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ABSTRACT 

Aerosols have been identified as a major element of the climate system known to scatter 

and absorb solar and infmed radiation, but the development of procedures for 

representing them is still rudimentary. This study addresses the need to improve the 

treatment of sulfate aerosols in climate models by investigating how sensitive radiative 

particles are to varying specific sulfate aerosol properties. The degree to which sulfate 

particles absorb or scatter radiation, termed the direct effect, varies with the size 

distribution of particles, the aerosol mass density, the aerosol refractive indices, the 

relative humidity and the concentration of the aerosol. This study develops 504 case 

studies of altering sulfate aerosol chemistry, size distributions, refractive indices and 

densities at various ambient relative humidity conditions. Ammonium sulfate and 

sulfuric acid aerosols are studied with seven distinct size distributions at a given mode 

radius with three corresponding standard deviations implemented from field 

measurements. These test cases are evaluated for increasing relative humidity. As the 

relative humidity increases, the complex index of refraction and the mode radius for each 

distribution correspondingly change. Mie theory is employed to obtain the radiative 

properties for each case study. The case studies are then incorporated into a box model, 

the National Center of Atmospheric Research's (NCAR) colunm radiation model (CRM), 

and NCAR's community climate model version 3 (CCM3) to determine how sensitive the 

radiative properties and potential climatic effects are to altering sulfate properties. 
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This study found the spatial variability of the sulfate aerosol leads to regional 

areas of intense aerosol forcing (W/m^). These areas are particularly sensitive to altering 

sulfate properties. Changes in the sulfate lognormal distribution standard deviation can 

lead to substantial regional differences in the annual aerosol forcing greater than 2 W/m^. 

Changes in the aerosol chemical composition can lead to regional changes in the aerosol 

forcing greater than 0.5 W/m^. The relative humidity is shown to greatly influence the 

aerosol optical properties. Given the differences in aerosol forcing found due to varying 

sulfate properties, this study does not encourage the use of a single aerosol distribution to 

represent sulfate particles of all air masses. 
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CHAPTER 1 

INTRODUCTION 

Understanding the impact of aerosols on the Earth's climate system is a complicated and 

an important endeavor. An aerosol is defined as a particle, which can be a liquid or a 

solid, suspended in a gaseous medium such as air. These particles may be directly 

emitted into the atmosphere such as dust or created in the atmosphere. This study 

concentrates on the climatic effects of sulfate aerosols. These aerosols play a unique role 

in the climate system. Sulfate aerosols reflect sunlight away from the Earth, termed the 

direct effect. They also alter the growth, optical thickness and lifetime of clouds, termed 

the indirect or Twomey effect. The degree to which sulfate particles absorb or scatter 

radiation varies with the size distribution of the particles, the aerosol density, the aerosol 

refhictive indices, the relative humidity and the concentration of the aerosol. Radiative 

forcing describes the change in the shortwave radiative flux at the top of the atmosphere 

due to the addition of anthropogenic sulfate aerosols (Intergovernmental Panel on 

Climate Change (IPCC), 1994). This study conducts a number of sensitivity tests with 

various dimensional climate models to determine the range of aerosol radiative forcing 

possible due to varying these different sulfate properties. These tests indicate which 

sulfate aerosol properties need to be closely measured and modeled in order to estimate 

accurately the sulfate aerosol direct effect. 
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1.1. Forming the Sulfate Aerosol 

Sulfate aerosols are primarily a secondary pollutant formed in the atmosphere from 

emitted sulfur compounds (sulfates, themselves, are emitted into the atmosphere at very 

low concentrations). Sulfur is emitted into the atmosphere in many forms such as 

dimethyl sulfide (CH3SCH3 or DMS), carbonyl sulfide (COS), sulfur dioxide (SO:), 

hydrogen sulfide (H2S) or carbon disulfide (CS2). All of these compounds are naturally 

emitted. However, sulfur dioxide in the atmosphere is predominantly from 

anthropogenic sources. The reaction of some of these compounds with other chemical 

species in the atmosphere leads to the creation of a significant concentration of sulfate 

aerosols. 

Carbonyl sulHde is not considered to be a source for tropospheric sulfate aerosols 

due to its low reactivity in the troposphere. The oxidation of carbon disulfide may 

produce COS and sulfur dioxide. Carbon disulfide has an estimated global emission rate 

less than 1 Tg S/yr. Hydrogen sulfide has an atmospheric lifetime of a few days reacting 

with the hydroxyl radical to ultimately form sulfur dioxide. The global emission 

estimates of hydrogen sulfide are very low, on the order of 3 Tg S/yr, and thus it is not a 

major contributor to sulfate aerosols. Sulfur dioxide and dimethyl sulfide are the major 

contributors in forming sulfate aerosols in the atmosphere. This study focuses on two 

sulfate aerosols: ammonium sulfate aerosol and sulfuric acid. 

There are many pathways of possible reactions for sulfur dioxide and DMS when 

they enter or are created in the atmosphere. Some of these pathways lead to the 
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formation of ammonium sulfate aerosol and sulfuric acid. This section will highlight the 

most common paths. 

DMS initially reacts in the gaseous phase with either the hydroxyl radical (OH*) 

during daytime hours or with the nitrate radical during nighttime hours to form dimethyl 

sulfoxide (DMSO), dimethyl sulfone (DMSO2), methane sulfonic acid (MSA), sulfuric 

acid and/or sulfur dioxide. Thus, DMS may form a sulfate aerosol or one of the 

precursors and, as noted i<i Table 1.1, it is emitted in sufficient levels to be considered as 

a source of sulfate. 

Sulfur dioxide may initially react in either the gaseous or aqueous phase. Sulfur 

dioxide reacts in the gaseous phase with the hydroxyl radical, considered to be the 

dominant reactive species, to form sulfuric acid. Chemical models have estimated 5 to 

17% of the sulfur dioxide sink in the atmosphere is due to gas phase oxidation (Langner 

and Rodhe, 1991; Pham et al., 1995; Feichter et al., 1996; Chin et al., 1996; Rasch et al. 

1999). Sulfur dioxide may also react in the aqueous phase as it is a soluble gas (with an 

oxidation state of +4). Oxidation by ozone, hydrogen peroxide, hydroxyl radical, 

oxygen (catalyzed by trace metals) and many other oxidants are possible to lead to the 

formation of sulfuric acid with an oxidation state of (+6). Ozone and hydrogen peroxide 

are considered to be the dominant pathways with the choice of reactive species dependent 

on the pH levels. Chemical models estimate 34 to 56% of the sulfur dioxide sink in the 

atmosphere is due to in-cloud oxidation (Langner and Rodhe, 1991; Pham et al., 1995; 

Feichter et al., 1996; Chin et al., 1996; Rasch et al. 1999). 



Chemical models predict SO to 60% of the sulfur dioxide sink in the atmosphere is 

due to oxidation (Langner and Rodhe, 1991; Pham et al., 1995; Feichter et al., 1996; Chin 

et al., 1996; Rasch et al. 1999). Other sinks in the atmosphere for sulfur dioxide include 

wet deposition accounting for 2 to 21% of sulfur dioxide removal and dry deposition 

accounting for the remaining 28 to 45% of sulfur dioxide removal. Given that the 

hydroxyl radical, hydrogen peroxide and ozone (in polluted regions) are at higher 

concentrations during daylight hours, summer months tend to create larger amounts of 

sulfate within the regions where sulfur dioxide is available. Greater amounts of sulfate 

are also created during the summer months in the Northern Hemisphere due to convective 

transport of sulfur dioxide increasing its atmospheric lifetime (Rasch et al., 1999). 

Sulfuric acid may form into ammonium sulfate aerosol if there is sufficient 

amount of ammonia, NH3, present in the atmosphere. Ammonia concentrations vary 

around the globe. Ammonia is emitted into the atmosphere fi'om such sources as animal 

waste, soil emissions and the ocean. Ammonia is absorbed by soil and water and has an 

atmospheric lifetime of approximately 10 days (Seinfeld and Pandis, 1998). Sulfuric acid 

may react with ammonia forming ammoniimi bisulfate NH4HSO4, letovicite 

((NH4)3H(S04)2), and ammonium sulfate (NH4)2S04. The concentration formed for each 

of these compounds depends on both the abundance of ammonia and the relative 

humidity. This study concentrates on the radiative effects of sulfuric acid and 

anmionium sulfate aerosol. At this time, there is not enough information available to 

study the radiative effects of ammonium bisulfate. 
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Chemical models have estimated the sources, sinks and atmospheric lifetime of 

sulfate which is summarized in Table 1.2 (Langner and Rodhe, 1991; Pham et al., 1995; 

Feichter et al., 1996; Chin et al., 1996; Rasch et al. 1999). The models found the 

majority of sulfate created in the atmosphere (67 to 90%) to be a result of in-cloud 

production. However, a substantial amount of sulfate crcatcd by in-cloud production 

undergoes wet deposition. The gas phase production created the remaining 10 to 33% of 

sulfate. Wet deposition was found to remove 73 to 93% of sulfate in the atmosphere with 

the remaining sulfate removed by dry deposition. The models found the sulfate lifetime 

in the atmosphere to range from 3.9 to 5.3 days. 

1.2. Sulfur Emissions 

Sulfur dioxide has an average lifetime of two to eight days, DMS has an average lifetime 

of 0.5 to 3 days, and, once formed, sulfate has an estimated lifetime of a few days (Rasch 

et al., 1999; Bates et al., 1992). Thus, sulfate is in greater concentrations near the sources 

of SO: and DMS. This section discusses the regions of high sulfur emissions where 

greater amounts of sulfate are located. 

The biological emissions into the lower atinosphere of gaseous dimethyl sulfide 

(DMS) from plants, soils and phytoplanlaon in the oceans are estimated to be 17 V- 2 Tg 

S/yr (Lee et al., 1992; Langner and Rodhe, 1991). The largest concentrations of DMS are 

located in coastal upwelling areas and in the high latitudinal regions (Kettle et al., 1999). 

Since the industrial revolution, anthropogenic emissions of sulfur, predominantly in the 

form of sulfur dioxide, have become a growing concern. Due to the addition of industrial 
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emissions from such sources as the burning of fossil fuels and smelting of metal ores, 

sulfur emissions have more than tripled since the 1920s from an estimated 10 - 18 Tg 

S/yr to a current 70 Tg S/yr (see Table 1.1; IPCC, 1996). 

Anthropogenic emissions contribute more than 80% to the total sulfate aerosol 

burden in the Northern Hemisphere with approximately 70% emitted within the latitude 

range of 30° N and 60° N (IPCC, 1996). The Southern Hemisphere emissions are 

estimated to be only 10% of that in the Northern Hemisphere (Hunter, 1993). 

As mentioned, anthropogenic emissions of sulfur dioxide are concentrated in 

certain areas of high industry. These areas include northeastern U.S., eastern Europe, and 

eastem China. Europe has experienced an increase in sulfur emissions since the 1920s of 

5 Tg S/yr (now at levels of 15 Tg S/yr), the U.S. has returned to emission levels similar to 

that of the 1920s (~ 11 Tg S/yr), while Eastem Asia has dramatically increased in 

emissions since the 1950s from approximately 1 Tg S/yr to 20 Tg S/yr (Engardt, 1993; 

Hameed and Dignon, 1992). Not only do sulfur emissions vary geographically, but also 

seasonally. The mean global sulfur burden varies throughout the year by about V- 25% 

with the maximum in February and the minimum in October (Mitchell et al., 1995). 

However, sulfate has a seasonal peak during the summer months which is due, in part, to 

the seasonal variation of the sulfur burden being outweighed by the constraints on the 

photochemical production of the reactive precursors necessary to create sulfate. 
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1.3.Sulfate Climatic Effects 

1.3,1. Direct Effect 

Sulfate aerosols in the atmosphere, depending on their size and chemical composition, 

can reflect solar radiation back into space thereby causing a cooling effect on the Earth. 

The direct effect of the sulfate aerosols refers to the ability of the aerosol to scatter 

incoming solar radiation and does not currently include studies focusing on the aerosol 

longwave effects. The size of the sulfate aerosols is generally submicrometer which is 

known for the inherent ability to scatter shortwave radiation (Lacis et al., 1992). Sulfate 

direct forcing is therefore greatest during the daytime and summer months. It has been 

estimated that anthropogenic sulfates scatter approximately 3% of the direct solar 

radiation whereupon lS-20% of that scattered is reflected back to space, returning to 

space about 0,5% of the Sun's radiation (Charlson et al., 1994), However, a 0.2 - 0.3% 

solar radiation loss due to sulfate aerosols is more commonly accepted as clouds cover 

about half of the Earth at any one time (Charlson et al,, 1994). This may not appear 

substantial. However, such radiation loss will affect the global temperature, as this solar 

radiation loss is estimated to be a reduction of incoming solar radiation of 0,4 to 0.6 

W/m^. The Charlson et al. study did not address the effect of relative humidity on the 

aerosol scattering ability and therefore underestimated the solar radiation loss, Lacis et 

al. (1992) found sulfate particles are able to scatter twice the radiation when the relative 

humidity reaches levels of 75 to 80% such as that found in the troposphere. The Lacis et 

al. study estimated sulfate particles at this humidity would cause a global cooling of 2 to 

3 degrees Kelvin. 
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Sulfate aerosols, given their temporal and spatial variability, can alter 

temperatures on a regional and seasonal scale. Mitchell et al. (199S) used the Hadley 

Centre model coupled to a mixed layer ocean to investigate the forcing of aerosols and 

greenhouse gases on surface temperature. The sulfate aerosols are modeled near the 

surface with a fixed relative humidity' of 80%. It was found that sulfate aerosols reduced 

the global mean warming predicted by greenhouse gases by about 30%. In areas of high 

sulfate concentration and taking the effect of greenhouse gases into account, Engardt et 

al. (1993) found decreases in the summer temperatures between 0.2 and 0.4 Celsius and 

increases in the winter temperatures between O.S and 0.9 Celsius compared to the average 

temperatures during 1950 to 1979. Sulfate aerosols reflect more sunlight away from the 

Earth's surface during periods of high solar insolation so that their impact on winter 

months would cause a less dramatic cooling. This, then, allows the warming due to 

greenhouse gases to become apparent during the winter months. Hunter (1993) suggests 

an increase in sulfate forcing during the simuner months is due to the large conversion 

rate in North America of sulfur dioxide to sulfate aerosol. Hunter found a minimal 

temperature increase in areas of maximum sulfate, though not a one to one 

correspondence. It was concluded that the decrease in the warming rate during the 

summer in the Northern Hemisphere midlatitudes is due to the sulfate aerosols. 

Modeling of the sulfate aerosol radiative forcing is being conducted by a growing 

number of scientists. Lacis et al. estimated the global radiative forcing due to the direct 

effect of sulfate aerosols to be -1 W/m^ with an uncertainty of 2. Taylor and Penner 

(1994) determined the forcing due to anthropogenic sulfate aerosols was large enough to 
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reduce the warming of greenhouse gases in the Northern Hemisphere. Current studies 

have shown the range of globally annually averaged anthropogenic sulfate radiative 

forcing to be -0.3 W/m^ (Kiehl and Brieglab, 1993) to -0.9 W/m^ (Taylor and Penner, 

1994). These values vary depending on the chemical composition assumed for the sulfate 

aerosol, the role that relative humidity is allowed to play in obtaining the aerosol optical 

properties, the concentration of the aerosol, and the particle distribution employed to 

represent the aerosol (most studies are consistent in assuming a particle distribution 

represented by a lognormal distribution with a standard deviation of 2.0 and a mode 

radius of O.OS |im). How does this forcing compare with that of carbon dioxide? 

Carbon dioxide from anthropogenic activity is estimated to produce a globally annually 

averaged radiative forcing of +1.6 W/m^ (Charlson et al., 1994). Thus, the aerosol 

forcing cited above is comparable to that of carbon dioxide and warrants continued study. 

1.3.2. Indirect Effect 

Sulfate aerosols provide nuclei for cloud droplets. The size and the composition of cloud 

condensation nuclei (CCN) directly influence the size and composition of the cloud drop 

formed, thereby affecting the droplet ability to scatter shortwave radiation and the 

development of precipitation (Twomey et al., 1984). Shortwave radiation is affected by 

cloud thickness. The thicker the cloud, the greater the likelihood for incoming solar 

radiation to be absorbed or reflected by the cloud drops. The fraction of the total incident 

radiation reflected by a cloud is termed the albedo. For a given liquid water content, the 

greater the number of aerosols, the greater the available CCN, and the greater the number 
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of cloud drops formed with smaller radius size. This iticrease in density and smaller-

sized drops lead to increases in the cloud shortwave albedo. The lifetime of the cloud 

may also increase, as the addition of similar and smaller drop sizes decreases the 

development of precipitation. The longer a tropospheric cloud exists, the greater the 

cooling effect as it continues to scattcr shortwave radiation away from the Earth's 

surface. The indirect effect is thought to be greatest over land where anthropogenic 

emissions occur increasing the number of cloud nuclei available. It has been estimated 

that continental clouds have two to four times more drops than in maritime clouds 

(Erickson et al., 1991). Thus, the aerosol effect on clouds is complicated and dependent 

on the particular depth and location of the cloud. 

This study initially employed empirical parameterizations for use with general 

circulation models (GCM) to represent the interaction of sulfate aerosols with cloud 

radiative properties (Boucher and Lohmann, 1995; Martin et al., 1994; Jones et al., 1994; 

Leaitch et al., 1995). These empirical relations greatly simplify the process of sulfate 

aerosols nucleating cloud drops. However, such a relation is necessary as the current 

representation of clouds in GCMs is highly simplified. There is growing and exciting 

work being conducted for representing clouds in GCMs and until this has been completed 

it appears prudent not to concentrate this study on the aerosol indirect effect. 



31 

1.4. This Study 

This study illustrates the range of aerosol forcing derived from altering the aerosol 

number distribution properties, the aerosol chemistry and the aerosol density in regions of 

various relative humidities. A study determining the radiative forcing of sulfate aerosols 

must initially assume particular aerosol properties. The lognormal distribution is 

generally given a mode radius of O.OS ^m and a standard deviation of 2.0 based on the 

work of Kiehl and Briegleb (1993). The chemistry of the sulfate varies between either 

ammonium sulfate aerosol or sulfuric acid - only lately has ammonium sulfate been 

considered. Depending on the choice of the sulfate aerosol, the density and the refractive 

indices also vary. Boucher and Anderson (199S) conducted sensitivity tests that 

determined the aerosol forcing has a V- 20% uncertainty when the size and chemical 

composition of the sulfate aerosol is varied. Very few papers have allowed the properties 

of the aerosol to alter with relative humidity. Many of these studies address the effect of 

relative hiunidity on the scattering of the aerosol by increasing the mass extinction 

coefficient by a pre-specifled ratio. It is apparent that the mass extinction coefficient is 

not the only optical property influenced by increasing relative humidity. Other optical 

properties, the asynmietry parameter and the single scattering albedo, employed by 

climate models to determine the aerosol forcing are affected and need to be studied. As 

well, there is a nonlinear relationship between relative humidity and aerosol forcing 

which needs to be investigated. This study conducts a number of tests using various 

sulfate aerosol cases to determine the maximum range of aerosol forcing, as well as 

determining which aerosol property the forcing is most sensitive to. 
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Ammonium sulfate and sulfuric acid aerosols are considered in this study. There 

is currently no information on ammonium bisulfate complex indices of refraction over 

many of the wavelengths necessary for this study (see Chapter 6 for estimates of forcing). 

Chapter 2 outlines the methodology implemented for creating 504 different sulfate 

aerosol eases. Chapter 3 determines and compares the optical properties of these 

different aerosol cases. Chapter 4 compares the aerosol forcing of each sulfate case using 

zero-dimensional Box models. Chapter S compares the aerosol forcing via the National 

Center of Atmospheric Research's (NCAR) one-dimensional Colunrn Radiation Model 

(CRM) and NCAR's three-dimensional Community Climate Model (CCM3). The results 

of the aerosol forcing from the Box models and NCAR's CRM determine which of the 

aerosol properties provide the greatest range of aerosol forcing. The sulfate cases that 

provide the most extreme range of aerosol forcing are run for three years with NCAR's 

CCM3 to estimate the greatest range of aerosol forcing. A summary and the conclusions 

of this study are rendered in Chapter 6. 
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Table l.l Emissions of Sulfur (Tg S/yr) (Langner and Rodhe, 1991). 

Emissions Global NH SH 

Anthropogenic (SO2) 70 64 6 
Biomass Buming(S02) 2.5 1.1 1.4 
Oceans (DMS) 16 6.9 9.1 
Volcanoes (SO2) 8.5 5.8 2.7 
Soil and Plants (reduced Sulfur compounds) 1 0.6 0.4 

Total: 98 78.4 m 

Table 1.2 The range of the sources, sinks and lifetime of sulfate (Langner and 
Rodhe, 1991; Pham et al., 1995; Feichter et al., 1996; Chin et al., 1996; Rasch et 
al., 1999). 

In-cloud Production 67% - 90% 
Gas Phase Production 10% - 33% 
Wet Deposition 73%- 93% 
Dry Deposition 7% - 27% 
Atmospheric Lifetime (days) 3.9 - 5.3 
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CHAPTER: 
CREATING SULFATE CASE STUDIES 

A variety of sulfate case studies are created to test accurately the sensitivity of the direct 

effect to specific sulfate properties. The degree to which sulfate particles absorb or 

scatter radiation varies with the size distribution of the particles, the aerosol density, the 

aerosol refractive indices, all of which are a function of the ambient relative humidity. 

Thus, numerous cases of altering sulfate properties are necessary. 

Each sulfate aerosol case investigated has a given aerosol chemistry, size distribution 

and density that is then allowed to grow due to condensation in a variety of ambient 

relative humidity scenarios once the aerosol relative humidity deliquescence point (RHD) 

has been reached. The RHD is defmed as the relative humidity that must be reached in 

order for the aerosol to begin to grow due to condensation and has been measured in 

laboratory experiments for a given aerosol. The hysteresis effect, the fact that an aerosol 

may not evaporate water vapor with decreasing relative humidity similar to how it grew 

with increasing relative humidity, is not addressed. Sulfuric acid is hygroscopic and 

does not display deliquescence behavior (Nemesure et al., 199S). This aerosol begins to 

grow at low relative humidities. Ammonium sulfate does display deliquescence behavior 

with a RHD of 80%. For a given relative humidity above the RHD, each dry sulfate 

case's size distribution grows, thereby affecting the mean aerosol density and the 

complex index of refraction. For sulfuric acid, the relative humidity cases are determined 

for relative humidities of 50%, 70%, 80%, 90%, 95% and 99%, while ammonium sulfate 
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relative humidity cases are determined for relative humidities of 80%, 90%, 95% and 

99%. Ultimately, there are a total of 504 sulfate case studies. 

2.1.Dry Aerosol Cases 

The ammonium sulfate aerosols below their deliquescence relative humidity are referred 

to as dry. Sulfuric acid discussed in this section represents as close to dry conditions as 

is possible with this hygroscopic aerosol. This section discusses the methodology in 

obtaining the eighty-four dry sulfate cases. 

2.1.1. Obtaining Aerosol Size Distributions. 

Atmospheric aerosols are multimodal in nature. For example, Whitby (1978) 

investigated and combined a plethora of studies conducted measuring particle size 

distributions in a variety of air masses. He found that the particles within the air masses 

studied divide into three distinct modes: the coarse particle mode, the transient mode, and 

the accumulation mode. The coarse particle mode is a region of particles greater than 1.0 

^m in radius. This mode is generally associated with both internal combustion in urban 

areas and mechanically produced aerosols from such natural sources as wind-blown dust 

and sea spray. Fine Particles, i.e. below 1.0 |im in radius, are composed of two 

submembers, the transient nuclei mode and the accumulation mode. The accumulation 

mode particles are between 0.05 ^m and l.O ^m in radius, have the largest lifetime 

compared with other size particles, provide the majority of cloud condensation nuclei, 

and most effectively scatter incoming solar radiation. The transient nuclei mode particles. 
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between 0.0025 ^m and O.OS |im in radius, tend to be short lived as they quickly grow in 

size to the accumulation range via both coagulation and condensation; gas to particle 

conversion provides one of the sources for these particles. These particles are greatest in 

number yet are the lowest in mass. Growth between fine particles and coarse particles is 

not considered; the two modes originate independently and only have a residence lifetime 

of a few days. 

Whitby (1978) used lognormal distributions to represent each of the three distinct 

modes. Various other distributions have been employed to represent aerosols such as the 

Junge distribution. Junge (1963) divided aerosols by size distribution and geography. He 

separated the aerosols into three distinct modes: the Aitken particles found between 0.001 

^m and 0.1 ^m radius, the large particles found between 0.1 |am and 1.0 ^m in radius, 

and the giant particles whose radii is greater than 1.0 ^m. Junge also categorized the 

aerosols geographically according to marine, continental or background origin. Junge 

focused on the particle size and measuring method, while Whitby worked with particle 

size and production mechanism (Jaenicke, 1993). The power or Junge distribution is not 

used in this paper. It fits well to the number distribution of aerosols between 0.1 ^m and 

10.0 )im, but it does not adequately represent surface and volume distributions (Whitby, 

1978). Given this study is concerned with the radiative effects of the aerosol which is a 

fimction of the aerosol area not aerosol number, this study will employ a lognormal 

distribution to represent the sulfate cases. 

Whitby determined that approximately 95% of sulfate aerosols by mass reside in 

the accumulation range. Therefore, his descriptions of the accumulation lognormal 
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distributions to determine the number concentration are used in this study. A lognormal 

distribution can be represented by; 

dN{r) N, 
—— = 

d\nr ln<TgV2;r 

where /V, is the concentration of particlcs, Tc is the mode radius and Cg is the geometric 

standard deviation. Sixty-eight percent of the particles in this distribution have radius 

sizes within Inrc V- Og. Through his study, Whitby determined four distinct lognormal 

distributions appropriate for aerosols in the accumulation range (see Table 2.1). His 

urban aerosol distribution represents polluted urban environments. The average aerosol 

distribution represents an average of all the continental distributions collected. The clean 

background continental aerosol distribution represents tropospheric aerosol above cloud 

level usually in mid-tropospheric conditions collected either at mountain stations or on 

aircraft (Jaenicke, 1993). The marine distribution represents a background distribution 

above the marine surface where the sea salt aerosol has been removed (Jaenicke, 1993). 

Sulfate particles account for 30% to 60% of the mass of the marine aerosol found in the 

accumulation mode and 15% to 30% of the mass of the continental aerosol (Whitby, 

1978). Each of these distinct distributions and three additional distributions to be 

discussed will be referred to as "groups" or "distributions" for convenience in this paper. 

Minimization of the sum of squared errors is applied to the distributions above to 

determine the optimum lognormal distribution to represent a generic accumulation 

distribution. The coefficient of determination, R^, describes the goodness of fit of the 

regression. Table 2.2 describes the optimum best fit distribution found and displays 

(Inr-lnr^)^ 

21n^^, 
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for each of the cases shown in Table 2.1, where equaling one represents an ideal 

match. As becomes less than 1.0, the best fit is less accurate. The best match was 

found with a mode radius of 0.065 and a standard deviation of 2.07. 

Much of the literature uses a lognormal distribution with a mode radius of O.OS 

}im and a standard deviation of 2.0 as suggested by Kiehl and Briegleb (1993), (hence 

termed the "Kiehl" or "Kiehl and Briegleb" distribution for convenience), to simulate the 

aerosol number distribution. For comparison with current work, this distribution will be 

included in this study. The last distribution included in this study represents a 

distribution of larger particles to achieve a balanced test of possible accumulation 

distributions. Russell et al (1997) employed a geometric radius size of 0.125 |im with a 

standard deviation of 1.7. This distribution will be termed the "large" distribution set or 

group. Thus, there will be a total of seven groups each with a distinct radius mode and 

standard deviation. Figure 2.1 displays all seven groups where the "large" distribution is 

noticeably distinct from the other groups. 

The above described groups are also considered with standard deviations of 1.5 

and of 2.5, to test the sensitivity of the direct effect to a size distribution standard 

deviation. Thus, each of the seven groups has three separate cases for the three standard 

deviations, creating cases for a total of twenty-one distinct distributions. A standard 

deviation of 1.5 has been measured in the atmosphere for an accumulation lognormal 

distribution (Boucher and Anderson, 1995). A standard deviation of 2.5 is considered 

very broad and is employed to test the sensitivity of aerosol forcing to altering standard 
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deviations. By including this range of standard deviation, pertinent insight into modeling 

the aerosol forcing may be discovered. 

Figure 2.2 compares all twenty-one distributions illustrating the effect of 

changing each distribution standard deviation. The lognormal distribution curves with 

smaller standard deviations have particles that are relatively concentrated around the 

mode radius. The distributions with similar mode radii yet different standard deviations 

display similar shaped distributions, except for their tails. The dissimilarity in the tails 

may lead to interesting results when comparing the particles' effect on radiation. 

2.1.2. Obtaining Refi^ctive Indices. 

The interaction of an aerosol with radiation can be characterized by laboratory 

measurements to determine the scattering and absorption properties of the bulk material 

as a fimction of wavelength. These measurements provide a complex index of refiraction, 

composed of real and imaginary parts, m = n - ik. The real part, n, represents the 

scattering component of the aerosol, while the-imaginary part, k, represents the damping 

or absorption of the incoming wavelength. 

The complex index of refraction for sulfuric acid is obtained using OPAC 

(Optical Properties of Aerosols and Clouds) which provides indices over a given 

wavelength range from 0.25 to 40.0 ^m (OPAC bases its refractive indices on the work 

of both Palmer and Williams (1975) and Remsberg (1973)) (Hess et al, 1996). Palmer 

and Williams (1975) conducted laboratory measurements from the ultraviolet through the 

remote infrared spectral region for numerous sulfuric acid solutions at 300 K. 
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Measurements of reflectance of near-normal incidence and transmittance are taken with 

Kxamers-Kronig phase-shift analysis to determine the uncertainty. The real part of the 

indices has an uncertainty of 0.01, while the imaginary part of the indices has an 

uncertainty of 0.03 over much of the wavelengths tested. 

The refractive indices measured in Toon ct al. (1976) over a similar wavelength 

range are employed for ammonium sulfate. Toon et al. used a Cary 14 dual beam 

spectrometer to measure the transmission over the spectral region from 0.2 to 2.S ^m. 

The ammonium sulfate crystal has three orthogonal axes and is biaxial, so three values 

were determined for each index at a particular wavelength along one axis. The 

differences between the three measured indices at each wavelength were found to be 

small for visible and infrared regions. For wavelengths greater than 2.5 (am, a Perkin 

Elmer 521 grating spectrometer was used. Toon et al. estimated the uncertainty for the 

real part of the indices for wavelengths below 5 |im to be approximately 0.05 to 0.1, and 

the uncertainty for wavelengths above 5 ^m to be approximately less than 0.04. The 

uncertainty for the imaginary part of the indices was estimated to be less than 0.1. 

Figure 2.3 compares the refractive indices of ammonium sulfate and sulfuric acid. 

As this study concentrates on the radiative effects of aerosol on solar radiation and as 

95% of the solar intensity occurs at wavelengths less than 2 this study will discuss 

the aerosol properties over the wavelength range of 0.25 to 10.0 )im. The real indices of 

anunonium sulfate are similar and slightly less than the real indices of sulfuric acid in the 

visible and near infrared spectrum with noticeable differences appearing at wavelengths 

greater than 3 ^m. The imaginary indices of ammonium sulfate and sulfuric acid are 
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negligible until approximately 3 ^m and begin to show potential for significant 

absorption at wavelengths greater than 6 fom. This figure illustrates how radiative 

properties could alter with the chemistry of the sulfate aerosol tested. 

2.1.3. Obtaining Aerosol Density. 

Published densities for ammonium sulfate vary from 1.769 (Weast, 1978) to 1.8 g/cm^ 

(Volz, 1972; Weast, 1976), and vary from 1.7 (Roth and Scheel, 1923) to 1.841 g/cm^ 

(Weast, 1978) for sulfuric acid. In later Chapters, tests are run using this range of 

densities to determine the degree to which the aerosol density may affect the aerosol's 

ability to interact with radiation. 

Table 2.3 outlines the twenty-one distribution cases of altering mode radii and 

standard deviations for both ammonium sulfate and sulfuric acid composition each with 

two possible densities producing a total of 84 dry aerosol cases. 

2.2 Aerosol Cases 

The "wet" aerosol is defined for use in this study as an aerosol in equilibrium with 

ambient relative humidities at or above the aerosol RHD. The following outlines how the 

density, size distribution and complex index of refraction are determined for growing 

aerosols as functions of relative humidity. 
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2.2.1. Obtaining "Wet" Size Distributions. 

Each of the mode radii for the seven dry size distributions described previously are 

allowed to grow given a new ambient relative humidity, while the standard deviation for 

each of the cases remains constant. Particle growth, trh, due to increases in relative 

humidity can be determined using (Pruppacher and Klett, 1978); 

where RH represents the relative humidity, 7 represents the exponential mass increase 

coefHcient of the particle, a is the surface tension on a wet particle surface (the energy 

required to increase the surface area by one square meter), po is the density of the 

particle, is the density of water (1 g/cm^), is the specific gas constant for water 

(461 J/deg/kg), r/w is the radius of the particle (the dry particle grows to this size due to 

the change in ambient relative humidity), tc is the radius of the dry particle, T is the 

absolute temperature of the particle. The exponential mass increase coefficient of the 

particle is represented by 11 = ((>vMw/Mj, where <|> is the osmotic coefficient, v is the 

number of moles of ions formed fix)m one mole of solute, Mw is water molar mass, and 

Ms is the solute molar mass (Hanel, 1976). The first term in the exponential represents 

the curvature effect and the second term represents the solute effect. 

/ 

2.2 
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The curvature term describes the increase of vapor pressure over a curved surface 

compared to that over a flat surface. The vapor pressure for a liquid is directly related to 

the energy necessary to separate a molecule from the liquid into the gas phase. There are 

fewer molecules next to a given molecule for a curved surface than when the surface is 

flat. Therefore, it is easier for a molecule on a curved surface to escape a small drop than 

if the surface was flat (Seinfeld and Pandis, 1998). The smaller the drop, the greater the 

curvature, and the greater the vapor pressure necessary to keep the water molecules 

attached to the drop - thus a larger vapor pressure is required to maintain equilibrium 

between the drop and the environment. The curvature effect is important for radii less 

than 0.1 ^m. The solute effect occurs when a hygroscopic salt dissolves due to 

condensation. This solution has salt ions bound to the water molecules, discouraging the 

water from evaporating as readily, thus a lower vapor pressure can maintain equilibrium. 

Equation 2.2 can be manipulated to determine how a drop grows with increasing 

levels of relative humidity. A particle will spontaneously absorb water vapor once the 

RHD has been reached, producing an aqueous solution. For many salts, the RHD 

exhibits a temperature dependence. However, ammonium sulfate is considered to remain 

constant from 273 K to 323 K well within the likely range of atmospheric temperatures 

(Seinfeld and Pandis, 1998). At this point, the particle is considered a haze particle and 

begins to grow in radius size. Here the particle is in stable equilibrium with the adjacent 

air. The radiative effects of this region are the foci of this study. 

