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ABSTRACT 

THE EFFECTS OF CLOUDS ON AEROSOL AND CHEMICAL SPECIES 

PROCESSING, PRODUCTION, AND DISTRIBUTION IN THE BOUNDARY LAYER 

AND UPPER TROPOSPHERE ABSTRACT 

Clouds play important roles in boundary layer and tropospheric aerosol and chemical 

processes . This work addresses the aerosol and chemical species processing, production, 

and distribution through two important types of clouds: convective and stratocumulus 

clouds. 

A modeling study of the effects of convection on the transformation and redistribution 

of chemical species and evolution and redistribution of aerosol particles in the troposphere 

is presented. A two-mode, two-moment aerosol evolution model is coupled with a two-

dimensional, mixed-phase, two-moment microphysics, Eulerian cloud model and a sulfate 

cloud chemistry model [Kreidenweis et al. , 1997; Taylor et al., 1997; Zhang et al., 1998] to 

examine the new particle formation mechanism and the importance of different pathways 

for aqueous sulfate p~oduction. In the simulations, the complexation of CH20 with S(IV) 

is found to be of minor importance in most of the model cloud, compared with the oxida-

tion of S(IV) by H20 2 and 0 3 , while Fe(III)-catalyzed oxidation plays an important role 

in aqueous sulfate production. Significant S02 is convectively transported to the mid-to-

upper troposphere, where it is oxidized to gas-phase H2S04 • After cloud processing, cloud 

condensation nuclei (CCN) particles are removed by precipitation and graupel to form a 

CCN-depleted region above cloud top and in the cold and humidified cloud outflow region. 

The new particle formation in the mid- to upper- troposphere interacts with cloud process-

ing and transport of chemical species and aerosol particles and produces a peak of small 

particle concentration in the outflow region . The model results suggest that both small 
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aerosols and aerosol precursors can be transported into the mid- to upper- troposphere 

by convective clouds, affecting vertical profiles of aerosol concentrations. The sensitivity 

of the S(VI) and aerosol production, S02 and aerosol redistribution to variations in the 

"nitial chemical and aerosol conditions and several model parameters are also examined. 

A trajectory ensemble model (TEM) is used to investigate stratocumulus processing 

of gases and C CN in the boundary layer. The fully coupled aqueous chemistry/ cloud mi-

crophysics model (Feingold et al., 1998; Zhang et al., 1998] is driven by a set of boundary 

ayer parcel trajectories derived from a large eddy simulation model to study the effects of 

variations in the initial chemical fields and initial aerosol number concentration on chem-

ical heterogeneity, broadening of the CCN and drop spectra, effective drop radius, and 

differences in the overall fractional conversion between the TEM and a single parcel expe-

riencing mean conditions in a stratocumulus-capped marine boundary layer. It is found 

that the TEM offers a more representative method of describing the stratocumulus pro-

cessing of aerosol and gases than does a single parcel model. In the base case simulation, 

the 03 oxidation rate averaged over all parcels is larger than the H20 2 oxidation rate, 

whereas the volume-mean cloudwater pH might suggest that H20 2 oxidation dominates. 

· The liquid water-weighted pH generally increases with increasing drop size, to a peak pH. 

The drop size at this peak corresponds to the minimum in S(VI) concentration and is 

located near t he mode of the drop mass distribution . However, the pH dependence on 

drop size at larger cloud drop sizes is affected by the initial chemical conditions. Aqueous 

chemistry contributes to the broadening of the drop size distribution, but the magnitude 

of the broadening depends on the initial aerosol and chemical conditions. In cases where 

more mass is added onto large particles in the tail of the initial CCN spectrum, the broad-

ening of the drop spectrum is most evident, and may even trigger the collision~coalescence 

process and drizzle formation in stratocumulus clouds. The change in initial CCN number 

concentration has the most prominent effect on the effective drop radius . 
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Chapter 1 

INTRODUCTION 

Interest in aerosol and atmospheric chemistry has previously focused on their potential 

influence on visibility reduction, human health, and acid deposition. More recent moti-

vations include the recognition that aerosol in the atmosphere plays an important role 

in the global climate system due to its direct and indirect effects [Charlson et al., 1992; 

Hudson, 1993; Intergovernmental Panel on Climate Change (IPCC), 1995, 1996]. Aerosol 

reflects solar radiation back to space directly via particle optical properties and indirectly 

via affecting cloud cover, lifetime and optical properties . There are many uncertainties 

regarding the aerosol direct and indirect effects, and a clear understanding of the processes 

linking aerosol particles , aerosol precursor emissions, and radiative effects is lacking. 

In this chapter, we discuss the aerosol production processes, their relation to aerosol 

precursors and the interactions of aerosol , clouds, and atmospheric chemistry in two types 

of clouds: deep convective cloud and stratocumulus. In §1.1 and 1.2 below we begin by 

reviewing a subset of the studies ( observations and modeling) of aerosol and atmospheric 

chemistry that have been conducted over the years . No attempt is made to be exhaustive 

in our review; rather , we intend only to illustrate the direction of the progression of our 

understanding, and how it has led to the questions to be addressed in this dissertation. A 

brief synopsis of the outstanding questions that are directly addressed by this research in 

subsequent chapters is given in §1.3. Connections are then made to our research strategy 

and the primary objectives of this work (§1.4). 

1.1 Preliminaries: Recent interest in aerosol and atmospheric chemistry 

It has long been known that the outstanding problems in global change are those 

at the intersection of the various disciplines of physics, chemistry, dynamics , biology and 
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human intervention. Of many such phenomena, those dealing with the interactions be-

tween aerosols, clouds and atmospheric chemistry are the focus of this dissertation. The 

importance of studying these arises from recent developments which demonstrate their 

significance to global climate and chemistry. 

Model studies show that the increase in anthropogenic sulfate particles, derived mainly 

from the emission of sulfur dioxide, is potentially a large contributor to the change in the 

global radiative forcing of climate, according to the IPCC report [1996]. Increases in sulfate 

aerosols can lead to a negative radiative forcing. Such particles cool climate directly by 

reflecting solar radiation or enhancing clear sky albedo and indirectly through modification 

of cloud formation, lifetime and radiative properties and thus the shortwave cloud forcing . 

The magnitude of the estimated direct radiative cooling effect of sulfate aerosols on the 

global scale is about -0 .5 W m- 2 with an uncertainty of 2 W m- 2 [IPCC, 1996]. Sulfate 

aerosol also creates significant regional climate change regardless of its effect on globally 

averaged radiative forcing . The magnitude of the indirect effect, which is the modification 

of cloud radiation properties and cloud life time through the modification of the cloud 

condensation nuclei (CCN) spectrum, is estimated to be somewhere between O and -1.5 

W m-2 , and has the largest uncertainty [IPCC, 1996] . Because aerosols are the largest 

sources of uncertainty in the total radiative forcing of climate, and they mask climate 

changes due to increasing greenhouse gases, aerosols now rank with cloud feedback and 

ocean-atmosphere interactions as the major barriers toward a reliable prediction of climate 

changes on decadal and longer time scales . 

Other types of aerosols, e.g., mineral dust and carbonaceous particles, derived mainly 

from biomass burning, dust storms and other natural sources, may also contribute to the 

global radiative forcing, and may be comparable to the sulfate effects [Andreae , 1995; 

Penner et al., 1994] . The radiative effects of these background aerosols are also important 

factors for simulating the present day climate. 

Much attention has been focused on sulfate aerosol, of which the anthropogenic com-

ponent has increased dramatically during the past several decades. From the IPCC [1995] 

report, the anthropogenic annual emission of sulfur -dioxide exceeded the natural flux after 
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1940 and continues to increase. Some fraction of the sulfur is transformed to suifate aerosol. 

Sulfate ion typically comprises around 25-50% of the anthropogenic accumulation mode 

aerosol mass [IPCC, 1995]. The sulfur distribution between different parts and phases 

of the atmosphere must be assessed. Sulfate aerosol is produced from aerosol precursors 

through either clean air production or in-cloud production. It is essential to know what 

fraction of particulate sulfate is formed via S02 oxidation in the gas phase by OH· radicals, 

and what fraction is formed via heterogeneous processes of dissolved S0 2 (or, more gen-

erally, S(IV)) conversion to sulfate (or, more generally, S(VI)) within the aqueous phase 

and on haze particles. Upon cloud evaporation, the unreacted S(IV) returns to the gas 

phase, but nonvolatile S(VI) remains in the particle phase. Both aerosol concentration and 

aerosol precursor concentration are modified by clouds. In the next section, we touch on 

the interactions between aerosols, chemistry and clouds, and the effects of clouds on aerosol 

and chemical species production, processing and distribution through two important types 

of clouds: deep convective clouds and stratocumulus clouds. 

1.2 The interactions of clouds, aerosol and chemistry 

Many studies [ e.g., Cess et al., 1990; Kiehl and Ramanathan, 1990; Ramanathan et 

al., 1989; Randall, 1992; Stephens et al., 1993] have indicated the importance of clouds 

for the maintenance of global climate. While clouds directly impact the global radiative 

energy balance, they also play significant roles in tropospheric chemistry via several mech-

anisms by which they influence trace gas and aerosol concentrations, chemical conversion 

rates, and transport . These mechanisms include the transport of species from the bound-

ary layer to the middle and upper troposphere by convective motion, also termed cloud 

pumping; heterogeneous chemical reactions occurring in cloud droplets and precipitation 

drops; variations in gas and aerosol concentrations that occur via the effects of removal by 

clouds and precipitation; the drop collision-coalescence process that depletes drop number 

concentration; and the effects of cloud cover upon the rates of photochemical reactions, 

which will not be pursued in this dissertation . 

Sulfur species are of particular interest because reduced sulfur compounds are oxi-

dized to sulfate in the atmosphere and partitioned into the particle phase; sulfur-bearing 
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particles are generally quite soluble and hence are effective CCN. In addition, a major 

sulfur-to-sulfate (S(IV)-to-S(VI)) conversion pathway occurs in the aqueous phase, and 

thus the presence and persistence of clouds can play a large role in shaping the atmo-

spheric aerosol size distribution. The aqueous-phase oxidation of dissolved S02 ( as S(IV)) 

to sulfate proceeds rapidly in the liquid phase. It is the major oxidation pathway on the 

global scale and also contributes strongly to the acidity of precipitation. Langner and 

Rodhe [1991] estimated that over 80% of the global oxidation of sulfur to sulfate occurred 

in cloud. Dissolved oxidants important in S(IV) conversion include ozone, hydrogen per-

oxide, and oxygen, the latter catalyzed by transition metals [Barth et al. , 1992; Barth, 

1994; Flossmann, 1994; Kitada and Lee, 1993; Roelofs, 1993; Wang and Crutzen, 1995] . 

Recently, in-cloud formation of hydroxymethanesulfonate (HMS) by the reaction of dis-

solved formaldehyde (CH2 0) and S02 , has received attention due to its ability to enhance 

the overall solubility of sulfur dioxide and to reduce sulfate production in cloudwater [Rao 

and Collett, 1995]. 

It has also been realized by observations and model studies that clouds are not chem-

ically homogeneous, and that the chemical heterogeneity across the droplet size spectrum 

has its consequence for aqueous chemistry [Daum et al., 1984; Hegg and Larson, 1990; 

Noone et al., 1988; Gurciullo and Pandis, 1997; Pandis et al., 1990; Twohy et al., 1989]. 

Field studies have suggested that the chemical composition of droplets varies, depending 

on the sizes of the droplets [Collett et al., 1993, 1994; Ogren et al., 1989]. Size-dependent 

chemical composition of aerosol particles and droplets of different sizes experiencing dif-

ferent rc1,tes of water growth could both contribute to the observed chemical heterogeneity. 

Twohy et al.[1989] pointed out that the difference in diffusional growth rates between the 

small and large droplets results in substantial differences in solute concentration and com-

position with size of droplets, and the chemisty of individual droplets is not, in general, 

representative of the "bulk" cloud water sample. Gurciullo and Pandis [1997] suggested 

that the chemical conversion rates estimated for bulk solutions can be substantially differ-

ent than those computed for a size-resolved droplet spectrum and size-dependent aqueous 

chemistry, and the difference can be as large as a factor of 30 . 
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In-cloud sulfate production not only plays an important role in the global sulfur cycle 

and precipitation chemistry, but may also contribute to the enhancement of aerosol light 

scattering efficiency [Lelieveld and Heintzenberg, 1992] and the increase of CCN activity 

of aerosol particles at low supersaturation [e.g., Hoppel et al., 1990]. Yuen et al.[1994] 

studied continental clouds using an explicit microphysical parcel model, and found that 

cloud processing has an appreciab e positive effect on light-scattering. A modeling study by 

Hegg et al. [1996], using a Lagrangian parcel model, also pointed out in-cloud processing 

had considerable impact on particle light scattering, though the impact was scenario-

dependent. Kaufman and Tanre [1994] pointed out that the increase in CCN activity can, 

in principle, alter the microstructure of subsequent clouds which form on the processed 

aerosol spectra and establish an interesting feedback . Bower and Choularton [1993] studied 

aerosol processing in a hill cap cloud and concluded that small CCN particles activat e much 

more readily after cloud processing, and that the droplet effective radii are lowered in the 

secondary cloud. 

Sulfate aerosols can also be produced through clear-air production. New sulfate parti-

cle formation is thought to occur via gas-phase reaction of S02 with OH· to form H2S04(g), 

a species which can participate in binary homogeneous nucleation with water vapor to pro-

duce new H2S04 solution particles [Brown et al., 1996; Easter and Peters , 1994; Hegg et 

al., 1990; Kerminen and Wexler, 1996; K eidenweis et al., 1988; Kulmala et al. , 1995] . 

Hegg et al.[1990] observl'!d the nucleation of new sulfate particles above cloud tops in the 

marine atmosphere. Hoppel et al. [1994] also found sporadic new particle formation in clear 

air in numerous locations in the marine boundary layer. A modeling study by Pirjola et 

al.[1998], using a single air parcel trajectory model and assuming homogeneous nucleation 

of sulfuric acid and water explains some of the new particle formation observed in arctic 

air masses influenced by S02-pollution events. 

In the next two subsections we present an outline of the current state of knowledge 

associated with interactions between aerosol, chemistry and clouds. In §1.2.1 we discuss 

the role of deep convective cloud in processing of S02 and other chemical species, and in 

convective transport of aerosol precursors from :he boundary layer to the middle and upper 
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troposphere and its impact on new particle formation, which relates to the clear sky albedo 

and the aerosol direct effect on climate. In §1.2.2 we then investigate the stratocumulus 

processing of CCN spectra and gases and its impact on modification of cloud droplet and 

CCN spectra and other properties, which are associated with aerosol indirect effects. 

1.2.1 Deep convection 

The typical horizontal dimension of a deep convective cloud is on the order of 10 km, 

and its lifetime is about one hour to several hours . A deep convective cloud is optically 

thick. It has little impact on radiation budget due to its small areal extent, except for the 

highly reflective thick cirrus-anvil cloudiness which is related to deep convection. Gener-

ally, we do not directly investigate the cloud optical properties, CCN characteristic and 

activity, and enhanced aerosol light scattering due to in-cloud sulfate production for this 

type of cloud, because of its relatively high supersaturation, and permanant removal of 

aerosol from the atmosphere. However, deep convective clouds constitute a mechanism of 

intense vertical transport, as well as a site for chemical reactions in the liquid phase. From 

a transport point of view, convective clouds can reaistribute species (unreacted chemical 

sp~cies and aerosol particles) from the boundary layer to the middle and upper tropo-

sphere. These redistributed gases and aerosols generally have longer lifetimes in the upper 

troposphere and are subject to longer-range transport, and thus their regional and global 

cycles can be modified by convection. Slightly insoluble species, such as ozone, are effi-

ciently redistributed by cloud motions; whereas most chemical species and aerosols interact 

with cloudwater to some degree, and the effectiveness of convective systems in transporting 

these species and aerosol particles should therefore depend upon the cloud chemical and 

dynamical environment [Flossmann and Wobrock, 1996]. 

There is experimental evidence for the importance of cloud transport. Chatfield and 

Crutzen [1984] proposed that cloud transport may be important in tropical marine regions. 

Observations by Pickering et al.[1988] showed that cumulus clouds are efficient transporters 

of gaseous species from the boundary layer to the upper troposphere. Deep convective 

storms can result not only in the venting of boundary layer air, but may also entrain 

stratospheric air into the troposphere, as interpreted by Dickerson et al.[1987] from their 
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thunderstorm observations. Cotton et al.[1995] discuss a number of observational and 

modeling studies in their review of cloud venting by boundary layer clouds, deep convective 

clouds, mesoscale convective systems, and clouds embedded in extratropical cyclones. They 

estimate that the entire planetary boundary layer is vented about 90 times per year, and 

thus it is imperative that the transport of heat and moisture by such venting processes be 

properly represented in large-scale models . Houze and Betts [1982] reviewed convection in 

the Global Atmospheric Research Program's Atlantic Tropical Experiment (GATE) and 

pointed out that to simulate the effects of tropical convection in large-scale models a variety 

of phenomena must be accounted for. Since trace gases and aerosol are redistributed along 

with heat and moisture, the same processes must be represented in chemical transport 

models. 

Another speculated effect of convective transport is that convective motion vents par-

ticle precursor gases (DMS, SO2 , and H2SO4 ) and cleansed air to higher, colder levels of 

the troposphere that have also been humidified by the cloud transport of water, and might 

create optimal conditions for H2SO4-H2 O binary homogeneous nucleation to occur. Clarke 

[1992] measured aerosol in the re:oote free troposphere over the tropical ocean and found 

that lowest aerosol mass concentrations were correlated with highest number concentra-

tions of ultrafine, volatile aerosol particles, the volatility of which suggested a sulfuric acid 

composition. Perry and Hobbs [1994,1995] also provided observational evidence to sup-

port new particle nucleation in clean air near the top of an isolated, marine cumulus cloud. 

These observations provide evidence for the hypothesis of new particle production by ho-

mogeneous nucleation in clean regions in the mid-to-upper troposphere. This hypothesis 

is tested in detail in this diss~rtation. 

Sulfate in cloud water and precipitation arises from ·mpaction and nucleation scav-

enging of sulfate-containing aerosol particles, which can in turn be modified by processing 

through cloud. Although the initial transfer of sulfur species from the gas to the cloud 

water occurs in liquid phase cloud droplets, mjcrophysical processes transfer sulfate into 

the ice phase [Wang and Chang, ::.993b] and into precipitation. In addition, deep convec-

tive cloud is usually accompanied by precipitation, which could permanently remove the 
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CCN particles and soluble chemical species contained in precipitation drops. Chemical 

processes and their response to microphysics and changing initial conditions will thus im-

pact the degree of vertical redistribution of SO2 and aerosol particles. In cases where SO 2 

is convectively transported to the middle and upper troposphere, this redistribution might 

set the stage for subsequent new particle nucleation, which replenishes aerosol number 

concentrations, and is essential in understanding tropospheric sulfate aerosol dynamics . 

Convective cloud thus modulates the chemical species vertical distribution and the aerosol 

vertical distribution and size distribution directly by scavenging processes and indirectly 

by sulfur-to-sulfate aqueous conversion pathway. 

Both experimental and modeling studies suggest that interactions between aerosols, 

chemistry and clouds occur in the convetive clouds, but the conditions under which these 

effects play an important role, the persistence of perturbations due to clouds, and the 

sensitivity of the mechanisms to local physical and dynamical parameters are not fully 

understood. We will address these in more detail in subsequent chapters. 

The above-mentioned various mechanisms by which convective clouds affect chemi-

cal species and aerosol chemistry, redistribution, and production within the troposphere 

have been studied separately, in varying levels of detail, by a number of workers [ e.g. , 

Barth, 1994; Flossmann, 1994; Flossmann and Wobrock, 1996; Taylor 1989a,b; Wang and 

Crutzen, 1995] . For convective clouds, in general, studies which have treated the chem-

istry in detail did not treat clouds in a realistic manner, particularly with respect to the 

horizontal and vertical transport of gases and aerosols associated with cloud formation and 

evolution processes. As discussed in Iribarne and Cho [1989], most cumulus cloud chem-

istry models have been zero- or one-dimensional. Box models [ e.g., Seigneur and Saxena, 

1984], Lagrangian parcel models [e.g., Alheit et al., 1990; Hales , 1982; Hegg and Larson, 

1990; Roelofs, 1993], variations involving mixed and adiabatic regions [e .g., Walcek and 

Taylor, 1986] or the Eulerian axisymmetric model of Asai and Kasahara [1967] [e.g., Lee, 

1986] have also been used. Similarly, studies that consider transport aspects in great detail 

have usually treated aerosols simply as tracers, have highly simplified treatment of cloud 

chemistry, or have ignored cloud mechanisms other than convection [e.g., Charlson et al., 
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1991; Langner and Rodhe, 1991] . There have been several efforts directed toward exam-

ining the cloud/chemistry/aerosol interaction -1sing more realistic cloud models. Taylor 

[1989a,b] and Cho et al.[1989] described midlatitude deep cumulus cloud chemistry inves-

tigations using 1.5 dimensional cloud models and a bulk microphysics parameterization. 

Barth [1994] examined the chemistry in a winter storm using a two-dimensional cloud 

model with a bulk microphysics parameterization including ice. Flossmann [1994] inves-

tigated the scavenging behaviour of gaseous and particulate sulfate by a warm marine 

cloud using a two-dimensional cloud model including spectral microphysics. Respondek 

et al.[1995] studied the wet removal of (NH4 )2SO4 particles by a convective cloud con-

taining ice using a two-dimensional cloud model with spectral microphysics and without 

cloud chemistry. Wang and Chang [1993a,b] investigated the cloud chemistry, precipita-

tion chemistry, and transport of pollutants using a three-dimensional cloud model with a 

bulk microphysics parameterization. Kreidenweis et al.[1997] investigated the redistribu-

tion of SO2 by a mixed-phase continental cumulonimbus using a two-dimensional cloud 

model with two-moment microphysics parameterization. These very recent studies which 

have treated both the cloud chemistry and clouds in detail have not included an aerosol 

evolution model which could deal with new particle production and aerosol condensational 

growth processes . Further, the aqueous conversion of S(IV) to S(VI) was limited to ex-

amination of the 0 3 and H2O2 oxidation pathways in most of the model studies discussed 

above. 

1.2.2 Stratocumulus 

Marine stratocumulus clouds play an important role in the global radiation budget 

because they have large areal extent and temporal persistence, may be sensitive to an-

thropogenic influences, and strongly influence the planetary albedo [e.g., Nakajima et al., 

1991; Randall et al., 1984; Slingo, 1990; Twomey, 1977] . Because of the generally low CCN 

concentrations in the marine boundary layer, stratocumulus clouds also exert a measurable 

influence on the abundance and characteristics of CCN, and modify the CCN spectra and 

cloud optical properties, thus influencing global climate [e.g., Albrecht, 1989; Feingold et 

al., 1996] . The cloud processing in maritime clouds is not really definitive for the aerosol 
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direct forcing issue since modeling results to date show such forcing largely confined to con-

tinental areas [Charlson et al., 1991], but it is an important aspect of the global indirect 

forcing by sulfate aerosol since this must necessarily occur under background conditions 

[Twomey, 1991]. The well known hypothesis termed the Twomey effect [1974] postulates 

that increased anthropogenic sources of aerosol will result in greater number of CCN, and 

thus higher concentration of cloud droplets and more reflective cloudsi. This effect is 

also believed to have the largest impact on optically thin marine stratocumulus clouds, as 

confirmed by ship track phenomena [e.g., Radke et al., 1989; King et al., 1993]. 

The potential for stratocumulus processing to modify aerosol size spectra has strong 

implications for the boundary layer system. First, the drop size and number concentrations 

will be affected, which in turn affect cloud optical properties, such as optical depth, albedo, 

and albedo susceptibility [Twomey, 1991]. Second, the initiation of drizzle will be affected 

through modification of the CCN distribution. The drizzle formation process can both 

remove water from the cloud, affecting cloud optical properties, and impact the boundary 

layer dynamics that in turn impact cloud microstructure [Stevens, 1996]. Cloud chemistry 

depends on drop size and creates an additional feedback to the system. Finally, cloud 

radiation in the shortwave depends strongly on droplet size, and modifications in the CCN 

distribution have the potential to affect cloud dynamics . 

The impact of stratocumulus clouds on CCN can take place via several mechanisms . 

First, there is evidence that the formation of new particles from the gas phase occurs just 

above cloud top [Hegg et al., 1990], apparantly in relatively clean regions with high rela-

tive humidity. This process replenishes aerosol number concentrations, and these ultra-fine 

particles may eventually grow to appropriate sizes and serve as a source of CCN. Second, 

stratocumulus clouds serve as a medium for in-cloud sulfate production. Various aqueous 

phase chemical processes deposit mass in droplets and enhance the amount of soluble ma-

terial. When cloud droplets evaporate, each droplet produces a single particle [Mitra et al., 

1992]. Thus, aqueous chemistry enhances particle mass concentrations without affecting 

particle number concentrations, and the regenerated CCN are on average larger and more 

easily activated at ambient supersaturations. Finally, the drop collision-coalescence process 
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significantly depletes drop number concentration. Therefore, CCN number concentration 

will be reduced following evaporation of cloud, and this results in an aerosol spectrum with 

increased mass-mean radius . The magnitude of depletion in CCN number concentration 

will depend upon the depletion in drop number, and upon the percentage number of CCN 

activated from the total aerosol population. In this dissertation, we intend to study one 

type of cloud processing mechanism: aqueous chemistry in cloud. 

