluded that any of the two
parameters can be used for atmospheric modeling.
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1. Introduction

Atmospheric aerosols are suspensions of tiny particles in air that originate from a wide variety of natural and anthropogenic sources.
Depending on their sources, aerosols appear in different sizes and have different physical and chemical properties. Aerosols play a
significant role in the Earth's climate system and are a major contributor to air pollution. Despite considerable advances in recent
decades, significant gaps still remain in our knowledge of aerosols and their impacts on our planet and human health Atmospheric
aerosols are also defined as liquid or solid particles suspended in a gas [1] are tiny and usually invisible to our eyes. Nevertheless,
they have an immense impact on our health and on our global climate. Aerosols scatter and absorb solar radiation, and, by doing so,
they directly affect the Earth’s radiation budget [2,3,4]. In addition, anthropogenic aerosol particles modify cloud properties,
causing brighter clouds with longer lifetimes and changed precipitation behavior [5,6,7]. The net effect of anthropogenic aerosols on
the Earth’s climate is cooling, in contrast to greenhouse gases, which have a warming effect. However, the Intergovernmental Panel
on Climate Change [8] concludes that the high uncertainty in the net radiative forcing of all main climate agents is mainly
dominated by the large uncertainty in the aerosol radiative forcing. This is mainly caused by the high temporal, spatial, and
compositional variability of the aerosol and the poorly understood and quantified aerosol effects. Since aerosol particles can take up
water, they can change in size and chemical composition depending on the ambient relative humidity (RH)

The equation that is often used to describe both hygroscopic growth of aerosol particles and their activation to cloud droplets is the
Kohler equation. The Kelvin effect and water activity are the major parameters that made hygroscopic growth of aerosols to be size
and composition dependent. The growth of aqueous droplets in ambient RH is commonly described by Kohler theory [9]

Kobhler theory is the main tool to describe the hygroscopic growth of particles as a function of relative humidity [10 ,1] and various
types of Kohler models have been developed and applied for the analysis of results as well as in numerical models of the
atmosphere and climate[11 ,12 ,13 ,14 ,15, 16, 17, 18, 19, 20, 21, 22].

The aim of hygroscopicity measurements and Kohler model studies is to compare the critical super saturation of CCN activation to
the hygroscopic growth factors[23,24,25,26,27,28,29,30,31,32,33,34,35,36]. Petters and Kreidenweis (2007) proposed a single-
parameter Kohler model where the hygroscopicity parameter k provides a volume-based measurement of aerosol water uptake
characteristics and CCN activity. The practical applicability of volume based hygroscopicity models, however, is often limited by
deviations from volume additivity and by the effects of capillary condensation and restructuring of porous and irregularly shaped
particles [18,37,38,39,40,41,42].
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2. Methodology

Tablel: the composition and some microphysical properties of atmospheric aerosols extracted from OPAC at 0 RHs [43]
Model Aerosols Aerosols Number Concentrations Rmin Rmax Sigma Rmod
Number | Model Types Components (cm®) (um) (um) c (um)
Ssam 0.0470 0.0050 20.0000 2.0300 0.2090