As relative humidity increases beyond 100%, the environmental humidity level 

reaches a critical supersaturation point allowing droplets large enough to continue to 
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grow in size. Supersaturation represents humidity levels above 100%. For example, 

ammonium sulfate becomes a drop at a supersaturation of 1% for a dry radius of 0.0IS 

|im. However, for a larger particle radius of 0.2 |im, a supersaturation of only 0.02% is 

necessary. In subsaturated air (relative humidity is less than 100%), every particle 

regardless of its size is a haze particle (Twomey, 1977). This study will only consider 

humidities that are below supersaturation levels. 

d'Almedia et al. (1991) created tables using equation 2.2 to determine the 

equilibrium size of a particle given the relative humidity and the dry particle size for both 

ammonium sulfate and sulfuric acid. These tables are used in this study with linear 

interpolations performed as necessary to calculate the growth of each lognormal 

distribution mode radius due to relative humidity. H2SO4 distributions are tested at six 

ambient relative humidity levels (50%, 70%, 80%, 90%, 95%, 99%), while ammonium 

sulfate distributions, with a significantly higher RHD, are tested at four ambient relative 

humidity levels (80%, 90%, 95%, 99%). The number and placement of the relative 

humidities described above are chosen to ensure linear growth in the mode radius 

between two consecutive relative humidity levels. At 90% relative humidity and above, 

the growth of a particle can be tremendous requiring a greater number of humidity levels 

to adequately represent this. 

Table 2.4 outlines the calculated mode radii for the before mentioned ambient 

relative humidities for each of the seven distribution groups and Figure 2.4 illustrates 

this. These curves vary depending on the particle composition. Sulfuric acid distributions 

have a larger mode radius growth with relative humidity than the ammonium sulfate 



distributions; this is not very noticeable from Figure 2.4 but does become apparent after 

inspecting Table 2.4. The distribution with the smallest mode radius, the Kiehl group, 

experiences the slowest distribution growth in mode radii with increasing relative 

humidity; while the distribution with the largest mode radius, the large group, 

experiences the fastest growth in mode radius. As each mode radius in the table is 

accompanied with three standard deviations, a total of 210 different "wet" distribution 

cases are created for each sulfate aerosol tested. 

Though the mode radii in the lognormal distributions are allowed to grow as the 

relative humidity increases, the standard deviations are not. A test was conducted to 

determine the inaccuracy in artificially holding the standard deviation constant with 

increasing ambient relative humidity. To address this, the implications of a constant 

standard deviation for a distribution of particles in conditions of increasing relative 

humidity is first discussed. The number of particles at a given dry radius, rary, are 

allowed to grow to a new radius size, rui, dependent on the relative humidity. Using this 

relationship, equation 2.1, which represents the number of particles at a given radius, has 

the same value for both the new radius and the dry radius. So setting equation 2.1 for the 

dry distribution with a mode radius of rmdry equal to the wet distribution with the mode 

radius, rmiw. at the new relative humidity and given that the standard deviation remains 

constant, many terms will cancel, leaving the expression: 
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where rRH is the wet radius, Tdiy is the dry radius, rmRH is the mode radius at the new 

relative humidity, rmdfy is the mode radius at the dry state. As shown in Table 2.4, the 

mode radius increases with relative humidity, therefore any radius within the distribution, 

Tdry, will grow as a factor of the ratio of mode radii, rmRH / Cmdry So all radii within the 

distribution will grow by the same factor, regardless of their initial size, at a given 

relative humidity. As the mode radii grow to larger values and the standard deviation is 

artificially held constant, the distributions are shifted to the right or to the larger sized 

particles with increasing relative humidity. It now begs the question, how good is this 

assumption. 

In reality, if the growth of each particle in a lognormal distribution were treated 

independently, so each particle grows without affecting or being affected by the particles 

around it, the larger particles would grow by a greater percentage than the smaller 

particles. Table 2.5 investigates this for both ammonium sulfate and sulfuric acid at the 

relative humidities discussed in this study for the radius range of 0.01 to 10.0 ^m. The 

table represents the percentage that an individual particle grows from a given dry radius 

size when placed in an ambient relative humidity condition above the particle RHD. At 

the relative humidity range of RHD to approximately 90%, the growth in drop size does 

not vary significantly as a function of the dry radius size. It is interesting to note that the 

growth for ammonium sulfate particles at 80% and 90% is similar to the growth 

experienced by sulfuric acid drops at 50% and between 70% to 80%, respectively. Once 

the relative humidity reaches 90%, the particle growth as a function of dry radius size 

begins to deviate noticeably. As discussed in this section, the growth of the particles in a 
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size distribution is based on the growth of the dry mode radius size. Given that all the 

tested distributions have dry mode radii at or above O.OS |im and less than 1.0 ^m, the 

growth for all particles in the size distribution would be based on the percentage growth 

between 0.05 and 1.0 ^im in the table. The dry mode radii for six of the lognormal 

distributions tested fail within the 0.05 to 0.1 ^m range, with only the large distribution 

mode radius close to but greater than 0.1 ^m. So for the particle distributions tested in 

this study, the particles in the distributions below 0.05 ^m are artificially grown larger, as 

their percentage growth rate is lower than that of the mode radius percentage growth rate. 

Particles above 1.0 |im appear to grow significantly larger once a relative humidity of 

99% has been reached, particularly for the distributions whose dry mode radii is below 

0.1 |im. Thus, in reality, the standard deviation begins to increase as the relative 

humidity reaches 90%; however, the greatest change and perhaps the real inaccuracy in 

forcing the standard deviation to remain constant would be seen at 99% relative humidity. 

2.2.2. Obtaining "Wet" Refractive Indices. 

Sulfuric acid refractive indices have been measured over varying relative humidities by 

both Palmer and Williams (1975) and Remsberg (1973). However, how the relative 

humidity affects the refractive indices of ammoniimi sulfate has not been seriously 

addressed. Therefore, an approximation is employed for altering the aerosol complex 

index of refraction with increasing relative humidity (Hanel, 1976): 



n = n^+in^-nj 
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2.4 

where ««, is the complex index of refraction of water given by Hale and Querry (1973), ito 

is the dry particle complex index of refraction, r(aw) is the new particle size due to the 

increase in relative humidity, and KC is the dry particle size. As the particle grows due to 

increasing humidities, r(aw) becomes larger while rc remains the same, thus, the second 

term in equation 2.4 becomes smaller - in essence, the particle refractive indices become 

dominated by the refhictive indices of water. Note that the radii are cubed exhibiting a 

volume dependence. This approximation is used to obtain the refractive indices as a 

function of the relative humidity for both ammonium sulfate aerosol and sulfuric acid. 

Figure 2.5 displays the effect of relative humidity on the complex refractive 

indices for all seven distribution groups. All the distributions illustrate very similar 

curves as the ratio of mode radii used in equation 2.4 is very comparable for each 

distribution. The dry aerosol for both sulfuric acid and ammonium sulfate aerosols 

display comparable real refractive indices of approximately 1.5, with relative humidity 

having a small effect within the visible and near infrared spectral region. The imaginary 

indices, on the other hand, are very small through the visible and near infixed regions. 

Both aerosols begin to show absorption above 2.5 pm. Sulfuric acid has a large band of 

absorption between approximately 6.5 and 10 lom with smaller peaks throughout the 

spectral range. When the relative humidity increases, the condensed water on the particle 

appears to dampen sulfate absorption at the broad band while increasing the absorption at 
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wavelengths of 3.0 and 6.0 ^m. Anunonium sulfate aerosols show greater imaginary 

refractive indices with peaks at 7.0 and 9.0 |am. As relative humidity increases beyond 

80%, ammonium sulfate aerosol imaginary refractive indices begin to shrink towards that 

of pure water. There are discemable differences between the tested ambient relative 

humidity conditions. Figure 2.5 demonstrates the effect relative humidity can have on 

the ability of an aerosol to scatter or absorb radiation. 

2.3. Conclusions 

This Chapter describes the methodology in obtaining a multitude of sulfate aerosol cases 

whose climatic effects are tested in the following Chapters. A number of aerosol cases 

are necessary to allow for an accurate analysis of the effect of the sulfate aerosol 

properties on the aerosol forcing. Each sulfate aerosol case represents a unique set of 

aerosol properties with a given size distribution as a function of relative humidity and 

chemical composition. The chemical composition defines the density and complex index 

of refraction which is a function of wavelength and relative humidity. The sulfate 

chemistry tested in this study is ammonium sulfate and sulfuric acid. The aerosol cases 

vary from dry conditions to 99% relative humidity. Table 2.6 and Table 2.7 outline all 

S04 sulfate test cases that will be incorporated into box models and GCM radiative code 

as outlined in the following Chapters to determine the effect each of the sulfate properties 

have on the ability of the aerosol to scatter and absorb radiation. 
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Table 2.1. Comparison of each lognormal distribution, or group, representing aerosol in 
the accumulation mode (Whitby, 1978). 

Distributions Standard Deviation Geometric Mean Radius (^m) 

Continental (average) 2.03 0.069 

Continental (urban) 2.16 0.054 

Continental (clean background) 2.1 0.067 

Marine (surface background) 2.0 0.071 

Table 2.2. The measure of best fit for each of the four distributions outlined in Table 2.1. 
Distribution Parameters (fitted) R^ 

Geometric Mean 
Radius (urn) 

Standard 
deviation 

Urban Average Clean Marine 

0.065 2.07 0.81 0.95 0.97 0.92 



Table 2.3. Generating the dry sulfate aerosol cases. Each row represents a specific sulfate chemistry and density that is 
combined with one of the seven size distribution groups which has a given mode radius size and three standard deviations, 
creating a total of 84 dry sulfate aerosol cases. 

Sulfate 

Chemistry 

Density 
(g/cm') 

Size Distribution Cases Sulfate 

Chemistry 

Density 
(g/cm') 

Urban 
Tc = 0.054fun 

Average 
fc = 0.069nni 

Clean 
Tc = 0.067nni 

Marine 
fc = 0.071 fun 

Best Fit 
fc = 0.065pin 

KichI and 
Briegleb 

Tc = O.OSjiin 

Large 
Fc = 0.125fun 

Sulfate 

Chemistry 

Density 
(g/cm') 

2.16 1.3 2.5 2.03 l.i 2.5 2.1 1.5 2.5 3.0 1.5 25 2.07 15 2^ 20 1.5 25 1.7 IS 1.5 

H2SO4 1.7 1 2 3 4 5 6 7 8 9 ID II 12 13 14 IS 16 17 18 19 20 21 

H]S04 1.841 22 23 24 2S 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 

(NH4)IS04 1.8 43 44 45 46 47 48 49 SO SI S2 S3 $4 55 56 57 58 59 60 61 62 63 

(NH4)2S04 1.769 64 6S 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 

Ul 
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Table 2.4. Mode radii (^m) given a group of distributions, sulfate chemistry, and ambient 
relative humidity. The growth of the mode radii due to increases in relative humidity 
calculated using equation 2.2 (d'Almedia et al., 1991). 

H2S04 Average Urban Clean Marine Best Fit Kiehl and 
BrieKieb 

Large 

Dry 0.069 0.054 0.067 0.071 0.065 0.05 0.125 
50% 0.0995 0.0768 0.0965 0.1026 0.0935 0.0707 0.1846 
70% 0.1084 0.0847 0.1053 0.1116 0.1021 0.0784 0.1969 
80% 0.1169 0.0913 0.1135 0.1203 0.1101 0.0845 0.2123 
90% 0.1338 0.1043 0.1299 0.1378 0.1260 0.0964 0.2442 
95% 0.1558 0.1208 0.1511 0.1605 0.1465 0.1115 0.2915 
99% 0.2304 0.1745 0.2229 0.2378 0.2155 0.1596 0.4391 
(NH4)jS04 Average Urban Clean Marine Best Fit Kiehl and 

Briegleb 
Large 

Dry 0.069 0.054 0.067 0.071 0.065 0.05 0.125 
80% 0.0979 0.0764 0.0951 0.1008 0.0922 0.0707 0.1783 
90% 0.1131 0.0880 0.1098 0.1165 0.1064 0.0813 0.2069 
95% 0.1343 0.1038 0.1303 0.1384 0.1262 0.0957 0.2483 
99% 0.2106 0.1584 0.2037 0.2176 0.1967 0.1445 0.4055 



Table 2.S Percentage growth in drops for various dry radii sizes at an ambient relative 
humidity for sulfiuic acid and ammonium sulfate. 

H2S04 Dry Radius Size (^m) 

RH 0.01 0.02 0.05 0.1 1.0 10.0 
50% 39% 41% 41% 41% 42% 42% 
70% 53% 56% 57% 57% 58% 58% 
80% 63% 67% 69% 70% 71% 71% 
90% 79% 87% 93% 95% 97% 97% 
95% 95% 111% 123% 128% 133% 133% 
99% 123% 166% 219% 246% 275% 278% 

(NH,),S04 
Dry Radius Size (^m) 

RH 0.01 0.02 0.05 O.l 1.0 10.0 
80% 36% 39% 41% 42% 43% 43% 
90% 47% 56% 63% 65% 67% 68% 
95% 59% 77% 91% 97% 103% 104% 
99% 82% 130% 189% 219% 251% 255% 
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Table 2.6.a. Outlines the sulfuric acid cases with a dry density of 1,7 g/cm^. There are 
seven distributions tested each with three possible standard deviations. The mode radius 
of the distribution, re, displayed under the "Group" column represents the dry conditions 
and is allowed to grow with varying humidity as described in section 2.a. The "case 
number" column represents the 21 dry cases. The remaining columns under heading of 
the "varying relative humidity" represent each dry case placed into a given ambient 

Dry Aerosol Cases "Wet" Aerosol Cases - varying relative 
humidity 

(%) 
Group Standard 

Deviation 
Case 

Number 
50 70 80 90 95 99 

Urban, 
Tc = 0.054nm 

2.16 1 85 86 87 88 89 90 Urban, 
Tc = 0.054nm 1.5 2 91 92 93 94 95 96 
Urban, 
Tc = 0.054nm 

2.5 3 97 98 99 100 101 102 
Average, 
fc = 0.069 urn 

2.03 4 103 104 105 106 107 108 Average, 
fc = 0.069 urn 1.5 5 109 110 111 112 113 114 
Average, 
fc = 0.069 urn 

2.5 6 115 116 117 118 119 120 

Clean, 
r, = 0.067mn 

2.1 7 121 122 123 124 125 126 Clean, 
r, = 0.067mn 1.5 8 127 128 129 130 131 132 
Clean, 
r, = 0.067mn 

2.5 9 133 134 135 136 137 138 
Marine, 
fc" 0.071 nm 

2.0 10 139 140 141 142 143 144 Marine, 
fc" 0.071 nm 1.5 11 145 146 147 148 149 150 
Marine, 
fc" 0.071 nm 

2.5 12 151 152 153 154 155 156 

Best Fit, 
FT = 0.06S^m 

2.07 13 157 158 159 160 161 162 Best Fit, 
FT = 0.06S^m 1.5 14 163 164 165 166 167 168 
Best Fit, 
FT = 0.06S^m 

2.5 15 169 170 171 172 173 174 

Kiehl and 
Briegleb, 
fc = 0.05 Miti 

2.0 16 175 176 177 178 179 180 Kiehl and 
Briegleb, 
fc = 0.05 Miti 

1.5 17 181 182 183 184 185 186 
Kiehl and 
Briegleb, 
fc = 0.05 Miti 2.5 18 187 188 189 190 191 192 

Large, 
rc = 0.12S|iin 

1.7 19 193 194 195 196 197 198 Large, 
rc = 0.12S|iin 1.5 20 199 200 201 202 203 204 
Large, 
rc = 0.12S|iin 

2.5 21 205 206 207 208 209 210 
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Table 2.6.b. Outlines the sulfuric acid cases with a dry density of 1.841 g/cm^ There are 
seven distributions tested each with three possible standard deviations. The mode radius 
of the distribution, rc, displayed under the "Group" column represents the dry conditions 
and is allowed to grow with varying humidity as described in section 2.a. The "case 
number** column represents the 21 dry cases. The remaining columns under the heading 
of "varying relative humidity" represent each dry case placed into a given ambient 

Dry Aerosol Cases "Wet" Aerosol Ca 
hui 

ses - varying relative 
Tiidity 
i%) 

Group Standard 
Deviation 

Case 
Number 

50 70 80 90 95 99 

Urban, 
fc" 0.0S4)im 

2.16 22 211 212 213 214 215 216 Urban, 
fc" 0.0S4)im 1.5 23 217 218 219 220 221 222 
Urban, 
fc" 0.0S4)im 

2.5 24 223 224 225 226 227 228 
Average, 
r," 0.069 nm 

2.03 25 229 230 231 232 233 234 Average, 
r," 0.069 nm 1.5 26 235 236 237 238 239 240 
Average, 
r," 0.069 nm 

2.5 27 241 242 243 244 245 246 
Clean, 
Fc • 0.067^m 

2.1 28 247 248 249 250 251 252 Clean, 
Fc • 0.067^m 1.5 29 253 254 255 256 257 258 
Clean, 
Fc • 0.067^m 

2.5 30 259 260 261 262 263 264 
Marine, 
Tc "0.07Inm 

2.0 31 265 266 267 268 269 270 Marine, 
Tc "0.07Inm 1.5 32 271 272 273 274 275 276 
Marine, 
Tc "0.07Inm 

2.5 33 277 278 279 280 281 282 
Best Fit, 
fc =• 0.06S(iin 

2.07 34 283 284 285 286 278 288 Best Fit, 
fc =• 0.06S(iin 1.5 35 289 290 291 292 293 294 
Best Fit, 
fc =• 0.06S(iin 

2.5 36 295 296 297 298 299 300 
Kiehl and 
Briegleb, 
Te " O.OS ^In 

2.0 37 301 302 303 304 305 306 Kiehl and 
Briegleb, 
Te " O.OS ^In 

1.5 38 307 308 309 310 311 312 
Kiehl and 
Briegleb, 
Te " O.OS ^In 2.5 39 313 314 315 316 317 318 
Large, 
Te" 0.125 

1.7 40 319 320 321 322 323 324 Large, 
Te" 0.125 1.5 41 325 326 327 328 329 330 
Large, 
Te" 0.125 

2.5 42 331 332 333 334 335 336 
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Table 2.7.a. Outlines the ammonium sulfate cases with a dry density of 1.8 g/cm^. There 
are seven distributions tested each with three possible standard deviations. The mode 
radius of the distribution, rc, displayed under the "Group" column represents the dry 
conditions and is allowed to grow with varying humidity as described in section 2.a. The 
"case number" column represents the 21 dry cases. The remaining columns under 
heading of the "varying relative humidity" represent each dry case placed into a given 
ambient relative humidity condition - there are 84 wet cases shown in this table. 

Dry Aerosol Cases "Wet" Aerosol Cases - varying 
relative humidity 

(%) 
Group Standard 

Deviation 
Case 

Number 
80 90 95 99 

Urban, 
r, = 0.0S4^m 

2.16 43 337 338 339 340 Urban, 
r, = 0.0S4^m 1.5 44 341 342 343 344 
Urban, 
r, = 0.0S4^m 

2.5 45 345 346 347 348 
Average, 
fc = 0.069 

2.03 46 349 350 351 352 Average, 
fc = 0.069 1.5 47 353 354 355 356 
Average, 
fc = 0.069 

2.5 48 357 358 359 360 
Clean, 
Tt = 0.067)im 

2.1 49 361 362 363 364 Clean, 
Tt = 0.067)im 1.5 50 365 366 367 368 
Clean, 
Tt = 0.067)im 

2.5 51 369 370 371 372 
Marine, 
rt = 0.071nm 

2.0 52 373 374 375 376 Marine, 
rt = 0.071nm 1.5 53 377 378 379 380 
Marine, 
rt = 0.071nm 

2.5 54 38! 382 383 384 
Best Fit, 
r,« 0.065^111 

2.07 55 385 386 387 388 Best Fit, 
r,« 0.065^111 1.5 56 389 390 391 392 
Best Fit, 
r,« 0.065^111 

2.5 57 393 394 395 396 
Kjehl and 
Briegleb, 
Tc' O.OS tun 

2.0 58 397 398 399 400 Kjehl and 
Briegleb, 
Tc' O.OS tun 

1.5 59 401 402 403 404 
Kjehl and 
Briegleb, 
Tc' O.OS tun 2.5 60 405 406 407 408 
Large, 
fc >0.125 |im 

1.7 61 409 410 411 412 Large, 
fc >0.125 |im 1.5 62 413 414 415 416 
Large, 
fc >0.125 |im 

2.5 63 417 418 419 420 
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Table 2.7.b. Outlines the ammonium sulfate cases with a dry density of 1.769 g/cm^. 
There are seven distributions tested each with three possible standard deviations. The 
mode radius of the distribution, rc, displayed under the "Group" colimm represents the 
dry conditions and is allowed to grow with varying humidity as described in section 2.a. 
The "case number" colunrn represents the 21 dry cases. The remaining columns under 
heading of the "varying relative humidity" represent each dry case placed into a given 

Dry Aerosol Cases "Wet" Aerosol Cases - Varying 
Relative Humidity 

(%) 
Group Standard 

Deviation 
Case 
Number 

80 90 95 99 

Urban, 
r, = 0.054^m 

2.16 64 421 422 423 424 Urban, 
r, = 0.054^m 1.5 65 425 426 427 428 
Urban, 
r, = 0.054^m 

2.5 66 429 430 431 432 
Average, 
fc - 0.069 nm 

2.03 67 433 434 435 436 Average, 
fc - 0.069 nm 1.5 68 437 438 439 440 
Average, 
fc - 0.069 nm 

2.5 69 441 442 443 444 
Clean, 
r, • 0.067^m 

2.1 70 445 446 447 448 Clean, 
r, • 0.067^m 1.5 71 449 450 451 452 
Clean, 
r, • 0.067^m 

2.5 72 453 454 455 456 
Marine, 
rc «0.07lnm 

2.0 73 457 458 459 460 Marine, 
rc «0.07lnm 1.5 74 461 462 463 464 
Marine, 
rc «0.07lnm 

2.5 75 465 466 467 468 
Best Fit, 
Tc • 0.06S)un 

2.07 76 469 470 471 472 Best Fit, 
Tc • 0.06S)un 1.5 77 473 474 475 476 
Best Fit, 
Tc • 0.06S)un 

2.5 78 477 478 479 480 
Kiehl and 
Briegleb, 
fc = 0.05 |jm 

2.0 79 481 482 483 484 Kiehl and 
Briegleb, 
fc = 0.05 |jm 

1.5 80 485 486 487 488 
Kiehl and 
Briegleb, 
fc = 0.05 |jm 2.5 81 489 490 491 492 
Large, 
Tc'0.125^ 

1.7 82 493 494 495 496 Large, 
Tc'0.125^ 1.5 83 497 498 499 500 
Large, 
Tc'0.125^ 

2.5 84 501 502 503 504 
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Figure 2.1. The seven iognormal distributions representing the urban (dotted line), 
average (diamond symbol), clean (square symbol), marine (plus sign), best fit (x 
symbol), Kiehl and Briegleb (asterisk symbol), and large (thick line) distributions. 
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Figure 2.2. Each plot represents one of the seven distributions at varying standard 
deviations (the measured standard deviation (solid), standard deviation of 2.5 (dash-
dot), and a standard deviation of 1.5 (dash)). 
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Figure 2.3. The complex index of refraction for sulfuric acid (open diamond) and 
ammonium sulfate (asterisk) as a function of wavelength (Hess, 1996; Toon, 1976). 
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Figure 2.4. Illustrates the growth of the mode radius of each of the seven distributions as 
a function of relative humidity. Plot (a) represents sulfuric acid and plot (b) represents 
ammonium sulfate. 
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Figure 2.5.a. The real refractive indices of sulfuric acid for each of the seven 
lognormal distributions with varying relative humidity (dry humidity represented by 
the *, 50% relative humidity represented by +, and 99% relative humidity represented 
by the open square). The real refractive indices of water is represented by the solid 
line. The imaginary refractive indices follow on the next page. 
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Figure 2.5.b. The real refractive indices of ammonium sulfate for each of the seven 
lognormai distributions with varying relative humidity, (dry humidity represented by 
the », 50% relative humidity represented by +, and 99% relative humidity represented 
by the open square). The real refractive indices of water is represented by the solid 
line. The imaginary refractive indices follow on the next page. 
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CHAPTERS 

APPLYING MIE THEORY TO THE SULFATE CASE STUDIES 

Aerosols scatter and absorb radiation. Sulfate aerosols are of particular interest due to 

their ability to scatter incoming solar radiation and the large increases in sulfate aerosol 

concentration over the past century due to anthropogenic sources. This Chapter describes 

the interaction of radiation with the sulfate case studies outlined in Chapter 2. The 

optical properties of each case study will be incorporated into the radiation models 

described in the following Chapters to aid in comparing the possible range of aerosol 

radiative forcing. 

To investigate how an aerosol interacts with incoming radiation, consider the 

aerosol to be a particle composed of discrete electric charges of electrons and protons. 

When a photon of incoming light strikes a particle, the electric charges of the particle 

become excited and begin to oscillate. The particle can be considered a conglomeration 

of dipole moments induced by the incident electromagnetic wave. These dipoles oscillate 

at a frequency dependent on the applied field. The effective scattering is found at a 

particular location from the particle by superposing all the waves scattered by each dipole 

in the particle and taking their respective phases into account. If the size of the particle is 

much smaller than the wavelength, all scattered radiation is in phase and considered 

coherent. As the size of the particle increases, the radiation scattered by the particle 

dipoles are not as coherent. The phase relation of the scattered field is a function of 
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particle size, shape, particle material, and scattering direction. In this study, the 

wavelength of the scattered light is accepted to be at the same wavelength as the 

incoming light. 

Absorption of light occurs if some of the energy from the incoming light is 

converted into thermal energy. The degree to which an aerosol particle affects a 

particular wavelength of incoming radiation depends upon many of the particle 

properties, such as its chemistry and size. This study tests the sensitivity of scattering 

and absorbing incoming radiation due to altering properties of the sulfate aerosol. The 

size of sulfate aerosols is generally submicrometer known for its efficient scattering of 

shortwave radiation (Lacis et al., 1992). This Chapter outlines the methodology used to 

obtain the radiative properties of each of the 504 sulfate case studies described in Chapter 

2 to be tested in radiation models in the later Chapters. 

The following sections begin with justifying the use of Mie Theory in this study, 

then describes the relevant radiative properties of a single spherical particle followed by 

the necessary sununations for incorporating a distribution of spherical particles. These 

radiative properties determined for each of the seven distributions over a range of 

ambient relative humidities are incorporated into box models, NCAR's CRM and 

NCAR's CCM3 model described in later Chapters to test the sensitivity of the radiative 

code to altering sulfate properties. 
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3.1. Justification in Applying Mie Theory 

Mie Theory can be adopted to approximate the effects of sulfate particles on shortwave 

radiation, as the size of the sulfate particle, in general, is similar to that of the incoming 

visible wavelengths. Mie Theory goes to the Rayleigh limit when the particles are much 

smaller than the wavelength and to geometric optics when the particle is much greater 

than the wavelength. 

General radiation textbooks provide criteria that can be used to determine which 

regime is appropriate to approximate the interactions of sulfate particles witli incoming 

solar radiation. The code in our model is written following Mie Theory described below 

and is later shown to accurately approach the Rayleigh limit for small particles. The size 

parameter, a = 2 n r / X, (where r is the radius of the particle (|im), X is the wavelength of 

incoming light (^m)), can be used to indicate when the Mie regime approaches the 

Rayleigh limit or Geometric optics. Using the size parameter to strictly defme the regime 

boundaries (with some discrepancy allowed for the boundaries dictated by a between 

regimes): 

a« 1, Approaches the Rayleigh limit 

a ~ 1, Approximates the Mie Regime 

a » 1, Describes the Geometric Optics Regime 

Figure 3.1 illustrates when Mie Theory approaches both the geometric optics and 

Rayleigh limit. Geometric optics regime is reached when the extinction efficiency, a 

particle's ability to scatter and absorb incoming wavelengths, has approached two. This 

is known as the extinction paradox, as twice the amount of energy is being removed. The 
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extinction paradox occurs because the incident wave is affected beyond the particle 

boundaries, as the edge of the sphere deflects rays increasing scattering by the particle. 

The Rayleigh regime is approached when the size parameter raised to the fourth power is 

approximately equal to the scattering efficiency; in this regime, as much radiation is 

scattered in the forward direction as is scattered in the backward direction. The Rayleigh 

regime is more effective scattering shorter wavelengths of light. Hence the interaction of 

particles in the coarse mode with incoming radiation will tend towards the approximation 

of geometric optics, while particles in the Aitken nuclei size range can be described in 

general to interact with the incoming solar radiation using the Rayleigh limit. The 

majority of particles in this study are located in the accumulation range and fall within 

the cursory boundaries of the Mie regime. Of course, this is a generalization depending 

on the wavelength of incoming radiation and the specific size of the particle. 

The size parameter, for this study, is generally within the range 0.015 and 20.9 

given the majority of solar radiation reaching the troposphere is at wavelengths between 

0.3 ^m and 4.0 and the range of radii of accumulation mode sulfate particles is 

typically between 0.01 jim and 1.0 jim. Thus within Mie Theory, our study will 

primarily be concerned with the Mie regime. Geometric optics approximates the 

interaction of very large sulfate particles over very short wavelengths, a situation that 

does not occur with any significance in this study. However, the Rayleigh limit, an 

approximation for small particles compared to the incoming wavelength, is a situation 

that will occur with some frequency. Therefore, the Mie code is checked in the following 

section to accurately approach the Rayliegh limit. 
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3.2. Mie Theory: The Efficiencies and Coefncients 

Within the Mie regime, introductory texts begin with derivations for determining the 

scattering and absorption of radiation by a single spherical particle. The assumption that 

the sulfate particles in this study ore spherical is acceptable as most of the sulfate 

particles are created from gas-to-particle conversion inherently known for producing 

small spherical particles (Pilinis et al., 199S). 

3.2.1. The Efficiencies 

At the root of Mie theory are the radiation parameters: the scattering efficiency, the 

absorption efficiency, the extinction efficiency and the asymmetry factor. Useful 

information pertaining to the effect of an aerosol on incoming radiation can be discovered 

firom these parameters. 

The cross-sectional area of a spherical particle is simply Tir^, however, this may 

not be the same as the effective area of a particle which interacts with the incoming 

radiation. The single scattering effective cross-sectional area will be defined as Cscat, 

likewise for absorption. Cabs, and extinction, Cext-

How well a particle scatters or absorbs an incoming wavelength of light is 

described by the scattering efficiency and the absorption efficiency, respectively. The 

extinction efficiency represents the light removed fi'om the incoming beam by both 

absorption and scattering. Efficiencies are determined by dividing the effective cross-

sectional area by the particle geometrical cross-sectional area and are unitless quantities. 
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The following approximations derived from Maxwell's equations can be applied to 

determine the scattering, the absorption and the extinction by a single spherical particle 

(Bohren and Huf&nan, 1983). 

For the scattering efficiency: 

= 4- Z + l){la. I' +IM') 3.1 
a „.i 

For the extinction efficiency: 

jrf* ct /ibi 

where if the permeability of the particle is the same as the surrounding medium, a„ and b„ 

can be defined as: 

m (a)  -  ia)^„  (ma)  ^  (or) - w (flr)j/, (ma) 
(X — D — ; 1 

where %(x)and Cn(x) are Riccati-Bessel Functions given by: 

m = Xj„(x), Cn(x) = XhJ'^ (X) 

and m is the complex index of refraction normalized to the medium and "Re" respresents 

the real terms. 

Applying the principle of conservation of energy, the absorption efficiency is 

given by: 

Qabs(r, ^~ Qext(r,  ̂ )  " Qscat(r« A.) 3.3 
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The normalized complex index of refraction is a function of the wavelength and the 

chemical composition of the particle. The complex index of refraction is composed of 

real and imaginary parts, m = n - ik. The real part, n, represents the nonabsorbing 

component while the imaginary part, k, represents the damping or absorbing component. 

The gaseous medium in which the sulfate particles will be placed for this study is air, 

which has refractive indices of 1.00029 for the real part and 0.0 for the imaginary part at 

a wavelength of 0.589 fam (Seinfeld and Pandis, 1998). Therefore, the normalized 

complex index of refraction for purposes of this study is equivalent to the complex index 

of refraction of the particle. 

The efficiencies can then be determined using equations 3.1 through 3.3 given a 

particle size and the particle complex index of reflection at a particular incoming 

wavelength. As the particle size becomes small compared to the wavelength, the above 

equations should approach the Rayleigh limit. Bohren and Huf&nan (1983) derive the 

efficiencies when the Rayleigh limit is reached as approximated by: 

3.4 

4a Im- 3.5 
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where Im represents the imaginary terms. The results using the Mie theory code 

implemented for this study were hand checked against equations 3.4 and 3.S for areas in 

which the Rayieigh limit should be approached. The results of the Mie theory code was 

identical to those determined by equation 3.4 and equation 3.5. 

Figures 3.2 and 3.3 display contour plots of the magnitude of each of the efficiencies 

and the asymmetry parameter as a flmction of wavelength and radius given the varying 

cases of relative humidity for sulfuric acid and ammonium sulfate, respectively. The 

sulfate aerosols at wavelengths below 2 ^m and at radii greater than 0.1 ^m demonstrate 

large scattering efficiencies (Figures 3.2.a and 3.2.b). The scattering efficiency for the 

dry sulfuric acid case at wavelengths greater than 3 ^m demonstrate less variability with 

increasing radius size than the ammonium sulfate aerosol dry case which exhibits pockets 

of high and low scattering throughout the given particle sizes and wavelengths. Both 

the ammonium sulfate and sulfuric acid scattering efficiencies for wavelengths greater 

than 3 ^m increase with increasing relative humidity. 

The absorption efficiencies are below 0.2 for wavelengths less than 3.0 |im and 

increase to above 1.0 for the longer wavelengths. The aerosols display gradual changes 

in magnitude with increasing relative humidity (Figures 3.2.b and 3.3.b). The ammonium 

sulfate and sulfuric acid absorption efficiencies demonstrate similar values at 80% 

relative humidity and above, as the efficiencies begin to tend toward the efficiencies of 

liquid water. 

The asynmietry factor, defmed in section 3.3, varies with wavelength, always 

displaying a significant forward scattering (Figures 3.2.d and 3.3.d). The larger particles 
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and smaller wavelengths, in general, exhibit greater forward scattering. The longer 

wavelengths demonstrate less forward scattering for a given particle size. For dry 

conditions, sulfuric acid asymmetry factors deviate from ammonium sulfate asymmetry 

factors along the larger particle sizes. The forward scattering exhibited increases overall 

with increasing relative humidity. Again, sulfuric acid and ammonium sulfate 

asymmetry factors begin to resemble each other at 80% relative humidity and above. 

Note the areas along the visible wavelengths that have significant forward scattering are 

around the same radius size as the regions displaying high scattering of incoming solar 

radiation. The relationship between the ability of the particle to scatter a given 

wavelength and the direction of this scattered wavelength will have a definitive impact in 

estimating the direct effect of a distribution of particles. 

Similar plots were created for each distribution case, as each distribution with 

increasing relative humidity has a distinct set of reflective indices due to the inherent 

dependence on the distribution mode radius. There are no noticeable differences 

between each distributions contour plots of the efficiencies and asymmetry factor at 

varying relative humidities. This is due to the similar magnitudes of the complex index 

of refraction at each relative humidity as discussed in Chapter 2. 

3.2.2. The Coefficients 

These derivations can be further applied to a population of monodisperse or polydisperse 

spherical particles by assuming the average distance between particles is large compared 

with the size of each particle. If the distance between particles is large, the scattering of 
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one particle which would be incident upon another particle is too small compared with 

the external field to have an effect. This assumption allows for the magnitude of a 

radiative property given a population of particles to be determined using a simple 

summation of the contribution by each particle. Seinfeld and Pandis (1998) state the 

assumption is valid even in heavily concentrated areas, as even there the volume fraction 

of particles per cm^ of air does not exceed 0.5 x 10"^, which would be obtained with a 

very high total particle concentration of 10^ cm'^ with a radius of 0.5^m. The possible 

range of volume fractions in this study is determined using sulfuric acid cases over the 

range of dry to 99% relative humidity conditions for each of the distribution groups. 