Observations and model studies in the marine boundary layer described in the liter-

ature show strong evidence of bimodal aerosol spectra due to cloud processing of aerosol 

via aqueous chemistry [Bower and Choularton, 1993; Hegg and Larson, 1990; Hegg et al., 

1996; Hoppel et al., 1994]. Hoppel et al.[1990, 1994] interpreted the particles under the 

larger (CCN) mode to be the residue of evaporated cloud droplets which undergo aqueous 

chemistry. Trace gases are converted to nonvolatile species which are incorporated into the 

aerosol particle mass during mulf ple cycling through the non-precipitating cloud-topped 

marine boundary layer via aqueous chemistry, increasing the CCN mass and size. The 

processed aerosol spectra are then superimposed onto the ·nterstitial aerosol size distribu-

tion and create a "Hoppel minimum" around 0.06-0.1 µm radius. Bower and Choularton 

[1993] used an adiabatic parcel model for a hill cap cloud and reproduced the bimodal 

aerosol size distribution. They concluded that t he effective radius in a secondary cloud is 

reduced , because more CCN are activated in the secondary cloud. Albrecht [1989] pointed 

out that modification of the CCN distribution has the potential to affect the initiation 

of drizzle; the drizzle process removes water from the the cloud and affects cloud optical 

properties and the boundary layer dynamics. Feingold et al.[1998a], on the other hand, 

used a trajectory ensemble model (TEM) with fully coupled microphysics/chemistry, which 

will be discussed in detail in the next chapter, and pointed out that whether processing 

enhances or suppresses drizzle formation will depend on both the number concentration 

and size distribution of the unprocessed and processed spectra, as well as the magnitude 

of supersaturation in subsequent cloud cycles . 

Clearly, the boundary layer system is a closely coupled one and should take dynamics, 

microphysics , chemistry and radiation into consideration . Previous modeling studies have, 
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by necessity, simplified treatment of one or more of these components. As described in 

Feingold et al.[1998a], models dealing with detailed microphysics or chemistry in a con-

trolled dynamical framework (poor in dynamics and radiation) include box models [ e.g., 

Chameides and Stelson, 1992], single parcel models either adiabatic or with prescribed 

dynamics [e .g., Bower and Choularton, 1993; Hegg et al., 1996; Gurciullo and Pandis, 

1997], and one-dimensional models [Ackerman et al., 1995] . These models do not address 

the interaction between microphysics/chemistry and dynamics. The large eddy simulation 

model (LES) is a powerful tool for simulating boundary layer dynamics. Although LES has 

recently been coupled with bin microphysics models [Feingold et al., 1994; Kogan et al., 

1994; Stevens et al. , 1996], few attempts have been made to couple LES with size-resolving 

microphysics and chemistry. Models that attempt to balance dynamics and microphysics or 

chemistry include two-dimensional cloud resolving models. For example, Flossmann [1994] 

has included size resolving microphysics and chemistry in a two-dimensional cloud model 

of a warm marine cloud. Feingold et al.[1998a] present a new method for studying het-

erogeneous chemistry in boundary-layer clouds that achieves a balance between dynamics , 

microphysics and chemistry using a trajectory ensemble model. 

1.3 Outstanding problems in relation to conducted research 

The above sections outline the state of knowledge, in terms of observations and mod-

eling studies, of the effects of cumulus convection and stratocumulus processing on aerosol 

and gases. The extreme variability of tropospheric aerosols gives rise to many problems 

and questions. More knowledge of the sulfur long-range transport is needed, because the 

sulfur large scale spreading effect is one of the key assumptions in the direct effect of the 

sulfate-radiative cooling hypothesis [Charlson et al., 1992]. More information is needed on 

the physical properties of aerosols that influence radiative transfer and cloud microphysical 

properties , such as aerosol spectra, and the potential regional and global effects of aerosol 

on cloud structures and radiative properties remain uncertain. We need a firm understand-

ing of the relevant physical and chemical processes which produce aerosols, increasingly 

sophisticated representations of aerosol-chemistry-cloud-climate interactions, and incorpo-

ration of these into numerical models of precipitation, acid deposition, and climate on 
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local, regional, and global scales. We have to develop a basis for coupling th~ chemical 

and microphysical processes and the meteorological processes to the physical properties of 

aerosols to quantify the aerosol influence in models of current, past, or future climate. 

To ascertain the global climatological effects of aerosol it is crucial to include mi-

crophysics and aerosol chemistry in a three-demensional global model framework. Some 

modeling has been done within such a framework ( e.g., Langner and Rodhe, 1991; Taylor 

and Penner, 1994; Liousse et al., 1996; Chuang et al., 1997] with highly simplified cloud 

processes . However, future global-scale studies of the interactions of aerosols, clouds, 

chemistry and climate will require the development of modules in which the sub-grid-scale 

processes and boundary layer processes have been parameterized. This is difficult since 

detailed cloud microphysics must be included in the development of such parameterizations 

because of the sensitivity of aersol chemistry and physics to cloud properties. 

After a reading of results from earlier work on cumulus convection and stratocumulus, 

as outlined in §1.1, 1.2 .1 and 1.2.2, we note that the state of knowledge in terms of detailed 

model coupling of aerosol microphysics/ cloud microphysics/ chemistry/ dynamics is sparse. 

In convective type of clouds , given the fact that deep convection can transport pollutants 

and aerosols from surface to the upper troposphere in a matter of hours, although some 

modeling work addresses the cloud pumping mechanism and attempts to estimate the 

percentage of pollutants being lifted up by convection, only two major oxidation pathways 

are considered, and no attempt is made to estimate the effects of the redistribution of 

aerosol precursors on ultrafine particle formation in the upper troposphere as observed in 

aircraft measurements. Further, there are few fully coupled aerosol microphysics/cloud 

chemistry models available to properly address the interaction between aerosol particles, 

aerosol precursors, cloud, and gas and aqueous phase chemistry. Thus, the mechanisms 

that maintain the upper troposphere aerosol abundances are still uncertain. 

To examine the deep convective type of clouds, most previous studies have used Eule-

rian models and either a spectral drop model or a semi-spectral (two-moment) microphysics 

parameterization with simplified cloud chemistry. Without resolving the large eddies in the 

boundary layer, in stratocumulus clouds, most detailed chemistry modeling studies are still 
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limited to parcel models or box models, which lack dynamics. An exception is Flossmann's 

work (1994] that couples a two-dimensional Eulerian framework and :fixed-grid microphysics 

with cloud chemistry. Her work compared the rate of sulfate formation due to scavenging 

of particles with that due to the uptake and oxidation of SO2 • The disadvantage of the 

:fixed-grid microphysics is that this framework does not accurately represent regeneration 

of aerosol particles following droplet evaporation, because details of these spectra are often 

lost in the transition from aerosol to droplet and vice versa [Feingold et al., 1996]. The 

enormous computational burden of the above-mentioned model also precludes simulations 

in three dimensions . No studies, moreover, have addressed issues related to chemistry 

interactions with cloud microphysics and impacts of chemistry on droplet spectra. For 

cloud-scale process studies, to explore the impact of clouds on boundary layer chemistry 

and the extent to which chemistry interacts with cloud microphysics and affects aerosol and 

drop spectra, the model design must achieve a balance between dynamics, microphysics, 

radiation and chemistry. 

1.4 Objectives of this research 

The goal of this research is to attain a better understanding of several key aspects of 

the role of clouds on processing, production and global distribution of aerosols and chemical 

species, with particular attention to processes affecting the upper troposphere and lower 

boundary layer. As discussed earlier, the aerosol and chemical species distribution in the 

upper troposphere will not only have an impact on long range transport of these species, but 

will have an impact on the aerosol direct effect and the formation and radiative properties of 

upper tropospheric supercooled clouds. Particle characteristics in the boundary layer will 

have an impact on aerosol optical properties, the aerosol indirect effect, and boundary layer 

dynamics. Work examining the convective transport and boundary layer cloud processing 

will allow us to develop appropriate methods for scaling such processes up to the larger 

scales and will assist in the parameterization of these processes in regional and even global 

scale climate models . The objective of this research is to employ the coupled aerosol/cloud 

chemistry model to investigate the impact of deep convection upon the production and 
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distribution of tropospheric sulfate aerosol, with particular attention to the effects upon 

aerosol abundance in the upper t roposphere. A further step is to use the fully coupled 

bin resolving atmospheric chemistry /microphysics TEM model to investigate the impact 

of stratocumulus clouds on aerosol and chemical species processing in the marine boundary 

layer. 

1.4.1 Deep convection 

In order to study the effects of clouds on the redistribution and transformation of 

various chemical species, and production and distribution of aerosol particle concentrations, 

a two-dimensional Eulerian cloud model, described in Taylor [1989a] and Taylor et al. [1997], 

an aqueous chemistry model, as in Kreidenweis et al. [1997] and Taylor [1989b], is coupled 

with an aerosol evolution bin model [Zhang et al., 1998a], simple gas-phase production of 

H2S04, and a case study based on the dynamic simulation of the Cooperative Convective 

Precipitation Experiment (CCOPE) 19 July 1981 event in Miles city, Montana [Dye et 

al., 1986] . The dynamical features of the model cloud agree well with the observations, as 

described in Taylor et al.[1997] . However, there were no data available for the chemical 

composition and concentration of gaseous and particulate species to compare with our 

model results . The approach is to treat the cloud as a representative continental case of 

deep convection, and to examine particle and chemical species redistribution for a range 

of model conditions. 

To this end, both clean and polluted base cases and various sensitivity tests are sim-

ulated using the coupled aerosol/ chemistry/ cloud model. The effects of changes in CCN 

number concentration on the dynamical properties of simulated deep convective cloud and 

how these feed back into the transport of chemical species are explored through two base 

cases. The effects of changes in some model parameters, such as the resolution of the 

model, on the dynamical properties of simulated deep convective cloud and how these 

feed back into the cloud chemistry are investigated. We vary the assumed initial aerosol 

composition from ammonium sulfate to ammonium bisulfate, which is from near neutral 

to acidic, to examine how it affects the in-cloud sulfate production, sulfate budget, and 

how S02 redistribution is changed. The effects of the initial oxidant concentrations on 
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in-cloud sulfate production and S02 redistribution are also examined under normal and 

extreme conditions. After cloud dissipation, the magnitude of the new particle formation is 

determined by the available H2S04 concentration, which is mainly determined by the pro-

duction term and loss terms . The production of H2S04 is determined by the redistributed 

S02 concentration and assumed OH• concentration, while the loss rates are determined 

by the pre-existing aerosol surface area and binary nucleation rate. We vary the initial 

chemical species profiles, initial H2S04 mass mixing ratio, initial small particle mass mix-

ing ratio and number concentration, and assumed nucleation rate factor to study their 

impacts on aerosol population and new particle formation in the middle and upper tropo-

sphere. The hypothesis of Perry and Hobbs [1994] that convective motion vents particle 

precursor gases and cleansed air to higher levels, creating optimal conditons for ultrafine 

new particle formation , is explored within the context of the modelling studies. 

1.4.2 . Stratocumulus 

While many of the previous studies used a single parcel model to examine chemical 

heterogeneity, aqueous sulfate production, and modification of aerosol spectra, the interac-

tion between microphysics/chemistry and dynamics was not properly addressed, as pointed 

out by Feingold et al.[1996 , 1998a] . It is also difficult to compare the results from a single 

parcel model with field measurements , because a single average parcel does not account for 

contributions from many air parcels experiencing different dynamical, microphysical and 

chemical processes . 

This work presents a new method for studying heterogeneous chemistry in boundary 

layer clouds that achieves a balance between dynamics, microphysics and chemistry. An 

LES model is used as a means of describing boundary layer dynamics and deriving realistic 

parcel trajectories for subsequent use by a fully coupled microphysics/chemistry model to 

study the extent of processing of gases and CCN. A set of 500 trajectories_ is recorded 

from an LES run, as described in Stevens et al.[1996], to drive individual coupled micro-

physics/chemistry parcel models [Feingold et al. , 1998a; Zhang et al., 1998b]. The set of 

500 trajectories is chosen from an LES which simulated a stratocumulus-capped marine 

boundary layer, as described fully in Feingold et al.[1998a]. The LES model is initiated 
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with a case study based on the dynamics of the First ISCCP Regional Experiment (FIRE) 

July 7, 1987 event held off the coast of California [Betts and Boers, 1990]. The July 7 case 

exhibits little or no precipitation, and thus eliminates the effect of precipitation removal 

of CCN. The LES simulation is not intended to be a case study of this event, but rather 

the approach taken here is to consider the LES model dynamics as representative of the 

stratocumulus-capped marine boundary layer and use it as a source of parcel trajectories. 

The trajectories give good coverage of the whole boundary layer and represent the 

mixing throughout the cloudy boundary layer, including a statistical description of the 

time that parcels spend in cloud. Bower and Choularton [1993] used a single parcel model 

to examine modification of the CCN spectrum following a cloud cycle and its consequence 

for a secondary cloud formation. In the work presented here, some trajectories have cycled 

through cloud two or three times during the course of an hour, which has consequences for 

the CCN spectra and drop spectra. Thus the trajectory ensemble model (TEM) represents 

the impacts of cycling in a less constrained manner. 

Within the TEM framework, because of chemical heterogeneity across the drop spectra 

as suggested in the literature, we first set up a control run to simulate only the microphysical 

effect on the chemical heterogeneity. The effects of droplet growth/evaporation and parcel 

trajectory history (in-cloud residence time, liquid water content, supersaturation fluctua-

tion) on chemical heterogeneity ( cloud-water pH, solute concentration) are explored. The 

control run also separates the effects of combined dynamics/microphysics/chemistry on 

the drop spectra from those merely due to dynamics and microphysics. The variation in 

cloud-water pH with drop radius affects the bulk estimation of oxidation and the amount of 

sulfate mass deposited to each drop size. We examine the relative importance of different 

oxidation pathways due to the different initial chemical species concentrations and how 

these affect the chemical heterogeneity across cloud drop spectra, modify of CCN spectra 

and composition, and feed back into the cloud drop mass and number distribution. The 

effects of CCN changes on the radiative properties of the stratocumulus cloud are also 

investigated. 

As discussed in Feingold et al.[1998a], estimating the total S(IV) to S(VI) conversion 

assuming an average parcel experiencing mean conditions, instead of deriving a value from 
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the set of trajectories , would overestimate the conversion for the assumed initial chemical 

fields. The magnitude of this difference depends on the slope of the time-dependent S(IV) 

depletion, and on the mean in-cloud residence time. Here, we intend to investigate different 

initial chemical fields and variations in the S(IV) depletion with time from an ensemble 

point of view, to explore the appropriate averaging techniques, and to examine the effect 

upon the predicted S(VI) production. 
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Chapter 2 

METHOD 

Various methods may be used to study atmospheric chemistry and aerosol physics 

and chemistry systems that range from the purely observational to the purely theoretical. 

All methods have their limitations. For instance, if the systems of interest are observable, 

one could simply sit down and watch it for a long time. Unfortunately, direct observations 

are limited by the fact that the systems are often difficult to interrogate and control, thus 

making it challenging to isolate the impact and behaviour of specific physical and chemical 

processes. Within this work, the method of numerical modelling is used to study various 

processes associated with aerosol and atmospheric chemistry. 

The framework of numerical modelling, which consists of slaving sets of equations, 

written down and solved with finite differencing method with a computer, provides a 

quasi-theoretical method for examining causal relations within complicated systems. The 

equations thus solved are approximated in certain ways ( and some processes too compu-

tationally demanding are approximated by a method called parameterization) before even 

entering the computational framework. 

The results put forth in this dissertation are obtained with both Eulerian (fixed grid) 

and Lagrangian (moving grid) frameworks . For the Eulerian framework, it is easier to ad-

vect different variables, although one can not avoid the numerical problems associated with 

spatial advection. The same is true for an aerosol sectional model, which can not avoid 

the numerical diffusion. For an aerosol moving grid model in the Lagrangian framework, 

there is no arbitrary distinction between aerosol particle and droplet, and a continuum of 

growth is allowed, and one avoids the problem of regeneration of aerosol particles following 

droplet evaporation that are a feature of fixed grids [ e.g., Feingold et al., 1996]. A draw-

back of the moving grid is that it precludes simultaneous study of particle coagulation and 
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droplet coalescence. It is especially difficult to represent mixing between parcels because 

communication of different moving droplet and aerosol sizes in each parcel will quickly 

increase the number of model variables which makes it difficult to solve the whole system. 

The mixing can only be done effectively on a fixed size-grid; mapping of this kind would 

compromise the advantages of the moving mass grid used in the condensational growth 

equations. We elect to use an Eulerian dynamical model and a two-moment aerosol evo-

lution model to study convective transport in a large domain for a fairly long time, while 

using the Lagrangian framework of the TEM and a moving mass grid to study the cloud 

processing during the course of an hour in the boundary layer. 

2.1 The Eulerian mixed-phase cloud model 

The results for the effects of cumulus convection on aerosol and chemical species pro-

duction and distribution are obtained with a two-dimensional Eulerian cloud model. To 

fully capture cloud scale dynamics, a three-dimensional Eulerian framework is necessary, 

however, as has been shown by Stevens [1996], the behavior of the two-dimensional system 

emulates the three-dimensional results in such a fashion that the integrity of the micro-

physical/ dynamical interactions seems to be maintained. In order to incorporate warm 

and ice-phase microphysics along with chemistry and aerosols on a large domain, we have 

elected to use a two-dimensional Eulerian grid. A complete description of the model can 

be found in Taylor [1989a] and Taylor et al.[1997]; it is only briefly summarized here. 

The model is anelastic and utilizes a flux- corrected-transport [Book et al., 1981] ad-

vection scheme using a modified slow fl.ow correction [Patnaik et al., 1987] . The set of equa-

tions can be found in Taylor et al. [1997] . Boundary conditions in the model domain may 

be either radiative or periodic at the lateral boundaries .· For radiative lateral boundaries 

the boundary velocities are computed using a weighted average of the first four gravity 

wave modes [Hack and Schubert, 1981] . In addition, a small-dissipation filter [Shapiro, 

1970] may be applied to the grid cells near the boundary. In our case, the radiative lateral 

boundaries are used. The upper boundary is a rigid lid with a dissipation filter applied 

to the upper 2.25 km in the domain. The vert ical spacing is fixed at 6.z = 200 m, and 
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the horizontal resolution varies from b.x = 1000 m to b.x = 250 m. The model domain is 

150 km wide and 15 km tall. The time step is computed using a Courant number of 0.35 

for the maximum advection or gravity wave velocity in the domain. For the present, the 

time step is 6.375 s with b.x = 1000 m. The subgrid terms are computed with a first-order 

closure scheme [Cotton, 1975] using the local value of the deformation tensor to compute 

the grid cell interface eddy flux. 

2.2 Bulk microphysics of mixed-phase cloud 

The bulk microphysical scheme chosen for use in the model assumes an immediate 

conversion of any supersaturated vapor to liquid water and any supercooled cloud droplets 

to snow particles, since we are interested in domains of several hundred kilometers and 

extended simulation times . While an explicit microphysics formulation is ultimately desir-

able in order to completely represent the evolution and interaction of the water, chemistry, 

and aerosol particle fields, the computational time requirement is quite large, even for a 

limited domain. For example, the spectral scheme used by Respondek et al.[1995] requires 

12 hrs of Cray CPU time for a 130-min simulation over a 30 km by 15 km domain, while 

the model run simulations presented here take approximately 8 hrs on a Hewlett Packard 

712/60 for 5 hrs of simulation time on a 150 km by 15 km model domain. 

This microphysical parameterization is termed bulk because precipitation drop con-

centration and graupel concentration are assumed to have Marshall and Palmer [1948] 

distributions. The bulk framework includes five different bulk water fields following Tay-

lor [1989a]: vapor (qv), cloud droplets (qc), precipitation drops (qp), snow particles (q~), 

and graupel (q9 ) . In addition, CCN concentration (NccN), cloud droplets concentration 

(CNU), and snow particle concentration (SNU) are explicitly calculated , which adds com-

plexity to the model as a two-moment mixed phase microphysical parameterization. The 

units for mass fields in the model are mass mixing ratio [kg kg-1], and for number fields 

are kg- 1 . The size distributions of CCN, CNU, and SNU are assumed monodisperse. For 

detailed descriptions of the time evolution of number and mass concentrations of above 

water fields please see Taylor [1989a] and Taylor et al.[1997] . We will briefly discuss the 

evolution of CCN and cloud drop number concentration in the model. 
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Time evolution of CCN concentration is governed by 

(2.1) 

where SccN is the CCN source term. The source term is 

£.a.N ot CCN condensation > 0 

SccN = CNU+SNU 
6t evaporation of cloud drops and snow (2.2) 

-(Sc+ Sp+ S 6 + S9 )~ impact scavenging by cloud hydrometeors 
q504 .. 

where qso4a is the mass mixing ratio of CCN. S is the impact scavenging loss terms 

of aerosol particles. Subscripts c, p, s, and g denote cloud drops, precipitation drops, 

snow, and graupel particles, respectively. In this scheme the CCN spectra are assumed 

monodisperse. In order to account for the possibility of partial activation of CCN due to 

the variations in natural CCN size spectra, the factor c6 , called the activation efficient, is 

included in equation 2.2. Calculations by Jensen and Charlson [1984] for various aerosol 

size distributions showed that for typical continental convective clouds, the total nucleation 

scavenging efficiency of the aerosol mass concentration is close to 1.0 and that 75% is 

activated within 100 m of cloud base. Here C6 is set to 0. 75 for the runs in this dissertation 

and results in 98.4% of the CCN activated within 500 m of cloud base and 99.9% activated 

within 800 m when condensation occurs. Sensitivity tests indicate the base model run is 

not sensitive to 0.7:Sc6 :Sl.0. In the next chapter, we vary c6 to 0.55 to investigate its effect 

on chemistry. 

Cloud droplets or snow evaporate and return particles to the CCN field when droplet 

or snow diameters fall below 1 µm. In addition, when the precipitation or graupel mixing 

ratio falls below 10-8 kg kg-1 , the hydrometeors have fall velocities less than 0.1 m s-1 and 

are assumed to completely evaporate and return particles to the CCN field. 

Cloud droplet concentration is computed in a manner similar to CCN: 

8 8 8 , , s 
-
8 

poCNU = --
8 

poviCNU + -
8 

poviCNU + Po GNU, t Xi Xi 
(2 .3) 

where ScNU is computed from 

(2.4) 
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where ae is the CCN source term for a. positive condensation ra.te , f3e is the snow melting 

ra.te, a.nd 'Ye includes a.utoconversion a.nd collection of cloud drops , riming of snow a.nd 

gra.upel, a.nd freezing of cloud drops . 

A consequence of a. va.ria.ble drop concentration is tha.t the cloud drop diameters ma.y 

sometimes exceed 50 µm. Since drops larger tha.n this will ha.ve fa.11 velocities greater tha.n 

0.1 m s-1[Pruppa.cher a.nd Klett, 1978], they .should be transferred to the precipitation 

field . N a.tural drop size spectra. [ e.g., Pruppa.cher a.nd Klett, 1978] ma.y simultaneously 

contain cloud drops with diameters larger a.nd sma.ller tha.n 50 µm. Given a. monodisperse 

size spectrum in the model, rather tha.n convert a.11 cloud drop wa.ter to precipitation 

when the drop diameter exceeds 50 µm, only a. portion is removed via. a.n addition to the 

a.utoconversion term tha.t reduces the cloud drop diameter to 50 µm: 

where Pw is the density of liquid wa.ter, De is the cloud drop diameter, a.nd 

.!!:_ D _ De - 50µm 
dt e - ct 

(2 .5) 

(2.6) 

Snow is another category in the model for which two-moments of the size spectra. a.re 

predicted. Snow crystal is formed from a.ctiva.tion of ice nuclei a.nd cloud droplet freezing . 

Ice nuclei a.re assumed to exist a.t temperature below -10°C a.nd a.re computed using the 

Meyers et al.[1992] expression for ice nuclei concentration. Contact freezing of cloud drops 

is via. Brownian diffusion of ice nuclei . For detailed descriptions of these processes see 

Taylor et al.(1997]. 

2.3 Cloud chemistry model 

In this dissertation, the sulfur species a.nd sulfate aerosol a.re the primary focus, a.nd 

thus relevant sulfur chemistry is included in the model; NOx chemist ry is not considered. In 

addition to the S(IV) to S(VI) oxidation pa.thwa.ys_ typica.lly considered in cloud chemistry 

models via. dissolved ozone (03 ) , hydrogen peroxide (H2O2), oxygen ca.ta.lyzed by iron (Fe) 

a.nd the complexa.tion of dissolved formaldehyde ( CH2O) with S(IV) ha.ve also been a.dded 

to examine their effect on S(VI) production a.nd on chemical species redistribution . The 
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Table 2.1: Chemical reactions included in the cloud chemistry model. Sources: 1, 
Maahs [1982]; 2, Seinfeld [1986]; 3, Martin and Damschen (1981]; 4, National Bureau 
of Standards )965]; 5, Ledbury and Blair [1925]; 6, Bell [1966]; 7, Martin [1984]; 
8, Martin and Hill [1987]; 9, acob (1986] . •The temperature dependence is rep-
resented by .K(T) = K 298 exp [-t.Iffas (~ - 2~8 )] for the equilibrium constant and 

k = k29s exp [-I(~ - 2!8)] for the rate coefficient. 