1 Antarctic Mitr 0.0053 0.0200 5.0000 2.2000 0.5000
Suso 42.9000 0.0050 20.0000 2.0300 0.0695

Inso 0.0100 0.0050 20.0000 2.5100 0.4710

Waso 1,300.0000 0.0050 20.0000 2.2400 0.0212

9 Arctic Soot 5,300.0000 0.0050 20.0000 2.0000 0.0118
Ssam 1.9000 0.0050 20.0000 2.0300 0.2090

Waso 15,700.0000 0.0050 20.0000 2.2400 0.0212

Soot 34,300.0000 0.0050 20.0000 2.0000 0.0118

Waso 2,000.0000 2.2400 0.0212 0.0212 0.0050

3 Desert M!nm 269.5000 1.9500 0.0700 0.0700 0.0050
Miam 30.5000 2.0000 0.3900 0.3900 0.0050

Micm 0.1420 2.1500 1.9000 1.9000 0.0050

Waso 28,000.0000 0.0050 20.0000 2.2400 0.0212

4 Urban Inso 1.5000 0.0050 20.0000 2.5100 0.4710
Soot 130,000.0000 0.0050 20.0000 2.0000 0.0118

The inso represents the water-insoluble part of aerosol particles and consists mostly of soil particles with a certain amount of organic
material. The waso represents the water-soluble part of aerosol particles that originates from gas to particle conversion and consists of
various kinds of sulfates, nitrates, and other, also organic, water-soluble substances. Thus it contains more than only the sulfate aerosol that
is often used to describe anthropogenic aerosol. The soot component is used to represent absorbing black carbon. Carbon is not soluble in
water and therefore the particles are assumed not to grow with increasing relative humidity. The ssam and sscm are Sea-salt accumulation
and coarse modes particles that consist of the various kinds of salt contained in seawater. The mitr are Mineral transported, is used to
describe desert dust that is transported over long distances with a reduced amount of large particles. Mineral aerosol particles are assumed
not to enlarge with increasing relative humidity. The suso is sulfate component (75% H,SO,) is used to describe the amount of sulfate
found in the Antarctic aerosol. Mineral (nucleation mode) MINM, Mineral (accumulation mode) MIAM, and Mineral (coarse mode) MICM,
are mineral aerosols or desert dusts that are produced in arid regions. They consist of mixtures of quartz and clay minerals and are modeled
with these three modes to allow considering increasing relative amount of large particles for increasing turbidity [9].

2.1 VOLUME BASED HYGROSCOPICITY PARAMETER K,
The Kohler theory that states the water activity (a,;), the partial molar volume of water (V,,), the surface tension (o,,), and the diameter (D)
of a spherical aqueous droplet under equilibrium conditions to the water vapor saturation of the surrounding gas phase (S,, = RH/100%)
[1,10]

40,V,
Sw = awexp( R;V-vDW) ____________ (1)
Where R is the universal gas constant and T is the temperature. According to [27], the hygroscopic growth of aerosol particles can be
efficiently approximated by a simplified version of Eq. (3.1), the so-called «,- Kohler equation:

40, M,
s = ayerp () - - = - - —o - - - @)
[k -1 4o, M,
=[] e () - - - - - 3)

Here M,,, o\, and p,, are the molar mass, surface tension, and density of pure water.
The aerosol’s hygroscopicity growth factor g(S), [44, 45] is defined as:
)
I =Gy T *
Where S is taken for eight values 0%, 50%,70%,80%,90%,95%,98% and 99% RH

Substituting equation (4) into equation (3) we obtained

4 B
mS="s+ -Gy ®)

Where ry = 2;;“” =Aand B = vQ ];—W are assumed to be constant, r(S) and r(S=0) are the radii of the mixture or the volume equivalent radii

of the wet and dry mixtures respectively,o is the surface tension, v,, and v, are the coefficient. The product of v and @ is equivalent to the
so called van’t Hoff factor
The first term on the right hand side of equation (5) is

209, I e e
InK, = oo = = = g, (r () (6)
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209
RT

Where a characteristic length for the effect of surface tension (or Kelvin radius) r;, =

radii and It becomes very large for radii r(S) smaller than the Kelvin radius r,
The Second term on the right hand side of equation (5) is

= 3 - - - - - - - - - - - - - - - - = (7)

1-(9()
But generally atmospheric aerosols usually comprised mixtures of soluble components, therefore the information on the hygroscopicity
modes was merged into an “over-all” or “bulk” or “effective” hygroscopic growth factor of the mixture, ge(S) representative for the entire
aerosols particle population as:

~ = A.The Kelvin effect is small for large droplet

lna,,

s
Geff (S) = (Zk xkg]:j, (S)) ————————————— (8)
The effective or volume equivalent radius of the mixture was determined using the relation
1
rarp () = (Sexerd) Pm mm mm e m - ©

Where the summation is performed over all compounds present in the particles and X, represent their respective volume fractions, using
[40, 46, 47, 48]. For multi-components equation (5) can be written to represent the property of the bulk components using equations (8) and
(9) as:

A B

S= ot T T T 7" (10)