Sulfuric acid is studied as it has greater potential than ammonium sulfate to violate this 

assumption at 99% relative humidity. The volume fraction can be calculated using the 

expression: 

As the lognormal distribution in Chapter 2 is normalized with respect to the total number 

of particles, the volume fraction will need to be multiplied by the total number of 

particles per cm'^ of air. Table 3.1 outlines the volume fraction normalized by the number 

of particles found using equation 3.6. It is seen that the volume fraction of the dry 

1.1*10'' to 3.57*10'^; however, at 99% relative humidity the range of the volume 

fraction, 2.65*10"^ to 0.096, begins to show potential error in employing the assumption 

that the particles do not affect each other. Hence, this approximation may not be 

3.6 

particles using the very high total particle concentration of 10^ cm'^ has a range of 
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satisfactory at very high relative humidities. This section discusses the scattering, 

absorption and extinction coefficients which represents the interaction of solar radiation 

with a distribution of particles. 

The scattering, absorption and extinction coefficients represent the flection of 

energy removed from the incident wavelength via scattering, absorption, or both, 

respectively, by a given distribution of particles. So each coefficient is a function of 

wavelength. The respective coefficients are determined by integrating the product of the 

corresponding effective cross-sectional area of a particle at a given wavelength and 

radius. As the effective cross-sectional area for a particle has been shown to be the 

product of the cross-sectional area and the scattering efficiency, the coefHcients can be 

represented by (in units of 10"'^ m^): 

The scattering coefHcient: 

r 

(^) = ^)nir)dr 3.7 
o 

The absorption coefficient: 

^abs '^)nir)dr 3.8 
O 

The extinction coefficient: 

bfu i^) = ^)n{r)dr 3.9 
0 

where nfrj represents the number of particles at a given r,. It has been assumed the 

particles can be fit to a lognormal distribution: 
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dN{r) 
dr 

= «(r) = 
In <T-rV^ 

exp 
(inr-lnrj^ 

21n^ (T„ 
3.10 

where Ni is the total number concentration, KC is the mode radius, and CTg is the standard 

deviation. Equation 3.10, for purposes of this study, is normalized with respect to the 

total number concentration, which will then be re-introduced in later Chapters. Chapter 2 

outlines the seven distinct sulfate lognormal distributions that are used for this study. 

When the lognormal distribution is incorporated into equations 3.7 through 3.9, care must 

be demonstrated in both determining the limits of the radii used in the integral as well as 

checking for convergence based on the incremental radius chosen. As this is a sensitivity 

study, a range of 0.001 |im to 10.0 ^m with an incremental radius of 0.02 ^m for all 

distribution cases is used, thereby keeping consistency in radius size when comparing 

each of the distribution effects in later Chapters. Convergence did occur when a larger 

incremental radius size was applied, however, given the short computational time in 

determining the coefficients, a smaller incremental radius size is used. 

In order to compute equations 3.7 through 3.9, the complex index of refraction as 

a function of both wavelength and relative humidity, the mode radius as a function of 

relative humidity, and the standard deviation of the size distribution are needed. The 

coefficients are then dependent on the relative humidity, though it is not explicitly 

represented above, it becomes apparent through the changes of the both the complex 

index of refraction and the mode radius of the size distribution. 
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Figures 3.4.a - 3.4.c and Figures 3.5.a - 3.5.C display the bscat, babs, and bext (10"'^ 

m^) for the cases of altering standard deviation from 1.5 to 2.5 for anmionium sulfate and 

sulfuric acid, respectively. Similar plots were made for each of the distribution cases 

with increasing relative humidity. Only half of the 504 cases were necessary to employ, 

as the coefficients are not a function of the aerosol density. These figures highlight a few 

of the radiative effects due to altering sulfuric acid and ammonium sulfate aerosol 

properties. The scattering coefficients of the distributions are significant at wavelengths 

below I jam, dramatically dropping to insignificant levels at longer wavelengths. Cases 

with wider standard deviations demonstrate both an increase in the magnitude of the 

scattering coefficient and continue scattering wavelengths beyond 1 ^m. As the relative 

humidity increases, the scattering at shorter wavelengths increases though not affecting 

wavelengths much larger than 1 |im until humidities of approximately 95% have been 

reached. These observations are consistent with Figures 3.2 and 3.3 representing 

contours of the scattering efficiencies as a function of radius and wavelength. The 

scattering coefficients vary with wavelength as a fimction of the lognormal distribution 

mode radius. Within the range of mode radii used in this study, the scattering coefficient 

at a given wavelength demonstrates a larger value as the distribution mode radius 

increases. The scattering coefficients are greater at comparable relative humidity 

conditions for sulfuric acid cases than ammonium sulfate cases. 

While the scattering coefficients demonstrate large values over the shorter 

wavelengths, the absorption coefficients are practically negligible for wavelengths less 

than 3 |im. The absorption coefficients of sulfuric acid decrease with magnitude as the 
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deviations became fmer, with noticeable absorption peaks at 3 and 8 fim at dry and low 

relative humidities and peaks at 3 and 6 ^m at high relative humidities. The absorption 

coefficients of ammonium sulfate demonstrate a greater amount of absorption with 

broader peaks centered around 3 and 8 ^m. As the relative humidity increases, the 

absorption at the longer wavelengths also tends toward peaking at 3 and 6 (im though 

with a broader band. 

These plots illustrate that the scattering coefficients and the absorption 

coefficients appear sensitive to both the standard deviation of the distributions and the 

relative humidity. The larger standard deviations and mode radii demonstrate greater 

scattering. Thus, as the relative humidity increases leading to increases in the mode 

radii, the scattering coefHcient increases. The extinction coefficients are similar in detail 

and magnitude to the scattering coefficients as there is little absorption apparent except at 

wavelengths beyond 3 |im. The sulfate aerosol can be predominantly considered a 

scatterer over the wavelengths of solar radiation. Hence, for the range of distributions 

employed in this study, the sulfuric acid case with a standard deviation of 2.S and the 

larger mode radii given by the Large distribution group would exhibit the greatest 

extinction of all the sulfate cases; while ammonium sulfate case with a standard deviation 

of l.S and the smallest mode radii given by the Kiehl distribution group would exhibit the 

smallest extinction. 

Appendix A. provides further insight into the effects of the sulfate aerosol 

chemistry, the standard deviation and mode radius of the distributions as well as that 

attributed to increasing ambient relative humidity on the magnitude of the scattering 
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coefficient. The table, A. I - A. 7, compares the maximum of the scattering coefficients 

between dry distribution cases as well as relative humidity effects within distribution 

cases. This maximum amount of scattering increases as the mode radius for each 

distribution increases. Again, it is apparent that the larger the standard deviation, the 

greater the magnitude of the scattering coefficient. The magnitude of the scattering 

coefficients increases substantially with relative humidity. The scattering coefficients for 

the dry distributions of sulfuric acid are very similar in magnitude to that for ammonium 

sulfate. However, given that sulfuric acid is more hygroscopic than ammonium sulfate, 

the similarities between the magnitude of the scattering coefficients decrease with 

increasing relative humidity. It is interesting to note that as the relative humidity 

increases, the wavelength of maximum scattering also increases. For example, 0.3 ^m is 

the wavelength for maximum scattering for 80% relative humidity of ammonium sulfate 

given the Average distribution and a standard deviation of 2.03; however, for the same 

case yet at 99% relative humidity, the maximum scattering wavelength has increased to 

0.41 |im. As well, the wavelength for maximum scattering increases with increasing 

standard deviation. 

Given the significant changes in scattering as a function of the distribution mode 

radius and standard deviation, contour plots of the scattering coefficient as a function of 

mode radius and wavelength are discussed. Figures 3.6 and 3.7 are contour plots of the 

scattering coefficients at a standard deviation of l.S and 2.5 for sulfuric acid and 

ammonium sulfate, respectively. The distributions with smaller standard deviation show 

significantly less scattering for both sulfates. The scattering coefficient increases as the 
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mode radius increases for a particular contour plot. The contours are very similar for 

sulfuric acid and anmionium sulfate cases. Thus, given the cases presented in this study, 

as the mode radius and standard deviation increases, the scattering coefficient, hence 

scattering per particle, will also increase. 

3 J. Specific Extinction, Asymmetry Parameter, Single Scattering Albedo 

3.3.1. Specific Extinction 

The coefficients above may also be expressed as specific coefficients where the 

coefficient is divided by the mass of the particles. For instance, the specific extinction 

coefficient, would be the extinction coefficient divided by the total dry particle mass, 

where the units are in mVg: 

where tRH and n(r) symbolizes the radius size and lognormal distribution for a given dry 

or relative humidity case. Substituting the dry sulfate particle mass by the product of a 

"bulk" dry particle density (/>), the dry particle volume {4/3 Jcrdry\ and n(r) which in this 

case represents the lognormal distribution for a given dry case normalized by M: 

;r 
\ru,^Qe„i.r,X)n{r)dr 3.11 

o 3.12 r 

O 



82 

The specific extinction quantifies the absorption and scattering of a single incoming 

wavelength by a given particle distribution. The dry particle mass of the sulfate remains 

constant with increasing relative humidity while the extinction coefficient due to the 

sulfate and water solution changes with relative humidity. Figure 3.3.d and 3.4.d 

illustrate the increases in the extinction coefficient with increasing relative humidity. 

Thus, the mass extinction coefficient will also increase with relative humidity. 

Figure 3.8 illustrates the change in the mass extinction coefficient with growing 

relative humidity for sulfuric acid and ammonium sulfate for all distributions at a 

standard deviation of l.S and 2.5. The cases of 1.5 standard deviation demonstrate a 

significantly greater mass extinction coefficient than for the 2.5 standard deviation cases. 

For wavelengths below 1 ^m, the smaller deviation exhibits an almost exponential 

decrease in magnitude with increasing wavelengths, while the larger standard deNnation 

cases appear to exhibit somewhat constant values. For wavelengths above 1 ^m, the 

smaller standard deviation cases have very small coefficients, while the larger standard 

deviation cases demonstrate somewhat greater extinction. 

As seen when comparing Figure 3.8.a and Figure 3.8.b, the sulfuric acid cases 

with a density of 1.7 g/cm^ demonstrate a slightly greater mass extinction coefficient than 

the sulfuric acid cases with a density of 1.841 g/cm^ for a standard deviation of 1.5. 

However, as shown when comparing Figure 3.8.c and Figure 3.8.d, the anmionium 

sulfate cases do not demonstrate significant differences for cases with a density of 1.8 

and 1.769 g/cm^. 



83 

The two aerosols exhibit similar magnitudes in the mass extinction coefficient at 

dry conditions. As the humidity increases, the aerosols begin to demonstrate different 

amounts of increases in the mass extinction coefficient. The mass extinction coefficient 

for ammonium sulfate at 80% relative humidity is similar to that demonstrated by sulfuric 

acid at 50% relative humidity. Sulfuric acid cases have much greater mass extinction 

coefficients than ammonium sulfate aerosol cases at high relative humidities. Thus, the 

mass extinction coefficient is heavily affected by the lognormal distribution parameters, 

the relative humidity and the aerosol composition. 

3.3.2. Single Scattering Albedo 

The single scattering albedo, o), defmes the fraction of light that is removed by the 

particle and reappears as scattered radiation. It is a function of both particle size and 

wavelength for a single spherical particle. It is quantified by dividing the scattering 

efHciency of the particle by its extinction efficiency: 

3.13 
Q^ir ,A)  

The fraction of light that is absorbed then follows as 1 - o). Given polydispersed 

spherical particles, an integration with respect to the radius size is applied; 
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qKA) = ^ 3.14 

0 

where r and n(r) for the numerator and denominator are both for a specific relative 

humidity or dry condition. Figures 3.9 represents the single scattering albedo for sulfuric 

acid and ammonium sulfate for all distributions with a standard deviation of 1.5 and 2.5. 

The single scattering albedo for all the cases illustrated in the plots demonstrate that the 

distribution of particles scatter rather than absorb light through the visible spectrum until 

approximately 2.5 ^m. As the wavelengths increase, the distribution of particles 

pertaining to the sulfuric acid properties predominantly scatter light at two peaks, one at 3 

l^m and the other between 6 ^m and 10 ^m. The ammonium sulfate plot demonstrates an 

increase in scattering at wavelengths between 3.0 |am and 5.0 The standard 

deviation does not play a role in the single scattering albedo until wavelengths of 3 |im 

have been reached. At this point, cases with a standard deviation of 2.5 display 

significantly greater amount of scattering versus absorption as the relative humidity 

increases compared to cases with a standard deviation of 1.5. Ammonium sulfate and 

sulfuric acid begin to display differences in the single scattering albedo after 3 ^m, which 

follows with the inspection of the scattering and absorption coefficients discussed earlier. 

This difference decreases with increasing relative humidity. Yet, as 95% of the solar 

intensity occurs at wavelengths less than 2 ^m, the single scattering albedo does not 
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exhibit significant differences between sulfate cases (i.e. changes in distribution 

properties, the chemical composition of the aerosol, or the ambient relative humidity). 

The asymmetry parameter, g\ describes the amount of light that is scattered in the 

forward or backward direction by a particle. It is a function of particle size and the 

wavelength. If g' =0, then light is scattered isotropically. The maximum value for g' is 

I, indicating all light is scattered in the forward direction, while the minimum value for 

g' is -1 indicating all light is scattered in the backward direction. If the greater amount of 

light is scattered in the forward direction versus the backward direction, then the 

asymmetry parameter is positive. For a single spherical particle, the asymmetry 

parameter can be approximated with (Bohren and Huffman, 1983): 

where <cos&> is the intensity-weighted average of the cosine of the scattering angle. For 

polydispersed spherical particles, an integration with respect to the radius size is applied: 

3.3.3. Asymmetry Parameter 

3.15 

j''^Qscat ^)g\r, A)nir)dr 

gW-- 3.16 

jr'Q^(r,A)n(r)dr 
o 
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Figure 3.10 represents the asymmetry parameter for sulfuric acid and ammonium sulfate 

for all distributions with a standard deviation of 1.5 and 2.5. All plots demonstrate there 

is some backscattering that will occur at all wavelengths regardless of the distribution and 

relative humidity. For a standard deviation of 1.5, the asymmetry parameter decreases 

with increasing wavelength. The asymmetry parameter is approximately 0.8 for 

wavelengths less than 0.3 ^m and steadily decreases to less than 0.4 for wavelengths 

greater than 1.0 jam. The Large distribution displays the greatest forward scattering while 

the Kiehl distribution displays the smallest forward scattering. For a standard deviation of 

2.5, there is little noticeable difference in the asymmetry parameter amongst the 

distribution groups. Here the asymmetry parameter is consistently 0.8 for wavelengths 

tested below 1.0 ^m and decreases to 0.6 for the wavelengths between l.O and 10 ^m. 

The asymmetry parameter slightly increases with relative humidity becoming more 

noticeable at wavelengths greater than 1 |im. Thus, as humidity increases, more 

incoming light is scattered in the forward direction. As the particle distribution standard 

deviation increases, so the does the forward scattering. Thus, the distribution cases with 

the greater standard deviation and mode radius will exhibit the greatest forward 

scattering. 
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3.4. Conclusions 

The radiative properties described in this Chapter are sensitive to altering aerosol 

properties. The aerosol properties include the particle distribution standard deviation 

and mode radius, the aerosol chemical composition, the complex index of refraction, and 

the aerosol density as a function of relative humidity. Two sulfate aerosols, sulfuric acid 

and ammonium sulfate aerosol, are investigated. 

Altering the relative humidity and the particle standard deviation demonstrates 

significant changes in the aerosol radiative properties. As the relative humidity increases, 

the size distribution mode radius and the aerosol complex index of refraction are affected. 

The complex index of refraction displays minimal changes, however, altering the 

distribution mode radius as a consequence of increases in relative humidity can lead to 

significant changes of the distribution radiative properties. For instance, the scattering 

and extinction coefficients show an overall increase in magnitude with increasing relative 

humidity. Varying the particle distribution standard deviation has significant impact on 

the aerosol optical properties. As the standard deviation increases, the scattering 

coefHcient increases, however, the amount of mass associated with that distribution also 

increases leading to decreases in the mass extinction coefficient. Thus, the mass 

extinction coefficient for a particle distribution with a standard deviation of 1.5 is much 

greater than that associated with a particle distribution of 2.S. Varying the properties for 

the particle distribution as a function of relative humidity can lead to significant changes 

in the aerosol optical properties while small changes in the particle density appear to have 

little affect on the mass extinction coefficient. The mass extinction coefficient for a 
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given particle distribution is more sensitive to varying the aerosol properties than the 

other radiative properties. 

The single scattering albedo describes sulfate as predominantly a scatterer of solar 

radiation. This property does not change significantly with varying aerosol properties, 

particularly over the range where the majority of solar radiation is found. The asymmetry 

parameter is shown to decrease with decreases in the standard deviation and the mode 

radius. The distribution with a standard deviation of 1.5 and a smaller mode radius 

exhibit the greatest backscattering. This is in contrast to the mass extinction coefficient 

where the distribution with the smallest standard deviation and largest mode radius, in 

general, exhibit the greatest mass extinction coefficient. Chapters following determine 

which of these radiative properties ultimately lead to the greatest impact on estimating 

the aerosol forcing. And hence, determine which aerosol properties have the greatest 

effect. 
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Table 3.1. The volume fraction for sulfuric acid normalized by the total number of 
particles per cm^ of air, for each of the seven distribution groups at varying standard 
deviations from 1.5 to 2.5 over the range of the minimum at dry conditions to the 
maximum at 99% relative humidity conditions. As this table aid in determining the range 
of the number of particles in a cm^ of air, ammonium sulfate is not shown as sulfuric acid 
grows to a larger volume fi^ction at 99% relative humidity. 

Distribution o Dry Conditions 99% Relative Humidity Distribution o 
Mode 
Radius (um) 

Volume 
Fraction /NUK 

Mode 
Radius (um) 

Volume 
Fraction/Ntot 

Urban 1.5 0.054 0.138e-10 0.1584 0.349e-9 Urban 
2.5 

0.054 
0.293e-9 

0.1584 
0.712e-8 

Average 1.5 0.069 0.288e-10 0.2106 0.82le-9 Average 
2.5 

0.069 
0.61 le-9 

0.2106 
0.161e-7 

Clean 1.5 0.067 0.264e-10 0.2037 0.743e-9 Clean 
2.5 

0.067 
0.573e-9 

0.2037 
0.147e-7 

Marine 1.5 0.071 0.264e-10 0.2176 0.906e-9 Marine 
2.5 

0.071 
0.559e-9 

0.2176 
0.177e-7 

Best Fit 1.5 0.065 0.241e-10 0.1967 0.699e-9 Best Fit 
2.5 

0.065 
0.51 le-9 

0.1967 
0.133e-7 

Kiehl 1.5 0.05 O.lle-lO 0.1445 0.265e-9 Kiehl 
2.5 

0.05 
0.232e-9 

0.1445 
0.545e-8 

Large 1.5 0.125 0.17le-9 0.4055 0.600e-8 Large 
2.5 

0.125 
0.357e-8 

0.4055 
0.960e-7 
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Figure 3.1. Dlustrates when the Mie Regime should go to the Geometric Optics and 
Rayleigh limits. 
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Figure 3.2. The scattering, absorption, extinction efficiencies and the asymmetry factor 
for sulfuric acid at a "dry" state, and at relative humidities of 50%, 70%, 80%, 90% and 
99%. All contour plots of each of the seven lognormal distribution (as the complex index 
of refraction is a function of the growth of the mode radii due to increasing relative 
humidity) displayed no noticeable differences, hence, the following plots are 
representative of all seven disUibutions. 
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Figure 3.2.b. Absorption Efficiency. 
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Figure 3.2.C. Extinction Efficiency. 
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10.00; 

Figure 3.2.d. Asymmetry Factor. 



96 

Figure 3.3. The scattering, absorption, extinction efficiencies and the asymmetry factor 
for ammonium sulfate at a "dry" state, and at relative humidities of 80%, 90% and 99%. 
All contour plots of each of the seven lognormal distribution (as the complex index of 
refraction is a function of the growth of the mode radii due to increasing relative 
humidity) displayed no noticeable differences, hence, the following plots are 
representative of all seven distributions. 
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Figure 3.3.a. Scattering Efficiency. 
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Figure 3.3.b. Absorption Efficiency. 
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Figure 3.3.C. Extinction Efficiency. 
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Figure 3.3.d. Asymmetry Factor. 
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Figure 3.4. The scattering, absorption, extinction coefficients (lO'^ m^) for sulfuric acid 
at a "dry" state, and at relative humidities of 50%, 70%, 80%, 90%, 95% and 99%. Each 
lognormal distribution is represented for Urban (asterisk symbol). Average (plus symbol). 
Clean (square symbol). Marine (diamond symbol). Best Fit (circle symbol), Kiehl 
(triangle symbol), and Large (x symbol) at standard deviations (sigma) of 1.5 and 2.5. 
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Figure 3.4.a. Scattering Coefficients, 10 m" (continued on following page). 
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Figure 3.4.b. Absorption Coefficients, 10 m (continued on the following page). 
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Figure 3.5. The scattering, absorption, extinction coefficients (10"'^ m^) for ammonium 
sulfate at a "dry" state, and at relative humidities of 80%, 90%, 95% and 99%. Each 
lognormal distribution is represented for Urban (asterisk symbol). Average (plus symbol). 
Clean (square symbol). Marine (diamond symbol), Best Fit (circle symbol), Kiehl 
(triangle symbol), and Large (x symbol) at standard deviations (sigma) of 1.5 and 2.5. 
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Figure 3.8.d Mass Extinction Coefficient (mVg) for ammonium sulfate at a density of 
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page). 
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Figure 3.9.b. Single scattering albedo for ammonium sulfate (continued on the following 
page). 
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Figure 3.10.a. The asymmetry parameter for sulfuric acid (continued on the following 
page). 
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Figure 3.10.b. The asymmetry parameter for ammonium sulfate (continued on the 
following page). 
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CHAPTER 4 

INCORPORATION OF THE SULFATE CASE STUDIES 

INTO BOX MODELS 

Many studies have employed box models to describe aerosols effect on solar radiation 

(Charlson et al., 1990; Charlson et al., 1992; Penner et al., 1994; Pan et al., 1995; 

Kiehl and Briegleb, 1993; Box and Trautmann, 1994). Current estimates of a 

globally, annually averaged direct sulfate aerosol radiative forcing range from -0.28 

to -1.3 W/m^, with an uncertainty greater than a factor of 2 (Haywood and Shrine, 

1995; Nemesure et al., 1995). In order to determine which of the sulfate aerosol 

properties are leading to large uncertainties in the direct aerosol forcing, sensitivity 

studies have been run (Nemesure et al, 1995; Pilinis et al., 1995). Pilinis et al. 

employed a box model with an optically thin layer of a nonabsorbing "global mean" 

aerosol (a combination aerosol of ammonium, sulfate, nitrate and organics). The 

study agreed with Nemesure et al. that relative humidity and dry particle size are the 

single most important parameters in determining the direct aerosol forcing. This 

study is different from current box model studies as it isolates the effect of the sulfate 

aerosol and incorporates the aerosol optical properties over a range of wavelengths. 

And most importantly, this study alters the aerosol optical properties not by 

multiplying the scattering efficiency by a ratio dependant on the humidity but by 
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allowing the aerosol physical properties, that are used to estimate the optical 

properties, to change with humidity. 

The box model is considered to be a reasonable method to obtain a first 

approximation of the aerosol radiative forcing. The advantage of running box models 

to initially assess the aerosol radiative forcing due to varying specific aerosol 

properties is due to both the computational speed with which these models can be run 

as well as the explicit dependence of the effects of specific aerosol properties. The 

box model implemented assumes a column of cloud free air giving results for 

globally annually averaged conditions. Thus the spatial distributions of forcing is not 

addressed in this Chapter. Within this column of cloud free air is an optically thin 

layer of sulfate aerosols located above the surface. This layer of sulfate aerosols is 

tested with each of the S04 cases described in Chapter 2. The magnitude of the 

surface albedo has been shown to have an effect on the degree of forcing. However, 

an average global surface albedo will be used as this study addresses sensitivity to 

sulfate properties (Russell et al., 1997). A final assumption addresses the 

transmission of solar radiation reaching the aerosol layer above the surface as a 

function of wavelength. Given the simplicity of these models, the amount of solar 

radiation reaching the aerosol layer is assumed to transmit through the atmosphere 

evenly across all wavelengths. The following Chapter uses the National Center of 

Atmospheric Research (NCAR) column radiation model (CRM) which allows for 

ozone, Rayleigh scattering and other molecules in the atmosphere to absorb and 

scatter particular solar wavelengths before reaching the aerosol layer. 
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The box models discussed in this chapter give results in terms of the radiative 

forcing of the climate system due to the addition of an aerosol layer. Radiative 

forcing refers to the net change in the solar radiative flux between a climate system 

without the aerosol layer and with an aerosol layer. The radiative flux can then be 

used to estimate the equilibrium global mean surface temperature change using a 

climate sensitivity parameter. Cess et al. (1990) worked with 19 atmospheric general 

circulation models and found the climate sensitivity parameter due to sulfate aerosols 

to be estimated at 0.65 +/- 0.26 K m'AV. This demonstrates that small changes in 

radiative flux can lead to signiflcant temperature changes in the climate system. 

There is currently concern over the causes of the global temperature increase of 0.4° 

to 0.6" C since the start of the industrial revolution. 

This chapter focuses on two box models. One assumes the sulfate aerosol 

only scatters incoming solar radiation and the second assumes the sulfate aerosol both 

scatters and absorbs incoming solar radiation. The box models are used to compare 

the 504 sulfate case studies to examine the sensitivity of the direct aerosol forcing to 

varying specific aerosol properties. 

4.1. Methodology of Box Models 

A box model is used to test the globally annually averaged forcing of each of the 504 

sulfate cases. Generally, sulfate aerosols are tested with box models that assume the 

aerosols only scatter solar radiation (Charlson et al., 1992; Penner et al., 1994; 

Nemesure et al, 1995; Pilinis et a!., 1995). However, given this study also addresses 
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the effect of relative humidity, a box model that allows for both scattering and 

absorption is implemented. So two box models are run, one assuming only aerosol 

scattering and the other allowing both scattering and absorption. 

4.1.1. Box Model 1 

Much of the box model work done to date for sulfate aerosol radiative forcing 

assumes die sulfate aerosol does not absorb radiation. This study, for means of 

consistency with the current work, first employs a box model that assumes the 

aerosols are nonabsorbing and is referred to as "box model 1" in this study. If the 

aerosols are nonabsorbing, then the single scattering albedo, o), is equal to one. This 

is particularly true for pure ammonium sulfate and sulfuric acid, where the absorption 

of the aerosols is negligible for wavelengths below 2 ^m where 95% of the solar 

intensity occurs, as shown in the previous chapter. 

For this model, the layer of aerosol is assumed to be optically thin. In other 

words X « 1 (where t is the optical thickness of the aerosols). As will be shown, it 

is a rough estimate for particular sulfuric acid cases at and above 95% relative 

humidity and at 99% relative humidity for some of the anunonium sulfate cases. For 

these cases, multiple scattering will begin reducing the amount of radiation 

transmitted through the layer and increasing the total fraction reflected. So for these 

cases, the aerosol radiative forcing calculated will be an approximation representing 

the maximum forcing. 



137 

To determine the globally annually averaged forcing due to the nonabsorbing 

sulfate aerosol layer, the upscatter fraction is averaged over all wavelengths and solar 

zenith angles, and the optical depth is averaged over all wavelengths (Russell et al, 

1997; Pan et al., 1997; Charlson et al., 1992; Haywood and Shrine, 1995; Nemesure 

et al., 1995): 

= 4.1 

where Fo is the solar radiation at the top of the atmosphere, Ta is the transmission of 

solar radiation through the atmosphere to the aerosol layer, Ac is the percentage of the 

global average area covered by clouds, Rs is the average siu^ace albedo, r is the 

optical depth and the upscatter fraction. Note the -'/z is necessary as only half of 

the planet is illuminated at any given time while the minus sign describes the cooling 

effect of the aerosols. Equation 4.1 leads to larger values in the aerosol radiative 

forcing as the optical depth and upscatter fraction are spectrally averaged separately. 

This, though, will illustrate how varying sulfate properties will affect radiative 

forcing by first investigating the effect these properties have on the optical depth and 

upscatter fraction. To calculate this equation, values for Ta. Ac and Rs cited in the 

literature are employed (Penner et al., 1994; Warren et al., 1988, 1986; Robuck, 1980; 

Charlson et al., 1992; Pan et al., 1997). Ta is given as 0.76, Ac is 0.4, and R, is 0.15. 

As both the optical depth and the upscatter fraction are to be spectrally 

integrated, the amount of the solar spectral irradiance at given wavelengths must be 

determined. For this study, the solar radiation at the top of the atmosphere, Fo, is 
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assumed to be 1367 W/m^ as proposed by the World Radiation Center in Davos, 

Switzerland. The solar spectral irradiance employed is based on the work by Frolich 

and Wehrli (1981) who selected data from Arvesen et al (1969), Smith and Gottlieb 

(1974), Heath and Thekaekara (1977), and Neckel and Labs (1981). The substantial 

part of the incoming radiation, from 0.330 to 1.247 ^m, is based on Neckel and Labs 

data. The percentage of irradiance over a given wavelength interval is outlined in 

Table 4.1 a) and b) for use with sulfuric acid and ammonium sulfate, respectively. It 

is necessary to provide different Tables for sulfuric acid and ammonium sulfate as a 

direct match between the centered wavelength of the spectral irradiance and the 

respective wavelength of the measured complex index of reflection is desired. The 

wavelength bands outlined for sulfuric acid represent 98.992% of the total irradiance, 

while the wavelengths band outlined for ammonium sulfate runs represent 98.915% 

of the total irradiance. Wavelengths larger than 9.25 are not addressed in this 

model. Wavelengths less than 0.295 (im are also not addressed as these wavelengths 

are assumed to be absorbed by ozone and diatomic oxygen before reaching the sulfate 

aerosol layer. 

The optical depth can be found given the sulfate aerosol burden and the mass 

extinction coefficient as a function of wavelength. The mass extinction coefficient 

for each of the 504 cases has previously been calculated in Chapter 3. The sulfate 

aerosol burden (4.6 • 10*^ gmifine/m^) is determined from the product of the sources of 

sulfate and the lifetime of the sulfate within the box divided by the area of the Earth 
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(Charlson et al, 1992; Schlesinger et al., 1991). It should be noted that the mass 

extinction coefficient is found by dividing the extinction coefficient by the aerosol 

distribution dry sulfate density and volume. Hence, it is in units of m^/gsuifate- The 

greater aerosol density leads to greater mass which in turn allows for a smaller mass 

extinction coefficient. It is assumed that the gsuifau in the sulfate aerosol burden and 

the mass extinction coefficient refer to the same sulfate mass. If the aerosols only 

scatter incoming wavelengths, the extinction coefficient represents only scattering. 

This assumption possibly overestimates the magnitude of the aerosol forcing. 

The average upscatter fraction (averaged over the sunward hemisphere of the 

planet) is found with the approximation of the Henyey-Greenstein phase function as 

discussed in Wiscombe and Grams (1976): 

where theta is the solar zenith angle and g is the asymmetry parameter. The 

asynmietry parameter as a function of wavelength has been calculated in Chapter 3 

for the sulfate aerosol cases. The upscatter fraction increases as the asymmetry 

parameter decreases. In the Rayleigh limit, the upscatter fraction is 0.5 and decreases 

with increasing particle size (Chylek and Wong, 1995). In the geometric optic limit, 

the particles are predominantly forward scattering. The upscatter fraction has a 

-(i+g)A:(g')-i 
2g 

4.2 

where 

4.3 
0 
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maximum of 0.5 when the sun is along the horizon and steadily decreases as it 

approaches overhead where the dependency of particle size on the upscatter fraction 

becomes apparent (Nemersure et al., 1995). Kaufman and Holben (1996) found the 

average value for the upscatter fraction to be from 0.20 to 0.28 for both sulfates and 

smoke aerosol with some discrepancies during the simmier months when the solar 

elevation was high. 

4.1.2. Box Model 2 

Given that sulfate aerosols, traditionally considered nonabsorbing aerosols in the 

shortwave radiation region, are allowed to grow due to condensation in this study, 

potential effects due to absorption may become evident. This box model does not 

spectrally average the upscatter fraction and optical depth independently as with box 

model 1. Box model 2 uses the following expression to estimate the globally 

annually averaged radiative forcing due to aerosols which absorb and/or scatter 

(Haywood and Shrine, 1995; Chyiek and Wong, 1995; Pan et al, 1997): 

- 2R, jS(A.)(\-oK^)TiA,)dA,] 

where S(A) is the solar irradiance at wavelength A, and ea is the aerosol single 

scattering albedo (ratio of scattering to extinction) as discussed in Chapter 3. Given 

this study is working with the percent of irradiance over a wavelength band centered 

at a particular wavelength, the following will be implemented for use in equation 4.4; 
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jS(A)dA = FgjVoof irradiance ( A )  4.5 

The remaining parameters are defined similarly as with box model I where T is 0.76, 

Ac is 0.4, and Rs is 0.15. The sulfate aerosol burden is also given as 4.6 * 10"^ 

gsuifate/m^- The first term in the parenthesis of equation 4.4 describes the amount of 

incoming solar radiation that is scattered over a given wavelength band, and the 

second term describes the amount of incoming solar radiation that is absorbed over a 

given wavelength band. This expression is employed to allow the aerosols to scatter 

and absorb shortwave radiation. It also allows for greater accuracy as the product of 

the upscatter Section and optical depth at each wavelength is used to obtain the 

spectral average. If no absorption exists, the second term drops out and the single 

scattering albedo is equal to one, thus, resembling the expression for box model 1. 

This box model will be referred to as "box model 2" for purposes of this study. 

4.2. Results 

Box model 1 is used to describe the relationship between aerosol properties and the 

upscatter fraction, optical depth and radiative forcing. Box model 2 is analyzed to 

determine how the radiative forcing is affected by varying sulfate aerosol properties. 
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4.2.1. Box Model 1 

Appendix B. (Tables B.l - B.14) and Figures 4.1 through 4.6 describe the effects of 

varying sulfate aerosol properties on the aerosol radiative forcing using box model I. 

The aerosol properties that are allowed to vary in this study include the particle 

distribution standard deviation and mode radius, the aerosol density, and the complex 

index of refraction as a function of relative humidity. As discussed in Chapter 2, the 

standard deviation refers to the standard deviation of one of the seven lognormal 

distributions of which there are three: 1.5, 2.5 and the distribution given standard 

deviation in the literature. It is very difficult to decouple the aerosol properties from 

the effects of increasing relative humidity. Thus, the effects of varying the standard 

deviation, the aerosol density and the distribution group will be discussed as a 

function of relative humidity and aerosol chemistry. 