Reaction Rate Coefficient (k: Mn s- 1 ) or Equil- Sou-
ibrium Constant (K: M or M atm - 1 )" rce 

Equilibrium Reactions 

(R3) SO2(g) <:> SO2 · H2O 
(R4) SO2 · H2O ¢> HSO3 + H+ 
(R5) HSO3 ¢> so;- + H+ 
(R6) H2O2(g) ¢> H2O2(aq) 
(R7) O3(g) ¢> O3(aq) 
(RS) CH2O(g) ¢> CH2(OH)2(aq) 
(R9) CH2O(aq) + H2O ¢> CH2(OH)2 

K 3 (T) = 3.013 x 10-5 exp( 3168·6) 
K 4 (T) = 1.820 x 10-5 exp( 19f4·2) 
Ks(T) = 1.39 x 10-9 exp( 112!.2) 
K5(T) = 3.99 x 10-6 exp( 7olo) 
K1(T) = 2.13 x 10-6 exp( 2l'so) 
Ka(T) = 2.18 x 10-6 exp( 6.{91.ss) 
Kg(T) = 2.29 x 10-3 exp( 4~4t) 

Aqueous Phase Reactions 

(Rl0) S(IV) + H2O2 => S(VI) + H2 O 
(Rl 1) S(IV) + 03 => S(VI) + 02 
(R12) S(IV) + 0 2 + Fe3+ => S(VI) + Fe3+ + M 
(R13) HSO3 + CH2O(aq) => CH2(OH)so;-
(R14) so;- + CH2O(aq) CH2(O)so;-

K1o(T) = 8 x 104 

Ku(T) = 4.19 x 105 + tif°~J 
K12(T) = 5.83 x 1016 exp(-10910.21) 
K13(T) = 1.03 x 1010 exp(- 4ssJ24) 
K 14(T) = 1.09 x 1010 exp(- 181'.F·59 ) 

1 
1 
2 
3 
4 
5 
6 

7 
7 
8 
9 
9 

oxygen catalyzed by manganese (Mn) is not included in the model, since the observational 

data for the c,::mcentration of manganese in cloud water is not available . Also, for the 

combined Fe-Mn system, the ·rate of sulfate formation is 3 to 10 times faster than that 

expected from the sum of the independent rates, which is called iron/manganese synergism 

reaction [Seinfeld and Pandis, 1998]. Thus, we elect to add only the oxygen catalyzed by 

iron pathway Yvhich gives a conservative measure of the total oxygen catalyzed by trace 

metal pathway. The chemical reactions included in the model are summarized in Table 

2.1, and the formulations for the chemical source and sink terms are discussed briefly in 

this section. 

The S02, H202, 0 3 , and CH20 concentrations in cloud droplets and precipitation are 

assumed to be in equilibrium with the local gas phase concentration. Therefore, S02 and 

CH20 concent:::-ations in the liquid phase are carried as implicit fields, i.e., when required in 
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the source terms, they are computed as a function of the gas phase concentrations. These 

liquid phase concentrations are calculated using Henrys Law: 

(2.7) 

In equation 2. 7, Kh is the equilibrium constant, Pi is the partial pressure of gas species 

i in air, and [ M] is the liquid phase concentration of species i. The partial pressure of gas 

species i has been approximated as : 

(2.8) 

where the contribution of qi (mass mixing ratio of species i) in the denominator has been 

neglected, p is the air pressure, and Mi and Md are the molecular weights of species i 

and dry air, respectively. As discussed by Schwartz [1988], since oxidation is generally 

the rate-limiting mass transfer factor in the pH range (3-5) of the present cloud chemical 

calculations, the equilibrium assumption is generally appropriate. For the more soluble 

species, such as CH2O and H2O2 , this assumption may overpredict their concentration in 

the aqueous phase, and in this case will maximize the conversion of S(IV) to S(VI) by 

H2 O2 , producing a conservative estimate of the redistribution of SO2 to higher levels of 

the atmosphere. 

Two additional assumptions are used: (1) the sulfur chemistry is dominated by aque-

ous phase reactions on the time scales characterizing the clouds studied, and (2) aqueous-

phase photochemical reactions are assumed to have little effect on sulfate production and 

have been ignored. 

As mentioned above, the Fe(III)-catalyzed oxidation of S(IV) by molecular oxygen 

[Martin and Hill, 1987] is considered in our model. Trace metal Fe in particulate matter 

is scaled to the mass of the ammonium in aerosol particles, which varied from ammonium 

sulfate to ammonium bisulfate. The Fe(III) concentration is assumed to be 50% of the total 

Fe concentration. This gives a reasonable Fe(III) concentration in the range of 10-7 to 10-6 

M [Siefert et al., 1996] . The reaction mechanism for formaldehyde complexation with S(IV) 

is based on the work by Rao and Collett [1995] and is shown schematically in Figure 2.1. 
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The sum of (C1I2(0H)S03] and (CH2(0)S03] is taken as the HMS concentration in the 

liquid phase. The backward reaction of HMS to S(IV) has been neglected, since the 

equilibrium for reactions (R13) and (R14) is displaced far to the right (Boyce and Hoffmann, 

1984] . From available data, the characteristic time for the backward reaction in the aqueous 

phase is calcuhted to be approximately 4 hours . Since the simulations reported here are 

for times of 1 hour or less for the liquid phase, the backward reaction is unimportant. 

Details of the sulfate, ammonium and H20 2 source terms and the pH calculation are 

described more: fully by Taylor [1989b] and are briefly summarized here. The aerosol species 

( sulfate and ammonium mass concentrations and number concentrations of particles) are 

transferred into their aqueous forms when particles are activated to cloud droplets, and 

are transferred to the corresponding ice phase, precipitation, and graupel forms during the 

relevant micro:?hysical transformation. No aerosol species are released during such trans-

formations, but rather are carried with the hydrometeor species they have been transferred 

to. Upon evaporation of hydrometeors, the aerosol species are returned to the atmosphere; 

they are remoYed from the domain if they are incorporated into precipitation that reaches 

the ground. When cloud droplets transform to snow and graupel, some of the S(IV) in 

cloud water will be entrapped in the ice phase. We have used the temperature-dependent 

Chen and Lamb (1994] formulation to determine this fraction , and have also used their 

expression to represent the absorption of S02 onto ice. It is further assumed that 76% 

of the H20 2 dissolved in the cloud water will be released ack to the environment due to 

degasification :n the conversion of liquid to ice. All other gaseous species are completely 

degassed when ice forms. 

For completeness, the following discussion follows that in Taylor (1989b] and refers 

to the present modifications of and additions to the source and sink terms shown in his 

Figure l. The detailed schematic of sulfur chemisty diagram is shown in Figure 2.2. The 

new prognostic chemistry variables discussed here are advected simultaneously with the 

dynamic and microphysical fields. In the following, the condensation rate for cloud water is 

denoted by 6qc/ ot. Variables written in all capital letters and found on the right-hand side 

of the equations, e.g., PEVAP, refer to microphysical transitions, as described by Taylor 
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[1989a] . Subscripts denote the molecule-hydrometeor field; e.g., qHMSc is the HMS cloud 

water mixing ratio, [Ht] is the hydrogen ion concentration in cloud water, and so on. The 

chemical fields in the ~odel are expressed in terms of mass mixing ratio [kg kg-1] and 

the source terms are written in terms of [kg kg-1 s-1] . When species i aqueous phase 

concentration is converted to the equivalent mass mixing ratio in air, a conversion factor 

consisting of the molecular weight of species i divided by 1000 appears . 

The term PHMSl is CH2 O in solution in cloud water. It is a sink term for CH2 O 

vapor, and represents the rate of formation of CH2 O in cloud water due to dissolution of 

CH2 O (Figure 2.1) . The equilibrium con_stants can be found in Table 2.1. The conversion 

of gas-phase CH2O into aqueous CH2 O is given by reactions (RS) and (R9) . 

The concentration of total CH2 O in the aqueous phase is then given by 

where the approximation is valid since Kg 1. One thus obtains 

(2 .10) 

where the factor of 0.03 results from the molecular weight conversion for CH2 O, as men-

tioned above. 

The term PHMS2 is complexation of CH2O with S(IV) in cloud water. It is a sink 

term for CH2O and is given by a combination ofreactions in cloud water. Included in this 

formulation are the contributions from CH2O complexation with both HSO3 and so~-

(reactions (R13) and (R14)) . The complexation rate is given by 

_ d[C H20] = _ d[S(IV)] = d[H M SJ = k [CH O][H so-]+ k [CH O][So 2- ] . (2.11) dt dt dt 13 2 3 14 2 3 

With [HSO3] = fJft pso2 and [So~- ] = ~3/f-r{fr, Pso2, equation 2.11 can be rewritten as 

One obtains: 

d[S(IV)] 
dt 

d[H MS]= (k k Ks )K3K4pso2 [CH OJ . 
dt 13 + 14 [H/] [H/] 2 

(2 .12) 

(2.13) 
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The term PHMS3 represents the transfer of CH2O to gas phase from riming ice and 

graupel, and cloud droplet freezing and evaporation. It is a source term for CH2O vapor. 

When cloud droplets evaporate (CEVAP), freeze to form ice (CSFZ), or are collected by 

ice particles (riming, SRME) and graupel (GRME), CH2O in the liquid phase is returned 

to the gas phase. 

PH MS3 = 0.03[qcCEVAP + CSFZ + SRME + GRME]Ka PcH2O- (2.14) 

The term PHMS4 is the CH2O complexation with S(IV) in precipitation drops. This 

is a sink term and is given by a combination of reactions analogous to that in cloud water 

(PHMS2) . 
Ks K3K4pso2 Ka 

PHMS4=0.03qp(k13+k14-[ +]) [ +] K PCH2O • Hp He l + g 
(2.15) 

The term PHMS5 represents the equilibrium of CH2 0 in precipitation and transfer 

of CH2O to gas phase from graupel. It assumes Henry's Law equilibrium between pre-

cipitation drops and CH2O in the environment . When precipitation evaporates (PEVAP), 

precipitation drops freeze to form graupel (PGFZ), or graupel particles collect precipitation 

drops (PGCOL), CH2O in the liquid phase is returned to the environment. 

PHMS5 = 0.03[PEVAP + PGFZ + PGCOL]Ka PcH2O - (2.16) 

The term PHMS6 represents the S(IV) complexation with CH2O in cloud water. This 

is a sink term for SO2. S(IV) combines with CH2O to form HMS in the liquid phase 

and thus is removed from cloud water. Since S(IV) is carried as an implicit field, the 

combination rate (in terms of mass mixing ratio) is 

dqso2V 
dt 

dqcH2ov Mso2 
dt McH20' 

(2.17) 

where Mso 2 and McH20 represent the molecular weights of SO2 and CH2O, respectively. 

Thus the term PHMS6 is analogous to PHMS2, except the conversion factor 0.03 is changed 

to 0.064. 

(2.18) 
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The term PHMS7 is the S(IV) complexation with CH2O in precipitation drops. It is 

also a sink term for SO2, As shown above for PHMS6, this term is analogous to PHMS4, 

except the conversion factor 0.03 is changed to 0.064. 

Ks K3K4pso2 Ka 
PHMS7= 0.064qp(k13+k14-[ +]) [ +] --PcH20 -Hp He 1 + K 9 

(2.19) 

The term PHMS8 is the formation of HMSc in cloud droplets . This is a source term 

for HMS in cloud water. The conversion factor is modified to 0.111 to be consistent with 

the complexation of S(IV) in cloud water. 

(2.20) 

The term PHMS9 expresses the formation of HMSp in precipitation drops . This is a 

source term for HMS in precipitation. The conversion factor is also modified to 0.111. 

(2.21) 

The precipitation may have non-zero fall velocities. If so, the concentration of HMS 

in precipitation has fallout as an additional sink term. This fallout term is computed using 

(2.22) 

Iron is not created or destroyed in the iron-catalyzed S(IV) to S(VI) oxidation. This 

pathway consumes S(IV) in the liquid phase and produces sulfate in cloud water and 

precipitation. The following terms express the S(IV) sink rates due to Fe(III)-catalyzed 

oxidation pathway. The corresponding source terms as the S(VI) source rates hav~ also 

been added into the model. 

The term PION! is the S(IV) oxidation catalyzed by Fe(III) in cloud droplets. This 

is a sink term for gas phase SO2. The rate coefficient can be found in Table 2.1. The 

catalyzed oxidation rate is 

(2.23) 

We approximate [S(IV)) [HSO3] in the pH range of cloud water, i.e. , 3 pH 5.5 

[Martin, 1984]. Thus, 

(2 .24) 
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where the factor of 0.056 has arisen from the conversion between mixing ratio and molar 

concentration. 

The term PION2 is the S(IV) oxidation catalyzed by Fe(III) in precipitation drops. 

This is also a sink term for S02. This reaction is analogous to the reaction taking place in 

cloud water: 

(2.25) 

2.4 Aerosol evolution model 

We include aerosol microphysics in the coupled chemistry/ dynamics model. The 

aerosol part of the model includes a two-moment, two-mode (small particle (CN) mode 

and CCN mode) explicit aerosol evolution model, and gas phase S02 and sulfuric acid as 

particle precursors . CCN are activated to cloud droplets, but small particles are assumed 

to remain as interstitial particles unless scavenged by cloud droplets , when their mass is 

transferred to the CCN category uring cloud evaporation. The aerosol model is based on 

that used by Kreidenweis et al.[1988] . Two integral modes are used to represent the two 

size categories . Each mode is described by its moments, tot al mass and number, which are 

treated as independent variables, and thus the mode mean size is a dependent variable. 

The prognostic variables carried are small particle mass mixing ratio, qcN, and number 

concentration, NcNi CCN category mass mixing ratio, qso4a, and number concentration, 

NccN i sulfuric acid vapor mass mixing ratio, qH2s04, and S02 mass mixing ratio, qso2-

The subscript "a" indicates the species in the CCN particles. These prognostic variables 

are advected simultaneously with the dynamic, microphysical, and chemical fields . We 

assume the particles are initially composed of ammonium sulfate or ammonium bisulfate. 

Thus the mass mixing ratio of ammonium ion in CCN, qNH4a, is also carried as an indepen-

dent variable. Since the composition of small particles is not altered by aqueous chemistry, 

the ammonium mass in the small particles is carried as an implicit field. A schematic of 

the aerosol model is shown in Figure 2.3, and the processes represented there are discussed 

further in this section. 
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2.4.1 Aerosol nucleation and growth 

Sulfuric acid can for~ new particles by binary homogeneous nucleation with water 

vapor and can grow pre-existing particles by condensation. Since the time scale for the 

growth of small particles to CCN size particles is several weeks, and that for coagulation 

between unactivated particles in the upper troposphere is approximately one day to several 

days, longer than the time scales simulated in this study, these processes have not been 

included. 

Gas-phase formation of H2S04 

In the gas phase, atmospheric H2SO4 is formed via reaction of SO2 with OH· in 

the troposphere [Calvert and Stockwell, 1984]. The production of OH· is governed by 

photochemical reactions, and is a function of the amount of ultraviolet light reaching 

the troposphere. The gas-phase reaction of SO2 and OH· is a chain reaction, and the 

ultimate product is H2SO4 [Stockwell and Calvert, 1983]. A single second order reaction, 

representing the rate-limiting step , is usually assumed [Atkinson and Lloyd,1984]: 

(2.26) 

The rate constant is kso2,2gsK = 1.1 X 10-12 molec -l cm3 s-1, and the activation energy 

1Jt = -231 K [Yin et al., 1990] . Using 

kso2 = kso2 298Kexp[- Ea(~ - - 1
-)] ' R T 298 ' 

(2.27) 

we obtain 

kso2 = 5.06689 x 10-13exp(231/T). (2.28) 

The production rate of H2SO4 (in mass mixing ratio units) is then 

(2.29) 

where the convention using "PSU" for such source terms conforms to that used in previous 

work [Taylor, 1989b; Taylor et al., 1997; Kreidenweis et al., 1997]. From equation 2.29, it is 

seen that the H2SO4 production rate in the upper troposphere depends on SO2 redistribu-

tion and on [OH·]. In the simulations discussed here, we have chosen a diurnally-averaged 

[OH·] vertical profile and keep it constant with time. Thus, variations in H2SO4 production 

rates in the upper troposphere are controlled by variations in SO2 concentration. 
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In this model, the small particle mode is the Aitken or nucleation mode. Aerosol 

particles in this mode are produced by H2S04 -H2 0 binary homogeneous nucleation with 

a rate determined by temperature, relative humidity RH, and relative acidity of H2S04 • 

The relative acidity is defined as the partial pressure of acid vapor in the gas phase divided 

by the vapor pressure of the pure acid at that temperature. When the small particle 

mode evolves, its mode mean size can change. However, we fix the size and mean mass 

of the newly nucleated particles to be at the lower size limit of this mode. Whenever a 

nucleation burst occurs, the mass flowing into the nucleation mode is the nucleation rate 

times the fixed mean nucleation particle mass of 6.52 x 10-21 kg particle-1 ( ~0 .01 µm). 

The number concentration of particles flowing into this small particle mode is adjusted 

accordingly, using the current mean particle mass of the mode. This is a conservative 

estimate of the small particle number production rate, since it will always be less than or 

equal to that predicted. A sensitivity run in which the unadjusted number predicted by 

nucleation theory was input to mode 1 produced only small differences in the simulations. 

The results of Jaecker-Voirol and Mirabel [1989] using hydrate theory to compute ho-

mogeneous binary nucleation rates are fit to polynomials and used to calculate nucleation 

rates for different temperatures, relative humidities and H2S04 concentrations. These the-

oretical calculated nucleation rates from hydrate formation are lower than previous classical 

theoretical rates by a factor of 105-106 , and agree better with experimental results than the 

old theory, as pointed out by Jaecker-Voirol and Mirabel [1988]. However, uncertainty still 

remains in the nucleation rate calculation, as pointed out by Raes et al.[1992]. They used 

the theory of J aecker-Voirol and Mirabel [1988] and applied the possible range of thermo-

dynamic data, and showed that the range of uncertainty could be 10 orders of magnitude 

due to the uncertainty in thermodynamic data alone at 25°C and RH = 50%. They pro-

posed a nucleation rate factor ( the ratio of observed nucleation rate in their experiments 

to the calculated nucleation rate , tn, to be between 104 and 107 at 25°C, and pointed 

out those values were close to the upper bound of the range reported in literature. In our 

simulations, we use tn = 1 for the base cases and most sensitivity tests, and change it to 
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104 in one sensitivity simulation to investigate the effect of this parameter on the model 

results. 

Condensational growth of particles 

In our model, H2S04 and water vapor can either nucleate to form new particles, or 

condense onto pre-existing particles. The rate of condensation, J, of H2S04 onto an aerosol 

particle with diameter Dp is described using the modified form of the Dahneke expression 

[Seinfeld, 1986]: 

(2.30) 

where Dis the diffusivity of sulfuric acid in air, Kn is the Knudson number (the ratio of the 

air mean free path to the particle radius), {J(Kn) is a correction factor to the continuum 

profile including the sticking probability 5, 

(2.31) 

where the sticking probability 5 is assumed to be 1 in the model, p is the partial pressure 

of H2S04 in the ambient air, and Po is the vapor pressure of H2S04 the vapor pressure of 

solution. The solution vapor pressure p0 in the condensational growth rate calculation 2.30 

is assumed to be zero, as justified from the data of Bolsaitis and Elliot [1990]. 

The aerosol condensational growth rates are based on the wetted size of the sulfate 

particles . Since the relative amount of water vapor is so much greater than that of acid 

vapor, the growing so~--H20 particles are always in equilibrium with water vapor, and 

the growth of particles is assumed to be controlled by the impingement rate of sulfuric 

acid molecules onto the particles (Kreidenweis and Seinfeld, 1988; Raes et al. , 1992] . The 

mass of water associated with the wetted particles is determined by finding the mean 

sulfate mass per drop (qso4a/NccN or qcN/NcN) and finding the solution concentration 

such that the partial pressure of water vapor over the drop equals the water vapor in the 

surrounding gas. 

Ammonium is implicitly considered in the wet particle mean size calculation by assum-

ing ammonium sulfate or ammonium bisulfate aerosol composition. Since the dependence 
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of particle size on relative humidity for ammonium sulfate and ammonium bisulfate is 

similar, as pointed out by Tang and Munkelwitz [1994], for simplicity, we use the same 

coefficients to convert dry diameter to wet diameter for both aerosol compositions; the 

particle size on the efflorescence branch of the hysteresis curve is parameterized. After 

cloud processing and chemical conversion in the aqueous phase, the ratio of sulfate to 

ammonium will increase for those CCN regenerated from evaporating cloud droplets , in 

turn changing particle hygroscopicity. This will introduce some error for the dry and wet 

diameter calculation since the change in hygroscopicity is not accounted for. We estimated 

the error in the condensation rate calculation to be about 10% at 9-10 km height in the 

model domain, where the results are most sensitive to the computed condensation rate. 

For the small particle mode, the H2S04 condensation rate (kg kg-1 s-1 ) is 

(2.32) 

For the CCN mode, the H2S04 condensation rate is 

(2.33) 

where Dp is the mass mean diameter of wet particles in each mode, N is the number concen-

tration in each mode, subscripts denote the mode, the factor a corrects for monodispersity 

assumed in the integral model and is set to 0.85 for both modes [Kreidenweis et al., 1991], 

and Kn is the Knudson number for the w~t particles . PSUS2 is generally one to two 

orders of magnitude smaller than PSUS3 . For H2S04 condensation onto the unactivated 

CCN, we also ,:ompute an effective addition rate of NHt onto the particles. This rate is 

adjusted to maintain the NHt /So~- aerosol composition, and accounts for the presence 

of neutralizing NH3 in the environment. Thus the ratio NHt /So~- is modified only by 

sulfur oxidation processes occurring in cloud, as described in Kreidenweis et al.[1997]. 

2.4.2 Aerosol-cloud interaction 

Since it is so hygroscopic, we assume that sulfuric acid vapor is immediately lost to 

cloud hydrometeors in any cloudy grid box. The scavenging of both CCN and interstitial 

small particles by all the hydrometeors is also considered in the model. CCN are mainly 
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activated (nucleation scavenging) to form cloud droplets, and when the cloud evaporates, 

CCN are regenerated from cloud droplets . Due to chemical conversion inside cloud and 

other cloud processes, the regenerated CCN are usually different from the original CCN in 

size, number, and spatial distribution (Flossmann, 1994; Feingold et al., 1996; Kreidenweis 

et al., 1996] . The activation coefficient is set to 0.75 in the model, as described in Taylor 

et al.(1997]. Small particle scavenging by cloud hydrometeors is parameterized in the same 

way as that for CCN, except the scavenging coefficients are different. The scavenging 

parameterizations for the CCN mode are described in detail in Taylor et al.[1997]. 

The time rates of change of H2S04 mass mixing ratio, small particle and CCN mass 

mixing ratio, and number concentration are as follows : 

+po(PSUS5- Rnuc1 - PSUS2 - PSUS3 - Sc1oud) (2.34) 

(2 .37) 

8 8 , , 36 11 • 11 ,, 11 

- ax/oViqNH4a + ax/OviqNH4a + Po(96PSUS3 - Sc - Sp - s$ - sg 

- qNH4a ACTI + qNH4cCEVAP + qNH4$SEVAP) (2.38) 
NccN 

The time evolution of NccN is expressed in equation 2.1. Here, - a~;PoViq or - a~;poviN 

is the advection of each independent variable, and subscripts denote each variable. Eddy 

diffusion is the turbulent diffusion term for each variable (a~;pov;q' or a~;pov;N'). S1
, S

11

, 

and S are the scavenging loss terms of small particles and CCN particles, respectively. 

Subscripts c, p, s, g denote cloud droplets, precipitation drops, ice and graupel particles , 

respectively. ACT! is the activation of CCN to cloud droplets. CEVAP and SEVAP are 

evaporation of cloud dro:>lets and snow, respectively, upon which their number and mass 
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are returned to the CCN category. CNU and SNU are the number concentration of cloud 

droplets and snow, respectively. Rnuc1 is the H2SO4 nucleation rate. Sc1oud = is loss 

term of H2SO4 to any cloud hydrometeors, treated as an instantaneous adjustment that 

removes all gas phase H2SO4 . 

2.5 Trajectory ensemble model-TEM 

The results for the stratocumulus processing of aerosol and gases are obtained with 

a Lagrangian trajectory ensemble model. During the course of an LES run [Feingold et 

al., 1998a], after turbulance has developed, 500 tracer particles are released from randomly 

distributed points below cloud (between 200 and 450 m) and their trajectories are recorded 

every 2 s (the LES model time step). The trajectories include kinematic (position, vertical 

velocity) and thermodynamic (pressure, liquid-water potential temperature, total water 

mass mixing ratio) data, and the tendencies related to these variables can be calculated 

from the trajectories . Each of the 500 trajectories constitutes a driver for a Lagrangian 

parcel model simulation of size-dependent droplet growth and chemistry. 

Traditionally, parcel models are run in adiabatic mode, i.e., their trajectories are 

defined by updrafts of constant velocity producing adiabatic expansion and subsequent 

condensation of vapor. Here, each parcel produces non-adiabatic liquid water contents that 

are representative of the flow experienced by that particular trajectory through the cloud. 

The degree of adiabaticity depends on calculations in the LES host model. Each Lagrangian 

parcel model uses time-splitting for integration of the microphysical and chemical rate 

equations. 

2.5.1 Microphysics 

The initial aerosol is assumed to have a _uniform chemical composition of ammonium 

sulfate. For simplicity we define the aerosol size spectrum by five logarithmically spaced 

discrete sizes, but these can be extended to as many bins as needed. Sensitivity tests using 

10 bins and 25 bins have been performed and produced similar S(IV) to S(VI) conversion. 

