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Abstract

In this paper we modd the effect of water soluble (WS) in the radiative forcing
(RF) of urban aerosols at spectral range of 0.25 to 1.00 um at relative humidities (RHs)
(0, 50, 70, 80, 90, 95, 98 and 99%) using OPAC. The concentrations of WS used were
15,000 20,000, 25,000, 30,000 and 35,000 cm®. These parameters were used to
determine the Radiative forcing (RF) . The RF decreases with wavelength at RH 0 to
90% in a form of power law but quadratic in concave form at RH 95 to 99%. The effect
of RH on RF (cooling) increases with the increase in RH. The effect of adding WS is
such that the RF at longer wavelength becomes more linear and started curving as from
30,000cm™ and the cooling increases with the increase in concentration and RH. Using
regression analysis, the Angstrom exponents were determined along with «; and a,, the
coefficients of a second order polynomial fit. The aincreases with RH from 0% to 90%
and decreases from 95 to 99% at concentration 15,000, 20,000, and 25,000, but at
30,000 and 35,000cm it increases from 0 to 80% and decreases from 90 to 99%.

1.0 Introduction

The effects of aerosols on climate can be large @wdplex due to the fact that aerosols chemical pasition,
abundance and size distribution are highly varisloléh spatially and temporally [1]. Aerosol paritypes which contribute
to the scattering coefficient include organic des, water-soluble inorganic species such as atdghnitrates etc. that are
produced by conversion from $@nd NQ associated mainly with fossil fuel/lbiomass comimmstand ammonium from
fertilizers and biological sources. Most of thelieat investigations on direct aerosol forcing hdweused on sulphate
aerosol because of their importance as an anthempogaerosol component [2,3]. Sulphate particlears important
component of atmospheric aerosols. Sulphate mages substantial fraction of tropospheric aerosobath urban and
remote/rural areas [4,5,6]. Sulphate aerosols apakde of modifying the climate not only by scattgrincoming sunlight
back to space (direct effect) but also by altetimgproperties of clouds(indirect effect) [1].

The water-soluble part of aerosol particles oritgaafrom gas to particle conversion can consistgaoibus kinds of
sulfates, nitrates, such as salts like ammoniuntdgeh sulphate (NJHSO,), ammonium nitrate (NFENOs) and ammonium
sulphate ((NH),SO,) and organic acids like formic, acetic, pyruvidarxalic acids. Similarly, high concentrations offate
aerosols are expected from the oxidation of 81t is emitted by diesel-fueled mobile sources faom the numerous coal-
fired industries and power generation stationstkgtdoth in urban areas and the heavy commercgseberaffic in these
areas is also a significant source oL,$08]. Thus it contains more than only the sulfa¢eosol that is often used to describe
anthropogenic aerosol. The mass density of suabout half that of the water-soluble componenkés component is also
used to model the di-methyl sulfiderelated aerpsotiuced over the oceans [9].

Understanding the influence of atmospheric aerosotlimate, visibility and photochemistry requir@scurate data of
aerosol optical properties such as the light ektinccoefficient, single scattering albedo, upsmafraction, and size
distribution which are necessary for estimating@dirmerosol radiative forcing on climate [10-13].

Aerosol optical properties can be strongly depehd@on relative humidity (RH). Hygroscopic propestiof soluble
atmospheric particles significantly influence theesof the particles at ambient relative humidiépnd thus influence the
scattering capability, optical depth and residetoe of these particles in the atmosphere [14].Thisecause water uptake
affects aerosol atmospheric lifetime, particle simel composition, which in turn affect direct raifia forcing of climate
because of its influence by hygroscopic growthhef aerosols [15-17]. For these reasons, hygrosdapécare also required
to calculate microphysical aerosol properties aghkize distribution or optical depth at ambiemtditions.

In this paper we modeled the effect of water sa@ulsy changing their concentrations of WS using OP&ight
relative
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humidities (0, 50, 70, 80, 90, 95, 98 & 99%). Thatical properties used in this paper are, optiegitls, single scattering
albedos and asymmetric parameters. They were osealdulate the radiative forcing, and the Angstéoefficient which
characterizes the dependence of AOD on wavelengthpaovides information about the size of aerosatiples. The
asymmetric parameters were analysed to ascereinature of the RF because of the nature of thvegfiar scattering.