4.2.1.1. Upscatter Fraction 

Tables B.l - B.14 in Appendix B. outline the results of the spectrally integrated 

upscatter fraction and optical depth, as well as the radiative forcing (W/m^) for the 

504 sulfate cases using box model 1. The table and Figures 4.1 describe the 

relationship between the upscatter fraction and relative humidity. As relative 

humidity increases, the asymmetry parameter increases, thereby decreasing the 

upscatter fraction. Sulfate particles in areas of high ambient relative humidity will 

tend to scatter more in the forward direction than particles at lower humidities. This 

is due to the growth in the distribution mode radius with relative humidity. 
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It is shown in Figure 4.1, that as the standard deviation increases, the asymmetry 

parameter also increases thereby leading to a decrease in the upscatter fraction. The 

upscatter fraction is very similar for all distributions (a) through (g). The greatest 

variation between the distributions occurs when the upscatter fraction is calculated for 

cases with a standard deviation of 1.5. The magnitude of the upscatter fraction for 

these cases decreases with increasing mode radius. For instance, at the same standard 

deviation and dry relative humidity conditions, the Kiehl and Briegleb distribution 

with a mode radius of 0.05 nm displays the largest upscatter fraction (0.44), while the 

Large distribution with a mode radius of 0.125 ^m displays the smallest upscatter 

fraction (0.28). 

To further compare the upscatter fraction with the particle distribution properties, 

an expression representing the effective radius for a distribution is employed (Chylek 

and Wong, 1995); 

refr= To exp(2.5 In^Og) 4.7 

A distribution with different values of the mode radius and standard deviation but 

with the same effective radius will produce the same upscatter fraction. 

Figure 4.2 illustrates the relationship between the upscatter fraction and the 

effective radius fitted as a power series using the least squares fit to be: 

P = 0.1652 4.8 

The coefficient of determination, R^, for this relationship is 0.82. As the effective 

radius increases, the upscatter fraction decreases. Figure 4.2 further illustrates the 
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dependency of the upscatter fraction on the distribution standard deviation. Cases 

with a smaller standard deviation of l.S demonstrate greater upscatter fraction than 

those cases tested with a standard deviation of 2.5. As the mode radius increases for a 

given standard deviation, the upscatter fraction decreases (highlighting the 

dependency on relative humidity). It appears once the effective radius reaches I, the 

upscatter fraction becomes approximately 0.16 with little variation as the effective 

mode radius increases. Figure 4.2 also demonstrates essentially no dependence of the 

upscatter fraction on the aerosol composition. The following expressions describe the 

relationship between the upscatter fraction and the properties discussed above; 

oc — oc ^ oc — 4.9 
g Relative Humidity <t 

4.2.1.2. Optical Depth 

The optical depth, on the other hand, shows in Figure 4.3 an increase with increasing 

relative humidity. This is due to the increase in the mass extinction coefficient. 

Figure 4.3 displays the optical depth with varying relative humidity for each of the 

seven distributions cases. The figure shows that as the standard deviation increases, 

the optical depth decreases, more noticeable at larger humidities. There is a 

substantial increase in the optical depth at high relative humidities as would be 

expected given the sulfate aerosol's jump in radius size at and above 90% relative 
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humidity. The mass extinction coefficient, and hence optical depth, is inversely 

proportional to the standard deviation. 

Now another effective radius is introduced. Given the optical depth for a 

distribution of particles at a given relative humidity, this effective radius represents a 

dry sulfate particle creating the same optical depth for the ^ame number of particles at 

a wavelength of 0.S5 ^m. This effective radius aids in exploring the changes of 

optical depth with standard deviation and relative humidity. The optical depth varies 

from 0.0032 for dry cases to 0.35 at 99% relative humidity, where the corresponding 

effective radius is determined to be 0.801 |im and 0.101 jam, respectively. This 

illustrates an inverse relationship between the optical depth and the effective radius 

size. The smaller standard deviations that correspond to smaller total aerosol mass 

have substantially larger changes in the effective radius with relative humidity. 

The optical depth for ammonium sulfate is less than that for sulfuric acid. 

This is expected, given that sulfuric acid grows due to condensation at an increased 

rate at lower relative humidities compared to the growth of ammonium sulfate, 

thereby leading to a large mass extinction coefficient. 

Figure 4.4 displays the optical depth as a function of the effective radius 

(equation 4.7). Cases with a standard deviation of 2.5 have lower optical depths than 

those cases with a standard deviation of 1.5. For a given standard deviation, as the 

mode radius increases due to relative humidity, the optical depth increases. This 

Figure illustrates the greater effect changes in the mode radius for a standard 
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deviation of 1.5 have on the optical depth compared to those cases with a standard 

deviation of 2.5. Ammonium sulfate is shown to exhibit similar trends to sulfuric 

acid, however, at a somewhat smaller optical depth. 

The following expressions describe the relationship between the optical depth, 

and the properties of the aerosol: 

r oc oc Relative Humidity oc — 4.10 
<T 

The density of the aerosol does not affect the upscatter fraction, but does affect the 

optical depth due to its dependence on the mass extinction coefficient. The greater 

the density of the aerosol, the smaller the optical depth, as the greater density leads to 

a decrease in the number of aerosol per column. However, the differences due to 

varying density, as shown in Appendix B, are small and appear almost negligible 

compared with the sensitivity of the forcing to varying standard deviation and relative 

humidity. 

4.2.1.3. Radiative Forcing 

The radiative forcing, AF, is directly proportional to the optical depth and the 

upscatter fraction, as all other variables in equation 4.1 are constant when comparing 

the 504 sulfate cases. Relative humidity is shown to have a dramatic effect on the 

potential forcing of the sulfate aerosol. Figure 4.5 illustrates the degree to which the 

radiative forcing increases with relative humidity and decreases with standard 

deviation. Thus the relationship described can be expressed as: 
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AF C3C Re lative Humidity oc — 4.11 
a 

Figure 4.5 represents the aerosol radiative forcing as a function of relative humidity 

for the seven distributions. The Large distribution group displays the lowest range of 

forcing from -0.102 for a dry relative humidity to -0.98 at 99% relative humidity 

given a standard deviation of 2.5, while the Kiehl distribution group displays the 

highest range of forcing from -0.248 for a dry relative humidity to -8.94 at 99% 

relative humidity given a standard deviation of 1.5. Comparing the sulfuric acid 

cases to ammonium sulfate cases show that sulfuric acid cases demonstrate a larger 

radiative forcing at the higher relative humidities. Again, this is due to the increased 

optical depth for sulfuric acid compared to ammonium sulfate. 

Figure 4.6 illustrates the change in forcing as a function of effective radius. 

The radiative forcing associated with the smaller dry effective radius exhibit greater 

dependence on the relative humidity than if the dry effective radius is at least 0.5 jam. 

Sulfuric acid shows substantially greater forcing than ammonium sulfate aerosol for 

cases with a standard deviation of 1.5. This dependence becomes less apparent as the 

standard deviation increases. 
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4.2.2. Box Model 2 

Tables B.IS - B. 16 (in Appendix B) and Figures 4.7 through 4.11 describe the 

relationships between the aerosol properties and the effects of relative humidity on 

the aerosol radiative forcing using box model 2. 

This section illustrates results of box model 2 using a series of schematic 

plots. Each box on the schematic plot represents 50% of the data. The horizontal line 

within the box signifies where the median of the data is located. A vertical line is 

drawn from the top and bottom of the box outward termed whiskers. The whiskers 

extend from the lower (bottom of the box) and upper (top of the box) quartiles to a 

value that is the product of 1.5 and the distance between the lower and upper quartile. 

As asterisk represents an outlier defined as a value outside the whiskers. 

4.2.2,1. Sensitivity to Aerosol Density 

As mentioned and shown in Appendix B and Figure 4.7, the aerosol densities tested 

in this study do not account for large differences in the radiative forcing. Figure 4.7 

illustrates small differences in the radiative forcing due to altering the density of 

sulfuric acid (these dififerences are even smaller and undetectable for ammonium 

sulfate). The smaller densities have a slightly larger radiative forcing associated with 

them due to the increase in the mass extinction coefficient leading to an increased 

optical depth. These changes are insignificant compared to the effects of varying 

other aerosol properties. Thus, testing the effects of altering density for sulfuric acid 

will not continue in this study. 
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4.2.2.2. Sensitivity to Altering Standard Deviation 

Figure 4.8 illustrates how the standard deviation with increasing relative humidity 

affects the forcing for sulfuric acid. The outlier on the box plots is the Large 

distribution case. The forcing varies from approximately -0.1 W/m^ for the dry cases 

to approximately -7.0 W/m^ for high relative humidity cases. The cases tested with 

the standard deviations marked "given" (the standard deviation that was measured 

with the corresponding mode radius) display the greatest forcing at dry conditions. 

The cases tested with a standard deviation of l.S begin to display the greatest forcing 

at 70% humidity and above. At this point, the forcing is inversely proportional to the 

standard deviation. 

4.2.2.3. Sensitivity to Each Group 

There are seven lognormal distributions that are being tested in this study. All are 

lognormal distributions with a mode radius allowed to grow with relative humidity. 

Each distribution is tested with the standard deviation measured with a given mode 

radius and further tested with the range of standard deviations at l.S and 2.5. Figure 

4.9 illustrates the change in radiative forcing as a function of distribution group for 

sulfuric acid as the box plots for sulfuric acid display a greater spread compared to 

the box plots of ammonium sulfate. 

The comparison of spread between groups is somewhat affected by the 

standard deviation naturally associated with each distribution. For example, the 
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Large distribution has a standard deviation of 1.7 associated with it (falling under the 

category "given"), while the Urban distribution has a standard deviation of 2.16. At 

low relative humidities, the Large group displays the greatest range in radiative 

forcing followed by the Marine group. The Urban group and Kiehl and Briegleb 

group display the smallest range in aerosol forcing. As relative humidity increases, 

the range of forcing becomes relatively consistent among all groups, however, the 

mean and skewness of each group remains distinct. The Large group displays the 

smallest forcing, while the Clean, Best Fit, Average, Marine and Urban groups all 

demonstrate similar spreads and magnitude. 

4.2.2.4. Sensitivity to Chemical Composition 

Figure 4.10 compares the radiative forcing of all of the sulfuric acid cases versus the 

radiative forcing of all the ammonium sulfate cases. As ammonium sulfate RHD is 

80%, the dry forcing of the anmionium sulfate cases is used as the comparison to the 

sulfuric acid cases at relative humidities of 50% and 70%. The dry cases demonstrate 

that sulfuric acid has a smaller median and range of forcing versus the ammonium 

sulfate cases. However, given the very hygroscopic nature of sulfuric acid this 

comparison may not be relevant in the real atmosphere. As relative humidity 

increases, the magnitude and spread of the sulfuric acid becomes greater than that of 

ammonium sulfate, particularly evident at high relative humidities. This suggests the 

aerosol forcing for sulfuric acid at high humidities is more sensitive to the choice of 

the lognormal distribution properties. 
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4.2.2.5. Aerosol Forcing 

As would be expected given the similarities between box model 1 and box model 2, 

the trends displayed in the results from box model 2 are similar to those discussed for 

box model 1. On the whole, the radiative forcing of box model 2 illustrated in Figure 

4.11 is slightly less than that found with box model 1. This is due, in part, to the 

definition of the extinction coefficient where box model 1 represents only the 

scattering of the aerosols, while box model 2 also allows for absorption, possibly 

scattering less light. In addition, the box model 1 approximation is a rougher 

approximation as the optical depth and upscatter fraction are spectrally averaged 

separately. It should be noted that box model 2 does not allow for feedback of a 

heating rate in the aerosol layer due to aerosol absorption. Table 4.2 outlines the 

median of the aerosol forcing as a function of standard deviation and relative 

humidity for both box models for sulfuric acid and ammonium sulfate aerosol cases. 

The "given" standard deviation represents the standard deviation for each of the seven 

lognormal distributions given in the literature. The difference between box models is 

not apparent at the large standard deviation of 2.5. However it becomes noticeable 

for the standard deviation of 1.5. Thus, the aerosol can be considered a solely 

scattering particle for cases of large standard deviation. It is apparent that the aerosol 

forcing of the sulfate cases with a standard deviation of 1.5 is substantially larger than 

the aerosol forcing of the sulfate cases with a standard deviation of 2.5. 
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4J. Conclusions 

Using the box model results as a first approximation for the sensitivity of the aerosol 

radiative forcing to varying sulfate properties, it has been shown that relative 

humidity and standard deviation have a significant effect. The aerosol forcing, 

assuming sulfuric acid and the distributions at a standard deviation of 2.5, increases 

by approximately 95% (980%) from dry conditions to 50% (99%) relative humidity. 

Table 4.3 outlines the average percentage growth for all the distributions using box 

model 2. The enormous increase in the aerosol forcing at high relative humidities is 

very apparent. 

Altering the standard deviation from 2.5 to 1.5 shows the aerosol forcing 

approximately doubles at low relative humidities and triples at high relative 

humidities. Aerosol density, within the range chosen for this study and strictly 

applied only to the mass extinction coefficient, does not show a large effect on the 

radiative forcing and, hence, will not be investigated in further Chapters. 

The forcing approximately doubles for distributions with a standard deviation of 

2.5 when the mode radius changes from 0.05 ^m to 0.125 (om. However, this ratio 

decreases with decreasing standard deviation. There does not appear to be significant 

differences between using box model 1 or box model 2 for standard deviations of 2.5, 

thereby illustrating the dominant scattering effects of the sulfate aerosol within the 

shortwave radiation region. 
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Table 4.1. This table is used to supply the box model runs with the percent of irradiance 
over a wavelength range centered at a given wavelength dependant on the sulfur 
chemistry. Section a) is for application towards the sulfuric acid runs, and section b) is 
for application towards the ammonium sulfate runs. 

a) Centered 
wavelength 
(um) 

Wavelength 
range 

Percent of 
Irradiance 

b) Centered 
wavelength 
(um) 

Wavelength 
range 

Percent of 
Irradiance 

0.3 0.295 - 0.305 0.39 0.3 0.295 - 0.305 0.39 
0.35 0.305-0.395 6.17 0.405 0.305-0.505 20.96 
0.4 0.395-0.405 1.08 0.535 0.505-0.565 8.26 
0.45 0.405-0.495 12.31 0.656 0.565-0.745 20.71 
0.5 0.495-0.505 1.4 0.8 0.745 - 0.855 9.08 
0.55 0.505-0.595 12.24 1.0 0.855- 1.15 16.04 
0.6 0.595-0.605 1.29 1.2 1.15-1.25 3.69 
0.65 0.605-0.695 10.41 1.3 1.25-1.35 3.14 
0.7 0.695-0.705 1.04 1.4 1.35-1.45 2.59 
0.75 0.705-0.795 8.39 1.5 1.45-1.55 2.16 
0.8 0.795-0.805 0.835 1.6 1.55-1.65 1.83 
0.9 0.805-0.995 12.6 1.7 1.65-1.75 1.55 
l.O 0.995-1.005 0.534 1.8 1.75-1.85 1.22 
1.25 1.005-1.495 17.179 1.9 1.85-1.95 1.0 
1.5 1.495- 1.505 0.216 2.0 1.95-2.05 0.84 
1.75 1.505- 1.995 6.95 2.2 2.05-2.35 1.715 
2.0 1.995-2.005 0.084 2.4 2.35-2.45 0.41 
2.5 2.005-2.995 3.923 2.5 2.45-2.55 0.355 
3.0 2.995-3.005 0.018 2.63 2.55-2.75 0.575 
3.39 3.005-3.795 0.937 2.94 2.75-3.15 0.78 
4.0 3.795 - 4.205 0.257 3.3 3.15-3.45 0.39 
4.5 4.205 - 4.795 0.236 3.51 3.45-3.55 0.1 
5.0 4.795-5.205 0.098 3.85 3.55-4.15 0.44 
5.5 5.205-5.795 0.106 4.56 4.15-4.95 0.31 
6.0 5.795-6.205 0.055 5.88 4.95-6.75 0.2625 
7.9 6.205-9.595 0.174 8.0 6.75-9.25 0.1175 
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Table 4.2. Outlines the median of the aerosol forcing as a function of standard deviation 
and relative humidity for each box model tested with all sulfuric acid and ammonium 
sulfate cases, respectively, where the "given" standard deviation represents the standard 
deviation for each of the seven lognormal distributions given in the literature. 

Description CT Relative Humidity Description CT 
Dry 50% 70% 80% 90% 95% 99% 

Box Model I 
H2SO4 

1.5 -0.23 -0.67 -0.80 -0.99 -1.52 -2.44 -7.33 Box Model I 
H2SO4 "given" -0.25 -0.54 -0.63 -0.74 -1.03 -1.50 -372 
Box Model I 
H2SO4 

2.5 -0.16 -0.30 -0.34 -0.40 -0.53 -0.74 -1.67 
Box Model 2 
H2SO4 

1.5 -0.18 -0.51 -0.60 -0.75 -1.17 -1.92 -6.15 Box Model 2 
H2SO4 "given" -0.24 -0.51 -0.60 -0.72 -1.04 -1.46 -3.70 
Box Model 2 
H2SO4 

2.5 -0.15 -0.30 -0.34 -0.40 -0.54 -0.75 -1.67 
Box Model 1 
(NH4)2S04 

1.5 -0.34 n/a n/a -0.76 -1.12 -1.80 -6.12 Box Model 1 
(NH4)2S04 "given" -0.34 n/a n/a -0.59 -0.79 -1.15 -3.11 
Box Model 1 
(NH4)2S04 

2.5 -0.19 n/a n/a -0.32 -0.42 -0.58 -1.40 

Box Model 2 
(NH4)2S04 

1.5 -0.26 n/a n/a -0.59 -0.86 -1.40 -5.03 Box Model 2 
(NH4)2S04 "given" -0.32 n/a n/a -0.57 -0.76 -1.11 -3.06 
Box Model 2 
(NH4)2S04 

2.5 -0.19 n/a n/a -0.32 -0.41 -0.57 -1.40 

Table 4.3. Outlines the percentage increase of aerosol forcing with box model 2 from the 
dry aerosol forcing value to a given relative humidity aerosol forcing using; ((RH value-
dry value)/dry value). 

Description 0 F Relative t [umidity Description 0 
50% 70% 80% 90% 95% 99% 

Box Model 2 
H2SO4 

1.5 188 247 334 582 1023 3514 Box Model 2 
H2SO4 "given" 120 152 200 392 532 1495 
Box Model 2 
H2SO4 

2.5 96 123 159 248 386 978 
Box Model 2 
(NH4)2S04 

1.5 n/a n/a 100 195 380 1620 Box Model 2 
(NH4)2S04 "given" n/a n/a 62 117 216 770 
Box Model 2 
(NH4)2S04 

2.5 n/a n/a 58 105 184 581 
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Figure 4.1 .a. Sulfuric Acid, upscatter fraction as a function of relative humidity for seven 
distribution groups: (a) Urban, (b) Average, (c) Clean, (d) Marine, (e) Best Fit, (f) Kiehl 
and Briegleb, and (g) Large. The sulfuric acid density displayed for Figures 4. La, 4.3 .a, 
and4.5.a is 1.7 g/cm^. 
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4.1.b. Ammonium Sulfate, upscatter fraction as a function of relative humidity for seven 
distribution groups: (a) Urban, (b) Average, (c) Clean, (d) Marine, (e) Best Fit, (f) Kiehl 
and Briegleb, and (g) Large. Cases displayed for anunonium sulfate in Figures 4.1.b, 
4.3.b, and 4.5.b are with a density of 1.8 ^cm^ 
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Figure 4.2. The upscatter fraction for all sul&te aerosol cases as a function of the 
effective radius size. A relationship was found: P = 0.1652 reff®"^'"^, where the = 
0.82. 
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Figure 4.3 .a. Sulfuric Acid, optical depth as a function of relative humidity for seven 
distribution groups; (a) Urban, (b) Average, (c) Clean, (d) Marine, (e) Best Fit, (f) Kiehl 
and Briegleb, and (g) Large. 
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Figure 4.3.b. Ammonium Sulfate, optical depth as a function of relative humidity for 
seven distribution groups: (a) Urban, (b) Average, (c) Clean, (d) Marine, (e) Best Fit, (f) 
Kiehl and Briegleb, and (g) Large. 
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Figure 4.4. The optical depth for all sulfate aerosol cases as a function of the effective 
radius size. 
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Figure 4.5.a. Sulfuric Acid radiative forcing (W/m^) for Box Model 1 as a function of 
relative humidity for seven distribution groups: (a) Urban, (b) Average, (c) Clean, (d) 
Marine, (e) Best Fit, (f) Kiehl and Briegleb, and (g) Large. 
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4.5.b. Ammonium Sulfate radiative forcing (W/m^) for Box Model 1 as a function of 
relative humidity for seven distribution groups; (a) Urban, (b) Average, (c) Clean, (d) 
Marine, (e) Best Fit, (f) Kiehl and Briegleb, and (g) Large. 
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Figure 4.6. The radiative forcing for all sulfate aerosol cases as a function of the 
effective radius size. 
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Figure 4.7. Illustrates the change in radiative forcing (W/m^) due to an aerosol layer of 
sulfuric acid as a fimction of the aerosol's density (g/cm^). Each plot representing a 
particular humidity - (a) dry, (b) 50%, (c) 70%, (d) 80%, (e) 90%, (f) 95%, (g) 99%. 
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Figure 4.8. Illustrates the change in radiative forcing (W/m^) due to a aerosol layer of 
sulfuric acid as a function of the aerosol's standard deviation (sigma). Each plot 
representing a particular humidity - (a) dry, (b) 50%, (c) 70%, (d) 80%, (e) 90%, (f) 
95%, (g) 99%. 
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Figure 4.9. Illustrates the change in radiative forcing (W/m^) due to an aerosol layer of 
sulfuric acid varying with aerosol group. Each plot at a given relative humidity: (a) dry, 
(b) 50%, (c) 70%, (d) 80%, (e) 90%, (0 95%, (g) 99%. 
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Figure 4.10. Comparison in the radiative forcing for all cases due to an aerosol layer of 
sulfuric acid versus an aerosol layer of ammonium sulfate using box model 2 as relative 
humidities of: dry (a), 50% (b), 70% (c), 80% (d), 90% (e), 95% (f), 99% (g). The 
forcing of the ammonium sulfate cases for (b) and (c) are the forcing at dry conditions as 
the RHD has not been reached. 
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CHAPTERS 

INCORPORATION OF SULFATE AEROSOLS CASES INTO 

NCAR'S CRM AND CCM3 

Previous chapters compare the sulfate optical properties determined when the sulfate 

aerosol physical properties are varied (Chapter 3) and obtain estimates of the 

corresponding aerosol forcing using box models (Chapter 4). Though box models are 

enlightening and have been employed by a number of studies conducting sensitivity tests 

of aerosol forcing (Pilinis et al., 1995; Nemesure et al., 1995; Russell et al., 1997), these 

models oversimplify the aerosol radiative effect by not addressing the complicated 

interaction of the sulfate aerosol with water vapor at various levels in the atmosphere and 

the spatial and temporal changes of the aerosol. To do this, a three-dimensional model is 

necessary. However, very few studies have addressed the sensitivity of aerosol forcing to 

altering sulfate properties using GCMs (Kiehl and Breigleb, 1993; Boucher and 

Anderson, 1995). 

This chapter obtains the aerosol forcing for several sulfate aerosol cases using the 

National Center of Atmospheric Research's (NCAR) Colunm Radiation Model (CRM) 

and NCAR's Community Climate Model version 3 (CCM3). Section 1. describes 

NCAR's shortwave radiation scheme and outlines the procedure for adding the sulfate 

aerosol as a constituent into the modeled atmosphere. Section 2. outlines and discusses 

the sensitivity tests conducted with NCAR's CRM and determines which of the aerosol 
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cases provide the maximum and minimum limits of aerosol forcing due to varying 

aerosol properties. Section 3. outlines the sensitivity tests conducted with NCAR's 

CCM3 and determines the aerosol properties that when varied will lead to the significant 

changes in the magnitude of the aerosol forcing. Section 4. concludes this chapter. 

5.1. Altering NCAR's Radiation Scheme 

Sulfate aerosols, as shown in this study, alter the shortwave radiation flux at the top of the 

atmosphere. This section describes the model shortwave radiation scheme and the 

alterations necessary for including sulfate aerosols. This will provide a range of aerosol 

forcing that is possible when the sulfate aerosol properties that are necessary to obtain the 

sulfate optical properties included in the model shortwave radiation scheme are varied. 

S. 1.1. A Brief Description of the Radiation Scheme 

The CCM3 is a three dimensional general circulation model (GCM) with a horizontal 

grid of 64 latitudes by 128 longitudes. NCAR's CRM is a column radiation model 

isolating the CCM3 radiation code at a specified latitude, longitude and model timestep. 

Both models divide the atmosphere into eighteen layers from the model surface to the 

approximately 35 km. The shortwave radiation scheme is called at every grid point (i.e. 

at a given latitude, longitude and level) and evaluated at specified time intervals (i.e. 

every daylight model hour when run with the GCM, and instantaneous for the CRM). 

These models employ the two stream S-Eddington approximation as the 

shortwave radiation scheme (Joseph et al., 1976; Coakley et al., 1983; Briegleb, 1992). 
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This radiation scheme evaluates the 5-Eddington solution for the reflectivity and 

transmissivity for each of the eighteen layers from the model surface to the stratosphere 

at a number of spectral intervals. The CCM3 divides the solar spectrum into 18 bands 

with 8 bands in the ultraviolet and visible region (0.2 ^m to 0.7 ^m) and 10 bands in the 

near-infixed (0.7 - 5.0 ^un). The CRM uses 19 bands with the additional band dividing 

one of the CCM3 visible spectral bands into two separate bands. Labs and Neckel's 

(1968) work provides the solar spectral irradiance at each of the model spectral bands. A 

solar constant of 1367 W/m^ is used. 

The radiation scheme includes absorption by cloud water drops, ozone, carbon 

dioxide, oxygen and water vapor and allows for scattering by molecules and cloud drops. 

Multiple scattering between layers is allowed and well portrayed in the model (Briegleb, 

1992). For each homogenous layer, the scattering and/or absorbing constituents are 

combined into bulk layer properties (Cess, 198S); 

r = ^r, (5.1) 
i 

0) = -^ (5.2) 
r 

OfT 
(5.3) 



/=-^ 

eoT 
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(5.4) 

where i represents a constituent, r is the layer extinction optical depth, o) is the single 

scattering albedo, g is the asymmetry parameter, and / is the forward scattering fraction. 

The layer extinction optical depth is the product of the mass extinction coefficient and the 

sulfate aerosol layer amount. The forward scattering fraction can be approximated as the 

square of the asymmetry parameter (Joseph and Wiscombe, 1976; Briegleb, 1992). Thus, 

the 5-Eddington method requires three optical properties for each constituent: the mass 

extinction coefficient, the single scattering albedo and the asymmetry parameter. These 

bulk layer properties are then delta-scaled for each model layer. This scaling allows the 

model to treat light scattered in the forward diffraction peak as unscattered. Once 

radiation is considered scattered, it is diffuse and isotropic. The reflectivity and 

transmissivity for the direct and diffuse radiation for each layer are calculated based on 

both these scaled properties and the cosine zenith angle. Two passes over the entire 

column are made, one in the downward direction and one in the upward direction, where 

layers are combined to obtain the reflectivity and transmissivity at each interface (or 

boundary between layers). The fluxes at each interface can then be determined. 

A clear sky calculation is also computed in NCAR's radiation scheme based on 

the work of Lacis and Hansen (1974). Two atmospheric layers are simulated with the top 

layer consisting only of ozone and the bottom layer representing ail the absorbing and 
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scattering constituents except clouds. This calculation provides an approximation for the 

clear sky condition at the top of the atmosphere. 

5.1.2. Including the Sulfate Aerosol 

As discussed in Chapter 2, there are eighty-four distinct sulfate aerosol sets. Each set 

describes a particular chemistry, lognormal distribution, and density over a range of 

possible relative humidities (see Tables 2.7 and 2.8, where each horizontal line in the 

Tables represents an aerosol set). Chapter 4 demonstrates the minimal change in forcing 

found when the aerosol density is varied over the given range discussed in Chapter 2 and 

shows that this aerosol property will not have a significant impact when determining the 

aerosol forcing. Thus, this Chapter will not study the effect of varying the aerosol 

density. This, then, leaves forty-two distinct sulfate aerosol sets to be tested. A density 

of 1.8 g/cm^ is considered for ammonium sulfate aerosol (see Table 2.7.a. for a 

description of these cases) and a density of 1.7 g/cm^ is considered for sulfuric acid (see 

Table 2.8.a. for a description of these cases). There are seven different mode radii tested 

at three different standard deviations. The three standard deviations represented are l.S, 

2.5 and the standard deviation measured in the field with the given mode radius (ranging 

from a standard deviation of 1.7 for a mode radius of 0.12S ^m to 2.16 for a mode radius 

of0.054 (wn). 

The sulfate aerosol cases are included in the model radiation scheme by adding 

them as another constituent in equations 5.1 through 5.4. It is necessary to determine the 

single scattering albedo, the mass extinction coefficient and the asymmetry parameter at 
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each model spectral band for each sulfate aerosol case. These properties, as described in 

previous Chapters, are known at specific wavelengths and relative humidities. Each 

aerosol optical property for a given sulfate aerosol case is spectrally averaged to obtain a 

value for the model spectral band at a given relative humidity. For instance, the 

asymmetry parameter can be found: 

\g{A,RH)F{X)dA 

g{^A,RH) = — 5.5 

where g(A,RH) is the asynunetry parameter at a given wavelength and relative humidity, 

F(A)dA is the irradiance about the given wavelength, is the total amount of 

irradiance for a spectral band, and g(AA,RH) is the asymmetry parameter specified for a 

spectral band and relative humidity. Thus, each optical property is obtained by weighting 

each wavelength available within the band by the corresponding solar energy. For optical 

properties that are not known at necessary wavelengths for the integration, polynomial 

interpolations and extrapolations are performed. 

The model shortwave radiation code is run separately for each sulfate aerosol set 

tested. The model code includes each set's optical properties. The three necessary 

optical properties are separate matrices with dimensions of the number of relative 

humidities associated in this study for the specific aerosol (seven for sulfuric acid and 

five for anmionium sulfate aerosol) by the number of spectral bands within the model 

(eighteen for CCM3 and nineteen for CRM). Again, the optical properties of sulfuric 

acid have been determined at relative humidities of: 0%, 50%, 70%, 80%, 90%, 95%, and 

99%. And the optical properties of ammonium sulfate have been determined at relative 
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humidities of: dry (corresponds to 0% up to 80%), 80%, 90%, 95% and 99%. The model 

uses the aerosol optical properties provided at each spectral band based on the model 

relative humidity at a specific latitude, longitude and level. Appendix C. contains 

tabulated optical properties for a few of the aerosol sets. Ammonium sulfate aerosol 

optical properties are considered equivalent to dry humidity conditions when the relative 

humidities are below the RHD of 80%, while sulfuric acid optical properties are 

immediately affected by relative humidity. If the relative humidity is above the aerosol 

RHD and is between two of the relative humidities provided (such as 80% and 90%), 

linear interpolations are performed. This is not a bad assumption given the number and 

placement of the relative humidities provided and the linear relationship of the aerosol 

optical properties between these humidities. It is understood that at and above 90% 

relative humidity, the aerosol optical properties can be rapidly affected. Hence, tests 

were run for three relative humidities in this region (see Chapter 2 for further details). 

The sulfate aerosol mixing ratio (kg of S04^' / kg of air) is used to obtain the 

sulfate amount at each grid point. The mixing ratio has high temporal and spatial 

variability. This ratio will be further described in the following sections as the value 

changes depending on the particular model. At a given grid point in the model, the 

mixing ratio is multiplied by the mass of air per meter squared to obtain the mass of 

sulfate per meter squared. The mass of air per meter squared is determined at a given 

grid point by calculating the "amount" of pressure associated with the model layer (by 

taking the difference in the pressure at the model interface above and below the layer) 
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and dividing this value by gravity. The sulfate aerosol is now included as one of the 

constituents in the radiation scheme. 

These tests study the shortwave radiative forcing at the top of the atmosphere due 

to the inclusion of a background sulfate aerosol. The aerosol forcing will be determined 

by running the mode! with and without including the sulfate aerosol and then differencing 

the shortwave radiation flux at the top of the atmosphere between the two runs. 

Comparisons between the aerosol forcing obtained by different aerosol sets determine the 

range of possible forcing associated with varying a particular sulfate aerosol property. 

5.2. Testing Sulfate Aerosol Forcing with NCAR's CRM 

The CRM isolates the radiation code used in NCAR's CCM3 for a column of air at a 

given location and zenith angle, thus, providing a snapshot of the sulfate aerosol forcing 

under specified conditions. Again, the model has eighteen levels in the atmosphere at a 

given location. The sulfate aerosol may be placed in any of these levels. The CRM 

provides a useful tool for comparing all forty-two separate sulfate aerosol sets without 

high computational cost or complicated results. 

5.2.1. Description of Runs 

Three separate tests are run using the CRM. These tests vary the relative humidity 

conditions within the column. All three tests place the sulfate aerosol in three lowest 

layers: 1.12 mg/m^ for layer 18 which is closest to the model surface, 1.64 mg/m^ for 

layer 17, and 2.35 mg/m^ for layer 16. The aerosol column burden is 5.1 mg/m^. For 
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simplicity in interpreting the results, the tests are run between 7 a.m. to noon at 0 latitude 

and 0 longitude on March 23 (approximately, the vernal equinox). Given the location 

and calendar day, the forcing is symmetric about the noon time hour. 

Test I describes the range of forcing resulting from testing all forty-two sulfate 

aerosol cases at varying relative humidities. The relative humidity is tested for all seven 

sulfuric acid humidity cases and for all five ammonium sulfate aerosol humidity cases at 

noon. For each sulfate aerosol case, tests are run with each of the relative humidities 

held constant in the three lowest layers of the model. Thus, each of the seven 

distributions at three varying standard deviations are tested at five separate humidities for 

the ammonium sulfate aerosol (for a total of 105 tests) and are tested at seven separate 

humidities for sulfuric acid (for a total of 147 tests). 

Test II illustrates the change in forcing for all forty-two aerosol cases as a 

function of zenith angle. This will address the seasonal and diurnal change of the sulfate 

aerosol forcing. Each of the forty-two sulfate cases is tested at zenith angles between 75° 

to 0°. The relative humidity in the three lowest model layers is held constant at 80%. 

This was chosen as the relative humidity of 77% is considered to be a good 

approximation of the global mean observed relative humidity in the lower troposphere 

(Manabe and Wetherald, 1967). 

Test 111 introduces how combining various relative humidities within a column 

layer affects the aerosol forcing. This test describes whether the aerosol forcing is linear 

with increasing relative humidity. The relative humidity is varied consistently within 

each of the three lowest model layers. The average relative humidity of each layer is 



178 

80%. Within a given layer, the fraction of the total humidity represented by a particular 

relative humidity is: 0.35 of 80%, 0.2 of 50%, 0.3 of 90%, and 0.15 of 99% humidity. 

So, for instance, 35% of that layer corresponds to a relative humidity of 80%. Again, any 

humidity below the ammonium sulfate aerosol RHD is represented by dry conditions. 

The aerosol forcing found with Test UI is then compared to the aerosol forcing 

determined by Test II where the relative humidity is a constant 80%. The comparison is 

done with the extreme sulfate aerosol cases that are first determined with Test I for 

displaying the minimum and maximum forcing for both ammonium sulfate aerosol and 

sulfuric acid (see section 5.2.2.5). 