Using multiple regression analysis with SPSS 16.0 for windows, the constants A and B were determined.
The hygroscopicity parameter k, relates the volume of the dry aerosol particle (V) to the volume of water (V,,) and the activity of water
(aw) in the aqueous droplet:

P 1+k, T T T T T T T oo T oo To o 11
Or

1 k,

P | (2

Equations (2)—(11) are commonly used to determine effective hygroscopicity parameters from hygroscopic growth or CCN activation
measurements using hygroscopicity tandem differential mobility analyzer (HTDMA) and CCN counter techniques
[22,26,28,29,34,38,49,50].The limitations of these assumptions for HTDMA and CCN experiments have been outlined and discussed in
earlier studies [18,37,38,39,42,51,52].

2.2 MASS-BASED HYGROSCOPICITY PARAMETER Km
In analogy to the volume based hygroscopicity parameter (Eq. 11), we define a mass based hygroscopicity parameter Ky

L= ltky o - - —— - - - — - - ———— —(13)

w my
Where myq is the mass of the dry particle material and m,, is the mass of water in the wet particle (aqueous droplet).
Since mass m is proportional to r®, this implies that gy, is proportional to ges, therefore equation (10) can be written as
_ A By
InS = a5 T (14)
Using multiple regression analysis with SPSS 16.0 for windows, the constants A; and B; were determined.

The first term on the right hand side of equation (14) can be replaced by equation (6) as
209, A

lnke = RT(gm)l/?- - (gm)1/2 - T (15(1)
This implies that

_ A\
k., = exp ((gm)l/3) (15b)
The second term on the right hand side of equation (14) is
ma, =——— — — — — — — — — —— — —— — (16a)

Yo 1-gn
This implies

B
Ay =exp(1_glm)— - ———-—-—-—-—-—-——-—-—-—(6b)
Under the assumption of volume additivity, Eq. (11) and Eq. (13) can be combined to
R o —— )
Pd km Pw

where pq is the density of the dry particles material and p,, is the density of water and assumed to be 1.0 g/cm®.In this case, the knowledge
of py enables conversion of k, into Kk, and vice versa. But since k., and k, represents the overall effective hygroscopicity of the aerosols, so
pg can be expressed as

pa=Xfpsi————————————— —— —— (18)

Where f; represent the volume mix ratio of ith term and py; is the density of the ith dry aerosols.

By defining the mass growth factor G, as

Gp=T0Md - (19)
mq

And combining Eqg. (19) and Eqg. (13) we obtain

i e B R B i (20)

Journal of the Nigerian Association of Mathematical Physics Volume 54, (January 2020 Issue), 165—- 172
167



Comparative Analysis of Mass and... Sa’adu and Tanimu J. of NAMP

RESULT AND DISCURSION
Table .2 Result of volume based hygroscopicity parameter using equation (12)

Aerosol models ky p-value R? Significance
Antarctic 1.5052 1.20E-10 0.9993 3.06E-09
Arctic 1.60274 4.05E-12 0.99977 1.82E-10
Sahara 0.01943 6.27E-15 0.99997 8.29E-13
Urban 0.38008 1.25E-11 0.99966 4.66E-10

From table 2, it can be seen that, from the values of R?, that the data fitted the equation very excellent. By observing the result it can be
seen that, volume based hygroscopicity parameter k, is higher for arctic aerosols and is less for Saharan due to sufficient mineral at the
region. The p-values and significance are all less than 0.05 which shows that the model is good for the entire aerosols.

Table 3: Result of mass based hygroscopicity using equation (20)

Aerosol models Km p-value R? Significance
Antarctic 0.82995 1.90E-10 0.99915 4.49E-09
Arctic 0.91265 4.87E-10 0.99884 9.86E-09
Sahara 0.0044 1.36E-10 0.99924 3.40E-09
Urban 0.20456 3.59E-10 0.99895 7.65E-09

Table 3 indicates that, from the values of R?, that the data fitted the equation very well. The value of arctic is also greater in mass based and
lower in Saharan. By comparing table 2 and 3 we can see that, the values of k, are greater than the values of k., from regression analysis.
Table 4: Result of mass growth factor using equation (19)