The models extracted from OPAC are given in Table 1

Table 1 Compositions of aerosol types [9].

Modell Model2 Model3 Model4 (N,cm | Model5
Components | (N;,cm?®) (N;,cm®) (N;,cmi®) 3 (N;,cmi®)
Insoluble 1.50 1.50 1.50 1.50 1.50
water soluble 15,000.00 20,000.00 25,000.00 (0]¢:1)[0]0] 35,000.00
Soot 110,000.00 110,000.0( 110,000.04 110,000.0 | 110,000.00
Total 125,001.50 130,001.50 135,001.50 140,001.5 145,001.50

Where Nis the number of particles ¢n
Although a fully exact radiative transfer modeldifficult, so in this paper we used the approachl®j where they show
that the direct aerosol radiative forcing at the o6 the atmosphere can be approximated by

AFg = =2T2,,(1 = Nyoua) 21{(1 — 4)2fow — 24(1 — w)} (1)

Where $=1368Wn¥ is a solar constant.g, =0.79 is the transmittance of the atmosphere atimaerosol layer, {N.~0.6

is the fraction of the sky covered by clouds, thebgl averaged albedo A=0.22 over lafidis the fraction of radiation
scattered by aerosol into the atmospheretaiscthe optical thickness anglis the single scattering albedo [19]. The above
expression gives the radiative forcing due to thenge of reflectance of the earth-aerosol systdm.upscattering fraction

is calculated using an approximate relation [20]

1
p=2(1-¢g 2
where g is the asymmetry parameter. Although thele@h@ simple but was used to provide sresonalienates for the
radiative forcing by both sulfate aerosols [2] atdorbing smoke aerosols [18].
The spectral behavior of the aerosol optical théley with the wavelength of light)(is expressed as inverse power law
[21]:
T(A)=pr* 3
wherep is the turbidity and is the Angstrom exponent [22,23]. The formulaeésiced on the premise that the extinction of
solar radiation by aerosols is a continuous fumctid wavelength, without selective bands or lines $cattering or
absorption [24]. The wavelength dependence(f can be characterized by the Angstrom parameteichais a coefficient
of the following regression:
Int(}) = -wln()) + InB 4
The Angstrom exponent itself varies with wavelepngthd a more precise empirical relationship betwasnosol extinction
and wavelength is obtained with a 2nd-order polyiab{25 -34] as:
Int(x) = ap(INh)? + ogln + Inp (5)
Here, the coefficient,, accounts for a “curvature” often observed in sutpimetry measurements. In case of negative
curvature ¢,<0, convex type curves) the rate of change &f more significant at the longer wavelengths,levin case of
positive curvatureoz>0, concave type curves) the rate of change isfmore significant at the shorter wavelengths B8

28, 35]. Eck et al. [26] reported the existencenefative curvatures for fine-mode aerosols andtigescurvatures for
significant contribution by coarse-mode particleshe size distribution.
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RESULTS AND OBSERVATIONS
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Figure 1la. A graph of radiative forcing against waelength for modell at RHs 0, 50, 70, 80, 90, 95, 88d 99%

The graph shows that RF behaves as inverse powewitn wavelength at RHs 0 to 70% RH but startedviclyg upward
(concave) at higher wavelengths from 80% and th®irg continues to increase upto 99%. Its relatiath RH is that
RF(cooling) increases with the increase in RHs. idiare of the graphs with RH reflects the domimaoicfine particles.
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Figure 1b. A graph of optical depth against wavelegth for modellat RHs 0, 50, 70, 80, 90, 95, 98 af€%.

Figure 1b shows that optical depths follow a re&lti smooth decrease with the increase in wavetsnttough some are
steeper than others and the steepness increasethavincrease in RHs. It is evident from the fegtiat there is a relatively
strong wavelengths dependence of optical depthshatter wavelengths that decreases toward longefelemgths

irrespective of the RH, attributing to the preseatéine and coarse particles. The presence ofrfioee particles which are
selective scatters enhanced the irradiance scagtémi shorter wavelength only while the coarse mpdgicles provide

similar contributions to the optical depths at bathvelengths [36]. Additionally fine particles sestmore lights in the
forward direction than coarse particles.