5.2.2. Results and Discussion of Test I. 

Figures 5.1 and 5.2 compare the noon-time aerosol forcing amongst the tested sulfate 

aerosol cases as a function of relative humidity. There are three horizontal lines on each 

Figure. Each line represents the mean forcing of the sulfate aerosol cases at one of the 

three tested standard deviations. The vertical lines illustrate the range of forcing 

associated with varying the particle distribution mode radius while the standard deviation 

and relative himiidity are held constant. The top bar of the vertical line indicates the 

sulfate distribution that gives the minimum aerosol forcing and the bottom bar indicates 

the sulfate distribution that gives the maximum aerosol forcing. As the CRM is at a 

particular location and time of day, the values of the aerosol forcing are substantially 

larger than the globally annually averaged forcing found with the box models. 
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5.2.2.1 Varying Relative Humidity 

The large change in forcing due to varying the relative humidity and the particle 

lognormal distribution standard deviation is immediately noticeable. The sulfuric acid 

cases (Table 5.1) and the ammoniiun sulfate aerosol cases (Table 5.2) both reveal that as 

the relative humidity increases so does the corresponding mean aerosol forcing. In fact, 

if the relative humidity increases to 90% for the sulfuric acid cases with a standard 

deviation of 1.5, the mean aerosol forcing increases by 415% compared to the forcing at 

dry conditions. Thus, altering the relative humidity from dry conditions to high 

humidities produces significant changes in the aerosol radiative forcing. This is due to 

the substantial increase in the mass extinction coefficient for all sulfate cases with 

increasing humidity as addressed in Chapter 3. The asymmetry parameter slightly 

decreases with increasing relative humidity, as the particles grow in size to radii greater 

than 0.05 fim thereby scattering more light in the forward direction (Schwartz, 1995). 

Yet, as the relative humidity increases, the decrease in forcing due to the changes in the 

asymmetry parameter is negligible compared to the large increase in forcing due to the 

changes in the mass extinction coefficient. Given the substantial change in forcing, it is 

absolutely crucial for climate models to include relative humidity fields and the 

corresponding aerosol optical properties in order to obtain accurate aerosol forcing. 

5.2.2.2. Varying the Particle Distribution Standard Deviation 

Figure 5.1 further illustrates the range of aerosol forcing due to varying the aerosol 

lognormal distribution properties. Aerosol cases with a standard deviation of 1.5 show 

two to three times the forcing compared to those cases with a standard deviation of 2.5. 
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Again, the sulfate sets with a standard deviation of 2.5 are employed to gain insight into 

the sensitivity of the aerosol forcing to altering the particle distribution standard deviation 

and are not considered to represent a strictly realistic sulfate distribution. However, 

pertinent insight can be obtained by looking at these cases, particularly as Chapter 2 

investigated the proportional behavior of the standard deviation associated with 

increasing relative humidity. The relative importance of the dependence of aerosol 

optical properties on relative humidity becomes apparent as the particle distribution 

standard deviation varies. Table 5.1 outlines the effect that increasing relative humidity 

has on the aerosol cases tested with a standard deviation of 1.5 compared to 2.5. At dry 

and low humidity conditions, the aerosol cases with a standard deviation of 1.5 are 

approximately double in the mean forcing compared to those cases tested with a standard 

deviation of 2.5. As the relative humidity increases to 90% and above, the case with a 

standard deviation of 1.5 shows three to four times the forcing of those with a standard 

deviation of 2.5. This is expected and follows the discussion in Chapter 3. It is obvious 

from this test the severe effect a modeler's choice in standard deviation of the aerosol 

particles will ultimately have on the aerosol forcing. 

5.2.2.3. Varying the Particle Distribution Mode Radius 

Altering the lognormal particle distribution mode radius has varying results on the 

aerosol forcing. The range of forcing due to altering the mode radius is represented by 

the vertical lines in Figures 5.1 and 5.2 for a given standard deviation and relative 

humidity. Table 5.1 further demonstrates the outcome of changing the mode radius with 
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the Table column entitled 'std dev of the aerosol forcing'. For the aerosol forcing of the 

sulfuric acid cases with a particle distribution standard deviation of 2.5, the standard 

deviation of the forcing varies from 1.31 (18% of the mean) at dry conditions to 12.97 

(22% of the mean) at 99% relative humidity. The effect of changes in the mode radius is 

relatively constant among all humidity cases (as the % of the mean remains similar), yet 

the mean of the forcing does increase substantially with humidity. Thus, the value for 

the mode radius becomes increasingly important in obtaining an accurate forcing at 

higher humidities. The smaller mode radii associated with a standard deviation of 2.S 

leads to larger aerosol forcing. For instance, the Kiehl distribution with the smallest dry 

mode radius of O.OS ^m gives the largest aerosol forcing, while alternatively, the Large 

distribution with the largest dry mode radius of 0.125 |im gives the smallest forcing. 

The aerosol sets with a standard deviation of 1.5 show significantly greater 

variation in the aerosol mean forcing with the choice of the mode radius, yet the % of the 

mean varies from 4% to 20%. Here, unlike with broader distributions, smaller mode 

radii lead to smaller aerosol forcing. Thus, the Large distribution demonstrates the 

greatest forcing and the Kiehl distribution demonstrates the smallest forcing. The 

aerosol forcing found with the sulfate cases with a standard deviation of 2.5 is 

significantly more dependant on the choice of the mode radius than for sulfate cases with 

a standard deviation of 1.5 except at conditions of high humidities. 
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S.2.2.4. Varying the Aerosol Chemical Composition 

Tables S.l and S.2 and Figures S.l and 5.2 illustrate how the choice of the aerosol 

chemical composition may influence the magnitude of the aerosol radiative forcing. At 

dry conditions, ammonium sulfate aerosol is shown to have a greater ability to scatter 

radiation away from the Earth's surface compared to sulfuric acid by 30 to 40%. At 

humidities below 80%, the aerosol forcing of sulfuric acid is significantly greater than the 

forcing by ammoniimi sulfate varying from 30 to 60% greater at a relative humidity of 

50% and 40 to 80% greater for a relative humidity of 70%. This difference would be 

reduced in a GCM if the hysteresis effect is included allowing ammonium sulfate 

aerosols to remain affected by humidities above its crystallization point once the aerosol 

RHD is reached. For environments with relative humidities at 80%, the sulfuric acid 

radiative forcing is about 10 to 20% greater than the ammonium sulfate aerosol radiative 

forcing. Above 80% humidity, the forcing by sulfuric acid is approximately 10 to 40% 

greater than the ammonium sulfate aerosol forcing. Given the forcing increases 

substantially with relative humidity, from a cursory average of 11 W/m^ at dry conditions 

to 140 W/m^ at 99% relative humidity, the percentage difference for the higher 

humidities represents larger potential for error in estimating the aerosol forcing. Thus, 

modelers must be particularly cautious in simulating the correct sulfate aerosol 

composition for areas of high humidity conditions. However, for low humidities, the 

choice in sulfate aerosol may not lead to as significant an error, particularly if the 

hysteresis effect is included in the model. Given the approximate global mean relative 

humidity of 77%, the aerosols provide similar degrees of forcing. However, as will be 
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shown with Test III, an average representative humidity does not do well in representing 

the forcing from fluctuating humidities. The effect of choosing the sulfate chemical 

composition is further explored with NCAR's CCM3 in section 5.3.2.3. 

5.2.2.5. Determining the Extreme Sulfate Aerosol Cases 

It is important to determine the sulfate aerosol cases which lead to the minimum and 

maximum aerosol forcing determined when a particular sulfate aerosol property is varied. 

These cases which represent the extreme range of aerosol forcing is used by both the 

CRM's Test III and the CCM3 runs. Table 5.3 illustrates the aerosol distributions, for a 

fixed lognormal particle distribution standard deviation, associated with the maximum 

and minimum aerosol forcing at each tested relative humidity. Many of the distributions 

display similar forcing. However, only the distribution that represents either the 

maximum or minimum forcing is noted in Table 5.3. Particle distributions with a 

standard deviation of 1.5 and 2.5 have been shown to represent the maximum and 

minimum forcing, respectively, regardless of the distribution mode radius. The Kiehl 

distribution (with the smallest mode radius of 0.05 ^m for all the distributions tested) 

displays the maximum forcing of all the distributions tested with a standard deviation of 

2.5 and a minimum forcing of all the distributions tested with a standard deviation of 1.5 

below 99% relative humidity. The Large distribution (with the largest mode radius of 

0.125 (im for all the distributions tested) displays the minimum forcing of the aerosol 

distributions with a standard deviation of 2.5 and a maximum forcing for the distributions 

tested with a standard deviation of 1.5 when the relative humidity is lower than 80 to 
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90%. The Marine and Clean distributions show the greatest forcing compared to the 

other distributions tested with a standard deviation of 1.5 at higher relative humidities. 

Hence, given the average himiidity level in the troposphere is 77%, the Large and Kiehl 

distributions will be considered to provide the extreme cases representing the potential 

range of aerosol forcing possible when altering the particle lognormal distribution mode 

radius and standard deviation. These distributions provide the possible range in aerosol 

forcing and, hence, will be implemented by Test III. 

S.2.3. Results and Discussion of Test II. 

Test II describes how aerosol forcing changes as the Sun travels from the horizon to 

directly overhead assuming a constant relative humidity of 80%. This test illustrates the 

effect varying aerosol properties have on determining the daily and seasonal aerosol 

forcing. 

S.2.3.1. Varying the Particle Distribution 

Figures S.3 and 5.4 shows the aerosol forcing obtained from a distribution of sulfate 

aerosols increases with increasing standard deviation at 80% relative humidity as a 

function of zenith angle. The distributions with a standard deviation of 1.5 show a larger 

forcing and experience greater change in this forcing with zenith angle than the 

distributions tested with a standard deviation of 2.5. 

When the sim is just above the horizon, the mean aerosol forcing is at a minimum due 

to the aerosol asymmetry parameter and Rayleigh scattering. As the Sun travels from the 

horizon to directly overiiead, particle size becomes increasingly important. Smaller 
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particles do not exhibit a dependence on the solar zenith angle. However, larger particles 

tend to be predominantly forward scatterers, thereby leading to smaller aerosol forcing. 

The distributions with a standard deviation of 2.5 display the maximum forcing closer 

to a zenith angle of 60°, while the distributions tested with 1.5 exhibit a maximum forcing 

at a zenith angle of 45°. Schult et al. (1997) found similar positioning of the maximum 

forcing of sulfate aerosols in an environment of 80% relative humidity to be located at 

approximately 60°. It is interesting to discuss this change in peak zenith angle with 

varying standard deviation. For distributions with a standard deviation of 2.5, the 

asymmetry parameter is approximately 0.8, thus, these distributions scatter significantly 

in the forward direction. However, for distributions with a standard deviation of 1.5, the 

asymmetry parameter varies from 0.8 (for incoming solar wavelengths of about 0.3 |im) 

somewhat linearly down to 0.4 (for incoming solar wavelengths greater than 1.0 }im). 

These distributions have a greater ability then to scatter radiation back to space and 

display greater solar zenith angle dependence of the aerosol forcing. This implies these 

distributions have greater daily and seasonal fluctuations in forcing. 

The angle of greatest forcing becomes an important consideration for a GCM 

model as the position of the Sun relative to the Earth varies throughout the year. As the 

majority of the sulfate aerosol resides in the Northern Hemisphere midlatitudes, the 

zenith angles exhibiting the greatest forcing are similar to those experienced in this area 

during the winter months. However, current aerosol measurements and modeling have 

shown sulfate to be at a minimum during this time of the year (Rasch et al., 1999). The 
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distributions with a smaller standard deviation will exhibit greater seasonal variation in 

forcing due to the changing zenith angle. 

Table 5.4 shows the "std dev of the aerosol forcing" represents the range of forcing 

due to varying the mode radius at a given standard deviation and zenith angle. The 

magnitude of the "std dev of the aerosol forcing" is greater for particle distributions with 

a standard deviation of 2.S compared with distributions with a standard deviation of 1.5. 

The distributions representing the range of forcing for a standard deviation of 1.5 is from 

the Large distribution (greatest forcing) to the Kiehl distribution (smallest forcing) for 

sulfuric acid and from the Large distribution (greatest forcing) to the Urban distribution 

for ammonium sulfate aerosol (smallest forcing). Distributions representing the range of 

forcing for a standard deviation of 2.5 is from the Kiehl distribution (greatest forcing) to 

the Large distribution (minimum forcing) except for sulfuric acid cases at a zenith angle 

of 15° to 0° where the marine distribution forcing represents the minimum forcing. 

5.2.3.2. Varying the Aerosol Chemical Composition 

Anmionium sulfate aerosols display 10 to 25% smaller forcing than sulfuric acid, as 

shown with Table 5.5 and Figure 5.4 at the constant relative humidity of 80%. This 

difference in forcing between aerosol chemical composition becomes more noticeable for 

higher relative humidities. It is interesting to note the percent difference of forcing 

between these two aerosol types increases with zenith angle at a standard deviation of 1.5 

(from 17 to 24%), while this percent difference of forcing only slightly decreases with 

increasing zenith angle at a standard deviation of 2.5 (from 14 to 12%). The standard 
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deviation of the forcing is smaller for ammonium sulfate aerosols than sulfuric acid. This 

emphasizes the larger effect solar zenith angle has on the aerosol forcing of sulfuric acid 

cases. 

5.2.4. Results and Discussion of Test IIL 

Test III employs the extreme sulfate aerosol distributions determined in Test I to compare 

the forcing for a distribution of relative humidities within each of the three lowest layers 

in the model (average relative humidity in each layer is 80%) to the forcing determined in 

Test II (where the humidity is assiuned a constant 80%). The fraction of the total 

humidity represented by each relative humidity in the model layer is: 0.35 of 80%, 0.2 of 

50%, 0.3 of 90%, and 0.15 of 99% humidity. This set of humidities does not reflect a 

particular location or situation, it is meant merely to test the effects of the nonlinearity of 

the optical properties with changes in relative humidity. The aerosol forcing has 

demonstrated substantial increases when the humidity reaches and surpasses 90% relative 

humidity. Thus, humidities at and above 90% are included. Low humidities are used to 

include the possibility of humidities below ammonium sulfate aerosol RHD. The forcing 

determined from Test II and Test in is measured as a function of the solar zenith angle. 

Again, any humidity below the aerosol RHD is treated as a dry aerosol. Table 5.6 outlines 

the results. 

Table 5.6 reflects much of what has previously been discussed concerning the 

effect of altering the standard deviation on the magnitude of the aerosol forcing. Both the 

aerosol forcing of the Kiehl and Large distributions for a standard deviation of 1.5 and 
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2.S are described in the Table for both aerosol types. For a standard deviation of 2.5, the 

Kiehl and Large distributions for each aerosol have a greater forcing and optical depth for 

Test III than Test II. The forcing is greater for Test III by 46 to 62%, hence, creating a 

degree of uncertainty in estimating the aerosol forcing using an average humidity. 

The ammonium sulfate aerosol displays a somewhat greater dependence on the 

distribution of humidities than sulfuric acid. It is interesting given 20% of the humidity is 

below the aerosol RHD leaving only 80% of the humidity at or above the RHD - thus the 

humidities above 80% must have an even greater effect on the ammonium sulfate forcing 

as only 45% of the humidity is above the humidity of 80% (used in Test II) and must 

make up for the decrease due to the dry aerosol forcing. It should be noted that including 

99% humidity increases substantially the forcing for many of the distributions. This, 

however, is not the case for the Large distribution with a standard deviation of 1.5 where 

the increases in the mass extinction coefficient is not as large compared to the increases 

experienced by the other distributions. 

For a standard deviation of 1.5, both distributions for both aerosols have a greater 

forcing and optical depth for Test 111 compared to Test II. The increase in forcing is 

approximately 71% to 184%. The percent difference between the two tests increases 

with zenith angle. The Large distribution displays the greatest forcing at high zenith 

angles while the Kiehl distribution displays the greatest forcing at low zenith angles. 

This is not true of Test II where the Large distribution is consistently greater in forcing 

than the Kiehl distribution for all zenith angles. Given the extremely large uncertainty 

attached to the combination of humidities at a given location, the averaging of humidities 
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currently undertaken by models may lead to erroneous values when determining the 

aerosol forcing. 

5J. Testing Sulfate Aerosol Forcing with NCAR's CCM3 

NCAR's CCM3 is employed to obtain the range of aerosol forcing due to varying 

specific sulfate properties. This model is unique compared to all previous models 

implemented in this study, as it allows the amount of sulfate aerosol to vary spatially and 

temporally. The sulfate cases tested with this GCM represent those that have consistently 

displayed the minimum and maximum forcing when an isolated sulfate property is 

altered. This allows for a determination of the sensitivity of a GCM to varying sulfate 

aerosol properties. 

S.3.1. Description of Runs 

The CCM3 uses a T42 horizontal truncation (2.8° by 2.8" resolution) with eighteen 

vertical levels and is evaluated at twenty minute timesteps. Over the sunlit portions of 

the globe, the shortwave radiation code is called every hour or every three timesteps. The 

shortwave radiation code has separate calls for each aerosol case (all eight sulfate aerosol 

cases tested) and the control case which is aerosol-free. The shortwave radiation code is 

called a total of nine times for each model hour. The radiation code consumes 

approximately a third of the computational time the model requires to run Thus, each 

additional aerosol case incorporated into the model adds substantial amount of run-time 

to the model. The radiative fields calculated by the shortwave radiation scheme from all 

nine cases (eight with sulfate aerosol and one without any aerosol included) are archived 
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at each model hour and then averaged at the end of each model month. Only the radiative 

fields from the shortwave radiation code without any aerosol interacts with the model 

code. The radiative fields from the shortwave radiation code that include the aerosol 

cases are diagnostic fields. The model was run for three years. The results shown are 

averaged over these three years. 

There are eight sulfate cases incorporated into the CCM3. These cases are 

outlined in Table S.7 and consist of three sulfuric acid cases and five ammonium sulfate 

aerosol cases. The Large and Kiehl distributions are tested at both a standard deviation of 

1.5 and at 2.5 providing the minimum and maximum forcing of the sulfate aerosol. The 

Clean distribution is also included as it provides the maximum aerosol forcing for the 

ammonium sulfate aerosol at a standard deviation of 1.5 for relative humidities above 

90%. These sulfate cases provide the range of aerosol forcing that is possible when the 

aerosol properties are varied. 

The model requires three optical properties for each sulfate aerosol set included in 

the shortwave radiation code: the asymmetry parameter, the mass extinction coefficient 

and the single scattering albedo. Section l.b. describes the methodology for including the 

sulfate aerosol into the shortwave radiation code. These properties are allowed to vary 

dependant on the ambient relative humidity. 

Unlike the previous test using NCAR's CRM, this model needs sulfate amounts at 

each latitude, longitude and height as well as at each model timestep. Sulfate is highly 

variable both temporally and spatially. For the three-dimensional sulfate amounts, 

monthly mixing ratios of the sulfate aerosol are provided by NCAR's sulfur chemistry 
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simulation using the third year of their simulation when quasi-equilibrium was achieved 

(Barth et al., 1999). These mixing ratios include both the natural and anthropogenic 

sulfate. This simulation included emissions of sulfur in the form of DMS, SO2 and 864^' 

and allowed both aqueous and gaseous reactions to occur with the spatially and 

temporally varying hydroxyl radical, nitrate radical, hydrogen peroxide and ozone. Figure 

5.5 displays the spatial variability of the annual mean sulfate column burden found from 

this study. The sulfate amounts determined with NCAR's chemistry model match 

observations in remote regions. However, the ratios tend to be low in some of the 

anthropogenic regions such as Europe. Given this is a sensitivity test, the estimates 

determined from these runs may be low in regional and global areas. However, the 

comparisons between aerosol cases will remain enlightening. These monthly sulfate 

amounts supplied for the CCM3 runs vary seasonally, peaking in the summer months as 

expected. 

NCAR has also provided monthly relative humidity amounts to be used in 

determining the radiative optical properties of the aerosol (i.e. are not employed in any 

other part of the model). It is important to include the consistent sulfate mixing ratios 

with the corresponding relative humidities for realistic forcing amounts. However, it is 

also important to note that averages of relative humidity may underestimate the aerosol 

forcing as illustrated by CRM's Test III. 

Several of these sulfate cases are discussed below to determine the effects of 

varying the aerosol particle distribution parameters (mode radius and standard deviation), 

and the aerosol chemical composition. At each grid point and model timestep, the 
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monthly aerosol mass mixing ratio and relative humidity are consistent for all the tested 

sulfate cases. This allows for a clean comparison of the aerosol forcing when the aerosol 

properties are varied. 

The aerosol forcing is determined for each aerosol case by differencing the 

shortwave radiation flux at the top of the atmosphere for one of the eight aerosol cases 

described above and the control case. The aerosol forcing is discussed for both the clear 

sky and normal (or whole sky) conditions. The CCM3 control case does not include any 

background sulfate aerosol forcing. Hence, each of the eight aerosol cases represents the 

affect of both natural and anthropogenic aerosols. 

S.3.2. Results and Discussion 

Monthly and annually averaged aerosol forcings are determined for each of the eight 

sulfate aerosol cases. A comparison amongst these cases allow for a greater quantitative 

understanding of the role each of the aerosol properties play in ultimately determining the 

aerosol radiative effect. 

Figures 5.6 and 5.7 display the globally monthly averaged aerosol forcing for 

normal and clear sky conditions, respectively. The aerosol forcing peaks during the 

summer months as the concentration of sulfate aerosols is at a maximum. 

Figure 5.6 representing normal sky is significantly less in magnitude for the 

aerosol forcing than Figure 5.7 representing clear sky conditions. Under normal sky 

conditions, clouds may cover layers of sulfate aerosol. General areas of high humidity 

represented by both the monthly humidity fields provided and that determined by the 
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model run may produce clouds in the area deterring the sulfate forcing. However, these 

areas for clear sky conditions remain high humidity areas allowing the sulfate aerosol full 

exposure to incoming sunlight. Given the aerosol forcing has an extreme dependence on 

relative humidity, the clear sky case should demonstrate significantly greater forcing than 

the normal sky case. 

Table 5.8 displays the globally annually averaged aerosol forcing for each of the 

eight cases in both clear sky and normal sky conditions. As expected, case 5 and case 8 

display the greatest range of aerosol forcing with case S exhibiting the maximum forcing 

of -0.93 W/m^ and case 8 representing the minimum forcing at -0.19 W/m^ for clear sky 

conditions, a difference in forcing of -0.74 W/m^. Case 5 exhibits the greatest aerosol 

forcing as it represents the Large distribution at a standard deviation of l.S assuming 

sulfuric acid. Sulfuric acid has repeatedly shown to have a greater forcing when all other 

properties and humidities are kept constant compared to ammonium sulfate aerosol. The 

Large distribution with a mode radius of 0.125 ^m tested with a standard deviation of 1.5 

has displayed the largest forcing in all prior tests. Case 8 displays the minimum forcing 

as it represents the Large distribution with a standard deviation of 2.5 assuming 

ammonium sulfate aerosol. The Large distribution with a standard deviation of 2.5 has 

displayed the lowest forcing of all the cases in previous studies. 

Case 5 and case 8 for clear sky conditions are illustrated in Figure 5.8. The 

spatially varying sulfate aerosol becomes apparent with the majority of the aerosol 

forcing located in the Northern Hemisphere in Eastern U.S., Eastern China and Eastern 

Europe. Again the sulfate aerosol is underrepresented in Europe. Hence, the aerosol 
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forcing in this area is somewhat lower than reality. Case S shows regional areas of very 

large forcing, above S W/m^. Areas along the coast with lower levels of sulfate than 

further inland display comparable forcing in some areas due to the high levels of relative 

humidity. Case 8 displays aerosol forcing greater than 1 W/m^ for areas of substantial 

sulfate amounts, approximately where the sulfate burden is greater than 5 mg/m^. 

The results of case 2 and case 3 can be compared to a similar study. Kiehl et al. 

(2000) determined the annually averaged radiative forcing of sulfate aerosols to be -0.56 

W/m^ assuming ammonium sulfate and a dry particle lognormal distribution with a mode 

radius of 0.05 |im and a standard deviation of 2.0. Case 2 and case 3 from this study 

represent dry distribution of particles with a mode radius of 0.05 ^m and a standard 

deviation of 1.5 and 2.5, respectively, to be approximately -0.35 W/m^ (-0.24 W/m^) for 

normal (clear sky) conditions. The Kiehl et al. study allowed for the aerosol optical 

properties to change with humidity and employed the same sulfate mass mixing ratios as 

this study. However, this study uses monthly averages of relative humidity which 

decreases the resulting aerosol forcing. The CRM tests provide adequate evidence of the 

impact high humidities have in determining the magnitude of the aerosol forcing. Thus, 

the differences in the aerosol forcing determined in this study give smaller values 

compared to the potential differences in forcing determined if hourly averages were used. 

This study has lower values of forcing, as well, given the ammoniimi sulfate aerosol does 

not begin to feel the affects of relative humidity until a level of 80% has been reached, 

unlike the Kiehl et al. study. 
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5.3.2.1. Altering the Standard Deviation of the Particle Distribution 

To investigate the effect of the particle distribution standard deviation on the aerosol 

forcing, a comparison of the sulfate cases incorporated into the model where all sulfate 

properties other than its standard deviation remain consistent is made. Since sulfluic acid 

has larger forcing at high relative humidities compared with the forcing of the ammonium 

sulfate aerosol, both aerosols will be individually tested and discussed. 

For an aerosol composition of sulfuric acid over all humidities, the Large 

distribution has shown the greatest forcing of all the distributions with a standard 

deviation of 1.5 and the smallest forcing of all the distributions with a standard deviation 

of 2.5. This distribution will be considered to display the greatest possible range in 

forcing when all properties other than the particle distribution standard deviation remain 

constant. This is also true for the ammonium sulfate aerosol, except the Clean 

distribution displays greater forcing than the Large distribution at levels of high humidity. 

The Kiehl distribution leads to the minimum difference in forcing possible when the 

standard deviation is varied for both aerosols. 

Figure 5.9 displays the change in aerosol forcing assuming sulfuric acid and the 

Large distribution while altering the particle distribution standard deviation firom 1.5 

(Case 5) to 2.5 (Case 6). This comparison represents the greatest change in forcing 

possible when altering the standard deviation for all of the aerosol cases tested in this 

study. The globally annually averaged change in forcing between the two cases is 0.68 

W/m' (0.40 W/m^) for clear sky (normal sky) conditions. This is a very large increase. 

Granted most distributions measured in the troposphere range between 1.7 to 2.1, this 
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comparison emphasizes the attention that must be given in choosing the standard 

deviation that best represents the particle distribution. This leads to questioning the 

current practice climate modelers follow in representing all sulfate aerosol by one 

distribution. Figure S.9 displays the large differences in the aerosol forcing greater than 1 

W/m^ and up to 3.5 W/m^ in areas consistent with high levels of sulfate. Thus the choice 

of the aerosol standard deviation becomes even more crucial in areas of high sulfate 

amounts. 

Figure 5.10 illustrates the change in aerosol forcing assuming ammonium sulfate 

aerosols when the Large distribution standard deviation is varied from 1.5 (Case 4) to 2.5 

(Case 8). The globally annually averaged difference in forcing is 0.48 W/m^ (0.30 W/m^) 

from case 4 to case 8 for clear sky conditions (normal sky). This is 30% less than the 

increase in the globally annually averaged forcing found with the respective sulfuric acid 

cases, however, it is still a substantial increase. Again, areas of high sulfate amounts tend 

to have the greatest difference in forcing with many areas experiencing at least a 1 W/m^ 

difference. 

Figure 5.11 displays the change in aerosol forcing assuming anmionium sulfate 

aerosol when the Kiehl distribution standard deviation is altered from 1.5 (case 2) to 2.5 

(case 3). This comparison represents the minimum change in aerosol forcing when 

altering the standard deviation for all of the aerosol cases tested in this study. There is a 

slight difference between the cases of 0.02 W/m^ (0.03 W/m^) for clear sky (normal sky) 

conditions. These two aerosol cases were found by previous tests in this study to have 

the most similar forcing of all the distributions when the standard deviation is altered. 
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however, case 2 is not always consistently greater than case 3. To understand this, a 

review of the optical properties of the spectral bands is necessary. Appendix C outlines 

the three optical properties of each of these cases. The band from 0.35 to 0.70 ^m 

(visible region) consists of approximately 43% of the incoming radiation, while the bands 

from 0.70 to 5.0 ^m (near-infrared region) consists of approximately 53% of the 

incoming radiation. The mass extinction coefHcient of the visible band for case 2 is 

greater than the mass extinction coefficient for case 3, except at dry conditions. 

However, over the infrared regions, the mass extinction coefHcient is smaller for case 2 

compared to that for case 3. Even though the mass extinction coefficient is greater for 

case 3 over the infrared wavelengths, the asynmietry parameter for case 2 is significantly 

less than that for case 3. So less light is scattered by case 2 in the infrared but a greater 

percentage of the light that is scattered is being scattered in the backward direction. In 

otherwords, the small differences found between these two cases using the CRM become 

negligible when comparing the annual forcing of these cases with the GCM. Hence, the 

importance of choosing a standard deviation does rely heavily on the choice of the mode 

radius. This study suggests the larger the mode radius, the greater the importance in 

choosing the standard deviation. 

5.3.2.2. Altering the Mode Radius of the Particle Distribution 

Both sulfuric acid and ammonium sulfate aerosol are tested to determine the range of 

aerosol forcing that can be produced by altering the particle distribution mode radius 

when all other sulfate properties remain constant. For all of the aerosol cases over most 
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of the relative humidities tested, the Kiehl distribution with a dry radius of O.OS (om given 

a standard deviation of l.S (2.S) displays the smallest (largest) aerosol forcing, while the 

Large distribution with a dry radius of 0.125 ^m displays the largest (smallest). 

Figure S.12 illustrates the range of forcing possible by altering the mode radius 

for a standard deviation of 1.5 assuming sulfuric acid. Case I represents the Kiehl 

distribution and case 5 represents the Large distribution. The globally aimually averaged 

aerosol difference in forcing is 0.31 wW (0.21 wW) for clear sky conditions (normal 

sky). A difference of 0.4 W/m^ exists for most of the Northern Hemisphere with large 

pockets greater than 0.8 W/m^ consistent with high amounts of sulfate typically 

anthropogenic in nature. Thus, over this range of mode radii, large differences are found 

in the aerosol forcing. 

Figure 5.13 displays the effect of altering the mode radius from 0.05 ^m (Kiehl 

distribution, case 2) to 0.125 ^m (Large distribution, case 4) assuming a standard 

deviation of 1.5 and ammonium sulfate aerosol. The annually globally averaged aerosol 

difference in forcing between the two cases is 0.30 W/m^ ( 0.20 W/m^ ) for clear sky 

(normal sky) conditions. Here similar patterns of differences in the forcing is apparent 

between these two cases as with the sister comparison above for sulfuric acid. However, 

the levels are only slightly less for ammonium sulfate aerosol thereby leading to a similar 

level of accuracy necessary when modeling this aerosol mode radius. 

Figure 5.14 illustrates the effect of altering the mode radius from 0.05 pm (Kiehl 

distribution, case 2) to 0.067 ^m (Clean distribution, case 7) assuming a standard 

deviation of 1.5 and ammonium sulfate aerosol. The Clean distribution exhibits large 
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forcing in high humidity conditions for ammonium sulfate aerosol than the Large 

distribution. The annually globally averaged aerosol difference in forcing between the 

two cases is 0.07 W/m^ (0.08 W/m^) for clear sky (normal sky) conditions. This 

describes a small amount of change between the two aerosols. Again a pattern consistent 

with high sulfate amounts is noted in Figure 5.14 where the difference in the regional 

aerosol forcing can be as great as 0.5 W/m^. The values in this comparison are about half 

that of the case 2 to case 4 comparison. The Clean distribution leads to similar but 

slightly less forcing at relative humidities below 90%, similar but greater forcing at 

relative humidities at 95%, and substantially greater forcing at humidities of 99%. This 

comparison emphasizes the minimal influence high humidities have on determining the 

aerosol forcing. However, if the relative humidities were not monthly averaged the 

differences might appear more substantial. 

Figure 5.15 displays the effect of altering the mode radius from 0.05 iim (Kiehl 

distribution, case 3) to 0.125 (im (Large distribution, case 8) assuming a standard 

deviation of 2.5 and the ammonium sulfate aerosol. The annually globally averaged 

aerosol difference in forcing between the two cases is 0.15 W/m^ (0.12 W/m^) for clear 

sky (normal sky) conditions. Similar patterns as that displayed by the aerosol burden 

appears in the difference in the forcing between the two cases. Areas of high aerosol 

amounts lead to a regional difference of greater than 0.2 W/m^. This test portrays the 

smallest change in the aerosol forcing of the sulfate cases studied with altering mode 

radii. This difference is noteworthy given most estimates of the aerosol direct radiative 

forcing is below 1 W/m^. 
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5.3.2.3. Altering the Aerosol Chemical Composition 

The aerosol chemical composition that is assumed in the model may have a large effect 

on the aerosol forcing. The greatest variation found due to the choice of sulfate aerosol 

has been tied to the cases tested with a standard deviation of 1.5. The following describes 

the differences the choice of the aerosol composition may make on the magnitude of the 

aerosol forcing. 

Figure S.16 represents the difference found in the aerosol forcing between sulfuric 

acid (Case I) and the ammonium sulfate aerosol (Case 2) assuming the Kiehl distribution 

at a standard deviation of 1.5. The annually globally averaged aerosol difference in 

forcing between the two cases is 0.25 W/m^ (0.13 W/m^) clear sky (normal sky) 

conditions. The figure displays regional areas greater than 0.5 W/m~. This is substantial 

and leads to concern in implementing the correct sulfate aerosol composition into the 

models. 

Figure 5.17 illustrates the change in aerosol forcing between sulfuric acid (Case 

5) and ammonium sulfate aerosol (Case 4) assuming the Large distribution at a standard 

deviation of 1.5. The annually globally averaged aerosol difference in forcing between 

the two cases is 0.26 W/m^ (0.14 W/m^) clear sky (normal sky) conditions. Figure 5.17 

displays regional areas where the difference between cases is greater than 0.5 W/m^. 

Again, a noteworthy difference when modeling the correct sulfate aerosol composition. 

Figure 5.18 illustrates the change in aerosol forcing between sulfluic acid (Case 

6) and ammonium sulfate aerosol (Case 8) assuming the Large distribution at a standard 

deviation of 2.5. This represents the minimum change in forcing due to altering the 
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aerosol chemistry. The annually globally averaged aerosol difference in forcing between 

the two cases is 0.06 W/m^ (0.03 W/m^) clear sky (normal sky) conditions. This leads to 

little or no real change in aerosol forcing other than over small regional areas of very high 

sulfate amounts. 

5.4. Conclusions 

This Chapter illustrates the change in aerosol forcing possible when aerosol properties are 

varied. The most significant impact on the aerosol forcing is due to allowing the aerosol 

optical properties to vary with relative humidity. Sulfuric acid experiences up to 230% 

increase in forcing at 80% relative humidity compared to dry conditions and a substantial 

2030% increase in forcing at 99% relative humidity. The relative humidity effects are 

largely due to the growth in the lognormal distribution mode radius. 

Changes in the lognormal standard deviation can create significant changes in the 

aerosol forcing. A maximum of the difference in the globally annually averaged forcing 

for varying the standard deviation from l.S to 2.5 was found to be 0.68 W/m^ for sulfuric 

acid and 0.48 W/m^ for ammonium sulfate for cases with a dry mode radius of 0.12S ^m. 

Regional areas found differences greater than 3.0 W/m^. This aerosol property can not be 

separated from the dry mode radius. A minimum of the difference in the globally 

annually averaged forcing was found to be 0.03 W/m^ for ammonium sulfate with a dry 

mode radius of O.OS ^m. The effect of the dry mode radius was further illustrated by 

varying its value from O.OS to 0.125 ^m while the standard deviation remained constant 

The maximum difference in the globally annually averaged forcing for a standard 
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deviation of l.S was found to be 0.3 W/m^ for both anunonium sulfate aerosol and 

sulfuric acid. The difference when the standard deviation is 2.5 is half this amount for 

ammonium sulfate aerosol. 