The solute mass in each size category is carried as ammonium ion mass and sulfate ion 

mass independently, to allow variations in the ratio of ammonium to sulfate as chemical 
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reactions proceed in a parcel cycling through cloud. The growth of these particles is solved 

on a moving mass grid. 

Time t, height z, pressure p, liquid-water potential temperature 01, and total water 

mixing ratio rt are input from the trajectories . The parcels are not assumed to be adia-

batic; instead, the tendencies of non-adiabatic liquid water potential temperature <lJf- and 

total water mass mixing ratio are prescribed from the trajectories, which depend on 

calculations in the LES host model, along with other tendencies ~; and *· Independent 

variables temperature, T, droplet radius, r, and water vapor mixing ratio, rv are inte-

grated using a variable coefficient Ordinary Differential Equation solver VODE [Brown et 

al., 1989] . The time rates of change of T and rv are 

(2.39) 

and 
drv drt dr1 
dt dt - aj· (2.40) 

Droplet growth is solved following Pruppacher and Klett [1978], 

dr s - 1- y 
T- = ----==----=---=-=c-=---dt pwRT + f..e!H..(LMw _ 1)' 

e,D;Mw K:T RT 
(2.41) 

h e rvp l 2u,1,,.Mw Th . fi Id h. h d . -w ere s = e,(T), e = 0_622+rv, y = naw + RTpwa. . e supersaturation e w 1c rives 

droplet growth is calculated from T and rv at the current time step . The water activity of 

the multi-component solution inside the growth equation is calculated using the Zdanovskii-

Stokes-Robinson (ZSR) relation [Sangster and Lenzi, 1974] . Water activity data for the 

binary solutions are obtained from Chen [1994]; Kreidenweis (personal communication); 

Tang and Munkelwitz [1994] . The equilibrium size of unactivated particles is computed as 

a function of relative humidity (RH), using the water activity. For purposes of computing 

water activity, the solution is assumed to be a mixture of ammonium sulfate and ammonium 

bisulfate when the ammonium to sulfate ion molar ratio is between 1 and 2; and the solution 

is assumed to be a mixture of ammonium bisulfate and sulfuric acid when the ammonium 

to sulfate ion molar ratio is between O and 1. 
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The liquid water mixing ratio Tl is 

p Tl=~ in;,i n(Dp,i)P.,,i. (2.42) 
i 

Here, p.,,i is the solution density of droplet size i . The time rate of change of Tl, Pei, can 

be derived from equation 2.42. Additional details of the microphysics used in the TEM 

can be found in Feingold et al.[1998a] and Feingold and Heymsfield [1992]. 

2.5.2 Size-resolved chemistry 

In this application, as a first attempt, each parcel is treated as a closed system, with 

no gas-phase sources or replenishment so as to investigate t he chemical behaviors in a con-

trolled dynamical framework . A parcel will keep its identity in the boundary layer until five 

or six characteristic eddy mixing times have elapsed, as discussed in Feingold et al.[1998a]. 

Thus allowing no mixing i~ reasonable during a one-hour simulation. The aerosol composi-

tion is restricted to ammonium and sulfate species . Relevant sulfur chemistry is simulated 

in the model, including the dissolution and reaction of SO2, 03, H2O2, and NH3. 

Instead of assuming instantaneous equilibrium between the gas and aqueous phases, 

the mass-transfer rate of species between phases is calculated, as in Pandis and Seinfeld 

[1989] . The mass-transfer coefficients Kmt,i are the same among species since we assume 

all species have the same diffusivity. This assumption has only a minor effect on the 

mass-transfer rates and little effect on the overall chemistry output . The mass-transfer 

coefficients also depend inversely on drop size, so that the gas phase species equilibrate 

more quickly with small drops than with large ones . The calculation of the mass-transfer 

coefficient is: 

31/Di d ( [1.33+0.71K~1 4(1-aw)]K )_1 
Kmt,i = R~ , an 1/ = 1 + 1 + K;;l + 3aw n , (2.43) 

where Kn = ;_ is the knudson number, and >. is the mean free path of species i. Rp is the 
p 

drop radius . Di is the diffusivity, the value to be 0.1 cm2 s-1 . aw is the sticking coefficient 

and is chosen to be 0.01 in the model. 

In each size category, the concentrations (in gmol g-1 ) of gas phase SO2, 03, H2O2, 

NH3, and of aqueous phase S(IV), S(VI), O3(aq), H2O2(aq) and N(III) are also integrated 
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using VODE. The general expressions for the time rate of change of concentrations in the 

aqueous and gas phase can also be found in Lelieveld and Crutzen [1991] and Pandis and 

Seinfeld [1989] . 
dCg '°' Caq,i dt = L.J Kmt ,iTl,i H• RTrz i - Cg, 

l , 

(2.44) 

(2.45) 

where Cg is the gas phase concentration of any species , Caq,i is the aqueous phase concen-

tration of any species at drop size i, r1,i is the water mixing ratio of drop at size i, and H* 

is the effective henry's law coefficient for any species . Si is the aqueous phase source or 

sink term of any species at drop size i . 

The electroneutrality equation includes the positive ions H+, NHt and the negative 

ions OH-, HS04, So~- , HS03 and So~- : 

(2.46) 

The S(IV) to S(VI) conversion is via the 03 and H202 oxidation pathways [Hoffmann and 

Calvert , 1985] . The chemical reactions and equilibrium equations are listed in Table 2.2. 

When sufficient cloud water is present ( rz > 1 x 10-6 g g-1 ), chemistry calculations are 

performed on those droplet categories with ionic strength < 2 M, which allows chemistry 

on some haze particles [Seinfeld, 1986] . If the ionic strengths for all five size categories are 

higher than 2 M, chemistry calculations are t~rminated, and only microphysical processes 

are solved for . 
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Table 2.2: Chemical reactions included in the TEM. 1 The temperature dependence is 
represented by K(T) = K 298 exp [-t.1Jt98 (~ - 2~8 )] for the equilibrium constant and 

k = k29s exp [-f (~ - 2~8 )] for the rate coefficient . 

Equilibrium Reactions Equilibrium Constant 
(Mor M atm-1 ) 

_11:, Kl Reference 

S02(g) ¢> S02 · H20 1.23 3120 Smith and Martell (1976] 
S02 . H20 ¢> Hso; + H+ 1.23 X 10- 2 1960 Smith and Martell (1976] 
Hso; ¢> so~- + H+ 6.61 X 10-8 1500 Smith and Martell (1976] 
H202(g) ¢> H202(aq) 7.45 X 104 6620 Lind and Kok (1986] 
03(g) ¢> 03( aq) 1.13 X 10- 2 2300 Kozac-Channing and Heltz (1983] 
NH3(g) ¢> NH4 0H(aq) 75 3400 Hales and Drewes (1979] 
NH.OH(aq) ¢> NHt + OH- 1.7.5 X 10-5 -450 Smith and Martell (1976] 
H2S04(aq) ¢> HSO; + H+ 1000 Perrin (1982] 
Hso; ¢> so:- + H+ 1.02 X 10- 2 2720 Smith and Martell (1976] 
H20 ¢> H+ + OH- 1.0 X 10-U -6710 Smith and Martell (1976] 

Aqueous Phase Reactions Rate Coefficient 
(M" s-1 ) 

-i,K Reference 

S(IV) + H202 S(VI) + H20 7.45 X 107 -4751 Hoffmann and Calvert (1985] 
S(IV) + 03 S(VI) + 02 2.4 X 104 

3.7 X 105 -5533 
1.5 X 109 -5280 Hoffmann and Calvert (1985] 
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Figure 2.1: Formaldehyde reaction diagram. The arrows denote the processes related to 
any two fields in the box. 
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Figure 2.3: Aerosol scheme diagram. The arrows denote the interactions between any two 
fields in the box. 



Chapter 3 

THE EFFECTS OF DEEP CONVECTION ON IN-CLOUD SULFATE 

PRODUCTION AND SO2 REDISTRIBUTION 

In this chapter, we use the coupled chemistry/cloud dynamics model described in §2.1-

2.3 to examine the relative importance of different oxidation pathways in cloud processing of 

S02 , and to study cloud effects on the redistribution and transformation of various chemical 

species. The goals of this chapter include the simulation of a continental cumulus cloud 

based on sounding data from the CC OPE measurements . This case is characterized by deep 

convection accompanied by glaciation. Wang and Chang [l993a] studied the August 1 case 

of the CCOPE project to examine the importance of dynamic transport on redistribution 

of different gases with different solubility using a three-dimensional cloud chemistry model, 

and Respondek et al.[1995] studied the uptake, redistribution, and deposition of ammonium 

sulfate particles using the same CCOPE case as ours. Because of the lack of chemical data, 

our simulations are not considered to be a case study but a physical plausible arena through 

which various sensitivities may be explored. 

3.1 Initial condition 

The two-dimensional cloud model simulates a small continental cumulonimbus cloud 

based on sounding data. The sounding profiles of temperature and humidity from the 

measurements of CCOPE 19 July 1981 are used to initialize the temperature and water 

vapor mixing ratio fields , and are uniformly distributed in the x direction. The initial 

horizontal and vertical wind fields are set to be zero . The cloud is forced by a sensible 

heat source at 721 mbar. The two-dimensional model covers a domain of 150 km in the 

horizontal (x direction) and 15 km in the vertical (z direction) . The grid spacing is ~z = 
200 m and ~x = 1000 m, resulting 152 x 76 grid points, and the time step is ot = 6.375 
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s. The sub-cloud forcing is turned off after 1 hr 30 min to allow the boundary layer to 

develop . We use open lateral boundaries and a rigid lid upper boundary. The model uses 

flux-corrected advection scheme, and the lower boundary factor is the ratio of background 

value divided by current value. Boundary conditions for the sub-grid terms are specified as 

fluxes, and are set to zero for chemical species. The simulations start at zero model time. 

The total model run is 5 hours, the simulated cloud forms at 41 min with cloud base near 

3 km, and the mixed-phase cloud lifetime is about 3 hours. 

Two model simulations are performed, each with a different initialization of chemical 

fields to simulate polluted and clean atmospheres. The concentrations of different chemical 

species are assumed to decrease exponentially with different scale heights. Table 3.1 lists 

the initial surface values of different chemical species and the applied scale height . The 

appropriate values of S02 , H202, and 03 concentrations for clean and moderately polluted 

atmospheres are in agreement with observations and other model studies [Hegg et al., 1986; 

Georgii and Meixner, 1980; Luke et al., 1992; Yuen et al., 1994]. The initial gas phase H20 2 

and CH20 concentrations are constant with altitude, and gas phase 0 3 concentration is 

constant with time and height. The concentration of CH20 is chosen based on continental 

observations by Munger et al.[1989]. 

Table 3.1: Initial chemical fields for the coupled chemistry/ cloud dynamics model. 

Species Clean Case Polluted Case Scale Height (km) 
(Surface Value) (Surface Value) 

S02 2 ppbv 10 ppbv 2.0 
03 50 ppbv 50 ppbv constant with time and altitude 

H202 0.5 ppbv 1 ppbv constant with altitude 
CCN 900 cm-3 2100 cm-3 3.5 

CH20 1 ppbv 4 ppbv constant with altitude 
NHt 1.8 ppbv 9.6 ppbv 3.5 
so:.i-4 0.9 ppbv 4.8 ppbv 3.5 

In the chemistry model, only CCN aerosol is considered, with chemical composition for 

the base cases assumed to be ammonium sulfate ((NH4)2S04). The CCN concentrations 

are increased by about a factor of 2.5 from clean to polluted. Appropriate values for 
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the CCN number concentration, aerosol sulfate and aerosol ammonium ion mass for both 

clean and polluted cases are based on Whitby [1978]. The moderately polluted simulation, 

for which cloud condensation nuclei ( CCN) surface concentrations are 2100 cm-3 , gives 

cloud base CCN concentrations of about 800 cm-3, is consistent with CCN measurements 

below cloud base obtained from the CCOPE field experiment [Jensen, 1985] . Total Fe in 

aerosol particles is assumed to be 6% mass of the ammonium ion concentration in aerosol, 

and ferric ion in solution is assumed to be 50% of the total Fe in solution. The total Fe 

concentration and the percentage of ferric ion in total Fe in solution are in agreement with 

continental observations [Cahill, 1988; Erel et al., 1993; Hillamo et al., 1993; Siefert et al., 

1996]. This gives ferric ion concentrations in cloud water and precipitation which are 3% 

of the NHt in the liquid phase. 

In the next section, we discuss the general development of the model cloud with the 

coupled chemistry/ dynamics model. The sections that follow address specific issues related 

to chemistry and cloud interactions and the effects produced. 

3.2 General development of the simulated cloud 

The sounding case study used is identical to that of Taylor et al.[1997]. The~r CCN 

number concentration profile is the same as used here in the polluted case study. Details 

regarding the development of the model cloud, including two-dimensional plots of the vari-

ous hydrometeor species, a discussion of the simulated transport patterns, and comparisons 

with observations can be found in the work by Taylor et al.[1997]; the salient features are 

mentioned here. Since the dynamics of the simulated cloud for the clean case are slightly 

different, these are also summarized. 

For the polluted case, cloud top height rises from 3.6 km to 7.6 km during the initial 

stages of growth, with ice phase initiation around 1 hr 7 min. The mature stage of the 

simulated cloud begins at 1 hr 11 min and lasts until around 1 hr 52 min, during which the 

cloud top reaches its highest level of 9.6 km, with the overall maximum vertical velocity of 

7.47 m s-1occurring at 4.4 km at 1 hr 25 min. Significant liquid water content (qc) starts 

at 41 min and lasts until 1 hr 42 min with a maximum liquid water content of 3.74 g kg- 1in 
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the entire model domain at 6.2 km at about 1 hr 11 min. The simulated cloud begins to 

decay at around 2 hr 2 min, and totally disappears at around 3 hr 44 min. In agreement 

with the model results of Respondek et al.[1995], the onset of significa~t of ice formation 

( via vapor deposition growth of ice crystals, heterogeneous drop freezing, and riming of 

ice particles) initiates a decrease in the liquid water content, and ice crystals and graupel 

dominate the upper regions through the decay period. Also in agreement with Respondek 

et al.[1995], precipitation consists primarily of completely melted graupel; rain begins to 

reach the ground at 1 hr 42 min and lasts until 2 hr 18 min. 

For the clean case, the cloud top height, initial and mature growth phases, and ice-

phase initiation are about the same as those in the polluted case; precipitation is initiated 

slightly earlier. The overall maximum vertical velocity of 7.02 m s-1occurs at 5.0 km and 

1 hr 7 min. Significant liquid water content develops at around 41 min and lasts until 1 

hr 27 min, with a maximum liquid water content of 3.08 g kg-1occurring at 6.2 km at 

around 1 hr 8 min. The simulated cloud begins to dissipate around 1 hr 58 min, a little 

earlier than in the polluted case, and totally disappears around 3 hr 29 min. Rain begins 

to reach the ground at 1 hr 32 min and lasts until 2 hr 2 min. The total precipitation 

amount reaching the ground comes mainly from melted graupel, the amount of which is 

less in the clean case than in the polluted case. This is probably because in the clean 

case, the lower CCN number concentration leads to lower cloud drop number and snow 

particle number concentrations. The lower number concentration triggers precipitation 

and graupel to appear earlier, and these are on average of larger sizes, leading to a shorter 

sustained and less vigorous simulated cloud in the clean case. 

Table 3.2 summarizes a few relevant cloud characteristics for various model times 

for which output is shown in the following sections. The times are chosen to represent 

different stages in the cloud evolution and hence in the transport patterns and the chemical 

composition. 

3.3 Base case study 

In this section simulation results for the polluted and clean base runs are discussed . 

First, the relative contributions to the in-cloud sulfate production from different oxidation 
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Table 3.2 : Cloud features at selected times used to display model output. 

II Model Time I Cloud Features II 
41 min just after initial formation of cloud 

1 hr during liquid phase cloud development 
1 hr 11 min just after initiation of ice phase; 

start of mature stage of cloud 
1 hr 32 min just before occurrence of precipitation (polluted case); 

precipitation just begins to reach the ground ( clean case) 
1 hr 52 min end of mature stage of cloud; vertical motions 

begins to die; cloud consists mostly ice 
5 hr end of simulations; no cloud, little vertical motion 

pathways and SO2 redistribution in the simulations are discussed in terms of the difference 

between the polluted and clean cases. Sensitivity simulations which vary the initial chemi-

cal species concentrations and some of the dynamics model parameters are then discussed 

in comparison to the polluted and clean base simulations in the following section. 

3.3.1 In-cloud sulfate production 

Particulate matter which is scavenged into the droplets is released back into the ambi-

ent air when the cloud dissipates , when precipitation evaporates, or at the edge of the cloud, 

where partial evaporation occurs . In our simulations, all of the initial aerosol part~cles are 

assumed to have the same composition, and to consist solely of So~- and NHt species . 

Therefore, the ratio of so~- /NHt in both the aerosol released from evaporating cloud 

particles and in cloud water will be the same in the absence of in-cloud production of 

so~- . Since uptake of NH3 is not included in our model, NHt can be used as a tracer 

for the scavenging of aerosol SO~-to determine the fraction of in-cloud sulfate production, 

as has been often done in field studies reported in the literature [e .g., Liu et al., 1993; 

Strapp et al., 1988]. In-cloud oxidation of SO2 will increase the ratio of so~- /NHt, so 

that the particles which are left behind after cloud dissipation are likely to have higher 

so~- /NHt ratios, compared with those before cloud formation. 



49 

The percentage contribution of in-cloud sulfate production to the total cloud-water 

sulfate is defined as: 

E = total cloud- water so:- mass - Ix cloud - water N Ht mass 
total cloud - water so:- mass 

(3.1) 

where J is the ratio of aerosol sulfate to aerosol ammonium before cloud formation, for the 

assumed ammonium sulfate composition. 

Figure 3.1 shows the domain-averaged evolution of the fraction of cloud-water So~-

produced in cloud for both the clean and polluted cases. The fraction attributed to in-

cloud production is 8% to 68% in the clean case, and 7% to 52% in the polluted case. The 

fluctuations of in-cloud production show the inhomogeneity of cloud chemistry, nucleation 

scavenging, and other cloud microphysical processes . Liu et al.[1993] estimated the sulfate 

production in summer time clouds ( cumuli or stratocumuli) over Ontario, Canada to be 

from 8% to 83%, with a median of 27% (mean 37%), using the in-cloud-water NHt as 

a tracer of particulate so:- . Burkhard et al. [1994] studied mid west clouds and applied 

aerosol selenium (Se) as the nucleation scavenging tracer to estimate that the average in-

cloud oxidation accounted for up to 50% of the total so:- . Our model results are within 

the ranges of these observations. The computed differences between the clean and polluted 

cases demonstrate the nonlinearity of the nucleation scavenging and in-cloud production 

processes . That is, the initial concentrations of both aerosol sulfate and S02 are less in the 

clean case, but the ratio of initial S02/So~-is larger. This leads to a lower contribution 

to so:-from nucleation scavengi g of aerosol, and higher percentage of S(IV) conversion 

to S(VI) in cloud water, in the clean case. 

The vertical profiles of the computed rates for the different pathways for removal of 

S(IV) in cloud water (H20 2 oxidation rate, 0 3 oxidation rate, iron-catalyzed oxidation rate 

and formaldehyde complexation rate), for the cloud core area, are shown in Figure 3.2 for 

the polluted case at several times during the simulation. The core area is defined as the 

75-79 km domain average, and the half-domain area is defined as the 50-100 km domain 

average. In the polluted case, at most times, the H202 oxidation pathway dominates near 

cloud base, while 0 3 oxidation dominates in the upper part of the cloud, since cloud-

water pH is usually higher in the upper part of the cloud and hydrogen peroxide is rapidly 
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depleted in the upper cloud region. Iron-catalyzed oxidation is always comparable to the 

H2O2 and 03 pathways, while the formaldehyde complexation rate is an order of magnitude 

smaller at most times . Barth et al.[1992] simulated a cold-frontal rainband and obtained 

similar results comparing H2O2 , 03, and iron-catalyzed oxidation, although they assumed 

ammonium bisulfate aerosol, which is more acidic than the neutral aerosol used in our 

study. The vertical profiles of the normalized (with respect to surface value) H2O2(g) mass 

mixing ratio in the core area during the period when liquid-phase cloud water exists are 

shown in Figure 3.3 and demonstrate that H2O2(g) is depleted in the cloudy region. Due 

to its relatively large Henry's Law constant , the amount of H2O2 in cloud water is largely 

constrained by mass balance. That is, when qc increases, the amount of H2O2 in cloud 

water does not increase linearly, but depends on the H2O2(g) available. However, the low 

Henry's Law constant and assumption of constant gas-phase 0 3 means that the computed 

0 3 amount in cloud water will increase as qc increases . This partly explains why the H2O2 

oxidation rate is higher initially ( qc low) and then smaller than the 0 3 oxidation rate, in 

the upper cloud at later times as the H2O2(g) is depleted by chemical reactions. At 1 hr 

32 min in Figure 3.3, most of the cloud water has been converted to ice-phase species, and 

the vertical transport of H2O2(g) from the boundary layer has replenished some of the 

H2O2(g) at higher levels in the domain. 

A two-dimensional plot of the pH in cloud water for the polluted case is shown in 

Figure 3.4; the outermost contour indicates the -approximate boundary of the qc = 0.1 g 

kg-1 contour . The pH contours for the clean case have similar trends, except the 3.5-4 

level drops out and a 5- 5.5 region appears near the center of the cloud. In both cases, the 

highest pH values of cloud water are initially in the middle and then move to the upper 

regions of the cloud, with more acidic values at the cloud edges, where qc is low and the 

cloud droplets are less dilute. Since the 0 3 oxidation rate is pH-dependent, and increases 

with increasing pH value, and the H2O2 oxidation rate is almost pH-independent, this pH 

variation also contributes to higher 0 3 oxidation rates in the upper cloud and higher H2O2 

oxidation rate in the lower cloud, which is consistent with the model results of Barth et 

al.[1992]. 
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The sources for S(VI) in cloud water, integrated over the whole model domain for 

the whole run time (5 hours), are summarized in the liquid-phase sulfate source budget 

shown in Table 3.3. In-cloud sulfate production (H2O2 + 0 3 + iron pathways) is a higher 

percentage of the total in the clean case, consistent with the time-dependent trends in 

Figure 3.1. In both cases, the liquid-phase oxidation is comparable to the uptake of CCN, 

while impaction scavenging is negligible, as suggested by Kitada et al.[1993]. The budget 

is also consistent with the model results of Berge [1993], although he computed a slightly 

higher percentage due to in-cloud sulfate production. Since S(IV) to S(VI) oxidation by 

H2O2 is oxidant limited, and 03 concentration is assumed constant in our model case study, 

the 03 pathway is the major contributor to the in-cloud sulfate production, although it 

is less dominant in the polluted case because the cloud water is more acidic. The iron-

catalyzed oxidation depends not only on the pH value of the cloud, but also on the ferric 

ion concentration in cloud water. The ferric ion concentration in the clean run is about 

one order of magnitude smaller than that in the polluted run, and the average pH value 

is only a little higher than that in the polluted case. These two factors offset each other, 

with the result that iron-catalyzed oxidation is relatively more important in the polluted 

case. In each case, iron catalyzed oxidation is comparable to the other two pathways and 

can not be neglected, as suggested by other model studies [ e.g., Barth et al., 1992; Wang 

and Chang, 1993b]. 

Table 3.3: Liquid-phase sulfate source budget in percent contribution in the base cases. 

CCN H2O2 0 3 Iron Impaction 
(Nucleation scavenging) scavenging 

Polluted 70.55 7.95 12.84 8.66 ~ 0 ~ 
Clean 57.00 6.43 30.89 5.68 :::::: 0 

The reaction of CH2O with S(IV) is expected to inhibit in-cloud sulfate production, 

since it binds S(IV) in an unreactive complex. In these simulations, however, complexation 

of S(IV) with formaldehyde plays a minor role in influencing sulfate production and in SO2 

uptake and redistribution, since the computed rates are so much lower than the other S(IV) 

reaction rates. The complexation reactions are highly pH dependent and are slowed by the 
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low cloud-water pH predicted for most times and most cloud regions; the complexation rate 

is highest just below cloud top, where pH is also relatively high (Figure 3.4 ). In situations 

where pH is moderated, for example, in cloud water with high buffering capacity [Rao 

and Collett, 1995] or regions with strong sources of neutralizing gases such as ammonia 

[Kruse-Plass et al. , 1993], the relative importance of the complexation reaction could be 

enhanced. Reaction with formaldehyde would then serve as a significant sink for S(IV), 

one which does not produce S(VI) and therefore competes with the oxidation reactions. 

The complexed S(IV) is later released by the decomposition of HMS after evaporation of 

cloud water; thus, the redistribution pattern for S02 may also be altered .by this reaction. 