In relation to RH, it shows that optical depthsréase with the increase in RH. As the RH incredise® is an increase in
hygroscopic growth more to fine particles than seaparticles and since fine particles scatter ntigtes in the forward

direction than coarse particles, that is why al dptical depth are higher at shorter wavelentjtas longer wavelengths
even at higher RHs. These hygroscopic growth benswalso reveal an immense potential of light scaity enhancement in
the forward direction at high RHs and the potemiafine particles to be highly effective cloud cemsation nuclei. The
increase of AOD with RH at the delequicence pdt (o 99%) is that the growth increase substaptiaiaking the process
strongly nonlinear with RH [37, 38].

It also shows monomode type of particle size distions in the form of Junge power law in this gpdcrange [26] and

increase in RH has caused increase in mode grozathuise of the increase in optical depths.
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Table 2 The results of the Angstrom coefficients foModell using equations (4) and (5) at the respdee relative
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humidities using regression analysis with SPSS16.0.

J of NAMP

Linear Quadratic

RH%) | R o B R? ay 0 B

0 0.99716 0.88942 1.89869 0.99718 -0.87478 0.010741.90477
50 0.99767 0.95463 2.18600 0.99807 -1.0195(1 -6947| 2.15528
70 0.99731 0.97719 2.37797 0.99839 -1.08704 -6880| 2.32166
80 0.99666 0.99232 2.59259 0.99868 -1.14479 -8311 2.50777
90 0.99444 1.00563 3.15204 0.99913 -1.24161 -Q173] 2.99387
95 0.99054 0.99513 4.10309 0.99951 -1.31856 -2@37| 3.82356
98 0.98330 0.94069 6.21860 0.99982 -1.35728 -®.305| 5.67836
99 0.97709 0.88316 8.44252 0.99991 -1.344209 -@B38 7.63453

Table 2 shows that at 0% RH the valuexdfom the linear part reflects the dominance ofrseaarticles, and the quadratic
part also verifies this becaugg>0. However as the RH increased from 50 to 90%éthee ofa continues to increase ang
becomes negative and its magnitude continues t@®ase with the increase in RH which indicates theeiase in the
dominance of fine particles with the increase in.RH

At the RH between 95 to 99% the valueco$tarted decreasing, which implies that these lagedelinquent points of the
mixtures and that particles at the delinquent goétpear to be large particles. This is becausevelling of water vapor and
aging processes, exhibiting thus similar charasties to the particles produced in arid areas #3, though it can be
observed that, is negative and continued to increase. This shtwasdt delinquent points increase in the curvatire,
does not reflect increase in fine mode patrticles.

The observed variations in Angstrém coefficients ba explained by changes in the effective radthefmixtures resulting
from changes in RH in the range 0% to 90%: thediatige number of small aerosol particles, the sméifie effective radius
and the larger the Angstrom coefficient The Angstréixponent increases with the increase in wateoryapeans that the
effective radius of the aerosol particles becomelemwhen the water vapor increases. But as fr6f% 8 99% RH there is
an increase in fine mode particle radius which ltesiiom particle growth due to coagulation and foggopic growth.
Coagulation rates increase as particle concentraticreases (Reid et al., 1999); therefore thisiggargrowth mechanism
will be greatest at the highest optical deptth)]. Hygroscopic at high RH will also tend to incseaoptical depth as
accumulation mode particles increase in size [4t] ireflect the occurrence of large size accutimiamode particles that
may result from fine particle coagulation at highncentration from hygroscopic growth. There is asoobservational
evidence that Angstrém exponents decrease in e articles grow hygroscopically [42].
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Figure 1c. A graph of asymmetric parameter againstvavelength for modell at RHs 0, 50, 70, 80, 90, ®8 and 99%.
The behavior of asymmetric parameter with wavelemgtike power law but as it can be seen fromgtaph, the coefficient
decreases with the increase in RH (0-90%) but besdinear and increase with RH as from 95— 99%. ifheease of
asymmetric parameter with RH shows that hygroscgpawth by particles as a result of the increasérith enhances
scattering more in the forward direction of whibltis why we have increase in RF(cooling) with RH.
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Figure 2a. A graph of radiative forcing against waelength for model2 at RHs 0, 50, 70, 80, 90, 95, 88d 99%.

Figure 2a is similar to figure 1a with respect tavelengths, but the main difference is that RF(ingp has increased with
respect to RHs.
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Figure 2b. A graph of optical depth against wavelegth for model2 at RHs 0, 50, 70, 80, 90, 95, 98 af@@%.