The effect of varying the chemical composition of the aerosol depends on the 

lognormal distribution properties. A maximum difference in the globally annually 

averaged forcing was found to be 0.25 W/m^ for cases with a standard deviation of 1.5 

(for a dry mode radius of both 0.05 and 0.125 ^m), while the difference decreases to 0.06 

W/m^ for a standard deviation of 2.5. 

This study suggests that the modeled sulfate aerosol direct effect is most sensitive 

to the choice of the lognormal distribution properties. Further, these lognormal 

distribution properties must be allowed to change with relative humidity. Climate models 

currently include a relative humidity field which can then be incorporated into the 

shortwave radiation code when estimating the optical properties of the sulfate aerosol. 

Unfortunately, this study also suggests one distribution to represent all sulfate aerosol in a 

global model (as is currently practiced by climate modelers) will lead to errors in 

accurately obtaining the aerosol forcing. These errors may be as large as 40%. 

Globally, lognormal distributions of sulfate change depending on the region and altitude 

in which they are measured. However, incorporating various aerosol distributions into 

climate models where their optical properties vary with humidity may not be feasible 

given the additional computational time required. 
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Table 5.1. The mean and standard deviation of the aerosol forcing for sulfuric acid cases 
due to varying the relative humidity, mode radius and standard deviation. Represented 
here are the sulfate cases tested assuming a lognormal distribution with 1.5 and 2.5 
standard deviation. 

Relative 
Humidity 

Sulfate aerosol cases with a = 1.5 Sulfate aerosol cases with a = 2.5 Relative 
Humidity Mean 

Forcing 
(W/m^) 

Std Dev of 
the 
Forcing 

% Change 
from Dry 
Conditions 

Mean 
Forcing 
(W/m^) 

Std Dev of 
the 
Forcing 

% Change 
from Dry 
Conditions 

Dry -11.58 1.94 0% -7.18 1.31 0% 
50% -27.02 1.94 133% -12.01 2.19 67% 
70% -31.69 1.95 174% -13.36 2.70 86% 
80% -38.97 2.03 237% -15.43 3.20 115% 
90% -59.64 2.60 415% -20.11 4.27 180% 
95% -95.82 3.81 727% -27.57 5.83 284% 
99% -247.62 50.50 2038% -59.95 12.97 735% 

Table 5.2. The mean and standard deviation of the aerosol forcing for ammonium sulfate 
cases due to varying the relative humidity, mode radius and standard deviation (shown 
here for sulfate aerosol cases where the lognormal distribution standard deviation is 1.5 
and 2.5). 

Relative 
Humidity 

Cases with a o = 1.5 Cases with a o = 2.5 Relative 
Humidity Mean 

Forcing 
(W/m^) 

Std Dev of 
the 
Forcing 

% Change 
from Dry 
Conditions 

Mean 
Forcing 
(W/m^) 

Std Dev of 
the 
Forcing 

% Change 
from Dry 
Conditions 

Dry -17.04 2.10 0% -9.51 1.92 0% 
80% -31.41 2.20 84% -13.57 2.82 43% 
90% -43.93 2.40 158% -16.92 3.60 78% 
95% -68.69 3.52 303% -22.62 4.81 138% 
99% -218.68 14.43 1183% -51.80 10.63 445% 
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Table S.3. The aerosol distribution for the anunonium sulfate aerosol and sulfuric acid 
cases which display the maximum and minimum forcing at each humidity level. 

Aerosol Relative 
Humidity 

Aerosol cases with a 
standard deviation of 1.5 

Aerosol cases with a 
standard deviation of 2.S 

Aerosol cast 
respecti^ 

standard c 

;s with their 
/e given 
eviations 

Aerosol Relative 
Humidity 

Min AF Max AF Min AF Max AF Min AF Max AF 

H2SO4 Dry Kiehl Large Large Kiehl Clean Large H2SO4 

50% Kiehl Large Large Kiehl Urban Large 
H2SO4 

70% Kiehl Large Large Kiehl Clean Kiehl 

H2SO4 

80% Kiehl Marine Large Kiehl Clean Kiehl 

H2SO4 

90% Kiehl Marine Large Kiehl Clean Kiehl 

H2SO4 

95% Kiehl Marine Large Kiehl Clean Large 

H2SO4 

99% Large Marine Large Kiehl Clean Large 
(NH4)2S04 Dry Kiehl Large Large Kiehl Clean Large (NH4)2S04 

80% Kiehl Large Large Kiehl Clean Large 
(NH4)2S04 

90% Kiehl Large Large Kiehl Clean Kiehl 

(NH4)2S04 

95% Kiehl Clean/ 
Marine 

Large Kiehl Clean Large 

(NH4)2S04 

99% Large Clean/ 
Marine 

Large Kiehl Clean Large 

Table S.4. The aerosol forcing (W/m^) as a function of zenith angle, standard deviation 
and mode radius for sulfuric acid cases. The values are shown for all three standard 
deviation cases: l.S, 2.5 and those values given in the literature. 

Time of 
Day 

Zenith 
Angle 
(degrees) 

Cases with 0= 1.5 Cases with 0 = 2.5 Cases with 0 = 1.7 -
2.16 ("given") 

Time of 
Day 

Zenith 
Angle 
(degrees) Mean of 

Forcing 
(W/m^) 

Std Dev of 
the 
Forcing 

Mean of 
Forcing 
(W/m^) 

Std Dev 
of the 
Forcing 

Mean of 
Forcing 
(W/m^) 

Std Dev of 
the 
Forcing 

7 a.m. 75 -25.30 2.91 -15.15 2.88 -25.17 1.26 
8 a.m. 60 -39.40 3.56 -19.94 4.12 -35.63 2.13 
9 a.m. 45 -42.84 3.21 -19.63 4.21 -36.42 2.39 

10 a.m. 30 -41.97 2.65 -17.78 3.91 -33.89 2.40 
11 a.m. 15 -39.94 2.19 -15.93 3.57 -31.00 2.31 
12 noon 0 -38.97 2.03 -15.17 3.42 -29.77 2.27 
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Table 5.5. The aerosol mean forcing (W/m^) as a function of zenith angle, standard 
deviation and mode radius for ammmonium sulfate aerosol cases. The values are shown 
for all three standard deviation cases: 1.5,2.5 and those values given in the literature. 
Time of Zenith Cases with o= 1.5 Cases with o = 2.5 Cases with CT= 1.7 -
Day Angle 2.16 ("given") 

(degrees) Mean of Std Dev of Mean Std Dev Mean Std Dev of 
Forcing the of of the of the Forcing 

Forcing Forcing Forcing Forcing 
7 a.m. 75 -21.65 2.51 -13.27 2.36 -22.06 1.19 
8 a.m. 60 -32.76 3.10 -17.44 3.35 -31.08 1.95 
9 a.m. 45 -35.12 2.90 -17.26 3.42 -31.83 2.16 

10 a.m. 30 -34.10 2.55 -15.74 3.20 -29.77 2.14 
11 a.m. 15 -32.27 2.29 -14.21 2.94 -27.35 2.05 
12 noon 0 -31.41 2.20 -13.57 2.82 -26.32 2.01 
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Table S.6.a. Comparison the aerosol forcing (W/m^) determined by Test II and Test III as 
a function of zenith angle, given the Kiehl distribution tested at both a lognormal 
standard deviation of 1.5 and 2.5 for sulfuric acid. 

Time of 
Day 

Zenith 
Angle 

Particle Distribution tested with 
aa = 1.5 

Particle Distribution tested with 
ao = 2.5 

Time of 
Day 

Zenith 
Angle 

Test III 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

Test III 
Forcing 

Test 11 
Forcing 
(Constant 
80% RH) 

% 
Difference 

7 a.m. 75 -50.36 -23.66 -112% -28.86 -19.76 -•6% 
8 a.m. 60 -88.15 -37.80 -133% -40.13 -26.57 -51% 
9 a.m. 45 -102.95 -41.65 -147% -40.41 -26.35 -53% 
10 a.m. 30 -105.88 -41.21 -157% -37.19 -23.96 -55% 
11 a.m. 15 -104.08 -39.50 -163% -33.68 -21.52 -57% 
12 a.m. 0 -102.77 -38.64 -166% -32.20 -20.51 -57% 
"Optical C )epth" 1.26 0.47 168% 0.53 0.37 43% 

Table 5.6.b. Comparison of aerosol forcing (W/m^) determined by Test II and Test III as 
a function of zenith angle, given the Large distribution tested at both a particle standard 
deviation of 1.5 and 2.5 for sulfuric acid. 
Time of 
Day 

Zenith 
Angle 

Particle Distribution tested with 
ao = 1.5 

Particle Distribution tested with 
ao = 2.5 

Time of 
Day 

Zenith 
Angle 

TestUI 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

Test III 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

7 a.m. 75 -56.03 -32.71 -71% -16.03 -10.84 -48% 
8 a.m. 60 -90.23 -48.37 -87% -20.61 -13.68 -51% 
9 a.m. 45 -98.68 -50.57 -95% -20.01 -13.18 -52% 
10 a.m. 30 -96.23 -47.84 -101% -17.92 -11.73 -53% 
11 a.m. 15 -90.96 -44.28 -105% -15.91 -10.38 -53% 
12 a.m. 0 -88.46 -42.71 -107% -15.09 -9.82 -54% 
"Optical C >epth" 1.44 0.84 71% 0.23 0.16 44% 
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Table 5.6.c. Comparison of aerosol forcing (W/m^) determined by Test D and Test HI as 
a function of zenith angle, given the Kiehl distribution tested at both a particle standard 
deviation of 1.5 and 2.S for ammonium sulfate aerosol. 

Time of 
Day 

Zenith 
Angle 

Particle Distribution tested with 
aa= 1.5 

Particle Distribution tested with 
a o = 2.5 

Time of 
Day 

Zenith 
Angle 

Test lU 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

Test III 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

7 a.m. 75 -43.04 -18.37 -134% -25.29 -16.64 -52% 
8 a.m. 60 -73.29 -28.77 -155% -34.90 -22.28 -57% 
9 a.m. 45 -84.46 -31.55 -168% -35.24 -22.17 -59% 
10 a.m. 30 -86.36 -31.24 -176% -32.55 -20.27 -61% 
11 a.m. 15 -84.69 -30.01 -182% -29.62 -18.31 -62% 
12 a.m. 0 -83.56 -29.39 -184% -28.38 -17.48 -62% 
"Optical C )epth" 0.86 0.31 177% 0.37 0.25 48% 

Table 5.6.d. Comparison of aerosol forcing (W/m^) determined by Test II and Test III as 
a function of zenith angle, given the Large distribution tested at both a particle standard 
deviation of l.S and 2.5 for ammonium sulfate aerosol. 

Time of 
Day 

Zenith 
Angle 

Particle Distribution tested with 
ao = 1.5 

Particle Distribution tested with 
a o = 2.5 

Time of 
Day 

Zenith 
Angle 

Test III 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

Test III 
Forcing 

Test II 
Forcing 
(Constant 
80% RH) 

% 
Difference 

7 a.m. 75 -51.13 -27.74 -84% -13.93 -8.93 -56% 
8 a.m. 60 -81.24 -40.67 -100% -17.90 -11.29 -59% 
9 a.m. 45 -88.48 -42.46 -108% -17.47 -10.93 -60% 
10 a.m. 30 -86.24 -40.23 -114% -15.75 -9.80 -61% 
11 a.m. 15 -81.58 -37.31 -119% -14.08 -8.73 -61% 
12 a.m. 0 -79.37 -36.02 -120% -13.39 -8.28 -62% 
"Optical C )epth" 1.04 0.58 79% 0.17 0.11 55% 
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Table 5.7. Outlines the eight sulfate cases included in NCAR's CCM3 shortwave 
radiation code. Each case has a distinct sulfate chemical composition and aerosol 
particle distribution. The dry mode radius associated with the corresponding distribution 
group increases in size with increasing ambient relative humidity. The standard deviation 
remains constant regardless of relative humidity. 

Sulfate Chemical Aerosol Partic e Distribution Properties 
Case Composition Dry Mode Standard (Distribution 
No. radius (pm) Deviation, a Group) 

1 H2SO4 0.05 1.5 Kiehl 
2 (NH4)2S04 0.05 1.5 Kiehl 
3 (NH4)2S04 0.05 2.5 Kiehl 
4 (NH4)2S04 0.125 1.5 Large 
5 H2SO4 0.125 1.5 Large 
6 H2SO4 0.125 2.5 Large 
7 (NH4)2S04 0.067 1.5 Clean 
8 (NH4)2S04 0.125 2.5 Large 

Table 5.8. The globally annually averaged aerosol forcing (W/m^) for each of the eight 
sulfate aerosol cases for clear sky and normal sky conditions. 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 
Normal 
Sky 

-0.36 -0.23 -0.25 -0.43 -0.57 -0.16 -0.31 -0.13 

Clear 
Sky 

-0.62 -0.37 -0.34 -0.67 -0.93 -0.25 -0.44 -0.19 
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Figure 5.1. The radiative tropospheric sulfate forcing (W/m^) for 5.1 mg dry aerosol/m^ 
as a function of ambient relative humidity assuming H2SO4. This test was conducted 
using NCAR's CRM at noon time at the equator. The aerosol mixing ratio applied is the 
background aerosol provided by the model. All seven distributions outlined in Chapter 2 
are represented with distinct standard deviations of the lognormal distribution, where 

represents the mean forcing of the distributions tested with a o = 1.5, "—" 
represents the mean forcing of the distributions tested with a a that was observed in the 
literature (varies from 1.7 for the Large distribution to 2.1 for the Clean distribution),"— 
" represents the mean forcing of the distributions tested with a o = 2.5. The horizontal 
bars capping each vertical line represent the range of forcing due to varying the 
lognormal distribution mode radius (from 0.05 ^m to 0.125 i^m) at a given standard 
deviation and relative humidity. 
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Figure S.2. The radiative tropospheric sulfate forcing (W/m^) as a function of ambient 
relative humidity assuming (NH4)2S04. This test was conducted using NCAR's CRM. 
The aerosol mixing ratio applied is the background aerosol provided by the model. All 
seven distributions outlined in Chapter 2 are represented with distinct standard deviations 

of the lognormal distribution, where represents the mean forcing of the distributions 
tested with a a = l.S,"—" represents the mean forcing of the distributions tested with a o 
that was observed in the literature (varies from 1.7 for the Large distribution to 2.1 for 
the Clean distribution), "—" represents the mean forcing of the distributions tested with 
a 9 = 2.5. The horizontal bars capping each vertical line represent the range of forcing 
due to varying the lognormal distribution mode radius (from O.OS ^m to 0.125 |im) at a 
given standard deviation and relative humidity. 
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Figure S.3. The radiative aerosol forcing (W/m^) as a function of the solar zenith angle 
assuming sulfuric acid aerosols. This test was conducted with NCAR's CRM. A relative 
humidity of 80% is assumed for all layers. The aerosol mixing ratio applied is the 
background aerosol provided by the model. All seven distributions outlined in Chapter 2 
are represented with various standard deviations of the lognormal distribution, where 

"••••" represents the mean forcing of the distributions tested with a o = 1.5, "—" 
represents the mean forcing of the distributions tested with a o that was observed in the 
literature (varies from 1.7 for the Large distribution to 2.1 for the Clean distribution),"— 
" represents the mean forcing of the distributions tested with a a = 2.5. The horizontal 
bars capping each vertical line represent the range of forcing due to varying the 
lognormal distribution mode radius (from 0.05 ^m to 0.125 ^m) at a given standard 
deviation and relative humidity. 



212 

0 

^-10 
fS 
E 
g-20 -

c 
a-30 
o 
u. 
<1 

-40 

.50 

Figure S.4. The radiative aerosol forcing (W/m^) as a function of the Sun's zenith angle 
assuming ammonium sulfate aerosols. This test was run with NCAR's CRM. A relative 
humidity of 80% is assumed for all layers. The aerosol mixing ratio applied is the 
background aerosol provided in the model. All seven distributions outlined in Chapter 2 
are represented with various standard deviations of the lognormal distribution, where 

represents the mean forcing of the distributions tested with a a = 1.5, "—" 
represents the mean forcing of the distributions tested with a a that was observed in the 
literature (varies from 1.7 for the Large distribution to 2.1 for the Clean distribution),"— 
" represents the mean forcing of the distributions tested with a a = 1.5. The horizontal 
bars capping each vertical line represent the range of forcing due to varying the 
lognormal distribution mode radius (from 0.05 ^m to 0.125 ^m) at a given standard 
deviation and relative humidity. 
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Figure 5.5 Average Sulfate Aerosol Burden (mg/m^) 

(Barth et al., 2000). 
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Aerosol Forcing (Normal Sky) 
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Figure S.6. The global monthly averages of the aerosol forcing (normal sky) for eight 
distinct sulfate aerosol cases where the particle distribution standard deviation, mode 
radius and aerosol chemistry varies (case 1: o = 1.5, rm = 0.05|im, H2SO4; case 2: <j = 
1.5, rm = O.OSum, (NH4)2S04; case 3: a = 2.5, rm = 0.05^m, (NH4)2S04; case 4: o = 1.5, 
rm = 0.125|im, (NH4)2S04; case 5: a = 1.5, rm = 0.125nm, H2SO4; case 6: o = 2.5, rm = 
0.125^m, H2SO4; case 7: o = 1.5, rm = 0.067 ^m, (NH4)2S04; case 8: CT = 2.5, rm = 
0.125^m, (NH4)2S04). 
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Figure 5.7. The global monthly averages of the aerosol forcing (clear sky) for eight 
distinct sulfate aerosol cases where the particle distribution standard deviation, mode 
radius and aerosol chemistry varies (case I: o = 1.5, rm = O.OSiim, H2SO4; case 2: o = 
1.5, rm = 0.05|im, (NH4)2S04; case 3: o = 2.5, rm = 0.05nm, (NH4)2S04; case 4: a = 1.5, 
rm = 0.125nm, (NH4)2S04; case 5: a = 1.5, rm = 0.125|im, H2SO4; case 6: o = 2.5, rm = 
0.125)im, H2SO4; case 7: a = 1.5, rm = 0.067 |im, (NH4)2S04; case 8:0 = 2,5, rm = 
0.125nm, (NH4)2S04 
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Figure 5.8 Annually Averaged Radiative Forcing (W/m^) 
for Normal Sky Conditions. 
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Figure 5.9 Difference in the Average Radiative 
Forcing (W/m^) between Case 6 and Case 5 
under Normal Sky Conditions. 
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Figure 5.10 Difference in the Average Radiative 
Forcing (¥/m®) between Case 8 and Case 4 
under Normal Sky Conditions. 
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Figure 5.11 Difference in the Average Radiative 
Forcing (W/m^) between Case 3 and Case 2 
under Normal Sky Conditions. 
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Figure 5.12 Difference in the Average Radiative 
Forcing (W/m^) between Case 1 and Case 5 
under Normal Sky Conditions. 
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Figure 5.13 Difference in the Average Radiative 
Forcing (W/m^) between Case 2 and Case 4 
under Normal Sky Conditions. 
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Figure 5.14 Difference in the Average Radiative 
Forcing (W/m^) between Case 2 and Case 7 
under Normal Sky Conditions. 
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Figure 5.15 Difference in the Average Radiative 
Forcing (W/m^) between Case 8 and Case 3 
under Normal Sky Conditions. 
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Figure 5.16 Difference in the Average Radiative 
Forcing (W/m^) between Case 2 and Case 1 
under Normal Sky Conditions. 
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Figure 5.17 Difference in the Average Radiative 
Forcing (W/m^) between Case 4 and Case 5 
under Normal Sky Conditions. 
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Figure 5.18 Difference in the Average Radiative 
Forcing (W/m^) between Case 8 and Case 6 
under Normal Sky Conditions. 
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CHAPTER 6 

CONCLUSION 

6.1. Aerosol Forcing 

Aerosol forcing is substantially affected by the choice of particle distribution and the 

ambient relative humidity. This occurs due to their influence on the magnitude of the 

mass extinction coefficient and the asymmetry parameter. The aerosol cases tested with 

a lognormal standard deviation of l.S display the greatest mass extinction coefficient 

and the smallest asymmetry parameter. This leads to the greatest amount of aerosol 

forcing. The effects of the relative humidity on the mass extinction coefficient are most 

dependent on the changes in the particle distribution mode radius, not on the changes in 

the particle distribution respective refractive indices. It is not known if this is true for 

other soluble aerosols. The box model tests demonstrated that the mean annually 

averaged aerosol forcing increases anywhere from 580% (ammonium sulfate with a 

standard deviation of 2.5) to 3500% (sulfuric acid with a standard deviation of 1.5) 

when the humidity rises from dry conditions to 99% humidity. And the model results of 

the mean annually averaged forcing doubled when the standard deviation decreased 

from 2.5 to 1.5 at low humidities and tripled at high humidities. The CRM tests 

reflected similar findings. The CCM3 quantified these differences by showing that a 

change in standard deviation from 1.5 to 2.5 can lead to a difference in the globally 
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annually averaged forcing of 0.68 W/m^ when the mode radius is 0.125 ^m, though 

only a difference of 0.03 W/m^ is found when the mode radius is 0.05 |im. 

The CCM3 further illustrates the extreme regional differences that can occur in 

determining the aerosol forcing when the standard deviation is altered. The difference 

in aerosol forcing between a distribution of particles with a standard deviation of 1.5 

and a standard deviation of 2.5 could be as high as 3 W/m^ in areas of high sulfate 

concentrations. It is important to note that the current CCM3 study does not allow 

feedback between the aerosol forcing and the model physics. If this were to be allowed, 

these regional differences could amplify their effects into other parts of the Northern 

Hemisphere. Further, the relative humidity fields used in conjunction with the aerosol 

mass mixing ratios are monthly averaged. Thus, the humidity fields downplay the 

potential effect of high humidities on the forcing. If CCM3 is run with a chemistry 

model so that both the aerosol mass mixing ratios and the relative humidities are 

determined at each timestep (or when the model calls the shortwave radiation code), 

potential areas of high humidity would appear leading to greater differences in the 

aerosol forcing. 

The choice of the particle distribution mode radius has varying effects when 

determining the aerosol forcing. All models (box models, the CRM and CCM3) found 

consistent patterns in forcing due to altering the mode radius. At a standard deviation of 

2.5, the distribution tested with the smallest mode radius (0.05 ^m) displayed the 

greatest forcing of all the distributions, while the distribution with the largest mode 

radius (0.125 ^m) exhibited the smallest forcing. However, the effect of varying the 
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particle distribution mode radius can not be decoupled from the corresponding standard 

deviation chosen. The relationship between aerosol forcing and the particle distribution 

mode radius when the standard deviation is 2.5 is reversed for those distributions with a 

standard deviation of 1.5. Here, increases in the mode radius lead to increases in the 

aerosol forcing. The range of forcing between distributions due to varying the mode 

radius is also greater for distributions tested with a standard deviation of 1.5, becoming 

significant in areas of high humidity. The CCM3 tests illustrate the potential change in 

aerosol forcing due to varying this property. At a standard deviation of 1.5, the range of 

armually averaged forcing is determined to be 0.3 W/m^ and approximately half this for 

a standard deviation of 2.5. 

The aerosol chemical composition is another aerosol property that may have 

implications in determining the aerosol forcing. The box models described ammonium 

sulfate aerosol dry distributions having an annually averaged aerosol mean forcing 0.1 

W/m^ greater than the sulfuric acid dry distributions. At a relative humidity of 80%, the 

models determine sulfuric acid annually averaged mean forcing is 0.35 W/m^ greater 

than the mean forcing of the ammonium sulfate aerosol. And at a relative humidity of 

99%, the sulfuric acid annually averaged mean forcing increases to a forcing that is 

approximately 0.5 W/m^ greater than the ammonium sulfate aerosol mean forcing. The 

effect of the aerosol chemistry is also influenced by the choice in the particle 

distribution standard deviation. For a particle distribution with a standard deviation of 

1.5, the CCM3 tests reveal sulfuric acid exhibiting a 0.25 W/m^ increase in the annually 

averaged forcing compared to the same distributions run as ammonium sulfate (for a 
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mode radius of both O.OS and 0.125 ^m). However, as the standard deviation increases, 

the dependency on the aerosol chemical composition decreases. At a standard deviation 

of 2.5, the difference in the mean annually averaged forcing found between the two 

aerosols decreases to 0.06 W/m^. 

6.2. Ammonium Bisulfate 

Ammonium bisulfate is another possible sulfate aerosol that exists in the Earth's 

atmosphere and has been located, for example, in the lower marine atmosphere (Covert, 

1988). The density of the aerosol is similar to that for ammonium sulfate. Ammonium 

bisulfate RHD occurs at 39% relative humidity which is a substantially lower relative 

humidity than the ammonium sulfate RHD. The growth of the mode radius for 

ammonium bisulfate with relative humidity is similar to that for ammonium sulfate. 

However, unlike ammonium sulfate, the hysteresis effect for ammonium bisulfate can 

be ignored as the particle, once the RHD has been reached, is always hydrated 

(humidities must drop below 5% in order for crystallization to occur) (Boucher and 

Anderson, 1995). The real index of refraction is known for anunonium bisulfate at a 

wavelength of 0.589 ^m to be 1.473 (Weast, 1987). Methods have been employed to 

implement this index in order to determine corresponding indices at other wavelengths. 

However, there are not laboratory measurements available for this aerosol refractive 

indices (real and imaginary) at varying wavelengths. 

It has been suggested that ammonium bisulfate will lead to the lowest amount of 

forcing compared to sulfuric acid and ammonium sulfate (Boucher and Anderson, 
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199S). This study has emphasized the importance of the mass extinction coefficient 

and the asymmetry parameter in determining the aerosol forcing. The real reflective 

index of ammonium bisulfate at a wavelength of 0.S89 ^m is 1.473, less than 

ammonium sulfate (l.Sl) and greater than sulfuric acid (1.43). Thus at a dry particle 

size, the aerosol forcing of ammonium bisulfate is considered to be between that of 

ammonium sulfate and sulfuric acid. As the relative humidity increases, the complex 

index of refraction becomes affected. Working with the cursory information discussed 

above, the growth of the ammonium bisulfate aerosol with humidity is consistent with 

the growth of ammonium sulfate. Thus, at 80% relative humidity, the two aerosols 

grow at similar rates. Given this, the mass extinction coefficient would increase with 

relative humidity in a similar fashion as the mass extinction coefficient of the 

ammonium sulfate aerosol. In addition, the asymmetry parameter of ammonium 

bisulfate would have similar changes with humidity as ammonium sulfate. Thus, given 

the real refractive indices at dry conditions is lower than that for ammonium sulfate and 

the growth of an ammonium bisulfate particle closely matches that of an ammonium 

sulfate particle, the forcing of ammonium bisulfate is estimated as the smallest of all 

three aerosols. However, if the hysteresis effect experienced by ammonium sulfate is 

not included in the model or the aerosols are generated and travel in low humidity 

conditions (below the ammonium sulfate RHD of 80%) then the ammoniimi bisulfate 

will display a greater forcing effect than ammonium sulfate. 
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6 J. Applications to tlie Real World. 

As illustrated in Figure 5.5, the majority of sulfate resides in the Northem Hemisphere 

midlatitudes. Much of this sulfate can be characterized with the urban or continental 

particle distributions. There are also pockets of significant concentrations of sulfate 

over western South America and south-western Africa. Particles in the Southern 

Hemisphere could be characterized by marine and continental distributions. Given the 

mean relative humidity at the surface is approximately 70 to 80%, the aerosol forcing 

by these particles can be significant. 

The marine distribution (Ml) tested in this study is measured with a mode radius 

of 0.07 ^m and a standard deviation of 2.0. Another marine distribution (M2) has been 

observed with a mode radius of 0.133 ^m and a standard deviation of 1.62 (Jaenicke, 

1988). This distribution, M2, would display significantly greater forcing than Ml, 

particularly as the humidity increased. Using one of these distributions to represent all 

marine particles would lead to substantial errors. 

Urban distributions are generally characterized by a small mode radius (0.007 to 

0.0S4 ^m) and a large standard deviation (4.23 and 2.16, respectively). Urban areas, 

given the larger standard deviation associated with the particles, may not display as 

substantial a forcing nor would this forcing be as affected by relative humidity as 

particles in a marine environment. 

Continental air masses have been measured with a mode radius varying between 

0.060 to 0.067 ^m with a respective standard deviation of 1.6S and 2.1. Here, large 

changes in the aerosol forcing can occur depending on the standard deviation used. The 
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forcing detennined for continental aerosol may be substantially larger than the urban 

distribution yet smaller than the marine distribution (M2). As particle distributions 

representing the particles in continental air masses travel west over warm ocean 

currents, there is great potential for these distributions to be affected by relative 

humidity. Given the standard deviation may be as low as 1.65, the cffcct of humidity 

on the magnitude of the aerosol forcing may be significant. 

Sulfates in the middle troposphere have a greater number of particles in the 

accumulation mode then compared to lower altitudes (Leaitch and Isaac, 1991). 

Jaenicke found the particle distribution in this region to have a mode radius of 0.127 |im 

and a standard deviation of 1.8. This region than has a significant ability to scatter 

radiation. The mean relative humidity of the middle troposphere is approximately 30 to 

50%. Hence, humidity will not play as significant a role as near the Earth's surface. 

However, given the particles are represented by a large mode radius and a small 

standard deviation, the forcing by the middle tropospheric particles may be similar to 

the forcing of particles near the Earth's surface represented by the marine (Ml) and 

continental distributions at high humidities. 

Sulfuric acid is shown to scatter a greater amount of incoming solar radiation 

with increasing relative humidity than the ammonium sulfate aerosol. The chemical 

composition of the sulfate aerosol is dependent on the ambient concentration of 

ammonia. Areas with large amounts of animal waste and fertilized soil will lead to high 

levels of ammonia. If sulfate is present in these areas, it is likely it will be found in the 

form of anmionium sulfate. A region such as Eastern China would potentially have 
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large amounts of anmionium sulfate. This is due to both the high level of agriculture in 

the region as well as the rapidly growing amount of industry. Once this air mass travels 

over coastal regions, the mass extinction coefRcient of the sulfate dramatically increases 

leading to increases in the aerosol radiative forcing. Air masses whose source is the 

open ocean are likely to have high levels of sulfuric acid (Johansen et al, 1999). 

Depending on the ambient air and ocean temperatures, these air masses may have 

significant levels of humidity leading to large mass extinction coefficients. However, 

given most areas of high sulfate concentration are due to industrial sulfur emissions, it 

is likely the majority of these air masses carry low sulfate concentrations. Thus, it is 

urban areas near sources of water vapor that are likely to display the greatest aerosol 

radiative forcing. These urban areas will not display significant differences between the 

aerosol forcing of sulfuric acid versus the ammonium sulfate aerosol if the particles are 

represented by one of the urban distributions, but will when the particles are represented 

by the continental distributions. 

This study found large changes in the aerosol forcing possible when the particle 

distribution and sulfate aerosol chemical composition are varied. Hence, given the large 

spatial variability of sulfate and relative humidity plus the existence of a wide range of 

particle distributions, there is great variability in determining sulfate aerosol forcing. 

There are particles in the atmosphere comprised of a mixture of chemical 

species. Sulfate may be part of this mixture along with elemental carbon. This 

combination of chemical species may affect the single scattering albedo and the 

scattering efficiency of the aerosol. There is great uncertainty involved in the modeling 
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of these combination aerosols. Other aerosols, such as mineral dust and sea salt, further 

complicate matters by effecting the production of sulfate. 

6.4. Suggestions to Modelers 

This study demonstrates a significant difference in aerosol forcing can be obtained by 

changing the aerosol distribution properties and aerosol chemistry. Thus, certain steps 

should be followed when incorporating a particle distribution into a GCM that 

represents all sulfate aerosol, as is currently done. Tests must first be conducted 

specifying the amount and range of error that is created when a GCM employs one 

aerosol distribution to represent all air masses in the model. And the distribution must 

be allowed to reflect the effects of relative humidity. In this study, the particle 

distribution standard deviation was not allowed to vary with relative humidity, however, 

modelers should include this given the strong dependence of the aerosol forcing on this 

property. 

The chemical composition is also of importance if the relative humidity fields 

are included in the model. The aerosol forcing at high humidities demonstrate large 

differences when choosing the sulfate aerosol. However, the difference in aerosol 

forcing found when the chemical composition is varied for low to moderate humidities 

would be reduced if modelers include the hysteresis effect for ammonium sulfate. In 

addition, the difference in forcing discovered when the sulfate aerosol chemical 

composition is varied is a function of the particle distribution properties. Hence, for a 

model that uses low himudities and represents the sulfate particles by an urban 
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distribution, the choice of the chemical composition of the sulfate aerosol may not have 

significant effect on the aerosol forcing. However, for a model that employs high 

humidities and/or represents the sulfate particles by the marine distribution, the choice 

of the chemical composition of the sulfate aerosol should be carefully determined. 

6.5. Future Work 

Given the impact of relative humidity on the optical properties of aerosols, further study 

needs to be conducted to determine the amount of change in the aerosol forcing caused 

by the hysteresis effect. Aerosols begin to grow once that aerosol has reached its 

particular RHD. At this point, the aerosol becomes a haze particle and its particle size 

and indices of reflection become affected. This has been addressed in this study (see 

Chapter 2 for further details). However, what is not addressed concerns the effect of 

decreasing relative humidity on the now haze particle which leads to many 

complications both in theory and practice. Many aerosols, including ammonium sulfate 

and ammonium bisulfate, that have reached their respective RHDs remain 

supersaturated liquids when the humidities then drop below the RHD. In fact, 

ammonium sulfate remains supersaturated until a humidity of less than 39% has been 

reached (Tang and Munkeiwitz, 1994). So how are the radiative properties of the 

aerosol affected when the relative humidity drops below the aerosol RHD but remain 

above the crystallization point? In this interim, the radius size of the particles and the 

indices of refraction are still influenced by the humidity. As the humidity decreases, the 

radius size of the particles appears to decrease consistently with how the particles grew 
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making the particle radius easy to obtain. However, no studies to date have been 

conducted to measure the indices of refraction for decreasing humidities and hence a 

similar method as that employed in Chapter 2 for approximating the refractive indices 

would need to be followed. Nemesure et al. (1995) and Boucher and Anderson (1995) 

suggest ammonium sulfate aerosols at relative humidities below 80% (the aerosol RHD) 

and above 40% (when the aerosol crystallizes) be treated as a hydrated aerosol which 

leads to an 18% higher forcing for ammonium sulfate. However, this approximation 

will overestimate the aerosol forcing given the short lifetime of the aerosol does not 

allow all aerosol to become a supersaturated liquid (i.e. exposure to an environment 

above the aerosol deliquescence relative humidity). Thus, it would behoove modelers 

to allow the model to tag those aerosols that have reached their RHD and then employ 

the appropriate optical properties when the tagged aerosol is above the crystallization 

humidity but below the RHD. 