3.3.2 Redistribution of CCN and gas-phase S02 

In this section, the effects of in-cloud S(IV) oxidation on S02 redistribution are exam-

ined. Two conservative tracers (Tracer 1 for S02 mass and Tracer 2 for CCN concentration) 

are used in the model to estimate the effects of convective transport. This is similar to the 

approaches of Wang and Crutzen [1995], who present two-dimensional plots of the ratios 

of species concentrations from a combined chemistry and transport run to those from a 

transport-only model, and Flossmann and Wobrock [1996], who compared redistribution 

patterns and amounts for S02 treated as both an inert and a reactive ,species. In our 

study, Tracer 1 has the same initial mass mixing ratio and scale height as S02 , except it 

is treated as an inert gas species having no sources or sinks . Tracer 2 has the same initial 

number concentration and scale height as the CCN field, except it is never scavenged into 

hydrometeors. Figure 3.5 shows the vertical profiles of the core area Tracer 1 mass mixing 

ratio at O hr , 1 hr 11 min, and 5 hr for both the polluted and clean cases. Initially, the 

tracer mixing ratio decreases exponentially with height; at 1 hr 11 min in the cloudy region , 

the tracer mass mixing ratio is nearly constant with height in both the clean and polluted 

cases ; at 5 hr, the tracer is depleted in the boundary layer and transported to the upper 

troposphere. The tracer mixing ratio profiles for the two cases are nearly the same at 1 hr 

11 min (mainly liquid-phase cloud), but different at 5 hr. This is due to the fact that there 

is lower maximum vertical velocity in the clean case, and the ice-phase microphysics is 

different in the two cases. Respondek et al.[1995] also found that their model results were 
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sensitive to the treatment of the ice phase. In a sensitivity study, they purposely inhib-

ited ice nucleation to compare the results with the simulation that included ice formation. 

Their case without ice had higher vertical velocity, different onset times and duration of 

precipitation, reached its highest level earlier, and had different cloud microstructure and 

precipitation chemistry. 

The vertical profiles of the half-domain averaged and core area gas-phase concentra-

tions of S02 at various times are shown in Figure 3.6. The uptake of S02 in cloud water at 

1 hr 11 min is evident when Figure 3.6a is compared with the tracer profile (Figure 3.5). 

A higher percentage of S02 is dissolved into and reacts in the aqueous phase in the clean 

case. At 1 hr 52 min, vertical motion is still transferring S02 mass from the boundary 

layer to higher levels. At 5 hr, vertical motion is dying, and much of the S02 mass in the 

boundary layer has already been transported to the upper troposphere at the detrainment 

level, although the magnitude is much reduced, when compared with the tracer mass, by 

aqueous-phase conversion of S02 conversion into sulfate. Little S02 is redistributed to the 

mid-troposphere. At 5 hr, there is also a lower percentage of initial S02 redistributed in 

the clean case. This is consistent with the 1 hr 11 min plot (Figure 3.6a), which shows a 

higher percentage dissolution and reaction of S02 in the aqueous phase for that' case. 

The vertical profiles of CCN number and Tracer 2 concentrations at different times 

for the polluted case are shown in Figure 3. 7. At 1 hr 11 min, CCN have been activated as 

cloud drops and depleted from the cloudy region, while at 5 hr, CCN concentrations have 

increased in the formerly cloudy regions, due to both vertical transport from the boundary 

layer and release from cloud droplet and ice particle evaporation. It is also noted that there 

is a depleted region, relative to the tracer field, in the CCN field in the upper troposphere 

between 7 and 10 km, where ice particles and graupel particles formerly dominated. This 

is the result of several processes . As the simulated cloud evolves, some of the CCN mode 

is scavenged into the ice phase and graupel and thus removed from the upper cloud region. 

Vertical motions transport the CCN depleted region ( created by nucleation scavenging), 

which is in the middle to lower part of the cloud during the liquid water phase, upward 

into the upper troposphere. Although included in the simulations, the CCN source due to 
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release of aerosol particles from evaporation of ice particles is negligible between 7 and 10 

km, since very little evaporation of ice particles occurs . 

As indicated in Figure 3.6, some of the initial gas-phase SO2 can be transported 

upward by cloud updrafts, while some SO2 is trapped inside cloud and converted to S(VI) . 

The difference between SO2 and Tracer 1 concentrations (both normalized with respect 

to their initial values) is used to determine the percentage loss due to SO2 dissolution 

and subsequent chemical conversion. For both cases, the percentage of SO2 loss reaches 

a maximum and then decreases after the cloud dissipates, releasing gases back into the 

environment. When averaged over the half domain, 5-7% of the SO2 is lost after 5 hours; 

averaged over the total domain, only 1-1.5% of the SO2 is permanently depleted. These 

estimates agree with the model results of Wang and Chang [1993a] and Flossmann and 

Wobrock [1996], who also showed that most of the SO2 survived cloud uptake. A slightly 

higher percentage of SO2 is dissolved and reacted in the aqueous phase in the clean case, 

and thus less is redistributed to the mid and upper troposphere. 

3 .4 Sensitivity tests and results 

As discussed in the begin of this chapter and in the introduction, we will investigate 

the sensitivities of vertical redistribution of SO2 and CCN to the chemical and physical 

processes which take place in-cloud and in the near environment . In addition to the simu-

lations described in preceding section, five simulations have been performed using different 

initial conditions, two other simulations have been performed using a different CCN ac-

tivation efficiency (0 .55 , modified from 0. 75 in the base cases) in the bulk microphysics, 

and two additional simulations have been performed using smaller horizontal grid spacings, 

D.x = 500 m and 6.x = 750 m . These sensitivity studies are listed in Table 3.4. 

The details of the cloud dynamics in each sensitivity simulation are slightly different, 

due to the differences in chemistry or in microphysics, but the overall transport is not 

significantly affected. Simulations 4 and 5 use NH4 HSO4 aerosol as input , and the fractions 

of cloud-water sulfate due to in-cloud production in those cases are decreased compared to 

the base runs . This means that the in-cloud production is sensitive to the aerosol chemical 
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Table 3.4: Initial conditions of the model sensitivity simulations for the coupled chem-
istry/ dynamics model. 

Simulation Dynamics and microphysics input Chemistry input 
1 same as the clean base case clean case; no iron-catalyzed reactions 
2 same as the polluted base case polluted case; no iron-catalyzed reactions 
3 same as the polluted base case polluted case; H2 O2 is 0.5 ppb instead of 1 ppb 
4 same as the clean base case clean case; NH4 HSO4 aerosol 
5 same as the polluted base case polluted case; NH4 HSO4 aerosol 
6 activity efficiency 0.55 clean case 
7 activity efficiency 0.55 polluted case 
8 ~:z: = 750m polluted case 
9 ~:z: = 500m polluted case 

composition assumed in the model input, which is reasonable since NH4HSO4 aerosol is 

acidic when scavenged into cloud water. The oxidation of S(IV) to S(VI) is sensitive to 

the acidity of the cloud water; a.s pH decreases, the Fe-catalyzed a.nd 03 oxidation reaction 

rates are suppressed, as is the solubility of SO2. Simulations 1 and 2 eliminate the iron-

catalyzed pathway, which leads to a smaller contribution of in-cloud sulfate production 

to the total. Similar results are seen for Simulation 3, which reduces H2O2 concentration 

in the polluted case. The modification of the CCN activation efficiency (in Simulations 

6 and 7) has the largest impact on the evolution of the simulated cloud; however, the 

overall fraction of cloud-water sulfate due to in-cloud production seems insensitive to this 

microphysical parameter . 

The corresponding liquid-phase sulfate source budgets for the sensitivity simulations 

are shown in Table 3.5. Elimination of iron-catalyzed oxidation resulted in a. 2% decrease 

(clean) a.nd 4% decrease (polluted) in the contributions due to total liquid-phase oxidation. 

Since the total S(IV) to S(VI) conversion is decreased, the pH value is expected to be a. 

little higher in those simulations, lea.ding to a. relatively larger increase in 03 oxidation than 

H2O2 oxidation. This is found to be the case. The 03 contribution increases from 40.761 

in the clean base run to 44.293 in Simulation 1, a.nd from 89.528 in the polluted base run to 

104.028 in Simulation 2, whereas the H2O2 contribution is nearly unchanged. With H2O2 

initial concentrations decreased by a. factor of 2 in Simulation 3, the H2O2 contribution 
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also decreases by almost the same factor . The increased available S(IV) , enhanced due to 

the decrease in H202 pathway, is consumed by the 0 3 and iron pathways . 

Table 3.5: Liquid-phase sulfate source budget for the sensitivity simulations. Values are 
in grams of sulfate. 

CCN H202 03 Iron Impaction Sum 
(Nucleation scavenging) scavenging 

Polluted 491.769 55.443 89.528 60.354 0.0019 697.0959 
Clean 75.217 8.483 40.761 7.489 0.0002 131.9502 

1 75.099 8.369 44.293 0.0 0.0002 127.7612 
2 475.100 57.328 104.028 0.0 0.0021 636.4581 
3 481.074 28.214 96.634 68.807 0.0020 674.7310 
4 75.254 9.879 40.689 1.721 0.0002 127.5432 
5 472.513 55 .800 70.611 6.573 0.0022 605.4992 
6 76.855 8.695 41.233 8.948 0.0003 135.7313 
7 479.994 59.286 89.102 64.451 0.0033 692.8363 
8 412.40 51.713 93.517 59.232 0.0013 616 .8630 
9 365.262 41.562 86.182 47.134 0.0007 540.1410 

Changing the initial aerosol chemical composition, from ammonium sulfate to ammo-

nium bisulfate in Simulations 4 and 5, decreases the contribution from the iron-catalyzed 

pathway from 60.354 in the polluted base run to 6.573 in Simulation 5, and from 7.489 

in the clean base run to 1. 721 in Simulation 4, partly due to the decrease in ferric ion 

concentrations that accompany the change in NHt in cloud water. The total liquid-phase 

oxidation decreases by 2% (clean) to 7% (polluted) . The importance of the 0 3 pathway 

does not change much in the clean atmosphere, but decreases from 89.528 in the polluted 

base run to 70.611 in Simulation 5. This is because in our chemistry model, as discussed 

above, the H20 2 oxidation rate is almost independent of pH, whereas the 0 3 oxidation rate 

decreases with decreasing pH, and increases with higher qc; the iron-catalyzed oxidation 

rate decreases more sharply with pH than the 03 rate, and also decreases with decreasing 

cloud-water ammonium ion concentrations. 

Simulations 6 and 7 changed the CCN activation efficiency from 0.75 to 0.55. This 

increases the maximum liquid water content in both the clean and polluted runs, and 

reduces cloud droplet evaporation. With the same initial water vapor field, the change in 
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activation efficiency has a larger relative impact on the cloud droplet concentration and 

ice-phase microphysics in the polluted case than that in the clean case, and thus affects the 

cloud dynamics more strongly int e polluted case. The contributions from both nucleation 

scavenging and liquid-phase sulfate production in the clean atmosphere are increased, with 

the ratio between the two mechanisms and the weights of the different oxidation pathways 

nearly unchanged. However, only the H20 2 and iron-cat yzed pathways increase, with a 

2% increase in total liquid-phase oxidation in Simulation 7, compared with the polluted 

base run. Berge (1993] also tested the sensitivity to reducing activation efficiency, and 

found that the CCN scavenging pathway was reduced by 3% in his S85 case and 5% in 

his D88 case, which were more like our polluted base run; there was negligible sensitivity 

to the activation efficiency in his J88 case, which was more like our clean base run . The 

conclusions from our Simulation 7 agree with the results from his S85 and D88 cases, and 

those from Simulation 6 agree with his J88 case. 

Figure 3.8 compares the redistribution of S02 in the core area at the end of the model 

run (5 hr) for the polluted (Figure 3.8a) and clean (Figure 3.8b) sensitivity simulations. 

The cloud dynamics plays an important role in S02 redistribution, in addition to the cloud 

chemistry, because vertical motion transports S02 mass out of the boundary layer to the 

mid to upper troposphere, while cloud processing reduces the amount being transported. 

The interaction between these two mechanisms determines the S02 redistribution, although 

the cloud dynamics has a less pronounced effect on in-cloud sulfate production and cloud-

water sulfate source budget, as discussed above. Simulations 1 through 6 have a higher 

percentage S02 redistribution, compared_ with the base cases. The uptake of S02 to the 

aqueous phase is suppressed in Simulations 4 and 5, due to ammonium bisulfate aerosol 

being more acidic when scavenged into cloud water, and thus those two simulations obtain 

the highest percentage S02 redistribution. Wang and Crutzen (1995] also found that the 

redistribution of S02 was sensitive to the assumed acidity of the boundary layer chemical 

composition. Simulations 1, 2, and 3 either reduce H202 concentrations or eliminate 

the iron-catalyzed pathway, which both lead to decreased depletion in cloud water and 

increased S02 redistribution . Simulation 6 has a higher percentage S02 redistribution than 
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that of the clean base run, and the overall S02 redistribution is also higher in Simulation 

7 than that of the polluted base run, although the initial chemical fields in the sensitivity 

runs are the same as in the base runs . These :findings are mainly due to the fact that 

stronger updrafts in Simulations 6 and 7, created by the change in cloud dynamics related 

to the sensitivity to the activation efficiency, transport more S02 from the boundary layer 

to the upper levels, compared with the base cases. 

The results from Simulations 8 and 9 are discussed separately from the other sensitivity 

simulations. These simulations repeat the polluted base case run, except that the horizontal 

resolution .6.x is refined from 1000 m to 750 m and 500 m, respectively. The details of the 

cloud dynamics are somewhat sensitive to the resolution changes. The maximum vertical 

velocity is increased as the resolution is increased, as pointed out in Taylor et al.[1997] . 

This also affects the lifetime of the simulated cloud. The simulated cloud disappears around 

3 hr 44 min for the .6.x = 1000 m case, but small ice particles are still present until 5 hr 

for both .6.x = 750 m and .6.x = 500 m cases. 

Figure 3.9 shows the evolution of the fraction of So~-produced in cloud, averaged 

over the whole cloudy domain, for the polluted base run and Simulations 8 and 9. The 

range of the percentage contribution attributed to in-cloud sulfate production is about 

the same for the different horizontal resolutions. Liquid cloud water disappears earlier 

in the .6.x = 500 m case than in the other two cases, which will affect the cloud sulfate 

source budget (Table 3.5). The CCN nucleation scavenging pathway is decreased .when the 

resolution is increased, which might be due to better resolution of partially cloudy regions; 

this result is also consistent with those of Taylor et al.[1997], who found that the cloud 

extent is smaller for 6.x = 500 m. The reduction in the iron-catalyzed pathway seen in 

Table 3.5 is related to the decrease in the ferric ion concentration in cloud water: since Fe3+ 

has been tied to the ammonium in cloud water, and thus to the extent of aerosol nucleation 

scavenging, there is less catalyst available. The H2 0 2 oxidation pathway is related to its 

concentration in cloud water, which is in turn related to the liquid water condensation rate 

and cloud extent . Therefore, the H2 0 2 oxidation pathway is also reduced when the grid is 

refined. The efficiency of the 0 3 oxidation pathway is nearly unchanged. 
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Since the tracer upward mass flux is decreased when the resolution is increased, the 

tracer transport pattern is different in all three cases, as shown in Figure 3.10a. The SO2 

redistribution for the three simulations is shown in Figure 3.10b. Due to the nonlinear 

interaction between chemical conversions and upward mass fluxes, the SO2 redistribution 

is the highest in the b..x = 1000 m case. This result will be investigated in future studies 

of the convective transport of reactive species and aerosols. 

3.5 Summary and conclusion 

In this chapter a detailed sulfate chemistry model, including prognostic equations for 

CCN mass and number concentrations, is incorporated into a two-dimensional Eulerian 

cloud dynamics model to simulate the effects of convective transport on active chemical 

species redistribution in a small midlatitude continental cumulonimbus . Formaldehyde 

complexation with S(IV) and iron-catalyzed oxidation is also added to the sulfate chemistry 

to examine the relative importance of oxidation to complexation. Comparison of the 

dynamics model run with observations are discussed in Taylor et al.[1997], and the model 

yields good agreement with the observed general cloud characteristics. 

For the choice of parameters us.ed in this chapter, CH2O complexation with S(IV) has 

a minor effect on the SO2 redistribution, but this complexation process might be important 

in cloud processing of active chemical species, since CH2O binds unreacted S(IV) and allows 

it to be redistributed. The H2O2 oxidation pathway is important initially, but H2O2 is 

quickly depleted from the cloudy region after several minutes; the 0 3 oxidation pathway 

begins to dominate in most regions of the simulated cloud, while the H2O2 pathway still 

dominates near cloud base. The iron-catalyzed oxidation is comparable to the H2O2 and 

03 pathways. 

The fraction of cloud-water S(VI) attributed to in-cloud production is less in the 

polluted case, and a smaller percentage of S02 is dissolved and reacted in the aqueous 

phase; therefore, a higher percentage of the initial SO2 is redistributed in the polluted case. 

CCN concentrations are significantly depleted above the formerly cloudy region between 

7-10 km at the end of the model run, while SO2 is transported from the boundary layer 
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to the upper troposphere. This redistribution may set the stage for later gas-to-particle 

conversion, as S02 is oxidized in the gas phase to sulfuric acid [Perry and Hobbs, 1994]. 

The low aerosol surface area of the depleted CCN population and low temperatures in the 

mid-to-upper troposphere are conducive to new particle formation. This scenario will be 

examined in the next chapter. 

The sensitivity tests show that the oxidation of S(IV) to S(VI) is sensitive to the 

initial aerosol composition and the acidity of the cloud water. When the cloud water 

is more acidic, the oxidation of S(IV) to S(VI) is suppressed, and less S02 is dissolved 

and reacted in the aqueous phase. The contribution to the cloud-water sulfate from the 

sum of all liquid-phase oxidation pathways is decreased, by a few percent, for reduced 

H2 0 2 concentration, elimination of the iron-catalyzed pathway, or increased acidity of the 

initial aerosol composition. The S02 redistribution is more sensitive to the change in the 

initial aerosol composition than to changes in other chemical fields, or in microphysical 

parameters, as also concluded by Wang and Crutzen [1995] . 

The contribution of in-cloud sulfate production to the total cloud-water sulfate and 

the total percentage S02 converted is only moderately sensitive to changes in the model 

resolution. However, the S02 redistribution pattern in the cloud core area is changed when 

the model resolution is increased. The effects of model resolution on estimates of chemical 

species conversion and redistribution need to be further explored. 



C 
:§ 0 . 8 
(.) 
:::, 
-0 
0 ,_ 

0.. 
-o 0 .6 
:::, 
0 u 
I .s _ 0 .4 

0 

C 
0 

-.;::; 
(.) 

"' ,_ 
c:.... 

0 .2 

61 

Polluted Case, Domain -Mean 
Clean Case, Domain -Mean 

.. ·········-·· ..... ·· 

.......... ···•· ..•. _.···: 

0 .0 ................... _ ............. ____ ..._ ......... _..__..__~__._..._ ....... _~ ............ - ...... ~--"------'--"--~-----............ 
0 .0 0 . 5 1.0 1.5 2 .0 2 .5 

T ime (h) 

Figure 3.1: The evolution of the fraction of cloud-water so~- produced in cloud for both 
the clean and polluted cases, for the domain average. 
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Figure 3.2: The vertical profiles of the computed rates for the different pathways for 
removal of S(IV) in cloud water, in the cloud core area, for the polluted base case (a) at 
41 min, (b) at 1 hr, (c) at 1 hr 11 min, and (d) at 1 hr 32 min. The core area is defined 
as the 75-79km domain average. 
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H2 O2 (g) mass mixing ratio in the core area during the period when liquid-phase cloud 
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initial profile of H2 O2 (g) is set to be constant with height and is therefore coincident with 
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Figure 3.4: Two-dimensional pH field produced by the model for the polluted base run at 
1 hr 11 min. 
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clean cases . 
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Figure 3.9: The evolution of the fraction of so~- produced in cloud, averaged over the 
whole cloudy domain, for the polluted base run and Simulations 8 and 9. 
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Chapter 4 

THE EFFECTS OF CLOUD ON AEROSOL REDISTRIBUTION AND 

PRODUCTION IN THE UPPER TROPOSPHERE 

Results in Chapter 3 show that chemically active gases are transported by convective 

clouds from the boundary layer to the mid-to-upper troposphere. Since depleted CCN 

conventrations are simultaneously predicted above the formerly cloudy region, this redis-

tribution might set the stage for subsequent new particle formation through H2S04 -H2 0 

binary homogeneous nucleation. This scenario will be further explored in this chapter. In 

order to study the effect of deep convection on the redistribution and production of aerosol 

particle concentration, in this chapter, we have used the coupled aerosol/ chemistry/ cloud 

dynamics model described in Chapter 2 to examine particle redistribution and production 

for a range of model conditions. The goals of this chapter include the same simulation of 

a continental cumulus cloud based on sounding data from the CCOPE measurement as in 

Chapter 3. 

4.1 Initial condition 

The two-dimensional cloud model is used to simulate a continental cumulus cloud 

based on the same CCOPE 19 July 1981 s·ounding data. The initializations of temper-

ature, humidity, horizontal and vertical wind fields, domain coverage, grid spacing, heat 

source, and the boundary conditions are the same as the base case simulated in Chapter 

3. Boundary conditions for the sub-grid terms are specified as fluxes, and are set to zero 

for aerosol particles. We choose grid spacings of 6-z = 200 m, 6-x = 1000 m, and the time 

step is ot = 6.375 s. The total model run is 10 hours. 

The initial chemical fields are the same as in Chapter 3 for both polluted and clean 

atmospheres, as shown in Table 4.1. In addition to the sensitivity simulations, we also 
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perform a no-nucleation run, which is the polluted base case without the aerosol nucle-

ation process (the nucleation rate is artificially set to zero), and which is used to separate 

the effects of the new particle formation process from vertical transport and the aerosol 

condensational growth process. 

The initial mass mixing ratios of different chemical species are assumed to decrease 

exponentially with different scale heights, except for the OH·, H202, CH20, and 0 3 fields. 

The OH• profile is constant during the simulation. The H202 and CH20 are initially 

Table 4.1: Initial chemical and aerosol fields for the coupled aerosol/ chemistry/ cloud dy-
namics model. aValue chosen from Eisele and Tanner [1993]; bvalue from Thompson and 
Stewart [1991]; cvalue from Munger et al.[1989]. 

Species Clean Case Polluted Case Scale Height (km) 
(Surface Value) (Surface Value) 

S02 2 ppbv 10 ppbv 2.0 
H2S04a 1 x 107 cm-3 2 x 107 cm-3 2.0 

OH•!> profile 1 profile 1 constant with time 
03 50 ppbv 50 ppbv constant with time 

and altitude 
H202 0.5 ppbv 1 ppbv constant with altitude 
CCN 900 cm-3 2100 cm-3 3.5 

CH20c 1 ppbv 4 ppbv constant with altitude 
N amall particl~ ~2100 cm-3 ~11000 cm-3 3.5 

NccN 900 cm- 3 2100 cm-3 3.5 
so~-( small particle) 3.93 pptv 19. 7 pptv 3.5 

NH4(CCN) 1.8 ppbv 9.6 ppbv 3.5 
so~-(CCN) 0.9 ppbv 4.8 ppbv 3.5 

constant with height, but are depleted by cloud scavenging and chemical reaction. The 

0 3 is constant throughout the simulation due to its low solubility. Table 4.1 lists the 

initial surface values of different chemical and aerosol species and the applied scale heights. 

The S02, H20 2, 0 3, CH20, the total Fe concentration and ferric ion concentration, and 

CCN category mass mixing ratio and number concentration are consistent with published 

observations and are the same as those of the base cases studied in Kreidenweis et al.[1997] 

and in Chapter 3. 

We choose two diurnally averaged OH· profiles for sensitivity studies. OH· profile 1 

is from a one-dimensional clear air tropospheric photochemical model by Thompson and 
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Stewart [1991] for a mid-latitude continental case, and is sed for both clean and polluted 

base cases here. OH· profile 2 is from the model results of Thompson et al.[1991] for a 

clean continental case, and is used as a sensitivity run. The OH· profiles are shown in 

Figure 4.1. The main difference between the OH· profiles is above 5 km, where [OH·] 

in profile 2 is lower by about an order of magnitude. Although a diurnally-averaged 

OH· profile is used here, the timing of SO2 transport and diurnal OH· variations could 

affect the H2SO4 production rate significantly, either posi ively or negatively. This study 

does not examine such interactions but focuses on the effec s of variations in SO2 transport 

on H2SO4 production rates. Using the clear-air OH· profile overestimates [OH·] within and 

below cloud, and may underestimate it near cloud top or above cloud [Ruggaber et al., 

1994] . However, as will be shown later, this is not likely to have a significant impact on our 

findings, since the major impacts of the SO2 + OH· reaction on the aerosol profile occurs 

in clear air after cloud dissipation. 

In the aerosol model, we assume the small particle composition for the base cases to 

be ammonium sulfate. The small particle mass mixing ratio and number concentrations 

have the same scale height as the CCN aerosol. The small particle number concentrations 

are increased by a factor of 5 from the clean to the polluted cases. Appropriate values 

for small particle number concentration and small particle sulfate mass for the clean and 

polluted cases are based on Whitby [1978]. The initial H2SO4 surface concentration for 

the clean base case is 1 x 107 molec cm-3, which is in agreement with the measurements 

of Eisele and Tanner [1993] at a coastal site in Washington State, and is increased by a 

factor of 2 from clean to polluted. However, as will be shown, the model predictions are 

not sensitive to the choice of H2SO4(g) initial condition. 

4.2 General features of the simulated cloud dynamics 

The sounding case study used here is identical to that in Taylor et al.[1997], Kreiden-

weis et al. [1997], and Zhang et al.[1998]. The general development and the discussion of the 

simulated transport patterns of the simulated clouds for the polluted cases are described 

in more detail in Taylor et al.[1997] . As described above in Chapter 2, condensational 
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growth onto the aerosol will only affect the CCN sulfate and ammonium ion mass mixing 

ratios, but the CCN number concentration is unchanged. Since the cloud dynamics are 

most sensitive to the assumed CCN number concentrations, the simulated cloud in this 

coupled aerosol run will be only slightly different from those of the previous dynamics 

only and dynamics + chemistry runs discussed in Taylor et al.[1997] and Kreidenweis et 

al.[1997] . A two-dimensional depiction of the model cloud for the polluted base case is 

shown in Figure 4.2, and salient features are summarized in Table 4.2. The precipitation 

amount that reaches the ground is somewhat smaller in the clean base case than that in 

Table 4.2: General features of the simulated cloud dynamics. 