Figure 2b is similar to figure 1b with respect tawglength, but there is an increase of optical ldeptith the increase in
RHs.

Table 3 The results of the Angstrom coefficients foModel2 using equations (4) and (5) at the respegt relative
humidities using regression analysis with SPSS16.0.

Linear Quadratic

RH(%) | R a B R? 0y o B

0 0.99752 0.93799 2.03695 0.99760 -0.96661 -092092.02427
50 0.99728 1.00504 2.42128 0.99845 -1.12277 -3686§ 2.35989
70 0.99653 1.02583 2.67734 0.99875 -1.19143 -@821 2.58234
80 0.99555 1.03839 2.96308 0.99901 -1.24735 -@853 2.83099
90 0.99276 1.04410 3.70808 0.99939 -1.33552 -0213 3.47963
95 0.98849 1.02339 4.9750F 0.99968 -1.39544 -09272 4.58721
98 0.98106 0.95680 7.79292  0.99989 -1.40974 -@@37 7.05971
99 0.97493 0.89298 10.7556  0.99995 -1.38174 -6358 9.66779

Comparing Tables 2 and 3 shows that there is aease in botl andy, , except that, at 0% RH has changed sign from
positive in table 2 to negative in this table.
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Figure 2c. A graph of asymmetric parameter againstvavelength for model2 at RHs 0, 50, 70, 80, 90, ®8 and 99%.

Figure 2c’s relation with wavelength it is simitarthat of Figure 1c

. but in relation to RH it stowslight increase.
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Figure 3a. A graph of radiative forcing against waelength for model3 at RHs 0, 50, 70, 80, 90, 95, 88d 99%.

Figure 3a is similar to Figures 1a and 2a with eespo wavelength, but the RF( cooling) is higheart both with respect to
RHs.
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Figure 3b. A graph of optical depth against wavelegth for model3 at RHs 0, 50, 70, 80, 90, 95, 98 af@@%.

Figure 3b is similar to Figures 1b and 2b with Bxtgo wavelength, but there is an increase otaptiepth with respect to
RHs.
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Table 4 The results of the Angstrom coefficients foModel3 using equations (4) and (5) at the respeee relative

humidities using regression analysis with SPSS16.0.

Linear Quadratic
RH%) | R o B R? 0y 0 B
0 0.99752 0.97817 2.17621 0.99792 -1.04481 -0.04888 2.14480
50 0.99670 1.04467 2.65697 0.99873 -1.20585 -04182 | 2.56516
70 0.99566 1.06295 2.97715 0.99900 -1.27306 -03541 | 2.84376
80 0.99445 1.07225 3.33467 0.99923 -1.32618 -08862 | 3.15496
90 0.99143 1.07173 4.26453 0.99954 -1.40306 -02430| 3.96716
95 0.98697 1.04311 5.84636 0.99978 -1.4491p -0£978 | 5.35079
98 0.97953 0.96733 9.36627 0.99993 -1.4442[7 -0B498 | 8.44072
99 0.97340 0.89938 13.06814 0.999974 -1.40703 2437 11.69813
Comparing with table3, it can be observed thah handa, have increased.
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Figure 3c. A graph of asymmetric parameter againstvavelength for model3 at RHs 0, 50, 70, 80, 90, ®8 and 99%.

In relation to wavelength Figure 3c is similar hose of Figures 1c and 2c, but its relation with $idws a slight increase.
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Figure 4a. A graph of radiative forcing against waelength for model4at RHs 0, 50, 70, 80, 90, 95, 88d 99%.

Figure 4a is similar to figure la, 2a and 3a wigBpect to wavelength, but there is an increaseHftdoling) with the

increase in RHs.
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Figure 4b. A graph of optical depth against wavelegth for model4at RHs 0, 50, 70, 80, 90, 95, 98 af€%.

Figure 4b is similar to figures 1b, 2b, and 3b witlspect to wavelength, but there is an increasmpti€al depth with the
increase in RHSs.

Table 5 The results of the Angstrom coefficients foModel4 using equations (4) and (5) at the respeee relative
humidities using regression analysis with SPSS16.0.