The particle distribution properties are the most crucial of all the aerosol 

properties tested in this study to accurately measure and include in climate models when 

determining the aerosol forcing. Currently, minimal observations pertaining to the 

sulfate aerosol distribution properties are available. Hence, the values of these 

properties are crudely known. This study, then, indicates there is great need for 

observational measurements. Measurements of both the particle radii and the ambient 

relative humidity are needed, as the radii depend on the humidity, in different regions 

around the globe. Chapter 5 illustrated the large discrepancy in sulfate aerosol forcing 

when the aerosol properties are varied in Eastem China, Eastern United States, and 
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Eastern Europe. It is then prudent to concentrate field measurements in these areas at 

varying heights in the atmosphere. Initially, taking measurements during the summer 

months when a substantial amount of aerosol forcing occurs, and later expanding 

observations to include winter months. After exhaustive efforts in these areas have 

revealed the properties of the sulfate aerosols, continued measurements should be 

conducted in other distinct areas such as the coastal waters of Peru, Australia and the 

western coast of Africa. 

Once a sufficient number of observations are provided, it would be beneficial 

for researchers to determine if one particle distribution could be employed to accurately 

represent all particle distributions measured. However, this study would find this a 

difficult undertaking given the effects of changing the distribution properties can have 

in determining aerosol forcing. 
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APPENDIX A 

SCATTERING MAXIMA FOR EACH DISTRIBUTION 

A.l. The scattering maxima, bjcat. (less than 1 |im) for the urban distributions at dry to 
99% ambient relative humidity of sulfuric acid and ammonium sulfate cases. 

Distribution, 
a 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
a 

Relative 
Humidity 
(%) X, |am bjcati 

10-'̂  m  ̂
A., ^m bscatt 

10'̂  m  ̂

Urban, 2.16 Dry 0.25 0.0786 0.30 0.778 Urban, 2.16 
50 0.25 0.1598 n/a n/a 

Urban, 2.16 

70 025 0.1933 n/a n/a 

Urban, 2.16 

80 0.25 0.2243 0.41 0.1555 

Urban, 2.16 

90 0.25 0.2924 0.41 0.2076 

Urban, 2.16 

95 0.30 0.3913 0.41 0.2905 

Urban, 2.16 

99 0.40 0.8132 0.41 0.6709 

Urban, 1.5 Dry 0.25 0.0208 0.30 0.173 Urban, 1.5 
50 0.25 0.0547 n/a n/a 

Urban, 1.5 

70 0.25 0.0684 n/a n/a 

Urban, 1.5 

80 0.25 0.0837 0.30 0.0427 

Urban, 1.5 

90 0.25 0.1236 0.30 0.0644 

Urban, 1.5 

95 0.25 0.1840 0.30 0.1050 

Urban, 1.5 

99 0.25 0.4151 0.30 0.3255 

Urban, 2.5 Dry 0.25 0.1260 0.30 0.1271 Urban, 2.5 
50 0.30 0.2502 n/a n/a 

Urban, 2.5 

70 0.30 0.3024 n/a n/a 

Urban, 2.5 

80 0.30 0.3503 0.30 0.2489 

Urban, 2.5 

90 0.35 0.4560 0.30 0.3280 

Urban, 2.5 

95 0.40 0.6106 0.41 0.4537 

Urban, 2.5 

99 0.55 1.2682 0.54 1.0470 
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A.2. The scattering maxima, bM»t> (less than I ^m) for the average distributions at dry 
to 99% ambient relative humidity of sulfuric acid and ammonium sulfate cases. 

Distribution, 
o 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
o 

Relative 
Humidity 
(%) X ,  ̂ m bscati 

10'^ m^ 
X., ^m bscatj 

lo-'^m^ 

Average, 
2.03 

Dry 0.25 O.l l l i  0.30 0.1107 Average, 
2.03 50 0.25 0.2292 n/a n/a 
Average, 
2.03 

70 0.25 0.2698 n/a n/a 

Average, 
2.03 

80 0.25 0.3125 0.30 0.2208 

Average, 
2.03 

90 0.30 0.4086 0.30 0.2948 

Average, 
2.03 

95 0.35 0.5527 0.30 0.4140 

Average, 
2.03 

99 0.50 1.2058 0.41 1.0060 

Average, 
1.5 

Dry 0.25 0.0482 0.30 0.0425 Average, 
1.5 50 0.25 0.1188 n/a n/a 
Average, 
1.5 

70 0.25 0.1410 n/a n/a 

Average, 
1.5 

80 0.25 0.1696 0.30 0.0977 

Average, 
1.5 

90 0.25 0.2368 0.30 0.1425 

Average, 
1.5 

95 0.25 0.2367 0.30 0.2219 

Average, 
1.5 

99 0.35 0.7209 0.30 0.6046 

Average, 
2.5 

Dry 0.30 0.2056 0.41 0.2073 Average, 
2.5 50 0.35 0.4187 n/a n/a 
Average, 
2.5 

70 0.35 0.4934 n/a n/a 

Average, 
2.5 

80 0.40 0.5720 0.41 0.4081 

Average, 
2.5 

90 0.45 0.7481 0.41 0.5412 

Average, 
2.5 

95 0.50 1.0129 0.41 0.7572 

Average, 
2.5 

99 0.70 2.1980 0.66 1.8437 
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A.3. The scattering maxima, bscat> (less than 1 ^m) for the clean distributions at dry to 
99% ambient relative humidity of sulfuric acid and anunoniiun sulfate cases. 

Distribution, 
a 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
a 

Relative 
Humidity 
(%) X,  |im hjcau 

10 '̂  m  ̂
A,, ^un bscati 

10 '̂  m  ̂

Clean, 2.1 Dry 0.25 0.1145 0.30 0.1145 Clean, 2.1 
50 0.25 0.2347 n/a n/a 

Clean, 2.1 

70 0.25 0.2772 n/a n/a 

Clean, 2.1 

80 0.25 0.3207 0.30 0.2276 

Clean, 2.1 

90 0.30 0.4196 0.30 0.3029 

Clean, 2.1 

95 0.35 0.5666 0.30 0.4243 

Clean, 2.1 

99 0.50 1.230 0.54 1.0245 

Clean, 1.5 Dry 0.25 0.0439 0.30 0.0384 Clean, 1.5 
50 0.25 0.1091 n/a n/a 

Clean, 1.5 

70 0.25 0.1302 n/a n/a 

Clean, 1.5 

80 0.25 0.1569 0.30 0.8920 

Clean, 1.5 

90 0.25 0.2206 0.30 0.1306 

Clean, 1.5 

95 0.25 0.3111 0.30 0.2046 

Clean, 1.5 

99 0.35 0.6725 0.30 0.5669 

Clean, 2.5 Dry 0.30 0.1939 0.30 0.1956 Clean, 2.5 
50 0.35 0.3940 n/a n/a 

Clean, 2.5 

70 0.35 0.4658 n/a n/a 

Clean, 2.5 

80 0.35 0.5396 0.41 0.3849 

Clean, 2.5 

90 0.40 0.7055 0.41 0.5102 

Clean, 2.5 

95 0.50 0.9529 0.41 0.7137 

Clean, 2.5 

99 0.70 2.059 0.66 1.7264 
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A.4. The scattering maxima, bscat> (less than 1 ^m) for the marine distributions at dry 
to 99% ambient relative humidity of sulfuric acid and ammonium sulfate cases. 

Distribution, 
o 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
o 

Relative 
Humidity 
(%) A., f^m bscat» 

10 '^ m^ 
k,  ̂ un bscat» 

10-'^ m^ 

Marine, 2.0 Dry 0.25 0.1136 0.30 0.1131 Marine, 2.0 
50 0.25 0.2351 n/a n/a 

Marine, 2.0 

70 0.25 0.2759 n/a n/a 

Marine, 2.0 

80 0.25 0.3192 0.30 0.2258 

Marine, 2.0 

90 0.30 0.4181 0.30 0.3018 

Marine, 2.0 

95 0.35 0.5659 0.30 0.4241 

Marine, 2.0 

99 0.50 1.239 0.41 1.0350 

Marine, 1.5 Dry 0.25 0.0528 0.30 0.0469 Marine, 1.5 
50 0.25 0.1291 n/a n/a 

Marine, 1.5 

70 0.25 0.1525 n/a n/a 

Marine, 1.5 

80 0.25 0.1827 0.30 0.1069 

Marine, 1.5 

90 0.25 0.2537 0.30 0.1553 

Marine, 1.5 

95 0.25 0.3526 0.30 0.2401 

Marine, 1.5 

99 0.35 0.7690 0.30 0.6428 

Marine, 2.5 Dry 0.30 0.2176 0.41 0.2197 Marine, 2.5 
50 0.35 0.4449 n/a n/a 

Marine, 2.5 

70 0.35 0.5226 n/a n/a 

Marine, 2.5 

80 0.40 0.6058 0.41 0.4328 

Marine, 2.5 

90 0.45 0.7934 0.41 0.5741 

Marine, 2.5 

95 0.50 1.0750 0.54 0.8038 

Marine, 2.5 

99 0.75 2.3390 0.71 1.9669 
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A.5. The scattering maxima, bscatt (less than 1 |im) for the best fit distributions at dry 
to 99% ambient relative humidity of sulfuric acid and ammonium sulfate cases. 

Distribution, 
a 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
a 

Relative 
Humidity 
(%) X, |im bscatt 

10 " m^ 
X,, |im bscat» 

10 '^ m^ 

Best Fit, 
2.07 

Dry 0.25 0.1033 0.30 0.1028 Best Fit, 
2.07 50 0.25 0.2124 n/a n/a 
Best Fit, 
2.07 

70 0.25 0.2514 n/a n/a 

Best Fit, 
2.07 

80 0.25 0.2914 0.30 0.2051 

Best Fit, 
2.07 

90 0.30 0.3804 0.30 0.2736 

Best Fit, 
2.07 

95 0.35 0.5128 0.30 0.3842 

Best Fit, 
2.07 

99 0.50 1.1070 0.41 0.9234 

Best Fit, 1.5 Dry 0.25 0.0397 0.30 0.0345 Best Fit, 1.5 
50 0.25 0.0998 n/a n/a 

Best Fit, 1.5 

70 0.25 0.1193 n/a n/a 

Best Fit, 1.5 

80 0.25 0.1444 0.30 0.0808 

Best Fit, 1.5 

90 0.25 0.2047 0.30 0.1188 

Best Fit, 1.5 

95 0.25 0.2910 0.30 0.1874 

Best Fit, 1.5 

99 0.30 0.6312 0.30 0.5289 

Best Fit, 2.5 Dry 0.30 0.1824 0.30 0.1843 Best Fit, 2.5 
50 0.35 0.3698 n/a n/a 

Best Fit, 2.5 

70 0.35 0.4379 n/a n/a 

Best Fit, 2.5 

80 0.35 0.5080 0.41 0.3615 

Best Fit, 2.5 

90 0.40 0.6641 0.41 0.4790 

Best Fit, 2.5 

95 0.45 0.8960 0.41 0.6702 

Best Fit, 2.5 

99 0.70 1.9260 0.66 1.6107 
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A.6. The scattering maxima, bKati (less than 1 )im) for the Kiehl and Briegleb 
distributions at dry to 99% ambient relative humidity of sulfuric acid and ammonium 
sulfate cases. 

Distribution, 
o 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
o 

Relative 
Humidity 
(%) k,  ̂ m bscat» 

10 '̂  m  ̂
X,  |im bscab 

10-'̂  m  ̂

Kiehl, 2.0 Dry 0.25 0.0514 0.30 0.0495 Kiehl, 2.0 
50 0.25 0.1074 n/ i  n/a 

Kiehl, 2.0 

70 0.25 0.1318 n/a n/a 

Kiehl, 2.0 

80 0.25 0.1543 0.30 0.1021 

Kiehl, 2.0 

90 0.25 0.2041 0.30 0.1384 

Kiehl, 2.0 

95 0.25 0.2746 0.30 0.1974 

Kiehl, 2.0 

99 0.35 0.5595 0.30 0.4602 

Kiehl, 1.5 Dry 0.25 0.0156 0.30 0.0127 Kiehl, 1.5 
50 0.25 0.0416 n/a n/a 

Kiehl, 1.5 

70 0.25 0.0528 N/a n/a 

Kiehl, 1.5 

80 0.25 0.0654 0.30 0.0322 

Kiehl, 1.5 

90 0.25 0.0981 0.30 0.0489 

Kiehl, 1.5 

95 0.25 0.1488 0.30 0.0809 

Kiehl, 1.5 

99 0.25 0.3486 0.30 0.2601 

Kiehl, 2.5 Dry 0.25 0.1079 0.30 0.1086 Kiehl, 2.5 
50 0.25 0.2125 n/a n/a 

Kiehl, 2.5 

70 0.25 0.2592 n/a n/a 

Kiehl, 2.5 

80 0.25 0.3000 0.30 0.2130 

Kiehl, 2.5 

90 0.30 0.3900 0.30 0.2803 

Kiehl, 2.5 

95 0.35 0.5208 0.30 0.3861 

Kiehl, 2.5 

99 0.50 1.0630 0.54 0.8716 
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A.7. The scattering maxima, bscat. (less than 1 ^m) for the large distributions at dry to 
99% ambient relative humidity of sulfuric acid and anmioniimi sulfate cases. 

Distribution, 
o 

Relative 
Humidity 
(%) 

H2SO4 (NH4)2S04 Distribution, 
o 

Relative 
Humidity 
(%) A,, ^m bscat> 

10-" m^ 
X ,  (om bscatj 

10 '- m^ 

Large, 1.7 Dry 0.30 0.2574 0.30 0.2609 Large, 1.7 
50 0.35 0.5478 n/a n/a 

Large, 1.7 

70 0.35 0.6185 n/a n/a 

Large, 1.7 

80 0.35 0.7169 0.41 0.5115 

Large, 1.7 

90 0.40 0.9470 0.41 0.6883 

Large, 1.7 

95 0.50 1.347 0.41 0.9829 

Large, 1.7 

99 0.70 3.053 0.66 2.6088 

Large, 1.5 Dry 0.25 0.2218 0.30 0.2233 Large, 1.5 
50 0.30 0.4904 n/a n/a 

Large, 1.5 

70 0.30 0.5306 n/a n/a 

Large, 1.5 

80 0.30 0.6136 0.30 0.4416 

Large, 1.5 

90 0.35 0.8108 0.30 0.5831 

Large, 1.5 

95 0.40 1.151 0.41 0.8428 

Large, 1.5 

99 0.60 2.609 0.54 2.218 

Large, 2.5 Dry 0.50 0.6691 0.66 0.6810 Large, 2.5 
50 0.65 1.4290 n/a n/a 

Large, 2.5 

70 0.65 1.6144 n/a n/a 

Large, 2.5 

80 0.70 1.8710 0.70 1.3463 

Large, 2.5 

90 0.75 2.4642 0.70 1.7949 

Large, 2.5 

95 0.90 3.4847 0.80 2.5620 

Large, 2.5 

99 1.25 7.634 1.20 6.583 
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APPENDIX B 

THE RADIATIVE FORCING FOR BOX MODEL 1 & 2 

The following tables describe the upscatter, P, the optical depth, T, and the radiative 
forcing (W/m') for sulfuric acid ((a) through (g)) and ammonium sulfate ((h) through (n)) 
with assuming two distinct densities for each. Box model 1 was employed to determine 
the results assuming the sulfate aerosol does not absorb solar radiation. 

B. 1. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the urban lognormal distribution cases with altering 
standard deviations. The mode radius for this distribution is 0.054 ^m. 

Group RH 
(%) 

f) = 1.7 g/cm^ p = 1.841 g/cm^ Group RH 
(%) 

P T AF 
P T AF 

Urban, 
o = 2.16 

Dry 0.228 0.010 -0.250 0.228 0.009 -0.231 Urban, 
o = 2.16 50 0.197 0.023 -0.526 0.197 0.022 -0.486 
Urban, 
o = 2.16 

70 0.186 0.029 -0.622 0.186 0.027 -0.575 

Urban, 
o = 2.16 

80 0.181 0.035 -0.731 0.181 0.033 -0.675 

Urban, 
o = 2.16 

90 0.176 0.051 -1.020 0.176 0.047 -0.942 

Urban, 
o = 2.16 

95 0.172 0.075 -1.469 0.172 0.069 -1.357 

Urban, 
o = 2.16 

99 0.166 0.185 -3.514 0.166 0.171 -3.245 
Urban, 
o=1.5 

Dry 0.424 0.0039 -0.191 0.424 0.0036 -0.176 Urban, 
o=1.5 50 0.358 0.0142 -0.580 0.358 0.0131 -0.536 
Urban, 
o=1.5 

70 0.341 0.0191 -0.743 0.341 0.0176 -0.686 

Urban, 
o=1.5 

80 0.328 0.0251 -0.936 0.328 0.0231 -0.865 

Urban, 
o=1.5 

90 0.305 0.0430 -1.494 0.305 0.0397 -1.380 

Urban, 
o=1.5 

95 0.281 0.0769 -2.465 0.281 0.0710 -2.228 

Urban, 
o=1.5 

99 0.230 0.294 -7.719 0.230 0.2717 -7.128 
Urban, 
(t=2.5 

Dry 0.207 0.0076 -0.180 0.207 0.0070 -0.167 Urban, 
(t=2.5 50 0.181 0.0170 -0.351 0.181 0.0157 -0.324 
Urban, 
(t=2.5 

70 0.172 0.0209 -0.410 0.172 0.0193 -0.379 

Urban, 
(t=2.5 

80 0.168 0.0248 -0.475 0.168 0.0229 -0.439 

Urban, 
(t=2.5 

90 0.166 0.0339 -0.642 0.166 0.0313 -0.593 

Urban, 
(t=2.5 

95 0.164 0.0477 -0.895 0.164 0.0441 -0.827 

Urban, 
(t=2.5 

99 0.162 0.1077 -1.986 0.162 0.0995 -1.834 
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B.2. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the average lognormal distribution with altering 
standard deviations. The mode radius for this distribution is 0.069 |im. 

Group RH 
(%) 

p = 1.7 g/cm^ p = 1.841 g/cm^ Group RH 
(%) 

P T AF 
P T AF 

Average, 
a =2.03 

Dry 0.230 0.0100 -0.262 0.230 0.0092 -0.242 Average, 
a =2.03 50 0.196 0.0253 -0.567 0.196 0.0234 -0.523 
Average, 
a =2.03 

70 0.186 0.0304 -0.645 0.186 0.0281 -0.596 

Average, 
a =2.03 

80 0.181 0.0370 -0.764 0.181 0.0342 -0.705 

Average, 
a =2.03 

90 0.176 0.0533 -1.069 0.176 0.0492 -0.988 

Average, 
a =2.03 

95 0.172 0.0794 -1.555 0.172 0.0733 -1.436 

Average, 
a =2.03 

99 0.165 0.2055 -3.873 0.165 0.1898 -3.576 
Average, 
o=1.5 

Dry 0.377 0.0058 -0.249 0.377 0.0053 -0.230 Average, 
o=1.5 50 0.314 0.0201 -0.718 0.314 0.0185 -0.663 
Average, 
o=1.5 

70 0.299 0.0251 -0.856 0.299 0.0232 -0.790 

Average, 
o=1.5 

80 0.286 0.0327 -1.068 0.286 0.0302 -0.987 

Average, 
o=1.5 

90 0.266 0.0545 -1.652 0.266 0.0503 -1.525 

Average, 
o=1.5 

95 0.244 0.0950 -2.648 0.244 0.0880 -2.446 

Average, 
o=1.5 

99 0.201 0.3460 -7.923 0.201 0.3193 -7.316 
Average, 
a =2.5 

Dry 0.203 0.0068 -0.157 0.203 0.0063 -0.145 Average, 
a =2.5 50 0.178 0.0152 -0.307 0.178 0.0140 -0.284 
Average, 
a =2.5 

70 0.168 0.0180 -0.346 0.168 0.0166 -0.320 

Average, 
a =2.5 

80 0.165 0.0213 -0.402 0.165 0.0197 -0.371 

Average, 
a =2.5 

90 0.164 0.0289 -0.540 0.164 0.0267 -0.498 

Average, 
a =2.5 

95 0.162 0.0405 -0.750 0.162 0.0374 -0.693 

Average, 
a =2.5 

99 0.160 0.0925 -1.687 0.160 0.0854 -1.558 
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B.3. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the clean lognormal distribution with altering standard 
deviations. The mode radius for this distribution is 0.067 |im. 

Group RH 
(%) 

p = 1.7 g/cm^ p = 1.841 g/cm^ Group RH 
(%) 

P T AF P X AF 

Clean, 
a =2.1 

Dry 0.224 0.0098 -0.250 0.224 0.0090 -0.231 Clean, 
a =2.1 50 0.192 0.0242 -0.531 0.192 0.0223 -0.490 
Clean, 
a =2.1 

70 0.182 0.0292 -0.606 0.182 0.0270 -0.559 

Clean, 
a =2.1 

80 0.177 0.0353 -0.714 0.177 0.0326 -0.659 

Clean, 
a =2.1 

90 0.173 0.0503 -0.994 0.173 0.0465 -0.918 

Clean, 
a =2.1 

95 0.170 0.0740 -1.434 0.170 0.0684 -1.324 

Clean, 
a =2.1 

99 0.164 0.1872 -3.512 0.164 0.1729 -3.243 
Clean, 
<j=1.5 

Dry 0.383 0.0055 -0.242 0.383 0.0051 -0.223 Clean, 
<j=1.5 50 0.319 0.0194 -0.704 0.319 0.0179 -0.650 
Clean, 
<j=1.5 

70 0.303 0.0244 -0.845 0.303 0.0226 -0.781 

Clean, 
<j=1.5 

80 0.291 0.0318 -1.056 0.291 0.0294 -0.975 

Clean, 
<j=1.5 

90 0.270 0.0533 -1.640 0.270 0.0492 -1.514 

Clean, 
<j=1.5 

95 0.248 0.0930 -2.636 0.248 0.0859 -2.244 

Clean, 
<j=1.5 

99 0.204 0.3413 -7.936 0.204 0.3151 -7.328 
Clean, 
<t=2.5 

Dry 0.204 0.0069 -0.160 0.204 0.0064 -0.148 Clean, 
<t=2.5 50 0.178 0.0154 -0.313 0.178 0.0142 -0.289 
Clean, 
<t=2.5 

70 0.169 0.0184 -0.354 0.169 0.0170 -0.327 

Clean, 
<t=2.5 

80 0.166 0.0217 -0.410 0.166 0.0201 -0.379 

Clean, 
<t=2.5 

90 0.164 0.0295 -0.552 0.164 0.0273 -0.510 

Clean, 
<t=2.5 

95 0.163 0.0413 -0.767 0.163 0.0382 -0.708 

Clean, 
<t=2.5 

99 0.160 0.0944 -1.724 0.160 0.0872 -1.592 
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B.4. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the marine lognormal distribution with altering standard 
deviations. The mode radius for this distribution is 0.071 |im. 

Group RH 
(%) 

p = 1.7 g/cm^ p = 1.841 g/cm^ Group RH 
(%) 

P T AF P T AF 

Marine, 
a =2.0 

Dry 0.232 0.0101 -0.267 0.232 0.0093 -0.246 Marine, 
a =2.0 50 0.198 0.0258 -0.581 0.198 0.2380 -0.536 
Marine, 
a =2.0 

70 0.187 0.0309 -0.659 0.187 0.3471 -0.609 

Marine, 
a =2.0 

80 0.182 0.0376 -0.780 0.182 0.0347 -0.720 

Marine, 
a =2.0 

90 0.177 0.0544 -1.096 0.177 0.0502 -1.012 

Marine, 
a =2.0 

95 0.172 0.0812 -1.596 0.172 0.0750 -1.474 

Marine, 
a =2.0 

99 0.165 0.2121 -4.001 0.165 0.1959 -3.694 
Marine, 
ti=1.5 

Dry 0.372 0.0060 -0.255 0.372 0.0056 -0.236 Marine, 
ti=1.5 50 0.308 0.0208 -0.734 0.308 0.0192 -0.677 
Marine, 
ti=1.5 

70 0.294 0.0258 -0.868 0.294 0.0239 -0.801 

Marine, 
ti=1.5 

80 0.282 0.0336 -1.079 0.282 0.0310 -0.997 

Marine, 
ti=1.5 

90 0.261 0.0559 -1.665 0.261 0.0516 -1.537 

Marine, 
ti=1.5 

95 0.240 0.0969 -2.658 0.240 0.0895 -2.454 

Marine, 
ti=1.5 

99 0.198 0.3492 -7.892 0.198 0.3225 -7.288 
Marine, 
o=2.5 

Dry 0.203 0.0067 -0.155 0.203 0.0062 -0.143 Marine, 
o=2.5 50 0.177 0.0149 -0.302 0.177 0.0138 -0.279 
Marine, 
o=2.5 

70 0.168 0.0177 -0.339 0.168 0.0163 -0.313 

Marine, 
o=2.5 

80 0.165 0.0209 -0.393 0.165 0.0193 -0.363 

Marine, 
o=2.5 

90 0.163 0.0284 -0.529 0.163 0.0262 -0.488 

Marine, 
o=2.5 

95 0.162 0.0397 -0.734 0.162 0.0366 -0.678 

Marine, 
o=2.5 

99 0.160 0.0906 -1.650 0.160 0.0837 -1.524 
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B.5. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the best fit lognormal distribution with altering standard 
deviations. The mode radius for this distribution is 0.065 ^m. 

Group RH 
(%) 

p = 1.7 g/cm^ p = 1.841 g/cm^ Group RH 
(%) 

P T AF P T AF 

Best 
Fit, 
0=2.07 

Dry 0.228 0.0098 -0.258 0.228 0.0091 -0.238 Best 
Fit, 
0=2.07 

50 0.196 0.0248 -0.553 0.196 0.0229 -0.510 
Best 
Fit, 
0=2.07 70 0.185 0.0300 -0.633 0.185 0.0277 -0.585 

Best 
Fit, 
0=2.07 

80 0.180 0.0364 -0.749 0.180 0.0336 -0.692 

Best 
Fit, 
0=2.07 

90 0.175 0.0524 -1.048 0.175 0.0483 -0.968 

Best 
Fit, 
0=2.07 

95 0.172 0.0776 -1.518 0.172 0.0717 -1.402 

Best 
Fit, 
0=2.07 

99 0.165 0.1985 -3.742 0.165 0.1833 -3.455 
Best 
Fit, 
o=1.5 

Dry 0.388 0.0053 -0.235 0.388 0.0049 -0.217 Best 
Fit, 
o=1.5 

50 0.324 0.0187 -0.689 0.324 0.0172 -0.636 
Best 
Fit, 
o=1.5 70 0.308 0.0236 -0.831 0.308 0.0218 -0.767 

Best 
Fit, 
o=1.5 

80 0.296 0.0309 -1.042 0.296 0.0285 -0.962 

Best 
Fit, 
o=1.5 

90 0.275 0.0519 -1.626 0.275 0.0479 -1.502 

Best 
Fit, 
o=1.5 

95 0.253 0.0911 -2.625 0.253 0.0841 -2.424 

Best 
Fit, 
o=1.5 

99 0.207 0.3365 -7.948 0.207 0.3111 -7.339 
Best 
Fit, 
o=2.5 

Dry 0.204 0.0070 -0.163 0.204 0.0065 -0.151 Best 
Fit, 
o=2.5 

50 0.178 0.0156 -0.319 0.178 0.0145 -0.294 
Best 
Fit, 
o=2.5 70 0.169 0.0187 -0.361 0.169 0.0173 -0.333 

Best 
Fit, 
o=2.5 

80 0.166 0.0222 -0.419 0.166 0.0205 -0.387 

Best 
Fit, 
o=2.5 

90 0.164 0.0302 -0.565 0.164 0.0279 -0.522 

Best 
Fit, 
o=2.5 

95 0.163 0.0423 -0.786 0.163 0.0390 -0.725 

Best 
Fit, 
o=2.5 

99 0.160 0.0964 -1.763 0.160 0.0890 -1.628 
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B.6. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the "Kiehl and Briegleb" lognormal distribution with 
altering standard deviations. The mode radius for this distribution is 0.05 ^m. 

Group RH 
(%) 

[5 = 1.7 g/cm^ p = 1.841 g/cm^ Group RH 
(%) 

P T AF P X AF 

Kiehl & 
Briegleb, 
a =2.0 

Dry 0.253 0.0093 -0.269 0.253 0.0086 -0.248 Kiehl & 
Briegleb, 
a =2.0 

50 0.218 0.0241 -0.598 0.218 0.0222 -0.552 
Kiehl & 
Briegleb, 
a =2.0 70 0.205 0.0308 -0.721 0.205 0.0285 -0.666 

Kiehl & 
Briegleb, 
a =2.0 

80 0.199 0.0381 -0.864 0.199 0.0352 -0.798 

Kiehl & 
Briegleb, 
a =2.0 

90 0.191 0.0565 -1.234 0.191 0.0522 -1.140 

Kiehl & 
Briegleb, 
a =2.0 

95 0.185 0.0864 -1.820 0.185 0.0798 -1.680 

Kiehl & 
Briegleb, 
a =2.0 

99 0.172 0.2292 -4.508 0.172 0.2117 -4.163 
Kiehl& 
Briegleb, 
a=1.5 

Dry 0.440 0.0034 -0.248 0.440 0.0032 -0.159 Kiehl& 
Briegleb, 
a=1.5 

50 0.374 0.0125 -0.721 0.374 0.0115 -0.490 
Kiehl& 
Briegleb, 
a=1.5 70 0.355 0.0171 -0.925 0.355 0.0158 -0.638 

Kiehl& 
Briegleb, 
a=1.5 

80 0.341 0.0277 -1.169 0.341 0.0209 -0.815 

Kiehl& 
Briegleb, 
a=1.5 

90 0.318 0.0392 -1.843 0.318 0.0362 -1.313 

Kiehl& 
Briegleb, 
a=1.5 

95 0.294 0.0707 -3.000 0.294 0.0653 -2.188 

Kiehl& 
Briegleb, 
a=1.5 

99 0.241 0.2719 -8.938 0.241 0.2511 -6.908 
Kiehl& 
Briegleb, 
o=2.5 

Dry 0.204 0.0079 -0.187 0.204 0.0073 -0.173 Kiehl& 
Briegleb, 
o=2.5 

50 0.183 0.0174 -0.363 0.183 0.0161 -0.335 
Kiehl& 
Briegleb, 
o=2.5 70 0.173 0.0217 -0.427 0.173 0.0200 -0.394 

Kiehl& 
Briegleb, 
o=2.5 

80 0.169 0.0258 -0.498 0.169 0.0238 -0.459 

Kiehl& 
Briegleb, 
o=2.5 

90 0.167 0.0354 -0.674 0.167 0.0327 -0.623 

Kiehl& 
Briegleb, 
o=2.5 

95 0.165 0.0499 -0.941 0.165 0.0461 -0.869 

Kiehl& 
Briegleb, 
o=2.5 

99 0.162 0.1120 -2.071 0.162 0.1033 -1.912 
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B.7. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for sulfuric acid 
at two chosen densities assuming the large lognormal distribution with altering standard 
deviations. The mode radius for this distribution is 0.125 f^m. 

Group RH 
(%) 

f> = 1.7 g/cm^ p -1.841 g/cm^ Group RH 
(%) 

P T AF 
P T AF 

Large, 
<1=1.7 

Dry 0.238 O.OIll -0.302 0.238 0.0103 -0.279 Large, 
<1=1.7 50 0.197 0.0300 -0.676 0.197 0.0277 -0.624 
Large, 
<1=1.7 

70 0.188 0.0341 -0.730 0.188 0.0315 -0.674 

Large, 
<1=1.7 

80 0.182 0.0415 -0.861 0.182 0.0383 -0.795 

Large, 
<1=1.7 

90 0.175 0.0602 -1.206 0.175 0.0556 -1.113 

Large, 
<1=1.7 

95 0.170 0.0944 -1.829 0.170 0.0874 -1.689 

Large, 
<1=1.7 

99 0.164 0.2421 -4.538 0.164 0.2236 -4.190 
Large, 
0=1.5 

Dry 0.283 0.0106 -0.342 0.283 0.0098 -0.315 Large, 
0=1.5 50 0.228 0.0320 -0.833 0.228 0.0295 -0.769 
Large, 
0=1.5 

70 0.218 0.0365 -0.905 0.218 0.0337 -0.836 

Large, 
0=1.5 

80 0.209 0.0454 -1.081 0.209 0.0419 -0.998 

Large, 
0=1.5 

90 0.196 0.0693 -1.549 0.196 0.0640 -1.431 

Large, 
0=1.5 

95 0.183 0.1148 -2.401 0.183 0.1060 -2.217 

Large, 
0=1.5 

99 0.168 0.3203 -6.142 0.168 0.2958 -5.672 
Large, 
a =2.5 

Dry 0.196 0.0046 -0.102 0.196 0.0042 -0.095 Large, 
a =2.5 50 0.171 0.0102 -0.199 0.171 0.0094 -0.183 
Large, 
a =2.5 

70 0.163 0.0115 -0.214 0.163 0.0106 -0.198 

Large, 
a =2.5 

80 0.161 0.0134 -0.246 0.161 0.0124 -0.227 

Large, 
a =2.5 

90 0.159 0.0178 -0.324 0.159 0.0165 -0.230 

Large, 
a =2.5 

95 0.158 0.0254 -0.458 0.158 0.0234 -0.423 

Large, 
a =2.5 

99 0.155 0.0554 -0.978 0.155 0.0511 -0.903 
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B.8. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for ammonium 
sulfate at two chosen densities assuming the urban lognormal distribution with altering 

Group 1 
( 
m ) = 1.8 g/cm' p = 1.769 g/cm' Group 1 

( %) 
P T AF P T AF 

Urban, 
0=2.16 

Dry 0.249 0.0111 -0.314 0.249 0.0113 -0.320 Urban, 
0=2.16 SO 0.206 0.0238 -0.561 0.206 0.0242 -0.571 
Urban, 
0=2.16 

90 0.196 0.0336 -0.751 0.196 0.0342 -0.764 

Urban, 
0=2.16 

95 0.185 0.0506 -1.068 0.185 0.0514 -1.087 

Urban, 
0=2.16 

99 0.169 0.1411 -2.718 0.169 0.1436 -2.765 
Urban, 
0=1.5 

Dry 0.417 0.0056 -0.267 0.417 0.0057 -0.272 Urban, 
0=1.5 80 0.357 0.0159 -0.648 0.357 0.0162 -0.659 
Urban, 
0=1.5 

90 0.332 0.0263 -0.998 0.332 0.0268 -1.016 

Urban, 
0=1.5 

95 0.304 0.0464 -1.626 0.304 0.0477 -1.654 

Urban, 
0=1.5 

99 0.240 0.2060 -5.653 0.240 0.2096 -5.752 
Urban, 
0=2.5 

Dry 0.234 0.0081 -0.216 0.234 0.0083 -0.220 Urban, 
0=2.5 80 0.193 0.0167 -0.368 0.193 0.0170 -0.374 
Urban, 
0=2.5 

90 0.184 0.0228 -0.479 0.184 0.0232 -0.488 

Urban, 
0=2.5 

95 0.176 0.0330 -0.661 0.176 0.0335 -0.673 

Urban, 
0=2.5 

99 0.164 0.0833 -1.557 0.164 0.0847 -1.584 

B.9. Outli 
sulfate at 
standard < 

ties the upscatter, optical depth and radiative forcing (W/ m^) for ammoni 
two chosen densities assuming the average lognormal distribution with all 
eviations. The mode radius for this distribution is 0.069 um. 