Cloud lifetime 
Initial growth stage 
Mature stage 
Decay stage 

Cloud-top height (maximum) 
Initial growth stage 
Mature stage 

Maximum vertical velocity 
Maximum liquid water content 
Liquid phase lifetime 
Ice phase time 
Precipitation time 

The polluted base case 
41 min -t 3 h 44 min 
41 min -t 1 h 11 min 
1 h 11 min - 1 h 58 min 
2 h 4 min -t 3 h 44 min 
9.6 km 
7.6 km 
9.6 km 
7.34 (m s-1 ) 

3. 72 (g kg-1 ) 

41 min - 1 h 42 min 
1 h 6 min -t 3 h 44 min 
1 h 42 min -t 2 h 13 min 

The clean base case 
41 min -t 3 h 24 min 
the same as polluted 
1 h min - 1 h 52 min 
1 h 58 min - 3 h 24 min 
same as the polluted 
same as the polluted 
same as the polluted 
6.98 (m s- 1 ) 

3.01 (g kg- 1 ) 

41 min -t 1 h 27 min 
1 h 6 min - 3h 24 min 
1 h 32 min -t 2 h 2 min 

the polluted base case, and the sulfate mass deposited is much less in the clean case. 

Table 4.3 summarizes a few relevant cloud characteristics for various model times 

for which output is shown in the following sections. The times are chosen to represent 

different stages in the cloud evolution and hence in the transport patterns, the chemical 

composition, and aerosol evolution. 

4.3 Base case studies 

4.3.1 Redistribution of CCN particles, humidity, and gases 

In this subsection, the effects of convective transport and cloud processing on en-

vironmental humidity, chemical species and CCN concentration in the mid- to upper-
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Table 4.3: Cloud features at selected times used to display model output in the coupled 
aerosol/ chemistry/ cloud dynamics model. 

Model Time 
20 min 

36 min 
1 h 42 min 

3h44min 
4h 
5h 
10 h 

Cloud Features 
Midway between the initial time and the model 

cloud formation time 
Just before initial formation of cloud 
Precipitation just begins to reach the ground in the 

polluted base case 
Time of cloud dissipation 
Just after cloud dissipation; no cloud, little vertical motion 
Some time after cloud; little vertical motion 
End of simulations; clear air, little vertical motion 

troposphere are examined. Cumulus convection vents unreacted chemical species to the 

outflow region above cloud top and produces the local maximum concentration there, as 

observed by Dickerson et al.[1987_. Cotton et al.[1995] discussed venting of boundary layer 

air to the upper troposphere by cumulus clouds. Flossmann and Wobrock [1996] simulated 

a medium-sized warm precipitating convective cloud that vented SO2 from the marine 

boundary layer to the free troposphere, and pointed out that residual SO2 could eventually 

participate in long range transport. Kreidenweis et al.[1997] also simulated a mid-latitude 

continental cumulus cloud and pointed out that cumulus clouds can redistribute some SO2 

to the upper troposphere; and one consequence of this convective transport appears to be 

that the aerosol precursor gas (SO2), once it is transported to the free troposphere from 

the boundary layer, produces H2SO4 (g) as it is oxidized by OH·. Convection also trans-

ports cloudy, cleansed air to the upper troposphere, when CCN particles are nucleation 

scavenged into cloud droplets to form cloud. In this case study, the CCN source due to 

release of aerosol particles from evaporation of ice particles is negligible in the upper tropo-

sphere between 7 and 10 km, as pointed out by Kreidenweis et al.[1997], since most of the 

ice is ultimately precipitated. The cleansed air has a lower available aerosol surface area, 

allowing condensable vapor (H2SO4 (g)) to build up and eventually exceeds the critical 

concentration, and thus favoring t he nucleation of new particles. Moisture is also lifted to 

higher altitudes by convection [Perry and Hobbs, 1996], humidifying previously dry layers; 

elevated humidity is another factor that favors nucleation of sulfuric acid particles . 
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Figure 4.3 shows the two-dimensional relative humidity fields for the polluted base case 

at the initial time and after cloud dissipation at 5 h. Initially, there are three maxima, 

with peak value of 65% at 2.2 km, peak value of 60% at 4.2 km and peak value of 71 % at 

7.4 km; and the RH at 9.4 km is 54%. After cloud dissipation, the water vapor reaches 

a maximum in the middle of the domain, where the cloud had formed, with peak RH of 

85% at 5.6 km. Some moisture is also brought up by convection to the 9-10 km height; 

the RH at 9.4 km in the center of the domain is increased to 60%. It will be seen later 

that new particle formation is predicted at that location. The redistributed moisture is 

between 40 and 110 km in the horizontal at the end of the model run, because the initial 

horizontal mean wind is set to zero, and mean horizontal advection is not considered in 

our model study. After 5 hr, the air is a little drier around 9-10 km, which leads to a 

reduced half-domain mean value of RH (not shown). 

Figures 4.4a-b show the CCN aerosol concentrations at different times for the polluted 

base case. At 1 hr 42 min (the same time as Figure 4.2), CCN are activated as cloud 

droplets and depleted from the cloudy region, and precipitation begins to scavenge some 

CCN below cloud. When CCN are nucleation scavenged into cloud droplets, some of 

the cloud droplets undergo microphysical transformation to precipitation drops and ice 

particles, and the CCN contained in these hydrometeors are permanently removed by wet 

deposition. The CCN-depleted air is further transported upward at 3 hr 44 min, as shown 

in Figure 4.4b. By the end of the simulation, the CCN concentrations in the formerly 

cloudy region around 4-7 km are partly recovered due to cloud droplet evaporation and 

diffusion processes, but the CCN-depleted region between 7-10 km, where the ice phase 

formed and precipitation removal of the CCN was most effective, remains. 

4.3.2 Particle nucleation via H2S0 4 + H20 pathway 

Particle nucleation rates via the H2SO4 + H2 O pathway are increased at lower tem-

perature, higher humidity, and lower preexisting aerosol s~rface area (Hegg et al., 1990; 

Perry and Hobbs, 1994; Weber et al., 1996] . The nucleation rate is very sensitive to fluctu-

ations of temperature and humidity (Easter and Peters, 1994; Kerminen and Wexler, 1996]. 

Around 9.2 km height, the initial temperature and relative humidity, RH, are -45°C and 
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51 %, respectively. At these conditions, the nucleation rate will increase by an order of 

magnitude if be RH increases 8-9%, or if temperature decreases 2-3 °C. The vapor con-

centration needed to produce a nucleation rate of 1 cm-3 s-1 is often used as a criterion 

for determining onset of significant nucleation. Wexler et al.[1994] obtained the following 

empirical relaton for this critical vapor concentration: 

Ccrit,H2S04 = 0.16exp(0.1T- 3.5RH - 27.7) ( 4.1) 

where Tis temperature in Kelvin, the relative humidity RH is a fraction, and Ccrit,H2S04 is 

the critical concentration of H2SO4 vapor in µg m-3 • In the simulations presented here, the 

initial H2SO4 critical concentration is about 2 x 10-4 µg m-3 or 0.05 ppt at 9.2 km, and 

0.29 µg m-3 or 66 ppt at the surface. The percentage differences between the critical vapor 

concentrations at 5 hr and 0 hr are shown in Figure 4.5. The critical vapor concentration 

has been reduced most in the middle of the domain where cloud is formerly present; the 

critical vapor concentration in most of the large region affected by convection has been 

reduced significantly. Since the upper regions are also where SO2 precursor gas has been 

vented to, a scurce of H2SO4 is a.:so present, enhancing the likelihood of supersaturating 

H2SO4(g) and thus nucleating new particles . 

In the polluted and the clean base simulations, we are focusing on the effects of 

the conditions initially, before cloud formation, and after cloud dissipation on particle 

nucleation. T}_ere is no particle nucleation inside cloud, since any H2SO4(g) transported 

or produced is scavenged into cloud hydrometeors immediately. After cloud dissipation 

and SO2 redistribution, the gas phase oxidation reactions must proceed for some time to 

build up enough H2SO4(g) for nucleation. Thus the following results at 4 and 10 hr are 

discussed. 

Figures 4.6a-d show the half-domain mean vertical profiles in the polluted base case of 

the rates of the processes affecting H2SO4(g) mass mixing ratio: H2SO4 gas-phase chemical 

production rate, the condensation rates onto both particle modes, and the nucleation rate. 

The half-domain mean is defined as the 50-100 km domain average. Figures 4.6a and b 

show the initial conditions and conditions just before cloud formation, and Figures 4.6c and 
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d show conditions after cloud dissipation. Gas-phase H2S04 is rapidly lost to hydrometeors 

in cloud, which is not shown here. Some S02 is redistributed to the upper troposphere 

by convection, as discussed in Kreidenweis et al.[1997]. This leads to the observed peaks 

in the post-cloud production rate profiles at 9-10 km. At all altitudes, nucleation and 

condensation processes both compete for H2S04 vapor produced from S02 + OH·. The loss 

rate due to condensation onto aerosol particles always dominates below 6 km, whereas the 

loss rate due to nucleation dominates around 9-10 km. By comparing the initial condition, 

Figure 4.6a, with that at 20 min, Figure 4.6b, we note that the imbalance between loss 

rates and production rates due to the choice of the initial conditions is quickly adjusted; 

however, the imbalance between sink rates and production rates (production rates exceed 

loss rates) between 6-8 km after cloud dissipation is adjusted more slowly, as shown in 

Figure 4.6c and d. This occurs because CCN and small particles are scavenged and removed 

by cloud processing, and the condensational sink rebuilds only slowly. Also, the critical 

H2S04 (g) concentration for nucleation is relatively high at this level, and the production 

rate is too slow to increase the the sulfuric acid vapor to supersaturation. At 9-10 km, 

the condensation rate onto aerosols is two orders of magnitude smaller and insufficient to 

balance the H2S04 (g) production rate; therefore, the concentration of H2S04 (g) quickly 

builds up and triggers the nucleation, and the particle nucleation rate nearly balances 

the production rate around this height, as seen in Figures 4.6c and d. Between 4 and 

10 hr (Figure 4.6c and d), the minimum in the condensation rate increases due to new 

particle production at this height, which in turn increases available aerosol surface area for 

condensation. 

As described in Kreidenweis et al.[1997], we use the conservative Tracer 2 (initially 

set to the CCN number concentration, but without any source and sink terms) to isolate 

the effects of convective transport on the CCN number concentration. We do not show 

simulations in which the initial [CCN] or the activation parameter are changed, because 

the cloud dynamics are then modified and it is difficult to separate the changes in transport 

patterns from the changes in condensational sink rate. Instead, the condensational sink 

onto Tracer 2 is computed, to estimate the maximum possible condensational loss rates for 
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H2SO4(g), if the polluted air iwere vertically transported to were vertically transported to 

higher levels without removal of CCN. In Figures 4. 7, the calculated condensation rates 

onto both Tracer 2 and small particles are compared with the base case condensation 

rates onto the CCN and small particle modes. Although Tracer 2 is redistributed by 

the cloud and produces a peak around 9-10 km, the condensation rate onto Tracer 2 is 

still one order of magnitude smaller than the H2SO4(g) production rate, therefore, the 

H2SO4(g) concentration will still build up. The condensation rate is proportional to the 

H2SO4(g) concentration, but before the condensation rate can increase enough to balance 

the production, the H2SO4(g) concentration passes the critical value, which leads to new 

particle formation. Thus the nucleation rate, and not the condensation rate, eventually 

balances the production rate around 9-10 km (Figure 4.6d). Higher concentrations of 

unactivated particles than considered here would be needed to suppress the predicted new 

particle formation in the convective outflow region. Less efficient precipitation of activated 

particles would also suppress the new particle formation. 

The comparison of H2SO4 nucleation rates at different times for the clean and polluted 

base cases is shown in Figures 4.8a-d. At 9-10 km in both cases, the nucleation rate after 

cloud dissipation has increased by one order of magnitude, compared to the nucleation 

rate before cloud formation. There is also a weak secondary nucleation rate peak around 

7 km. The initial nucleation rate due to the choice of parameters used to set up the model 

(Figure 4.8a) is insufficient to produce the observed number of small particles at 9-10 km. 

For instance, at 9.4 km, the initial nucleation rate is a.bout 30 cm-3 h-1 , which could 

produce a maximum of a.bout 100 cm-3 particles at 3 hr 44 min. However, the predicted 

small particle number concentration is about 1000 cm-3 at that time, and is mainly due 

to convective transport. 

4.3.3 Redistribution of small particle concentration 

In this subsection, the effects of new particle production and convective transport 

processes on small aerosol particle concentrations are examined. Convection transports 

interstitial particles as well as aerosol precursor gases and water vapor to the upper tropo-

sphere, regions that formerly had low particle concentrations. Thus both direct transport 
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and homogeneous nucleation can lead to a significant increase in the number concentration 

of small particles . 

The small particle concentrations at different times for the polluted base case are 

shown in Figures 4.9a-d. At 1 hr 42 min ( the same model time as Figure 4.2), small particles 

are vertically transported to the upper troposphere by convection, but are bounded within 

the cloud core area between 60-90 km in the horizontal. The precipitation scavenging of 

small particles by drops, ice particles, and graupel particles is evident below 3 km in the core 

region. In Figure 4.9b, at the time when the ice cloud disappears, the air flow containing 

unactivated small particles is detrained at cloud top, producing a maximum small particle 

concentration of about 1000 cm-3 in the middle of the domain. The minimum in the small 

particle concentration between 6-8 km is due to the scavenging of small particles by ice and 

graupel. In Figure 4.9c, 5 hr into the run, this small particle concentration maximum zone 

extends to 50-100 km in the horizontal and is intensified, with a maximum value of 1800 

cm- 3 in the core area, largely due to the new particle formation process. The new particle 

production zone is coincident with the height to which unreacted S0 2 is redistributed, as 

described in Kreidenweis et al.[1997], with the redistribution of water vapor, as shown in 

Figure 4.3, and with the lower available aerosol surface area in the cleansed air, as shown 

in Figure 4.4. The minimum between 6- 8 km is partially replenished, also due to the 

new particle formation process, as shown in Figure 4.6c. A similar new particle production 

pattern exists to 10 hr, as shown in Figure 4.9d. The small particle concentration maximum 

zone has become more prominent, with peak values of 4800 cm-3 in the core area, and the 

minimum zone in the core area between 6-8 km is further replenished. 

To separate the effects of the aerosol nucleation process from those from convective 

transport, condensation, and scavenging processes, we have simulated a no-nucleation run 

which sets the nucleation rate to zero. The redistribution of small particle concentration is 

almost unchanged from 3 hr 44 min to 5 hr and 10 hr for the no-nucleation run, suggesting 

most of the transport is associated with the cloud formation. At 3 hr 44 min, the pol-

luted base case results are close to those from the no-nucleation run, demonstrating that 

transport contributes most to the small particle concentration profile at this time. At 5 
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hr and 10 hr, the peak values in t he polluted base case are much larger than those in the 

no-nucleation run, which shows the significant effect of the nucleation process on the small 

particle concentration in the upper troposphere 1-6 hours after cloud dissipation. 

Since the initial CCN and small particle profiles have the same scale heights, Tracer 

2 can also be used to examine the transport patterns for small particles in the absence 

of scavenging losses and nucleation sources. Further, the Tracer 2 and the no- 2 and 

the no-nucleation run can be compared: Tracer 2 shows only the effect of conservative 

tracer effect of conservative tracer transport, while the no-nucleation run also simulates 

the processes of small particle loss to cloud hydrometeors and condensation. The Tracer 

2 profiles at 3 hr 44 min, 5 hr and 10 hr are similar, since there is little air motion after 

the cloud disappears (eddy diffusion is a slow process after cloud dissipation) . At 3 hr 44 

min and 5 hr, the small particle concentration in the polluted base case is smaller than 

the Tracer 2 concentration, due to scavenging of small particles by cloud hydrometeors . 

At 5 hr, although the new particle production process has begun to influence the small 

particle concentrations, the elapsed time is too short for the small particle concentrations 

to be replenished to levels comparable to the Tracer 2 concentrations ; however , at 10 

hr, the small particle concentration is greater than the Tracer 2 concentration, due to 

sustained nucleation of new particles for a longer period. These comparisons demonstrate 

that the nucleation of new particles can play a significant role in the observed small particle 

concentration. They also demonstrate that the observed effects of convection on vertical 

profiles of particles will vary depending on the time at which such observations are made. 

4.4 Sensitivity tests and results 

As discussed in the introduction, one of the goals of this investigation is to examine the 

sensitivities of the vertical redistribution of gases and aerosols to the physical processes 

which take place in-cloud and in the near environment. We also seek to examine the 

extent to which findings with respect to new particle formation are general or depend on 

the choice of model parameters . To test these sensitivities, in addition to the simulations 

described above, five polluted case simulations are performed, varying the initial values 
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of the following variables: aerosol composition, [OH·] profile, aerosol mass mixing ratio, 

H2S04(g) mass mixing ratio, and nucleation rate factor used in the nucleation formula, as 

listed in Table 4.4. Different aspects of the simulations will be discussed below. We have 

also varied the initial values of S02 and H202 concentrations for the polluted and clean 

cases, and discuss their effects on H2S04(g) production. Changes in the assumed initial 

Table 4.4: Initial conditions of the model sensitivity runs for the coupled 
aerosol/ chemistry/ dy- namics model. 

Simulation Dynamics and microphysics input 
1 same as the polluted base case 

2 same as the polluted base case 
3 same as the polluted base case 

4 same as the polluted base case 

5 same as the polluted base case 

6 same as the clean base case 

7 same as the clean base case 

8 same as the polluted base case 

9 same as the polluted base case 

Chemistry and aerosol input 
polluted case; initial aerosol composition 
NH4HSO4 
polluted case; OH· profile 2 
polluted case; small particle number 
concentration and mass mixing ratio 
increased by a factor of 100 
polluted case; initial H2SO4 mass mixing ratio 
decreased by a factor of 10 
polluted case; OH· profile 2, nucleation factor 
increased by a factor of 104 
clean case; surface SO2 decreased to 1 ppb 
and surface H2O2 increased to 1 ppb 
clean case; surface SO2 the same and surface 
H2O2 increased to 2 ppb 
polluted case; surface SO2 decreased to 2 ppb 
and surface H2O2 increased to 2 ppb 
polluted case; surface SO2 decreased to 5 ppb 
and surface H2O2 increased to 5 ppb 

CCN vertical profiles are not directly examined, as these would change the cloud dynamics 

and microphysics, and thus their effects could not be isolated. 

4.4.1 Effect of initial aerosol composition 

In the first sensitivity simulation, S1, the initial aerosol composition is modified from 

fully neutralized (NH4)2S04 to partially neutralized NH4HS04 . As discussed in detail 

in Kreidenweis et al.[1997], the predicted pH values in the base case polluted cloud were 

3.5-5 .5, in the range of observations; although pH values in S1 are also within this range, 

a change in the CCN composition from (NH4)2S04 to NH4HS04 would suppress the 
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aqueous conversion of S(IV) to S(VI) by the pH-dependent 0 3 and iron-catalyzed oxida-

tion pathways, since the cloud water is initially more acidic in the latter case. This will 

increase S02 redistribution, and ·thus increase the nucleation rate and the small particle 

concentration in the outflow region above cloud top in S1, compared with those in the pol-

luted base run. The normalized ( with respect to initial surface value) half-domain mean 

small particle number concentration for both S1 and the polluted base case et different 

times are shown in Figures 4.10a and b, and the half-domain mean H2S04 nucleation rates 

are shown in Figures 4.10c and d. The transport patterns in both cases are similar, since 

the tracer redistribution is similar (not shown); but the nucleation rate is larger in S1 than 

that in the polluted base case, since more S02 is redistributed. The higher concentrations 

of the small particles in the outflow region above cloud top in S1 (Figures 4.lOa-b ), are 

due to new particle formation from these larger nucleation rates. 

4.4.2 Effect of [OH·] profile 

The second sensitivity simulation, S2, uses a different OH·] vertical profile. OH· pro-

file 2 has a much lower OH• concentration above 3 km, as shown in Figure 4.1, and is 

decreased by 50% around 9 km compared to OH• profile l. This will affect the rate of 

the S02 + OH• oxidation reaction that produces H2S04(g) in the mid-to-upper tropo-

sphere. The half-domain mean H2S04 nucleation rates at different times are compared 

in Figures 4.lla-d. At the initial time, the nucleation rates for S2 and the polluted base 

case are the same, since initial nucleation rates depend solely on initial temperature, RH, 

and H2S04(g) concentration. Since OH· profile 2 has lower concentrations at upper levels 

and higher concentrations at lower levels, compared to OH· profile 1, at later times, the 

nucleation rates at higher levels for S2 are smaller than those in the polluted base case, 

due to the H2S04(g) production rate being smaller. This shows the model is sensitive to 

[OH•], particularly in the mid- to upper- troposphere. As we noted earlier, including diur-

nal variations in [OH·] could also have significant impacts, depending on whether maxima 

or minima in [OH ·] coincide with S02 redistribution. The production of small particles in 

the model is not sensitive to the values of [OH·] in the boundary layer, since H2S04 con-

densation onto preexisting aerosol particles dominates and balances the H2S04 production 

process . 
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4.4.3 Effect of initial small particle profile 

The condensation rates of H2SO4(g) onto aerosols depend on the surface area of pre-

existing aerosols . In the simulations, most CCN aerosols are removed by cloud process-

ing (microphysical transformation to ice phase and precipitation) , and CCN-depleted air 

masses are brought up to 9-10 km by convection. However, small particles are not nu-

cleation scavenged to cloud drops , but rather are lost by impaction scavenging. In this 

sensitivity study, S3, the initial number concentration and mass mixing ratio of small par-

ticles is increased by a factor of 100, and thus more small particles are transported to 

higher levels by convection. The objective is to investigate the effect of higher concen-

trations of redistributed small particles on the predicted nucleation rate at higher levels. 

Figures 4.12a-d show the half-domain mean H2SO4 nucleation rates at different times for 

S3 and the polluted base case. At the initial time, the nucleation rate is only affected 

by the initial H2SO4 concentration, temperature and RH, thus the nucleation rates for 

both runs are the same. For the increased initial small particle number concentrations and 

mass mixing ratio, the nucleation rate at 36 min (the time just before the simulated cloud 

formed) is suppressed by about one order of magnitude, due to the competition for vapor 

between condensational growth onto pre-existing particles and nucleation. This is also the 

case for the nucleation rates below 8 km and above 11 km at later times . However, after 

cloud dissipation at 5 hr and 10 hr, the nucleation peaks at 9-10 km are not affected by the 

condensational growth process, which is consistent with results shown in Figure 4. 7. Even 

with increased number concentrations of small particles being transported upward, the 

condensational growth onto these particles and any remaining CCN at 9-10 km is still not 

enough to balance the H2SO4(g) production rate. This leads to a build up of [H2SO4(g)], 

which quickly exceeds its low critical values at the low temperatures and high RHs at that 

altitude, and new particle formation occurs to compensate for the production of H2SO4(g) . 

From this study, we conclude that the predicted new particle formation at 9- 10 km is not 

very sensitive to the increase of small particle concentration. However, larger increases 

than examined here could have a greater impact. 
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4.4.4 Effect of initial H2S04 (g) profile 

We decrease the initial H2SO4(g) mass mixing ratio by an order of magnitude in 

Simulation 4 (S4) to test the sensitivity of post-cloud nucleation and resulting small particle 

concentrations to this variable. At the initial time, the nucleation rate is much smaller 

in Simulation 4 for the decreased initial H2SO4(g) mass mixing ratio. However, since the 

H2SO4(g) production rate at this height is the same in the two simulations, the [H2SO4] 

quickly builds up and the nucleation rate is quickly adjusted at 9-10 km. At later times, 

there are only minor differences between the two simulations. Thus, the model results are 

not sensitive to the choice of the initial H2SO4(g) mass mixing ratio. 

4.4.5 Effect of choice of nucleation rate factor 

In sensitivity simulation 5 (S5), we increase the nucleation rate factor in the nucleation 

formula by four orders of magnitude, and choose the lower [OH•], which is OH· profile 

2, to examine the impact on that case, for which lower nucleation rates are predicted. 

As discussed above, the production of H2SO4(g) is ultimately balanced by the H2SO4(g) 

loss terms, either nucleation or condensation. At 9-10 km height, the nucleation rate is 

constrained by the H2SO4(g) production rate, thus controlling the number of new particles 

formed . Since temperature, RH and the H2SO4 production rate are about the same in the 

two simulations, the increase in the nucleation rate factor will lower the threshold H2SO4 

concentration for nucleation, and the [H2SO4(g)] has to remain . at a lower concentration 

to achieve the same balanced nucleation rate. 

Figure 4.13 compares the nucleation rates at different times for S5 and S2. At the 

initial time, the nucleation rate is increased in S5 due to increased nucleation rate factor 

( exceeds the production rate, not shown). We also noted this rate in S5 is chopped off (not 

increase by 104) between 7-10.6 km since it is limited by the maximum H2SO4 conversion 

rate (qH2so4/dt). After cloud dissipation, the nucleation rate at 9-10 km is not modified 

as expected (larger than that in S2), since it is bounded by the H2SO4(g) production rate 

(the same in two cases). Therefore, the nucleation rate peak at 9-10 km has only minor 

differences between S5 and S2 . This result is due in part to our model constraint that 
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the critical size of the nucleated particles is a constant, independent of [H2SO4). Allowing 

variations in the critical size would permit the rate of production of the number of particles 

to change, although we do not expect this to have a pronounced impact on the results . 