Linear Quadratic
RH%) | R o B R? 0y 0 B
0 0.99731 | 1.01207 2.31576 0.99815 -1.11236 -0.07357 | 2.26564
50 0.99602 | 1.07624 2.89341 0.99892 -1.27466 -08455 | 2.77083
70 0.99481 | 1.09212 3.27738 0.99917 -1.33907 -08811 | 3.10549
80 0.99350 | 1.09898 3.70573 0.99938 -1.38776 -04118 | 3.47947
90 0.99028 | 1.09243 4.82090 0.99964 -1.45523 -0£661 | 4.45405
95 0.98582 | 1.05746 6.71730 0.99983 -1.48818 -08159 | 6.11485
98 0.97842 | 0.97475 10.94137 0.99995 -1.46880 -a362 9.82342
99 0.97236 | 0.90374 15.38190 0.99998 -1.42410 -0381 13.73121
Comparing Table 5 with Table 4, it can be obsemhad there is an increase in betlandos,.
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Figure 4c. A graph of asymmetric parameter againstvavelength for model4

From figure 4c, the relation with wavelength is g&mto that of figure 1c, 2c and 3c. but with R$hows a slight increase.
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Figure 5a. A graph of radiative forcing against waelength for model5at RHs 0, 50, 70, 80, 90, 95, 88d 99%.

Figure 5a is similar to figures 1a 2a, 3a, and #h vespect to wavelength, but there is an incréadef(cooling) with the
increase in RHs.
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Figure 5b. A graph of optical depth against wavelegth for model5at RHs 0, 50, 70, 80, 90, 95, 98 af€é%.

Figure 5b is similar to figures 1b, 2b, 3b, andwmth respect to wavelength, but there is an ineredptical depth with the
increase in RHs.

Table 6 The results of the Angstrom coefficients foModel5 using equations (4) and (5) at the respeee relative
humidities using regression analysis with SPSS16.0.

Linear Quadratic

RH%) | R o B R? ay 0 B

0 0.99701 | 1.04109 2.45555 0.99836 -1.17169 -0.09581 2.38657
50 0.99539 1.10236 3.12990 0.99909 -1.33172 -08682 | 2.97715
70 0.99406 | 1.11582 3.57768 0.99930 -1.39259 -0.2030 | 3.36805
80 0.99264 1.12000 4.07737 0.99948 -1.43774 -02330 | 3.80431
90 0.98936 1.10842 5.37756 0.99972 -1.4958 -0.28417 4.94177
95 0.98488 | 1.06832 7.58854 0.99987 -1.51863 -08303| 6.87850
98 0.97763 0.98029 12.51567 0.99997 -1.48651 -@371 | 11.20707
99 0.97161 | 0.90694 17.69601 0.99999 -1.43642 -aB88 | 15.765599

Comparing with table 5, it can be observed thatetligean increase in bothandas.
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Figure 5c. A graph of asymmetric parameter againstvavelength for model 5 at RHs 0, 50, 70, 80, 90,,%8 and 99%.

Figure 5c’s relation with wavelength is similarttat of figures 1c, 2c, 3c and 4c but there isghsincrease in relation to
RH.

Conclusions

From our results, we observed a slight decreaB¥-{warming), with the increase in water solubl@%t RH. But as can also
be observed, the difference in the increase isrhawp more noticeable as the RH increases most ediyeas from 50%
RH. This is attributed to the increase in scattptiecause of the high hygroscopicity of the WS sTtiows that RH has a
great influence on RF in urban areas where the lesel-fueled mobile sources, the numerous deal-fndustries and
power generation stations are expected to be apulith the increase in these activities.

Additionally, the increase in together with the decrease in the curvature fegiat 0% from tables 2 and 3 together with the
subsequent increase in magnitudeofor the remaining tables reflect the increaserne particles which implies that water
soluble are fine particles. Also according to [3Bf absolute value of the coefficiant decreases with increasing particle
size for fine monomodal aerosols, but in our casgobserved that; increases with the increase in RHs, so we asshate t
the particles have bimodal type of particle sizriiutions with the dominance of fine particles.

Also since forward scattering strength is correlatéth particles size, the value of g can also geduas a general indicator
for particle size.

Additionally it can be observed that the increas&\S has lowered the deliquescent points, becauswdels 1 and 2, it
started from 95, while models 3, 4 & 5 at 90.

Finally it can be observed that the change in Amigstcoefficient due to variation in RH is compagald that caused by
change in the aerosol mixture compositions.
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