Group RH 
(%) 

p = 1.8 g/cm^ p = 1.769 g/cm^ Group RH 
(%) 

P X AF P T AF 

Average, 
o=2.03 

Dry 0.251 0.0115 -0.339 0.251 0.0117 -0.335 Average, 
o=2.03 80 0.207 0.0249 -0.588 0.207 0.0254 -0.598 
Average, 
o=2.03 

90 0.195 0.0354 -0.787 0.195 0.0360 -0.801 

Average, 
o=2.03 

95 0.184 0.0541 -1.138 0.184 0.0551 -1.158 

Average, 
o=2.03 

99 0.169 0.1602 -3.087 0.169 0.1630 -3.141 
Average, 
0=1.5 

Dry 0.374 0.0081 -0.346 0.374 0.0083 -0.352 Average, 
0=1.5 80 0.315 0.0214 -0.769 0.315 0.0218 -0.783 
Average, 
0=1.5 

90 0.291 0.0339 -1.126 0.291 0.0345 -1.145 

Average, 
0=1.5 

95 0.265 0.0602 -1.819 0.265 0.0612 -1.851 

Average, 
0=1.5 

99 0.209 0.2574 -6.135 0.209 0.2619 -6.243 
Average, 
0=2.5 

Dry 0.230 0.0070 -0.185 0.230 0.0072 -0.189 Average, 
0=2.5 80 0.190 0.0144 -0.312 0.190 0.0146 -0.317 
Average, 
0=2.5 

90 0.181 0.0196 -0.404 0.181 0.0199 -0.411 

Average, 
0=2.5 

95 0.173 0.0284 -0.560 0.173 0.0289 -0.570 

Average, 
0=2.5 

99 0.163 0.0732 -1.360 0.163 0.0745 -1.384 
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B.IO. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for ammonium 
sulfate at two chosen densities assuming the clean lognormal distribution with altering 

Group RH 
(%) 

p = 1.8 g/cm^ p = 1.769 g/cm^ Group RH 
(%) 

P T AF P T AF 

Clean, 
a =2.1 

Dry 0.246 O.Olll -0.312 0.246 0.0113 -0.317 Clean, 
a =2.1 80 0.202 0.0238 -0.551 0.203 0.0242 -0.561 
Clean, 
a =2.1 

90 0.191 0.0336 -0.734 0.192 0.0341 -0.747 

Clean, 
a =2.1 

95 0.181 0.0508 -1.054 0.182 0.0517 -1.073 

Clean, 
a =2.1 

99 0.168 0.1461 -2.803 0.168 0.1487 -2.852 
Clean, 
a=1.5 

Dry 0.375 0.0078 -0.337 0.379 0.0079 -0.343 Clean, 
a=1.5 80 0.318 0.0208 -0.758 0.320 0.0212 -0.772 
Clean, 
a=1.5 

90 0.294 0.0330 -1.111 0.296 0.0335 -1.132 

Clean, 
a=1.5 

95 0.268 0.0588 -1.806 0.269 0.0598 -1.838 

Clean, 
a=1.5 

99 0.211 0.2533 -6.131 0.212 0.2577 -6.238 
Clean, 
o=2.5 

Dry 0.231 0.0072 -0.189 0.231 0.0073 -0.192 Clean, 
o=2.5 80 0.190 0.0147 -0.319 0.190 0.0149 -0.324 
Clean, 
o=2.5 

90 0.181 0.0200 -0.413 0.181 0.0204 -0.420 

Clean, 
o=2.5 

95 0.173 0.0290 -0.573 0.173 0.0295 -0.583 

Clean, 
o=2.5 

99 0.163 0.0746 -1.389 0.163 0.0759 -1.413 

B.l 1. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for ammonium 
sulfate at two chosen densities assuming the marine lognormal distribution with altering 

Group RH 
(%) 

p = 1.8 g/cm^ p = 1.769 g/cm' Group RH 
(%) 

P T AF P T AF 

Marine, 
a =2.0 

Dry 0.252 0.0117 -0.335 0.252 0.0119 -0.341 Marine, 
a =2.0 80 0.208 0.0254 -0.601 0.208 0.0258 -0.611 
Marine, 
a =2.0 

90 0.196 0.0361 -0.807 0.196 0.0368 -0.821 

Marine, 
a =2.0 

95 0.185 0.0554 -1.168 0.185 0.0564 -1.189 

Marine, 
a =2.0 

99 0.169 0.1657 -3.195 0.169 0.1686 -3.251 
Marine, 
o=l.5 

Dry 0.369 0.0084 -0.354 0.369 0.0086 -0.361 Marine, 
o=l.5 80 0.310 0.0221 -0.781 0.310 0.0224 -0.795 
Marine, 
o=l.5 

90 0.287 0.0348 -1.140 0.287 0.0355 -1.160 

Marine, 
o=l.5 

95 0.261 0.0616 -1.833 0.261 0.0627 -1.865 

Marine, 
o=l.5 

99 0.206 0.2614 -6.138 0.206 0.2660 -6.246 
Marine, 
a =2.5 

Dry 0.230 0.0069 -0.182 0.230 0.0070 -0.185 Marine, 
a =2.5 80 0.190 0.0141 -0.306 0.190 0.0144 -0.311 
Marine, 
a =2.5 

90 0.180 0.0192 -0.396 0.180 0.0196 -0.403 

Marine, 
a =2.5 

95 0.173 0.0278 -0.548 0.173 0.0283 -0.558 

Marine, 
a =2.5 

99 0.163 0.0719 -1.333 0.163 0.0731 -1.357 
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B.12. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for ammonium 
sulfate at two chosen densities assuming the best fit lognormal distribution with altering 

Group RH 
(%) 

p = 1.8 g/cm^ p = 1.769 g/cm^ Group RH 
(%) 

P T AF P T AF 

Best 
Fit, 
a =2.07 

Dry 0.250 0.0135 -0.323 0.250 0.0115 -0.339 Best 
Fit, 
a =2.07 

80 0.206 0.0245 -0.577 0.206 0.0250 -0.587 
Best 
Fit, 
a =2.07 90 0.194 0.0347 -0.770 0.194 0.0353 -0.783 

Best 
Fit, 
a =2.07 

95 0.184 0.0529 -1.110 0.184 0.0538 -1.130 

Best 
Fit, 
a =2.07 

99 0.169 0.1542 -2.974 0.169 0.1569 -3.026 
Best 
Fit, 
a=1.5 

Dry 0.384 0.0075 -0.327 0.384 0.0076 -0.333 Best 
Fit, 
a=1.5 

80 0.325 0.0201 -0.744 0.325 0.0204 -0.757 
Best 
Fit, 
a=1.5 90 0.301 0.0319 -1.095 0.301 0.0325 -1.114 

Best 
Fit, 
a=1.5 

95 0.274 0.0572 -1.787 0.274 0.0582 -1.818 

Best 
Fit, 
a=1.5 

99 0.216 0.2482 -6.108 0.216 0.2525 -6.215 
Best 
Fit, 
<7=2.5 

Dry 0.231 0.0073 -0.193 0.231 0.0074 -0.196 Best 
Fit, 
<7=2.5 

80 0.191 0.0150 -0.326 0.191 0.0152 -0.331 
Best 
Fit, 
<7=2.5 90 0.181 0.0204 -0.422 0.181 0.0207 -0.429 

Best 
Fit, 
<7=2.5 

95 0.174 0.0295 -0.585 0.174 0.0300 -0.595 

Best 
Fit, 
<7=2.5 

99 0.163 0.0759 -1.416 0.163 0.0773 -1.441 

sulfate at two chosen densities assuming the "Kiehl and Briegleb" lognormal distribution 

Group RH 
(%) 

p = 1.8 g/cm' p = 1.769 g/cm' Group RH 
(%) 

P T AF P T AF 

Kiehl & 
Briegleb, 
a =2.0 

Dry 0.269 0.0113 -0.347 0.269 0.0115 -0.353 Kiehl & 
Briegleb, 
a =2.0 

80 0.225 0.0255 -0.652 0.225 0.0259 -0.664 
Kiehl & 
Briegleb, 
a =2.0 90 0.212 0.0369 -0.892 0.212 0.0376 -0.908 

Kiehl & 
Briegleb, 
a =2.0 

95 0.199 0.0571 -1.297 0.199 0.0581 -1.319 

Kiehl & 
Briegleb, 
a =2.0 

99 0.178 0.1717 -3.481 0.178 0.1747 -3.542 
Kiehl& 
Briegleb, 
a=1.5 

Dry 0.432 0.0049 -0.243 0.432 0.0050 -0.246 Kiehl& 
Briegleb, 
a=1.5 

80 0.371 0.0143 -0.605 0.371 0.0145 -0.615 
Kiehl& 
Briegleb, 
a=1.5 90 0.346 0.0238 -0.939 0.346 0.0242 -0.954 

Kiehl& 
Briegleb, 
a=1.5 

95 0.318 0.0426 -1.543 0.318 0.0433 -1.568 

Kiehl& 
Briegleb, 
a=1.5 

99 0.253 0.1909 -5.515 0.253 0.1940 -5.603 
Kiehl & 
Briegleb, 
o=2.5 

Dry 0.235 0.0084 -0.226 0.235 0.0086 -0.230 Kiehl & 
Briegleb, 
o=2.5 

80 0.194 0.0174 -0.385 0.194 0.0177 -0.392 
Kiehl & 
Briegleb, 
o=2.5 90 0.185 0.0238 -0.502 0.185 0.0242 -0.511 

Kiehl & 
Briegleb, 
o=2.5 

95 0.177 0.0343 -0.693 0.177 0.0349 -0.705 

Kiehl & 
Briegleb, 
o=2.5 

99 0.166 0.0861 -1.631 0.166 0.0876 -1.660 
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B.14. Outlines the upscatter, optical depth and radiative forcing (W/ m^) for ammonium 
sulfate at two chosen densities assuming the large lognormal distribution with altering 
standard deviations. The mode radius for this distribution is 0.125 um. 
Group RH 

(%) 
p -1.8 g/cm' p = 1.769 g/cm^ Group RH 

(%) 
P T AF P T AF 

Large, 
a=1.7 

Dry 0.256 0.0129 -0.377 0.256 0.0131 -0.383 Large, 
a=1.7 80 0.208 0.0282 -0.669 0.208 0.0287 -0.680 
Large, 
a=1.7 

90 0.194 0.0402 -0.891 0.194 0.0409 -0.907 

Large, 
a=1.7 

95 0.182 0.0628 -1.307 0.182 0.0639 -1.330 

Large, 
a=1.7 

99 0.167 0.1947 -3.713 0.167 0.1980 -3.778 
Large, 
0=1.5 

Dry 0.290 0.0134 -0.444 0.290 0.0136 -0.452 Large, 
0=1.5 80 0.236 0.0308 -0.829 0.236 0.0313 -0.844 
Large, 
0=1.5 

90 0.217 0.0455 -1.127 0.217 0.0463 -1.147 

Large, 
0=1.5 

95 0.199 0.0744 -1.692 0.199 0.0758 -1.721 

Large, 
0=1.5 

99 0.172 0.2554 -4.998 0.172 0.2599 -5.085 
Large, 
0=2.5 

Dry 0.222 0.0045 -0.115 0.222 0.0046 -0.117 Large, 
0=2.5 80 0.184 0.0091 -0.191 0.184 0.0927 -0.194 
Large, 
0=2.5 

90 0.175 0.0123 -0.244 0.175 0.0125 -0.249 

Large, 
0=2.5 

95 0.167 0.0176 -0.337 0.167 0.0179 -0.343 

Large, 
0=2.5 

99 0.157 0.0452 -0.810 0.157 0.0460 -0.824 
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The following tables describe the radiative forcing (W/m^) for sulfuric acid and 
ammonium sulfate with assuming two distinct densities for each. Box model 2 was 
employed to determine the results assuming the sulfate aerosol may absorb solar 
radiation. 

B.15. The radiative forcing (W/m^) for sulfuric acid cases as a function of the relative 
humidity, the distribution group, the standard deviation, o, and the aerosol's density 
(g/cm^), p. Continued onto the following page. 
Group a P Relative Humidity Group a P 

Dry 50% 70% 80% 90% 95% 99% 
Urban 2.16 1.7 -0.237 -0.503 -0.596 -0.703 -1.990 -1.439 -3.500 Urban 2.16 

1.841 -0.219 -0.464 -0.550 -0.649 -1.914 -1.329 -3.232 
Urban 

1.5 1.7 -0.144 -0.435 -0.555 -0.698 -1.117 -1.861 -6.143 

Urban 

1.5 
1.841 -0.133 -0.402 -0.512 -0.645 -1.032 -1.032 -5.672 

Urban 

2.5 1.7 -0.178 -0.349 -0.408 -0.474 -0.643 -0.897 -1.995 

Urban 

2.5 
1.841 -0.165 -0.322 -0.377 -0.438 -0.594 -0.829 -1.842 

Average 2.03 1.7 -0.245 -0.537 -0.612 -0.728 -1.032 -1.517 -3.857 Average 2.03 
1.841 -0.227 -0.496 -0.565 -0.672 -0.953 -1.401 -3.562 

Average 

1.5 1.7 -0.189 -0.543 -0.643 -0.805 -1.260 -2.065 -6.700 

Average 

1.5 
1.841 -0.174 -0.501 -0.584 -0.743 -1.164 -1.907 -6.187 

Average 

2.5 1.7 -0.156 -0.306 -0.346 -0.402 -0.541 -0.753 -1.693 

Average 

2.5 
1.841 -0.144 -0.283 -0.320 -0.372 -0.500 -0.696 -1.563 

Clean 2.1 1.7 -0.238 -0.510 -0.583 -0.970 -0.970 -1.411 -3.100 Clean 2.1 
1.841 -0.219 -0.471 -0.538 -0.637 -0.895 -1.303 -3.241 

Clean 

1.5 1.7 -0.183 -0.531 -0.635 -0.794 -1.247 -2.045 -6.659 

Clean 

1.5 
1.841 -0.169 -0.491 -0.586 -0.733 -1.152 -1.889 -6.149 

Clean 

2.5 1.7 -0.159 -0.312 -0.354 -0.411 -0.554 -0.770 -1.730 

Clean 

2.5 
1.841 -0.147 -0.288 -0.327 -0.380 -0.511 -0.711 -1.597 

Marine 2.0 1.7 -0.248 -0.548 -0.622 -0.740 -1.053 -1.553 -3.980 Marine 2.0 
1.841 -0.229 -0.506 -0.575 -0.684 -0.972 -1.434 -3.676 

Marine 

1.5 1.7 -0.194 -0.555 -0.654 -0.815 -1.275 -2.083 -6.724 

Marine 

1.5 
1.841 -0.179 -0.513 -0.604 -0.753 -1.178 -1.923 -6.209 

Marine 

2.5 1.7 -0.153 -0.302 -0.340 -0.394 -0.530 -0.737 -1.655 

Marine 

2.5 
1.841 -0.142 -0.278 -0.314 -0.364 -0.490 -0.681 -1.528 

Best Fit 2.07 1.7 -0.242 -0.526 -0.603 -0.717 -1.014 -1.485 -3.730 Best Fit 2.07 
1.841 -0.224 -0.486 -0.557 •0.662 -0.937 -1.372 -3.444 

Best Fit 

1.5 1.7 -0.178 -0.519 -0.623 -0.782 -1.233 -2.027 -6.617 

Best Fit 

1.5 
1.841 -0.164 -0.479 -0.575 -0.722 -1.139 -1.872 -6.110 

Best Fit 

2.5 1.7 -0.162 -0.318 -0.361 -0.420 -0.567 -0.789 -1.769 

Best Fit 

2.5 
1.841 -0.149 -0.293 -0.333 -0.388 -0.523 -0.728 -1.634 
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Group o P Relative Humidity Group o P 
Dry 50% 70% 80% 90% 95% 99% 

Kiehl& 
Brieglab 

2.0 1.7 -0.242 -0.543 -0.656 -0.790 -1.144 -1.713 -4.384 Kiehl& 
Brieglab 

2.0 
1.841 -0.223 -0.502 -0.606 -0.729 -1.056 -1.581 -4.048 

Kiehl& 
Brieglab 

1.5 1.7 -0.130 -0.399 -0.516 -0.658 -1.060 -1.778 -5.857 

Kiehl& 
Brieglab 

1.5 
1.841 -0.120 -0.370 -0.476 -0.607 -0.979 -1.642 -5.409 

Kiehl& 
Brieglab 

2.5 1.7 -0.185 -0.360 -0.424 -0.496 -0.674 -0.942 -2.079 

Kiehl& 
Brieglab 

2.5 
1.841 -0.170 -0.333 -0.392 -0.458 -0.622 -0.870 -1.920 

Large 1.7 1.7 -0.269 -0.619 -0.669 -0.795 -1.137 -1.764 -4.510 Large 1.7 
1.841 -0.248 -0.572 -0.617 -0.734 -1.053 -1.629 -4.165 

Large 

1.5 1.7 -0.274 -0.686 -0.743 -0.898 -1.329 -2.146 -5.910 

Large 

1.5 
1.841 -0.253 -0.666 -0.829 -0.829 -1.227 -1.981 -5.457 

Large 

2.5 1.7 -0.102 -0.198 -0.215 -0.247 -0.325 -0.459 -0.977 

Large 

2.5 
1.841 -0.094 -0.183 -0.198 -0.228 -0.300 -0.424 -0.902 
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B16. The radiative forcing (W/m^) for ammonium sulfate cases as a function of the 
relative humidity, the distribution group, the standard deviation, a, and the aerosol's 
density (g/cm^), p. Continued onto the following page. 
Group a P Relative Humidity Group a P 

Dry 80% 90% 95% 99% 
Urban 2.16 1.8 -0.306 -0.540 -0.726 -1.035 -2.671 Urban 2.16 

1.769 -0.312 -0.550 -0.738 -1.053 -2.717 
Urban 

1.5 1.8 -0.207 -0.491 -0.752 -1.226 -4.413 

Urban 

1.5 
1.769 -0.211 -0.500 -0.766 -1.247 -4.491 

Urban 

2.5 1.8 -0.216 -0.365 -0.476 -0.656 -1.545 

Urban 

2.5 
1.769 -0.220 -0.371 -0.484 -0.668 -1.572 

Average 2.03 1.8 -0.318 -0.562 -0.755 -1.099 -3.036 Average 2.03 
1.769 -0.324 -0.572 -0.768 -1.118 -3.089 

Average 

1.5 1.8 -0.272 -0.590 -0.864 -1.409 -5.099 

Average 

1.5 
1.769 -0.276 -0.600 -0.879 -1.433 -5.189 

Average 

2.5 1.8 -0.186 -0.310 -0.402 -0.556 -1.350 

Average 

2.5 
1.769 -0.189 -0.316 -0.409 -0.566 -1.374 

Clean 2.1 1.8 -0.304 -0.533 -0.711 -1.026 -2.766 Clean 2.1 
1.769 -0.310 -0.543 -0.723 -1.044 -2.814 

Clean 

1.5 1.8 -0.264 -0.580 -0.851 -1.393 -5.057 

Clean 

1.5 
1.769 -0.269 -0.591 -0.866 -1.417 -5.146 

Clean 

2.5 1.8 -0.189 -0.317 -0.410 -0.569 -1.378 

Clean 

2.5 
1.769 -0.193 -0.323 -0.418 -0.579 -1.403 

Marine 2.0 1.8 -0.323 -0.572 -0.770 -1.124 -3.139 Marine 2.0 
1.769 -0.328 -0.582 -0.784 -1.144 -3.194 

Marine 

1.5 1.8 -0.279 -0.601 -0.878 -1.426 -5.141 

Marine 

1.5 
1.769 -0.284 -0.611 -0.893 -1.451 -5.231 

Marine 

2.5 1.8 -0.182 -0.304 -0.394 -0.545 -1.324 

Marine 

2.5 
1.769 -0.185 -0.309 -0.401 -0.554 -1.347 

Best Fit 2.07 1.8 -0.314 -0.553 -0.740 -1.074 -2.926 Best Fit 2.07 
1.769 -0.319 -0.563 -0.753 -1.093 -2.977 

Best Fit 

1.5 1.8 -0.256 -0.568 -0.835 -1.372 -4.999 

Best Fit 

1.5 
1.769 -0.261 -0.578 -0.850 -1.396 -5.087 

Best Fit 

2.5 1.8 -0.193 -0.324 -0.419 -0.581 -1.406 

Best Fit 

2.5 
1.769 -0.197 -0.329 -0.426 -0.591 -1.431 



260 

Group a P Relative F umidity Group a P 
Dry 80% 90% 95% 99% 

Kiehl& 
Brieglab 

2.0 1.8 -0.325 -0.602 -0.826 -1.209 -3.339 Kiehl& 
Brieglab 

2.0 
1.769 -0.331 -0.612 -0.841 -1.230 -3.397 

Kiehl& 
Brieglab 

1.5 1.8 -0.188 -0.458 -0.706 -1.158 -4.256 

Kiehl& 
Brieglab 

1.5 
1.769 -0.191 -0.466 -0.717 -1.176 -4.324 

Kiehl& 
Brieglab 

2.5 1.8 -0.226 -0.382 -0.498 -0.687 -1.620 

Kiehl& 
Brieglab 

2.5 
1.769 -0.230 -0.389 -0.506 -0.699 -1.648 

Large 1.7 1.8 -0.353 -0.622 -0.835 -1.243 -3.643 Large 1.7 
1.769 -0.359 -0.633 -0.849 -1.264 -3.706 

Large 

1.5 1.8 -0.378 -0.699 -0.962 -1.485 -4.741 

Large 

1.5 
1.769 -0.385 -0.711 -0.979 -1.511 -4.824 

Large 

2.5 1.8 -0.115 -0.190 -0.243 -0.334 -0.801 

Large 

2.5 
1.769 -0.117 -0.193 -0.247 -0.340 -0.815 
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APPENDIX C 

OPTICAL PROPERTIES OF SPECIFIC CASE STUDIES TO INCLUDE INTO 
NCAR'S CCM3 

The following tables describe the mass extinction coefficient, the asymmetry parameter 
and the single scattering albedo for select cases that are incorporated into NCAR's CCM3 
model. 

C.l. The following tables consist of the mass extinction coefficient, asymmetry 
parameter and the single scattering albedo for case 2. This ammonium sulfate aerosol 
case represents the Kiehl distribution with a standard deviation of l.S. 

Mass Extinction Coefficient: 

Relative Humidity 
Baiul Diy 20% mi 22%_ 

1 0.94964323E+01 0.23484980E+02 0.3443071OE+02 0.56116142E+02 0.15905264E+03 

2 0.81265650E+0I 0.20289816E+02 0.30162334E+02 0.49410763E+02 0.14736011E+03 
3 0.75364094E+01 0.18910997E+02 0.28308056E+02 0.46497684E+02 0.14211115E+03 
4 0.71577435E+01 0.18025427E+02 0.27112482E+02 0.44619392E+02 0.13866364E+03 
5 0.6790892 lE+01 0.17166767E+02 0.25949398E+02 0.427921 lOE+02 0.13525757E+03 
6 0.64358559E+01 0.16335018E+02 0.24818798E+02 0.41015827E+02 0.13189291E+03 
7 0.55204315E+01 0.I4186477E+02 0.21877180E-H)2 0.36394070E+02 0.12285379E+03 
8 0.21018946E+01 0.59899006E+01 0.99068975E+01 0.17488539E+02 0.7515943 lE+02 
9 0.72977591E+00 0.24203813E+01 0.42283392E+01 0.801441 lOE+01 0.41746117E+02 

10 0.18386896E+00 0.69324869E+00 0.12428514E+01 0.25249002E+01 0.15085246E+02 
11 0.18300879E+00 0.69048148E+00 0.12380137E+01 0.25159729E+01 0.15040844E+02 
12 0.18300879E+00 0.69048148E+00 0.12380137E+01 0.25159729E+01 0.15040844E+02 
13 0.18300879E+00 0.69048148E+00 0.12380137E+01 0.25159729E+01 0.15040844E+02 
14 0.18215106E+00 0.68772060E+00 0.12331862E+01 0.25070612E+01 0.14996489E+02 
15 0.182I5106E-K)0 0.68772060E+00 0.12331862E+01 0.25070612E+01 0.14996489E+02 
16 0.18215106E+00 0.68772060E+00 0.12331862E+01 0.25070612E+01 0.14996489E+02 
17 0.97780135E-02 0.28554153E+00 0.51823914E+00 0.95808184E+00 0.38833513E+01 
18 0.99550784E-02 0.37830986E-01 0.61504241E-01 0.108I3302E+00 0.48750991 E+00 
19 0.99550784E-02 0.37830986E-01 0.6150424 lE-01 0.10813302E+00 0.48750991 E+00 
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Asymmetry Parameter: 

Relative Humidity 
BMI DIY 80% m mi 99% 

1 0.66189343E+OO 0.74950039E+00 0.77496642E+00 0.79103863E+00 0.80385715E+00 

2 0.63524771 E+OO 0.73122507E+00 0.75961542E+00 0.78121644E+00 0.80495417E+00 

3 0.62295806E+00 0.72253042E+00 0.75226885E+00 0.77631760E-K)0 0.80498075E+00 
4 0.61476797E+00 0.71664292E+00 0.74727947E+00 0.77292341 E+OO 0.80483025E+00 
5 0.60658026E+00 0.71068245E+OO 0.74221665E+00 0.76942664E+00 0.80454504E+00 
6 0.59839487E+00 0.70464909E+00 0.73708040E+00 0.76582724E+00 0.80412519E+00 
7 0.57589746E+00 0.68768132E+00 0.72257733E+OO 0.75539988E+00 0.80227631 E+OO 
8 0.41687782E+00 0.54798434E+00 0.59962494E+00 0.65433213E+00 0.75557004E+00 
9 0.15041049E+00 0.23745561 E+OO 0.28298107E+00 0.34218299E+00 0.50198758E+00 

10 0.15012944E+00 0.23709020E+00 0.28258795E+00 0.34177253E+00 0.50161237E+00 
11 0.15012944E+00 0.23709020E+00 0.28258795E+00 0.34177253E+OO 0.50161237E+00 
12 0.15012944E+00 0.23709020E+00 0.28258795E+00 0.34I77253E+00 0.50I6I237E+00 
13 0.14984839E+00 0.23672456E+00 0.282I9447E+00 0.34136155E+00 0.50123638E+00 
14 0.14984839E+00 0.23672456E+00 0.28219447E+00 0.34136155E+00 0.50123638E+00 
15 0.14984839E+00 0.23672456E+00 0.28219447E+00 0.34136155E+00 0.50123638E+00 
16 0.24361879E-01 0.44055935E-01 0.5651529 lE-01 0.75462498E-01 0.15286405E+00 
17 0.10309504E-0I 0.19361688E-01 0.25248699E-01 0.34339182E-01 0.74281171E-01 
18 0.10309504E-0I 0.I9361688E-0I 0.25248699E-01 0.34339182E-01 0.7428 n71E-0I 

Single Scattering Albedo: 
Relative Humidity 

Band Djsc m m 252i 99% 
1 0.99999952E+00 0.99999958E+00 0.99999940E+00 0.1000000lE+01 0.99999970E+00 
2 0.99999946E+00 0.99999964E+00 0.99999952E+00 O.lOOOOOOOE+01 0.99999976E+00 
3 0.99999946E+00 0.99999970E+00 0.99999958E+00 O.lOOOOOOOE+01 0.99999976E+00 
4 0.99999946E+00 0.99999970E+00 0.99999958E+00 0.99999994E+00 0.99999988E+00 
5 0.99999940E+00 0.99999970E+00 0.99999964E+00 0.99999994E+00 0.99999988E+00 
6 0.99999940E+00 0.99999970E+00 0.99999964E+00 0.99999994E+00 0.99999988E+00 
7 0.99999899E+00 0.99999976E+00 0.99999982E+00 0.99999988E+00 O.lOOOOOOOE+01 
8 0.99999839E+00 0.99999934E+00 0.99999946E+00 0.99999970E+00 0.99999982E+00 
9 0.93549347E+00 0.93988061 E+OO 0.94402498E+00 0.94934434E+00 0.96204269E+00 

10 0.93536848E+00 0.93976408E+00 0.943916S0E+00 0.94924617E+00 0.96196920E+00 
11 0.93536848E+00 0.93976408E+00 0.94391650E+00 0.94924617E+00 0.96196920E+00 
12 0.93536848E+00 0.93976408E+00 0.94391650E+00 0.94924617E+00 0.96196920E+00 
13 0.93524283E+00 0.93964702E+00 0.94380748E+00 0.94914752E+00 0.96189523E+00 
14 0.93524283E+00 0.93964702E+00 0.94380748E+00 0.94914752E+00 0.96189523E+00 
15 0.93524283E+00 0.93964702E+00 0.94380748E+00 0.94914752E+00 0.96189523E+00 
16 0.27048284E+00 0.7633S773E-01 0.80631398E-01 0.10027533E+00 0.18238930E+00 
17 0.48099484E-01 0.71761191E-01 0.9S067449E-01 0.13033836E+00 0.294629S4E+00 
18 0.48099484E-01 0.71761191E-01 0.9S067449E-01 0.13033836E+00 0.29462954E+00 
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C.2. The following tables consist of the mass extinction coefficient, asymmetry 
parameter and the single scattering albedo for case 3. This ammonium sulfate aerosol 
case represents the Kiehl distribution with a standard deviation of 2.5. 

Mass Extinction Coefficient: 

Relative Humidity 
Band Drv SQ% mi 22%_ 

1 0.26569672E+01 0.51870995E-K)1 0.67499833E+01 0.92756042E+01 0.2019337 lE+02 
2 0.2653051 lE+01 0.51895304E-K)1 0.67865338E+01 0.93323936E+01 0.20441830E+02 
3 0.26490996E+01 0.51868529E+01 0.67975373E+01 0.93520479E+01 0.20545086E+02 
4 0.2645713 lE+01 0.51837354E+01 0.68028135E+01 0.93628502E+01 0.20609913E-H)2 
5 0.26417246E+01 0.51795506E-H)1 0.68064437E+01 0.93718109E-K)1 0.20671537E-K)2 
6 0.2637134 lE+01 0.51743002E+01 0.68084269E+01 0.93789320E-K)1 0.20729954E-H)2 
7 0.23664 lOOE+01 0.475193105+01 0.63912420E+01 0.90005890E+01 0.21083470E+02 
8 0.21363106E+01 0.43625402E+01 0.59472003E+01 0.85092068E+01 0.20777020E+02 
9 0.14013035E+01 0.30150104E+01 0.42174864E+01 0.63130827E+01 0.17176184E+02 

10 0.13999718E+01 0.30125647E+01 0.42I43226E+01 0.63090587E+01 0.17169441E+02 
11 0.13999718E+01 0.30125647E+01 0.42143226E+01 0.63090587E+01 0.1716944 lE+02 
12 0.13999718E+01 0.30125647E+01 0.42143226E+01 0.63090587E+01 0.1716944 lE+02 
13 0.13986381 E+01 0.30101149E+01 0.42111530E+01 0.63050270E+01 0.17162682E+02 
14 0.13986381 E+01 0.3010n49E+01 0.42111530E+01 0.63050270E+01 0.17162682E+02 
15 0.13986381 E+01 0.30101149E+01 0.42111530E+01 0.63050270E+01 0.17162682E+02 
16 0.34617695E+00 0.80990732E+00 0.12003868E+01 0.19126707E+01 0.63286428E+01 
17 0.21302044E+00 0.56820142E+00 0.89670545E+00 0.15068222E+01 0.58106289E+01 
18 0.21302044E+00 0.56820142E+00 0.89670545E+00 0.15068222E+01 0.58106289E+01 
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Asymmetry Parameter: 

Relative Humidity 
Band Dry 80% m 25% 222i_ 

1 0.69336903E+00 0.75083256E+00 0.77172685E+00 0.77539152E+00 0.79318720E+00 
2 0.68693030E+00 0.74989653E+00 0.76842993E+00 0.77552146E+00 0.79306316E+00 
3 0.68425918E+00 0.74952239E+00 0.76711136E+00 0.77559614E+00 0.79302150E+00 
4 0.68258393E+00 0.74929333E+00 0.76630366E+00 0.77565116E+00 0.79299927E+00 
5 0.68099308E+00 0.74908048E+00 0.76555288E+00 0.77571017E+00 0.79298139E+00 
6 0.67948657E+00 0.74888390E+00 0.76485914E+00 0.77577341 E+00 0.792%792E+00 
7 0.67577887E+00 0.74842715E+00 0.76324534E+00 0.77596849E+00 0.79295349E+00 
8 0.66699900E+00 0.74801600E+00 0.76283900E+00 0.77790600E+00 0.79384300E+00 
9 0.65798908E+00 0.73786688E+00 0.75708979E+00 0.77209920E+00 0.79371250E+00 

10 0.65797973E+00 0.73785049E+00 0.75708044E+00 0.77208799E+00 0.79371160E+00 
11 0.65797973E+00 0.73785049E+00 0.75708044E+00 0.77208799E+00 0.79371160E+00 
12 0.65797973E+00 0.73785049E+00 0.75708044E+00 0.77208799E+00 0.79371160E+00 
13 0.65797025E+00 0.73783398E+00 0.75707102E+00 0.77207667E+00 0.79371059E+00 
14 0.65797025E+00 0.73783398E+00 0.75707102E+00 0.77207667E+00 0.79371059E+00 
15 0.65797025E+00 0.73783398E+00 0.75707102E+00 0.77207667E+00 0.79371059E+00 
16 0.65164238E+00 0.75055230E+00 0.77551627E+00 0.80026120E+00 0.84764308E+00 
17 0.56365454E+00 0.64269775E+00 0.66556770E+00 0.69152588E+00 0.73836428E+00 
18 0.56365454E+00 0.64269775E+00 0.66556770E+00 0.69152588E+00 0.73836428E+00 

Single Scattering Albedo: 
Relative Humidity 

Band Dry 80% 20% 25% 22%_ 
1 0.99999791 E+00 0.99999863E+00 0.99999869E+00 0.99999815E+00 0.99999768E+00 
2 0.99999797E+00 0.99999881 E+00 0.99999887E+00 0.99999857E+00 0.99999821 E+00 
3 0.99999803E+00 0.99999893E+00 0.99999899E+00 0.99999875E+00 0.99999851 E+00 
4 0.99999797E+00 0.99999899E+00 0.99999905E+00 0.99999887E+00 0.99999863E+00 
5 0.99999803E+00 0.99999905E+00 0.99999911E+00 0.99999893E+00 0.99999881 E+00 
6 0.99999803E+00 0.99999911E+00 0.99999917E+00 0.99999905E+00 0.99999893E+00 
7 0.99999857E+00 0.99999952E+00 0.99999964E+00 0.99999970E+00 0.99999982E+<)0 
8 0.99999887E+00 0.99999928E+00 0.99999946E+00 0.99999952E+00 0.99999952E+00 
9 0.98570269E+00 0.98278832E+00 0.98343700E+00 0.98415178E+00 0.98557174E+00 

10 0.98567498E+00 0.98275501 E+00 0.98340493E+00 0.98412108E+00 0.98554379E+00 
11 0.98567498E+00 0.98275501 E+00 0.98340493E+00 0.98412108E+00 0.98554379E+00 
12 0.98567498E+00 0.98275501E+00 0.98340493E+00 0.98412108E+00 0.98554379E+00 
13 0.98564708E+00 0.98272145E+00 0.98337263E+00 0.98409015E+00 0.98551565E+00 
14 0.98564708E+00 0.98272145E+00 0.98337263E+00 0.98409015E+00 0.98551565E+00 
15 0.98564708E+00 0.98272145E+00 0.98337263E+00 0.98409015E+00 0.98551S65E+00 
16 0.96499759E+00 0.63627410E+00 0.59402055E+<)0 0.56529725E+00 0.56051552E+00 
17 0.92971855E+00 0.90737683E+00 0.90700966E+00 0.90676492E+00 0.91199529E+00 
18 0.92971855E+00 0.90737683E+00 0.90700966E+00 0.90676492E+00 0.9n99529E+00 
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