It is a little more complicated between 6- 8 km after cloud dissipation. At 5 hr, the 

H2SO4(g) mass mixing ratios are about the same, but the nucleation rates are larger in 

S5, and the secondary nucleation rate peak appears earlier in S5 than in S2, as shown in 

Figure 4.13c. At 10 hr, the nucleation rates between 6-8 km are about the same in S2 and 

S5, as shown in Figure 4.13d, when the H2SO4(g) mass mixing ratios are larger in S2 . These 

indicate that when the nucleation rate factor is increased by 104, the actual nucleation rate 

is not simply increased by 104 (by 5 at 5 hr), rather the critical concentration of H2SO4(g) is 

lowered, and the nucleation rate adjusts itself more quickly to the environmental changes 

than without the increase. However, the imbalance between production rates and loss 

rates still remains in S5 (not shown) , which tells us that it is still difficult for the system 

to achieve the approximate steady state at this height. 

The complexity between 6-8 km is because condensation competes with nucleation 

at these lower altitudes, but is not important at 9-10 km. This competition is altered 

by changing the nucleation rate factor. Therefore, although the nucleation rates at 9-10 

km are not sensitive to the choice of the nucleation rate factor, the secondary peak of 

nucleation rate at lower altitudes is more sensitive to the choice of this parameter. 

4.4.6 Additional sensitivities 

We also perform four runs changing the initial values of both SO2 and H2O2 concentra-

tions to investigate their effects on redistribution of SO2 and the new particle formation in 

the upper troposphere, summarized in Table 4.4. The relative concentrations of these two 

gases will strongly affect the extent to which SO2 can be oxidized in cloud, thus determin-

ing how much can be vented to the upper troposphere. Typically, most model studies and 

observations [Barth et al., 1992; Flossmann and Wobrock, 1996; Hegg et al., 1986; Yuen et 

al., 1994] suggested H2O2 to be 0.5 ppb or 1 ppb for the clean and polluted atmosphere. 

The runs are consistent with those presented in Chapter 3, and assume 1 ppb and 2 ppb 

for the SO2 and H2O2 surface concentrations in the clean case (SO2 is 2 ppb and H2O2 
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is 0.5 ppb in the clean base case), and 2 ppb and 5 ppb for the SO2 and H2O2 surface 

concentrations in the polluted case (SO2 is 10 ppb and H2O2 is 1 ppb in the polluted base 

case). Since the conversion of S(IV) to S(VI) in the aqueous phase via the H2O2 oxidation 

pathway is fast and increases as H2O2 concentration increases, the increased H2O2 concen-

tration in all four cases will- reduce SO2 redistribution in the upper troposphere. In both 

the lppb clean run and 2 ppb polluted run, almost all the SO2 is consumed in the aqueous 

reaction and little is left for redistribution in the upper troposphere. In these two cases, 

the redistribution of small particles is mainly due to convective transport, and nucleation 

plays a minor role. There are net losses in the whole domain for the small particle concen-

trations, since nucleation does not compensate the impaction scavenging loss. In S7 and 

S9, the air parcel residence time in the liquid-phase cloud is not enough to consume all 

the SO2. Some SO2 survives the aqueous oxidation and is redistributed to higher levels, 

where it leads to nucleation of the small particles. The net increase of the small particle 

concentration in the whole domain in S7 is 2. 7%, compared to a 3. 7% increase in the clean 

base case. The nucleation rate after cloud dissipation is still higher than that before cloud 

rate, but is smaller than that of the clean base case. The net increase of the small particle 

concentration in S9 is 0.6% compared to a 6.8% increase in the polluted base case, and the 

nucleation rate peak at 9-10 km after cloud dissipation is much smaller. 

4.5 Summary and conclusions 

A two-moment aerosol evolution model, including condensation, nucleation, and gas-

phase production of H2SO4 , has been incorporated into a two-dimensional cloud and sulfate 

chemistry model to simulate the effects of clouds on aerosol redistribution and production 

in a small mid~atitude continental cumulonimbus cloud. 

Temperature, relative humidity, pre-existing aerosol surface area, and H2SO4(g) pro-

duction rate are the main factors that affect the nucleation rate. For the parameters used 

in this study, the critical H2SO4 (g) concentration in the upper troposphere is very low, fa-

voring the formation of new particles. When SO2 is convectively redistributed to this high 

altitude in the clean and polluted base cases studied, gas phase production of sulfuric acid 
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vapor, although a small sink for SO2, significantly enhances H2SO4(g) concentration and 

triggers new particle formation. The nucleation rates increased by one order of magnitude 

after cloud dissipation compared to before cloud conditions in both the clean and polluted 

cases, due to convective transport of particle precursor gases, water vapor, and cleansed air 

to higher altitudes . The nucleation has a prominent effect on the small particle population. 

It doubles the small particle number concentration at 5 hr, and triples the small particle 

number concentration at the end of the 10 hr run. A layered structure in the small particle 

distribution, as observed by Hofmann [1993], also appears in some simulations. 

For the choice of parameters used in this study, pre-existing aerosol surface area plays 

a significant role in suppressing nucleation in the lower troposphere, but only a secondary 

role for nucleation in a relatively thin layer in the upper troposphere, where the threshold 

H2SO4(g) concentration for nucleation is low. The simulations show that sulfuric acid sinks 

are always dominated by condensation below 6 km and by nucleation around 9-11 km. 

The sensitivity tests demonstrate that the predicted small particle concentration in 

the upper troposphere is sensitive to initial aerosol composition and to the choice of the 

diurnally-averaged [OH•] profile. However, the contribution to the enhanced small particle 

concentration at 9-10 km is unchanged for increased initial small particle concentration, 

increased nucleation rate factor, and decreased initial H2SO4(g) concentration, primarily 

since the simulated nucleation rate at that level is bounded by the gas-phase H2SO4(g) 

production rate. A larger nucleation rate factor lowers the critical H2SO4 concentration 

and trigger the nucleation more easily at other levels. In some cases, SO2 is almost fully 

consumed by aqueous reaction and is not transported to the upper troposphere. In cases 

where sufficient SO2 is transported to cold and/or relatively particle-free regions, if there 

is a source of OH· and gas phase production of H2SO4 can proceed, nucleation is predicted 

to occur, leading to enhanced small particle concentration. However, the production of 

significant concentrations of new particles can be a slow process and may not initially 

be observed over the aerosol concentrations lifted convectively with the precursor gases . 

Thus the observation of new particle formation in convectively processed air is expected 

to depend strongly on the time at which observations are made. 
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Figure 4.2: Two-dimensional depiction of the model cloud, total water ( cloud drops + 
precipitation + ice + graupel) mixing ratio fields at 1 h 42 min for the polluted base run. 
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Figure 4.3: Two-dimensional relative humidity field produced by the model for the polluted 
base run, (a) at Oh, (b) at 5 h. 
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Figure 4.9: Two-dimensional depiction of small particle number concentration for the 
polluted base case, (a) at 1 h 42 min, (b) at 3 h 44 min, ( c) at 5 h, and ( d) at 10 h. 
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Figure 4.11: The vertical profiles of the half-domain mean H2SO4 nucleation rates, for the 
polluted base case and S2, (a) at the initial time, (b) at 36 min, ( c) at 5 h, and ( d) at 10h. 



94 

15 15 
_ Polluted Base Run _ Polluted Base Run 
... .. Small Particle Increased ..... Small Particle Increased 

8 10 
,..._ 

10 E ·--
c .I<: ........ 
.... .... 
..c:: ..c:: 
011 011 
"iii 5 "iii 5 ::c: ::c: 

(a) (b) 
0 0 

10 100 1000 10 100 1000 
H2S04 Nucleation Rate (cm·• h"') H2S04 Nucleation Rate (cm·• h"') 

15 15 
_Polluted Base Run _ Polluted Base Run 
... . . Small Particle Increased ..... Small Particle Increased 

,..._ 
10 

,..._ 
10 E E 

.I<: .I<: ........ ........ 

.... .... 

..c:: ..c:: 
011 011 

"iii 5 
"iii 5 ::c: ::c: 

(c) (d) 
0 0 

10 100 1000 10 100 1000 
H2S04 Nucleation Rate (cm·• h·1

) H2S04 Nucleation Rate (cm·• h"') 

Figure 4.12: The vertical profiles of the half-domain mean H2S04 nucleation rates, for the 
polluted base case and S3, (a) at the initial time, (b) at 36 min, ( c) at 5 h, and ( d) at 10h. 
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Figure 4.13: The vertical profiles of the half-domain mean H2 S04 nucleation rates, for 
both S2 and S5, (a) at the initial time, (b) at 36 min, ( c) at 5 h, and ( d) at 10h. 



Chapter 5 

CLOUD PROCESSING OF AEROSOL AND GASES IN 

STRATOCUMUL US CLOUDS 

In the chapter we focus on the stratocumulus processing of aerosol and gases. Here, 

we use the TEM framework as a novel approach to study the interaction of chemistry 

and cloud and the effects of aqueous chemistry on the modification of CCN and drop 

spectra. The change in effective cloud drop radius and the chemical heterogeneity ( cloud-

water pH, S(VI) concentration, and composition variation) across the drop spectrum is 

also examined. We should note that the value of the TEM lies in the ability to accurately 

simulate chemical and microphysical effects without the attendant difficulties related to 

cloud dynamical feedbacks. 

This chapter is organized in the following manner. In the first section we discuss the 

initial chemical species and aerosol conditions. The results from the base case and the 

control run are discussed thereafter. The following section includes a set of sensitivity 

simulations and the discussion of the effects of variation of initial chemical conditions on 

the cloud properties and on the difference between a single mean parcel and the TEM of 

the estimation of S(IV) to S(VI) conversion. The final section of this chapter includes the 

summary for the TEM work . 

5.1 Base case study 

5.1.1 Initial conditions 

The trajectory set and the initial aerosol size distribution and composition are identical 

to those used in Feingold et al.[1998a]. A time history of a sample of 50 of the 500 

trajectories produced by the LES is shown in Figure 5.1. It illustrates the propagation of 
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Table 5.1: Initial chemical and aerosol fields for the TEM. 

Species base case Sensitivity Test 1 Sensitivity Test 2 Sensitivity Test 3 
(H2O2 limited) (SO2 limited) (NH3/SO2>2) (Initial CCN=150 cm-3

) 

SO2 2 ppb 2ppb 2 ppb 2 ppb 
H2O2 0.3 ppb 2.5 ppb 0.3 ppb 0.3 ppb 

03 30 ppb 30 pb 30 ppb 30 ppb 
NH3 1 ppb 1 ppb 4.05 ppb 1 ppb 

HNO3 0 ppb 0 ppb o ppb o ppb 
aerosol NccN=50 cm-•, r 9 = 0.05 µm, u9 = 1.8, lognormal, NccN=150 cm-3

, 

(NH1)2SO1 , mass range: lxl0-17 ~ 1 X 10-ll g, the other parameters 
5 size categories: 1 2 3 4 5 the same as 
initial r (µm) 0.011 0.035 0.11 0.35 1.1 the base case 
number ( cm - 3) 2.5 33.26 9.54 0.06 0.79xl0-& 
initial mass (g) lxl0-17 3._6x10-16 lxlO-a 3.16x10-L3 1x10-11 

these 50 trajectories in the vertical domain. During the first few minutes, the trajectories 

are confined to their range of init1alization, but fill the domain fairly rapidly. 

The aerosol population is assumed lognormal with rg = 0.05 µm, N = 50 cm-3 and 

q 9 = 1.8, and consists of particles with dry radii of 0.011 µm, 0.035 µm, 0.11 µm, 0.35 µm, 

and 1.1 µm, respectively. The corresponding initial dry sulfate ion mass concentrations in 

each size category are ~ 0.005 ppt, 2.3 ppt, 21 ppt, 4.1 ppt, and 0.02 ppt, respectively. 

The initial gas-phase che~cal fields are different from those used in Feingold et al.[1998a] 

for polluted marine air. We choose Case 5 from Bower and Choularton [1993] as our 

base case, to simulate a moderately polluted marine environment. The S(IV) to S(VI) 

conversion in the base case is H2O2 limited, where oxidation by 03 and H2O2 both play a 

role in the S(IV) to S(VI) conversion. In the sensitivity cases discussed later, we simulate 

a SO2 limited case, where oxidation by H2O2 dominates the S(IV) to S(VI) conversion, 

and we also simulate a case where the initial ratio NH3/SO2>2, in which oxidation by 

03 boosts and dominates the overall S(IV) to S(VI) conversion. The initial values of gas 

phase SO2, H2O2 and 03 concentrations for the base case and the sensitivity simulations 

are in agreement with observations and other model studies [Bower and Choularton, 1993; 

Macdonald et al., 1995; Muller and Mauersberger, 1994]. The initial aerosol and gas phase 

concentrations are shown in Table 5.1. 

The output values of cloud-water mixing ratio r1, and volume-mean drop radius for 

the TEM ( all 500 parcels) for the base case are averaged temporally over the course of the 
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hour and spatially by binning into 10 m height intervals . The resulting profiles (Figure 5.2) 

indicate a cloud layer between 500 m and 750 m, exhibiting the commonly observed tri-

angular rl profile [ e.g., Noonkester, 1984] . The volume-mean drop radius also increases 

with increasing height, implying a constant N profile (not shown) associated with non-

precipitating stratocumulus in weakly sheared environments. The peak water mixing ratio 

is about 0.3 g kg-1 and volume-mean drop radius is around 12 µm. These average profiles 

are similar to those obtained by horizontally averaging the LES output, as discussed by 

Stevens et al.[1996]. 

5.1.2 pH calculations and drop spectra 

Droplets of different sizes experience different gas mass-transfer rates, chemical con-

version rates, water growth, and water evaporation rates. Droplets in different parcels 

also experience different cloud histories ( supersaturations, in-cloud residence times, liquid 

water contents) . These differences lead to chemical heterogeneities in the drop population. 

Some previous modeling studies have assumed size-dependent composition for the initial 

aerosol population. Those simulations suggest that larger drops tend to have higher pH 

compared to small drops, mainly because the composition of the particles on which those 

larger drops formed is more basic (e .g., sea salt) [Hegg and Larson, 1990; H~gg et al., 

1996; Gurciullo and Pandis, 1997]. In contrast, here we assume a size-independent initial 

aerosol composition. Thus, pH differences between larger and smaller drops are due to 

the contributions from dilution (droplet diffusional growth) or evaporation, size-dependent 

gas uptake and chemical conversion, and parcel in-cloud time history. To separate the 

contributions from microphysical and chemical processes to the pH inhomogeneity among 

the droplets , we perform a control run which simulates only the effect of microphysical 

processes on pH by setting to zero all the chemical reaction rates and gas and aqueous 

phase exchange of chemical species. However, the incomplete dissociation of N(l11) and 

S(VI) in the aqueous phase is computed. 

The computed pH values averaged over the last 10 minutes of the control run simu-

lation are plotted as a function of drop size in different cloudy layers in Figure 5.3a. The 
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cloud top is slightly above 735 m, and the cloud base is slightly below 510 min this simu-

lation (Figure 5.2a). Therefore all layer averages are taken in cloud. Te ensure collection 

of a sufficient sample for the large droplets, we sample to a drop-size grid that triples 

the mass from one grid point to the next and covers the range from 2 µm to 37 µm in 

twelve size bins . Those drops with radius greater than 37 µm are sampled to the largest 

sampling bin, from 25 to 37 µm. The pH values are calculated as liquid water-weighted 

mean values ( - log10[ ri,i:~:+]; ]) over the last 10 minutes of the simulation, and over 

each 75 m height interval, and plotted at the mid-point of each sampling bin. Thus each 

data point represents an average pertaining to those drops that fall into the given size 

and height range. Only averages having mean Tl > 0.9 x 10-11 g g-1 are included. The 

average S(VI) concentration (proportional to solution molarity) for each size interval is 

plotted on the right axis in Figure 5.3a. In Figure 5.3b, the average dTz/dr ( i.e., the total 

water collected in that size interval divided by the number of parcels sampled and the bin 

width) is plotted against drop size. Because the control run only simulates microphysical 

processes, Figures 5.3a and b demonstrate the effects of droplet growth, evaporation, and 

microphysical environment on the pH calculation and drop spectra. 

The pH and solute concentration are inversely related (Figure 5.3a). The higher the 

pH, the lower is the S(VI) concentration, and t he mode of the pH is correlated with the 

mode of S(VI) concentration at each cloud layer. The S(VI) concentration versus drop size 

generally shows a "U" shape, except that at the lowest layer, the S(VI) concentration in 

the largest drop interval decreases with size, and at the cloud top layer, the right hand side 

of the "U" shape flattens . The increase in pH and decrease in S(VI) concentration with 

increasing drop sizes before the Tl mode size has been pointed out in previous single parcel 

modeling studies (Pandis et al., 1989; Roelofs, 1992]. In the work of Pandis et al.[1989], 

the solute concentration was plotted against both particle and drop sizes, and their smaller 

size end of the "U" shape was due to evaporating droplets and haze particles. In Roelofs' 

[1992] study with an entraining parcel model, the decrease of aerosol sulfate concentration 

with increasing drop size for the smallest drops was due to the activation of entrained 

aerosol particles . In contrast , in Figure 5.3a, where the S(VI) concentration is plotted 



100 

against cloud drop radius, the smaller droplets come from both growing activated particles 

and evaporating drops and are present because of the differences in parcel histories that 

have been compiled into the averages reported. Unactivated particles do not contribute to 

the points in Figure 5.3a since only in-cloud parcels have been sampled and haze particles 

are smaller than the smallest sampling grid (2 µm). 

Comparing Figures 5.3a and b, the minimum in the S(VI). concentration is found 

in mid-sized drops, near the drop radius where rz is the highest. The first peak in pH 

and the minimum in S(VI) concentration tend to locate near the mode of the droplet 

mass distribution (Figure 5.3b ). The "U" shape shifts downward and to larger drop sizes 

as height increases (Figure 5.3a). This shift corresponds to the height dependence of the 

droplet mean size (Figure 5.2b ). In Figure 5.3b, the maximum r1 also increases with height 

(as shown in Figure 5.2a). 

Both ascending and descending parcels contribute to the in-cloud pH, S(VI) concen-

tration and drop spectra calculations. For a parcel experiencing water supersaturation, 

the pH in each activated size category decreases with increasing drop size, and the solute 

concentration decreases more slowly for larger droplets, because larger drops dilute more 

slowly than smaller drops, as pointed out in other parcel model studies [Gurciullo and 

Pandis, 1997; Miiller and Mauersberger, 1994; Pandis et al., 1990; Twohy, et al., 1989]. 

For a strongly subsaturated parcel, the smaller droplets evaporate faster than larger drops, 

so that the pH in smaller drop categories decreases faster, and the solute concentration 

increases faster for smaller drops. However, for those parcels lingering in slightly subsatu-

rated conditions, the solution effect might be of similar magnitude but opposite in sign to 

the water subsaturation ratio so· that the behavior of each parcel will be different. Thus, 

the combined effects of dilution and/or evaporation on the pH calculation across the drop 

spectrum require a fresh interpretation when the drop-size-dependent pH is computed for 

the ensemble of 500 parcels. 

In the control run, although the N(III)/S(VI) ratio is always 2, due to the incomplete 

dissociation of S(VI) and N(III) species, the pH of the solution is high when the S(VI) 

concentration is low (or the solution is more dilute), and is low when the S(VI) concentra-

tion is high ( or the solution is more concentrated). Through analysis of the contribution 
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to each sampling grid from all parcels and all CCN categories, it is found that the so-

lute sorting affects the pH dependence on drop size at each layer, where smaller drops are 

usually formed on smaller CCN particles, larger drops are usually formed on larger CCN 

particles, and the droplets near the dT,/dt mode size have a combined contribution. This 

is in part reflects the sampling of drop pH and spectra inside cloud only, where the water 

saturation is approximately 1; evaporating drops never experience dry enough conditions 

for the larger drops to shrink to 2 µm size. For example, the equilibrium size for a 1.1 

µm dry particle ( category 5) is about 2 µm at 90% relative humidity. 

In each sampling grid up to the TL mode, the pH is determined mainly by those drops 

formed on CCN categories 2 and 3 (which carry the most number of CCN particles) in a 

growing or evaporating status; thus, the pH increases and S(VI) concentration decreases 

with drop radius . Most of the drops larger than the TL mode size have been formed on 

CCN particles from categories 4 and 5 (which are larger than the CCN number mode size) . 

The pH of cloud drops formed on categories 2 or 3 near the mode should be higher than 

that formed on categories 4 and 5 and sampled in the next sampling grid. The pH peak 

thus occurs near the TL mode, because the drops formed on CCN categoeis 2 and 3 are 

more dilute than the larger drops ( one to two orders of solute mass difference versus water 

mass tripling). 

There is an anomalous feature in Figures 5.3a and b that bears further explanation. 

In the lowest layer, the pH of droplets near 15 µm is higher than that of drops near 10 

µm. This is traced to the influence of one parcel (Parcel 142), which descends through the 

cloud from the top layer during the last 10 minutes of the simulation. In most parcels CCN 

categories 2 through 5 are activated, but in Parcel 142, only categories 3 through 5 form 

droplets. With smaller numbers of activated particles, these drops therefore grow larger 

( ~15 µm, compared with category 3 usually at the mode of the distribution, ~10 µm) and 

thus more dilute. Since CCN category 3 contains more particles than categories 4 and 5, 

this produces unusually larger number concentrations of arger drops. The contributions 

from Parcel 142 dominate the pH and S(VI) calculations in the lowest layer, because 

relatively few parcels with ~15 µm droplets are encountered at that height. In the top 
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layer, the category 3 particles in Parcel 142 have grown to ~22 µm and dominate the 

calculations at the largest sizes; other parcels have contributions only from categories 4 

and 5 at these drop sizes . Although Parcel 142 also contributes to the averages taken over 

the middle layer, its impact there is masked by the contributions from many other parcels 

with drops formed on CCN categories 4 and 5 that have pH and S(VI) concentrations that 

conform to the general trends discussed above. 

Drop spectra have been calculated by averaging the contributions to specific size and 

height bins from the subset of the 500 parcels that enter cloud during the last 10 min 

of the simulation. Thus, the average spectrum comprises drop spectra that have had a 

variety of different growth histories and supersaturation :fluctuations. Mazin [1968] showed 

that turbulent mixing of these drop spectra causes spectral broadening, whereas Korolev 

[1995] showed that a single parcel that is cycled through cloud numerous times can develop 

spectral broadening as a result of the irreversibility of the droplet growth equation in the 

presence of solute and curvature effects. Korolev [1995] concluded that spectra cycled in 

this manner are broader than their counterparts that have had a single traverse through 

cloud. The drop spectra in Figure 5.3b appear to be broader than what would be expected 

from adiabatic growth, and·it is possible that the contributions from the numerous cycling 

parcels are sources of broadening. However, some broadening is due to the 75-m height bin 

used in the averaging; spectra near the base of a height bin tend to have smaller droplets, 

while those at the top of the height bin have larger drops so that the average spectrum is 

broader than the individual component spectra. The presence of parcels with less CCN 

categories activated will also have the potential to broaden the tail of the drop spectra. 

We now look at the combined microphysical and chemical effects in the base case, 

including gas exchange and reactions, on the chemical heterogeneity of cloud drops . The 

total rz for the base case is approximately the same as that in the control run (less than 

2% difference). Figure 5.4 is similar to Figure 5.3 but considers both microphysics and 

chemistry (base case). The cloud-water pH and S(VI) concentration have a slight height 

dependence (Figure 5.4a). The pH values in each size interval generally decrease and S(VI) 

concentrations increase with increasing height for smaller drops, and reverse these trends 
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for larger drops. For the combined chemistry /microphysics run, at smaller drop sizes, the 

lowest cloud layer always has newly activated parcels with higher pH: parcels just entering 

the cloud for the first time during this period initially have high NH3 gas concentrations, 

and contribute to the higher pH values in the lowest cloudy layer. As parcels penetrate 

further into cloud and S(IV) to S(VI) conversion continues, the pH decreases. In contrast, 

for larger drop sizes which probably formed on larger CCN particles, since the mean drop 

size increases with increasing height, as shown in Figure 5.2b, and rz is the lowest in the 

lowest cloudy layer, for the same sampling bin, there are the least contributions from CCN 

categories 4 and 5 in the lowest layer than the other two layers. Thus, those big drops in 

the lowest cloud layer are more concentrated than their counterparts in the middle and 

upmost layer, their pH values are lower, and their S(VI) concentrations are higher in the 

lowest cloudy layer than in the other two layers. 

In each cloud layer, the cloud-water pH generally increases with drop size to a maxi-

mum, and then decreases with further increases in size, due to solute sorting effect. The 

pH peak has a tendency to shift to larger drop sizes at higher levels in cloud, and the S(VI) 

concentration "U" shape tends to shift to larger drop sizes and to have a lower minimum 

closer to cloud top , in agreement with the control run results (Figure 5.3). Note that the 

pH peak for each layer has shifted to the next sampling interval, compared with the radius 

at the pH peak in the control run . This is because chemical reactions are faster at the 

larger rz, which counters the effects of dilution and lowers the pH . As in Figure 5.3, the 

cloud-water pH dependence on droplet size generally agrees well with the solute concentra-

tion (or the molarity of cloud water), but is opposite in trend; however, we do not expect 

a one-to-one relationship as in the control run , due to the :fluctuation of N(III) to S(VI) 

molar ratios. In the base case, the S(VI) concentrations have also increased by one or two 

orders of magnitude over that in t he control run, due to aqueous chemistry. 