RH (%) 50 70 80 90 95 98 99
ANTARCTIC | 2.0094 2.5660 3.1330 45119 6.9559 | 12.7293 | 20.9224
ARCTIC 1.7860 2.2298 2.7186 4.0139 6.3135 | 12.0880 | 19.6138
SAHARA 1.0059 1.0095 1.0134 1.0226 1.0374 | 1.0685 | 1.0991
URBAN 1.2269 1.3690 1.5204 1.8813 2.4607 | 3.6579 | 4.8613

From table 4, it can be observed that, the mass growth factor are increasing as relative humidity increase but there are much increment for
Antarctic and arctic at 98%and 99% relative humidity.
Table 5: Results of ratio of densities and hygroscopicities using equation (17)

Aerosols model Kv/Km pd/Pw

Antarctic 1.81357 1.76036
Arctic 1.73456 1.82250
Sahara 4.41499 2.58684
Urban 1.85804 1.74264

From table 5,it can be seen that, there are good linear relationship between the ratio of densities and the ratio of hygroscopicities parameters for Antarctic,
arctic and urban aerosols and are non linear for Saharan aerosols, their non-linearity is due to the compositions of the aerosols.
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Fig 1.A graph of mass based water activity against relative humidity using eq(16b).

From figure 1, the ambient RH is used to compare how the mass based water activity affect the ambient RH for atmospheric aerosols. From the figure
above, it can be seen that the water activity raises the ambient relative humidity of Antarctic, Saharan, Arctic, and Urban and increases slightly with the
increase in relative humidity which are more sensitive at higher RHs (80% - 99%) Almost all the aerosols particles are non-linear with steep curve at
deliquescence point and the smoothness of the curve shows that the mixtures are internally mixed.
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Fig 2.A graph of volume based water activity against relative humidity using eq(7)

From figure 2, the ambient RH is used to analyze how the water activity of the volume based affects the ambient RH for the aerosols. It is clearly seen that,
the water activity lowers the ambient relative humidity of Antarctic, Arctic, and Urban which are in non linear form. Lastly, the volume based water activity

of Saharan aerosols is raised.
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Fig 3.A graph of volume based Kelvin effect against relative humidity using eq (6)

From figure 3, It can be seen that volume based Kelvin effect on Saharan is independent of RH (meaning it is constant) and is less than
unity, while Urban is increasing as RH increases and is more sensitive at (95% - 99%). but is greater than one. Secondly, Arctic and
Antarctic have the same type of behaviour, that is why they increase slightly with the increase in RH and are slightly more sensitive at
higher RHs (90% - 99%).
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Fig 4.A graph of mass based Kelvin effect against relative humidity using eq(15b)
Figure 4 shows that, the mass based Kelvin effect on Saharan aerosols is linear (independent of RH) and is greater than one. Secondly, the
Antarctic, Urban, , have the same character ,in that they increase slightly with the increase in RH with deliquescence observed at relative
humidity as from 90% to 99% and the arctic aerosols is non-linear.
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Figure 5, shows that the mass growth has less effect at high relative humidity and shows steep curve at deliquescence point (90% to 99%)
of the all aerosols except that of Saharan which is independent of relative humidity(that is it is constant). They are more sensitive at
deliquescence point; however there is slight increase of the mass growth of the particle at low relative humidity, meaning the particle at this
region are more hygroscopic in nature.
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Figure 6,shows that all the aerosols are non linear, the Saharan increase more as the relative humidity increases while the remaining
aerosols increase slightly as the relative humidity increases and are more sensitive at 90%-99%
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CONCLUSION

From the result obtained, it was discovered that, the values of k, are greater than the values of ki, for the entire. From table 4, it can be
observed that the mass growth factor are increasing as relative humidity increase but there are much increment for Antarctic and arctic at
98%and 99% relative humidity.By comparing the relationship between densities and hygroscopicties with our graph of fig 8, we can
conclude that; there is no linear relationship between mass based and volume based hygroscopicity for Sahara, and the non linearity
depends on the aerosols compositions. The regression analysis result shows that, p-values and significance are less than 0.05; R-square are
greater than 90% for all the models which means they can be use for atmospheric modeling.
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