Drop spectra for the base case are shown in Figure 5.4b. In comparison with the 

control run, the drop spectra are a little narrower in the lowest and topmost cloud layers 

at larger drop sizes . This is because parcel 142, which is responsible for the broadened tail 

in the control run, does not play a role here. In the base case, parcel 142 has category 
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2-5 activated, instead of 3-5 in the control run, due to the change in the supersaturation 

field . With the controlled available total rz for this parcel, all activated CCN categories 

will compete for water vapor and grow fewer large drops than in the control run. 

5.1.3 N(III)/S(VI) ratios 

The snapshots of the computed N(III)/S(VI) ratios, where N(III)=NH3 (aq)+NHt , 

and S(VI)=H2 S04 (aq)+So!- +HS04, for the drop size range from 8-12 µm, are plotted 

at different times for three different cloudy layer intervals in Figure 5.5. At a specific 

time, values are the molar ratios of average N(III) to average S(VI) in each height interval, 

so that one data point represents all parcels found in that height interval. Data points 

with less than 10 parcels found in the height interval are filtered out. The liquid water-

weighted pH values are plotted on the right axis. Initially, the N(III)/S(VI) ratios are 

greater than 2, because gaseous NH3 dissolves into the aqueous phase more quickly than 

S(IV) is converted to S(VI) . After some time has elapsed, these ratios tend to be between 

1.6 and 2. In the lowest cloudy layer, ratios greater than 2 and correspondingly high pH 

values appear periodically, showing the strong signals of parcels entering cloud for the first 

time. Generally, N(III)/S(VI) ratios are the largest, and have the highest variability, in 

the lowest cloudy layer. This is in part because all the parcels are originally released below 

cloud between 200 m and 450 m. When parcels enter cloud, NH3 gas quickly dissolves into · 

the aqueous phase and maintains the 0 3 oxidation for several minutes ; as S(IV) to S(VI) 

conversion proceeds in parcels staying in cloud, producing more S(VI) in the aqueous 

phase, the ratios of N(III) to S(VI) decrease with height. The lowest cloudy layer also 

has the lowest liquid water content, which restricts the chemical conversions that tend to 

lower cloud-water pH and decrease N(III) to S(VI) ratios. In each layer, the decrease in 

N(III)/S(VI) ratios generally corresponds to the decrease in the pH values. 

The raw unaveraged NHt /SO!-ratios in each particle size category are plotted as 

functions of dry particle radius at three different times, and three different 75 m height 

intervals below the cloud, as shown in Figure 5.6. The particles that have never been 

activated generally have NHt /SO!-ratios of 2. In most parcels, the smallest particle size 

category 1 is never activated. There is some conversion performed on these haze particles 
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in some parcels, if the ionic strength of these haze particles < 2 M, so that the molar ratios 

are below 2; however, the slow chemistry on these haze particles with negligible liquid 

water content has little effect on the addition of S(VI) mass or change of particle size. One 

parcel at 20 min between 435-510 m, three parcels at 60 min between 360-435 m, and two 

parcels at 50 min between 285-360 m have all size categories activated, and produce the 

lowest NHt /So~-ratio in the smallest size category in that same parcel. Generally, the 

NHt /SO~-ratios in small activated particles have large variability and the lowest values, 

since the added sulfate mass has a more prominent effect on the composition of small 

particles than on that of large particles. In the base case, particles that have grown to 0.2 

and 0.3 µm radius are those for which aqueous phase chemistry has added the most sulfate 

mass or produced the most pronounced effects on composition and size. In particular, 

Figure 5 .6 suggests that processed particles in the size range O .1-1 µm are more acidic 

than larger particles and those smaller particles that have not been processed in cloud. 

5.1.4 Oxidation rates and gas depletion rates 

From the above discussion the control run and the base case, aqueous chemistry has 

an impact on drop spectra and chemical heterogeneity. Aqueous chemistry also exerts a 

measurable influence on CCN spectra, and this will be discussed in sensitivity tests in 

the next section. Oxidation by H2 0 2 and 0 3 pathways contributes to the aqueous sulfur-

to-sulfate conversion. It is of interest to examine the relative importance of these two 

pathways , which depend on the initial chemical species concentration and cloud-water pH. 

Figure 5. 7a shows the time when each of the 500 parcels first enters the cloud. It is 

interesting to note that there are almost always new parcels entering the cloud. There are 

only some small gaps in time, indicating the absence of parcels with first entries into cloud. 

In Figures 5.7b-d, the oxidation rates contributed by the H202 and 03 pathways in the 

base case are plotted against time for Parcels 2, 39, and 232, chosen randomly from parcels 

entering cloud during the first 10 min, between 10-50 min, and during the last 10 min, 

respectively. The times corresponding to these three parcels are also marked in Figure 5. 7a 

with solid diamonds. The oxidation rate for each pathway is the sum of the contributions 

from each droplet size category. The common feature for each parcel is that the oxidation 
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rate from the 03 pathway is always one to two orders of magnitude larger than that 

from the H2O2 pathway for the first several minutes, but then oxidation is dominated by 

the H2O2 pathway for the rest of the in-cloud residence time, regardless of the time of 

second entry into the cloud. This is because the initial pH is relatively high as gaseous 

NH3 dissolves into the cloud droplets, enhancing the 0 3 pathway. As chemical conversion 

proceeds and sulfate is produced, the buffering capacity from the available NH3 is quickly 

lost, pH drops, and the 03 oxidation rate is significantly reduced. In contrast, the H2O2 

oxidation is insensitive to pH and changes very little, except during the entry into and 

exit from cloud, as the H2O2 is absorbed or outgassed. In the first few minutes in cloud, 

the H2O2 oxidation rate increases with time, since the time scale for the dissolved H2O2 

to reach equilibrium with its gas phase is much longer than for 0 3. The H2O2 oxidation 

rate decreases slightly with time as reagents are depleted. However, when parcels reenter 

the cloud for the second time, the H2O2 oxidation rate is immediate y much higher than 

the 03 pathway and remains dominant, since the available buffering agent, NH3 gas, has 

already been consumed in the first cycle through cloud, as illustrated in Figure 5.8 for 

Parcel 2. 

Interestingly, when the oxidation rates are averaged over all 500 parcels, the dominance 

of the H2O2 reaction is not evident . Figure 5.7e shows the ensemble averaged H2O2 and 

0 3 oxidation rates over time. For each pathway, we first take the sum of the contributions 

from each drop size category, and then average over all the parcels in cloud at a given 

time. Initially, when the mean cloud-water pH is still relatively high ( around 5-6), the 

0 3 pathway is about two orders of magnitude larger than the H2O2 pathway; after 20 

minutes, the volume-mean pH drops to around 4.5. This low cloud-water pH at the gas-

phase concentrations selected for the base case might suggest that the 03 oxidation is not 

important. However, from Figure 5. 7e, it is seen that the averaged 03 oxidation rate is in 

fact always larger than the averaged H2O2 oxidation rate, although they converge to the 

same order of magnitude at later times . Again, this result is explained by the fact that 

there are almost always new parcels entering the cloud for the first time (Figure 5.7a), and 

the contributions to the 0 3 oxidation from these fresh parcels are superimposed on the 
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ones with lower 03 oxidation rates. Thus, the 0 3 oxidation is important throughout the 

simulation in the base case, despite the low volume-mean pH over most of the simulation. 

The percentage depletion of gaseous concentrations and the increase in S(VI) relative 

to initial values are plotted as functions of time in Figure 5.9. These values are calculated 

from the 500 parcel average, including those parcels that never enter cloud. At the end of 

the hour, there is a 22% depletion in SO2, 1% depletion in 03, 39% depletion in H2O2, 

and 71 % depletion in NH3; the sulfate amount is 16 times larger than the original value for 

the initial CCN spectrum used here. These values and depletion patterns will vary with 

changes in the initial chemical fields and will in turn affect the total conversion rates, as 

discussed below. 

5.2 Sensitivity simulations and discussion 

To investigate the potential for stratocumulus processing to modify aerosol size spec-

tra and drop spectra, we have performed several sensitivity tests to examine the effects of 

different initial chemical conditions and of different oxidation pathways on the modification 

of aerosol and drop spectra. To this end, we choose a SO2 limited case (Sensitivity Test 1, 

Sl), and NH3/SO2 > 2 case (Sensitivity Test 2, S2), to compare with the base case. An 

additional sensitivity test is the c ange in the initial CCN number concentration from 50 

to 150 cm-3 (Sensitivity Test 3, S3), which affects the drop size dependent pH, because the 

drop size distribution is different . It could also affect the computed light scattering prop-

erties of the stratocumulus cloud and impact subsequent cloud formation on the processed 

CCN spectrum [Feingold et al., 1998a; Hegg et al., 1996]. 

The initial chemical and aerosol fields for the sensitivity simulations selected to demon-

strate these differences are listed in Table 5 .1. In the H2 02 limited case (base case), the 03 

and H2O2 oxidation pathways bo h play roles in aqueous conversion; in Sl, excess H2O2 

exists, and the H2O2 oxidation pathway dominates; whereas in S2, the excess NH3 boosts 

the 0 3 oxidation rate. The base case and S2 have common features in that 03 plays a 

significant role in the aqueous chemistry. The overall S(IV) to S(VI) conversion in S3 is 

similar to that in the base case. 
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As mentioned above and in Chapter 1, one of the goals of this work is to investigate 

the effects of different initial chemical and aerosol conditions on the differences between an 

"average" parcel and the ensemble-averaged results . We will discuss these differences later 

in subsection §5.2.5. 

5.2 .1 Effects of varying initial H 2 0 2 concentration on pH and cloud drop spec-
tra 

We vary the initial H2O2 gas concentration in S1 such that it is in excess of the initial 

H2O2. The computed liquid water-weighted pH, mean S(VI) concentration, and mean 

dri/dr are plotted as functions of drop radius in Figure 5.10, which may be compared 

to the base case shown in Figure 5.4. For smaller droplets, which have probably formed 

on processed smaller particles through either evaporation or growth, the pH dependence 

on drop sizes agrees qualitatively with the base case, although the pH is almost a unit 

lower in S1 due to more S(IV) to S(VI) conversion. However, at larger drop sizes the pH 

dependence on drop sizes is flattened. This effect is due to the growth of smaller particles 

to larger drops , which are dilute and contribute to the higher pH, as supported by the low 

S(VI) concentrations. 

Figure 5.10b shows the average drop mass density dri/dr as functions of drop radius. 

A broadened cloud drop spectrum compared to that in the base case (Figure 5.4b) is 

evident, with significant ri in drops greater than 20 µm in each cloudy layer(not shown). 

In the top two layers for S1, the number distribution for the giant cloud drops (larger 

than 20 µm) is greater than 0.001 mg-1 µm-1 , and this could play a significant role in 

triggering the collision-coalescence process and drizzle formation in stratocumulus clouds 

[Pruppacher and Klett, 1978; Feingold et al., 1998b]. 

To shed light on this, the unaveraged CCN spectra at three different 75 m height 

intervals below the cloud, at t = 50 min, are shown in Figure 5.11 for the base case, 

S1 , and S2 (discussed later). Note that what appears to be a single unprocessed size 

spectrum actually consists of many identical superimposed spectra. In S1, with excess 

H2O2 available and the S(VI) production limited only by SO2 and the rate of reaction, 

gaseous SO2 dissolves into the aqueous phase and is converted to S(VI) whenever parcels 
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enter cloud. Because the initial H202 is increased by a factor of 8.3 in S1 compared to the 

base case, more S02 is converted to S(VI) after 50 minutes in S1, resulting in enhanced 

processing. 

In each individual parcel, the largest particles activate first, but their ionic st rength 

is too high initially and little chemistry proceeds in those raps formed on larger particles. 

Since the environmental gaseous NH3 concentration is already very low, as these drops 

grow larger and the ionic strength become smaller, the N(III) inside some larger drops is 

outgassed as the aqueous and gas phases equilibrate. This quickly brings down the pH 

va.i.ues in t hose drops . Thus, the 0 3 oxidation pathway is not favored on the drops formed 

on larger particles, due to the strong pH dependence of that mechanism. 

In S1 , H202 plays a more significant role than 0 3 , since the H20 2 rate is not strongly 

pH-dependent. The produced sulfate is thus distributed more evenly across the drop size 

spectrum, which adds more sulfate mass to the large t ail of the initial CCN spectrum 

than in the base case. This in turn tends to broaden the processed CCN spectrum. The 

broadened tail of the processed CCN spectrum in S1 allows growth of large cloud drops 

in each cloudy layer and contributes to the broadening of the cloud drop spectrum. These 

larger cloud drops are relatively dilute, compared with the base case, which keeps their 

pH relatively high and their S(VI) concentration relatively low (Figure 5.10a) . In the base 

case, with little sulfate mass added to the large tail of the initial CCN spectrum, dri/ dr 

at larger drop sizes is much lower (Figure 5.4b ). 

5.2.2 Effects of varying initial NH3 gas concentration on pH and cloud drop 
spectra 

In S2, t he initial gaseous NH3 concentration is increased to 4.05 ppb, so that the 

initial NH3 /S02 ratio is slightly greater than 2. As will be shown later in Figure 5.16 in 

subsection §5.2.5, this sensitivity test case has a conversion slope similar to that in the 

base case, with the S(IV) to S(VI) conversion increases sharply in less than 10 minutes. In 

S2, 0 3 plays a more prominent role in the aqueous chemistry due to the excess available 

buffering agent, NH3 gas, and in-cloud N(III) to S(VI) ratios are maintained at a value 

around 2 as time elapses. The overall conversion of S02 for the 500 parcels ensemble is 
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64%, compared to 21% for the base case and 45% for Sl. However, the drop spectra are 

not broadened. As in Figure 5.10, Figure 5.12 shows the mean liquid water-weighted pH, 

the mean S(VI) concentration, and the average drop mass spectra drz/ dr for S2. We find 

that the pH dependence on drop size. and drop spectra are similar to the base case, and 

they are different than Sl. 

To understand this, the averaged modified CCN radii are plotted again size category 

at 50 min over the layer immediately under cloud ( 435-510 m) for the base case, Sl, and 

S2 in Figure 5.13. Categories 1 and 5 have little change and are not shown in the plot . 

Particles in categories 2 and 3 are substantially increased in size through the mass addition 

of S(VI) and So~-, with the largest increases in S2 since more S(VI) production occurs in 

that case. However, category 4, initially 0.35 µm, is grown the most in Sl, although the 

overall S(IV) conversion is the highest in S2. In Sl, the excess H2O2 allows conversion to 

proceed more evenly over the entire drop spectra, while in the base case and S2, oxidation 

which is dominated by 0 3 pathway, is suppressed in the relatively concentrated, low pH 

large drops, which formed on the larger CCN particles. 

As discussed above, those large drops formed on larger particles have little aqueous 

chemistry due to their high ionic strength, and NH3 and SO2 are primarily consumed 

in drops at the mode size of the spectrum, which have been formed on small particles. 

When the ionic strength in those drops formed on the largest particles is reduced, almost 

all gaseous SO2 and NH3 have already been consumed, the N(III) in the larger drops is 

outgassed, and their pH decreases, reducing the effectiveness of the 03 pathway. 

This implies that the sulfate production occurs most strongly near the mode of the 

initial CCN spectrum in S2, since this is where most of the rz exists and small particles 

reside, as is the case in Figure 5.13. Since most of the sulfate mass is added to the 

mode of the initial CCN spectrum in S2, the relatively large additional mass results in a 

stronger shift in the mode of the processed CCN spectrum towards larger sizes than in 

Sl (Figure 5.11 and Figure 5.13), with less mass added onto the tail of the initial CCN 

spectrum. This strengthened CCN mode size will favor the growth of categories 2 and 3, 

and inhibit the growth of categories 4 and 5 under certain available r1, and produce narrow 
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drop spectra.. On the other ha.nd, the broadened ta.il of the processed CCN spectrum in S1 

a.llows growth of large cloud drops in ea.ch cloudy layer a.nd contributes to the broadening 

of the cloud drop spectra.. From the comparison between S1 a.nd S2 one ma.y conclude tha.t 

the broadening of the processed CCN spectrum a.nd cloud drop spectrum in subsequent 

cloud cycles will depend not only on the total sulfate produced, but also on the distribution 

of the sulfate ma.ss a.cross the size spectrum. 

5.2 .3 Effects of varying initial CCN concentration on pH and cloud drop spec-
tra 

In S3, the initial CCN concentration is increased to 150 cm-3 with the sa.me initial 

dry aerosol sizes in the five categories. As in the ba.se ca.se, most CCN a.re a.ctiva.ted, 

except the sma.llest particle size category with relatively sma.11 number concentration. With 

a.pproxima.tely the sa.me r1 a.va.ila.ble, we would expect the mea.n drop radius to decrease 

by a.bout 31/ 3 in ea.ch cloudy layer; in the top cloudy layer, r = 8 µm com pa.red to r = 12 

µm in the ba.se ca.se. Although the overa.11 S(IV) to S(VI) fractional conversion changes 

little, the pH dependence on drop size is affected because of the modified drop distribution. 

Figure 5.14 shows the computed volume-weighted pH, S(VI) concentration, a.nd drz/dr 

a.s functions of drop radius for t he la.st 10 minutes. The first pH pea.k ha.s shifted to a. 

sma.ller size tha.n tha.t in the ba.se ca.se, a.s expected, a.s ha.s the "U" shape of the S(VI) 

concentrat ion. The pH dependence on drop radius genera.Uy ha.s a. similar pattern a.s tha.t 

in the ba.se ca.se, with the pH pea.k shifted to sma.ller sizes . The drop spectrum ha.s also 

shifted to sma.ller sizes . There is more liquid water in the larger drop side of the drop 

spectrum in S3 tha.n tha.t in the ba.se ca.se, for example, more liquid water in sampling 

interval 6 in S3 tha.n tha.t in sampling interval 7 in the ba.se ca.se, due to the fa.ct tha.t there 

a.re tripled numbers of drops in ea.ch size category. 

5.2.4 Comparison of effective cloud drop radius 

The a.hove discussion demonstrates tha.t stra.tocumulus processing of aerosol a.nd gases 

ha.s a. strong impact upon aerosol and cloud droplet spectra. Here, we investigate the 

change in cloud optical properties, as represented by cloud droplet effective radius, of 
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marme stratocumulus clouds, due to the modification of cloud droplet spectra via the 

aqueous chemistry mechanism. 

Figure 5.15 shows the comparison of the time series of the average effective drop 

radius at the cloud top layer (715-735 m) for different cases. In S3, the initial CCN 

number concentration is increased to 150 cm-3 with the same initial dry aerosol sizes in 

the five categories. As in the base case, most CCN are activated, except the smallest 

particle size category with relatively small number concentration. In the same controlled 

dynamic framework, with approximately the same r1 available, the overall S0 2 depletion 

barely changes, and the mean drop radius is decreased by about 31/ 3 in each cloudy layer, as 

pointed out in §5.2.3. In Figure 5.15, the average effective drop radius in the cloud top layer 

fluctuates between 8.3 µm and 12.8 µmin the base case, and the ratio of mean effective drop 

radius in the base case to that in S3 fluctuates around 3113 . The comparison between S3 

and the base case supports Twomey's hypothesis [1974, 1977] that increased anthropogenic 

sources of aerosol will result in the presence of greater numbers of CCN, which will produce 

higher concentrations of cloud droplets and, consequently, more reflective clouds. 

With the same initial CCN number concentration input in the base case, control 

run, S1, and S2, the mean effective drop radius changes little from case to case, which 

implies that the aqueous chemistry has little direct effect on effective drop radius cal-

culation, since there is no interaction between chemistry and dynamics and the collision 

and coalescence process is not included in the TEM. In the cases where there is significant 

collision-coalescence process or drizzle formation due to the modification of CCN spectrum 

via aqueous chemistry, the boundary layer dynamics and drop number and size distribution 

will change dramatically, and this conclusion may be different. 

5.2.5 The overall percentage conversion of S(IV) to S(VI): TEM vs a single 
parcel experiencing mean conditions 

The TEM offers a more representative description of the processing of aerosol and gases 

than can be obtained by a single parcel model, as discussed above in §5.1.2 and §5 .1.4. Here, 

we explore further the difference between the TEM and an averaged parcel experiencing 

mean conditions of the cloudy boundary layer for different chemical initializations. As 
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Table 5.2: The overall S(IV) to S(VI) fractional conversion (%) computed via various 
methods, as discussed in the text. 

Simulations TEM weightd by PDF of in-cloud calculated from mean in-cloud 
(%) residence time at mean LWC residence time at mean LWC 

from Eqn. 5.1 %difference Method 1 %error Method 2 %error 
base case 21.04 22.54 7% 29.69 41% 23.24 10% 

Sensitivity Test 1 45.34 50.53 11 % 65.59 45% 54.07 19% 
Sensitivity Test 2 64.29 68.94 7% 93.02 45% 70.17 9% 
Sensitivity Test 3 21.13 22.78 8% 29.94 42% 23.47 11% 

discussed in Feingold et al.[1998a], different slopes in S(IV) depletion and different mean in-

cloud residence times could affect the difference between "mean parcel" and TEM results. 

Although stratocumulus decks can persist for hours or even days, the relevant timescale 

for aqueous chemistry is the time that a typical air-parcel trajectory spends in cloud. The 

choice of sensitivity studies is related to the relationship of the time-dependent aqueous 

conversion to the mean in-cloud residence time, and to differences in the slopes of the 

time-dependent S(IV) conversion, shown in Figure 5.16 for the average parcel experiencing 

mean conditions. 

The mean conditions are derived from the 500 parcels and are as follows: T = 280 

K; mean haze and drop sizes of 0.02 µm, 9.6 µm, 11 µm, 14 µm and 15.5 µm in radius; 

and mean rl= 0.18 g kg-1 air. As shown in Figure 5.16, in the base case, the gaseous SO2 

depletion slows down after 10 minutes; in S1, the gaseous SO2 depletion steadily increases; 

whereas in S2, the gaseous SO2 is nearly depleted within 10 minutes. The base case and 

S2 have common features in that 0 3 plays a significant role in the aqueous chemistry, and 

they have similar conversion slopes. There is little difference in the S(IV) conversion in 

the base case and S3. 

The results from the average parcel and TEM are illustrated in Table 5.2. The TEM 

approach determines the overall chemical conversion in cloud by averaging the TL-, drop 

size-, and pH- dependent conversion rate c from the ensemble of 500 parcels. It is also 

possible to estimate the overall conversion by performing the weighting directly [Feingold 

et al., 1996], using 
- J c(t)f(t)dt 
C = J f(t)dt ' (5.1) 
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where f(t) is the in-cloud residence time distribution, called the Probability Distribution 

Function (PDF) of in-cloud residence time, which expresses the frequency of occurrence 

of parcels spending time tin cloud during the course of anhour and can be determined by 

diagnosing the 500 parcels , and c(t) is the time-dependent conversion rate from the mean 

parcel. This conversion rate cannot be easily determined without some simplifying assump-

tions . For example, the time-dependent conversions shown in Figure 5.16 are computed 

for the"mean parcel"conditions, which assume a constant, average rz, the average drop 

size spectrum, and a constant mean temperature. Using Equation 5.1 and Figure 5.16, we 

computed the overall fractional conversions shown in the third column of Table 5.2, which 

generally compare quite favorably (within 11%) with those derived from the full TEM. 

Another method for computing the overall conversion is to diagnose the conversion 

that occurs after a time Tc , where Tc is the mean residence time, defined as 

J tf(t)dt 
Tc = J f(t)dt · (5.2) 

Since about 26% of the 500 parcels never enter cloud during the 1-hr simulation time, 

there are two ways to calculate the overall conversion. Method 1 is to include the 26% 

out-of-cloud parcels with t = 0 in the PDF calculation to obtain the mean residence time. 

In Method 2, only the fraction of in-cloud parcels is included in the PDF calculation, and 

this PDF is used to calculate the mean in-cloud residence time for those in-cloud parcels 

(which should be larger than that calculated from Method 1). The 26% non-cloudy parcels 

are then accounted for in the overall fractional conversion. The PDFs of in-cloud residence 

time for Methods 1 and 2 are shown in Figure 5.17, and have been computed using the 

following: 

Method 1 : f(t) = 0.266(0) + N(t)/500 = 0.266(0) + 0.74N(t)/372, (5 .3) 

Method 2: f'(t) = N(t)/372. (5.4) 

where N(t) is the number of parcels spending a total time t in cloud, and is obtained by 

applying the 500 parcel time histories . The mean in-cloud residence time for 500 parcels 

for Method 1 is Tc= 14 min, and for Method 2 is T; =18 min. Note that Tc is f9r the entire 
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boundary layer, whereas r; is only for parcels entering cloud at least once. The fractional 

conversion C inferred from a single size-resolving parcel experiencing mean conditions, 

using the mean in-cloud residence time from Method 1, is : 

(5 .5) 

where c( re) is the conversion rate at time re for the average parcel; for Method 2, 

- 372 , , 
C = 

500 
c(rc) = 0.74 c(rc) . (5.6) 

As also shown in Feingold et al.[1998a], using the fractional conversion at the average 

in-cloud residence time overestimates the extent of cloud processing. The PDF-weighted 

fractional conversion is the closest to the TEM results , with 7- 11% errors, while Method 1 

gives the largest errors, up to 45% (Table 5.2) . Using Method 2 to calculate the fractional 

conversion for the mean ri gives closer results to the TEM than Method 1. It seems more 

reasonable to count only in-cloud parcels in calculating the mean in-cloud residence time 

and the overall chemistry for those parcels, and then to account for both in-cloud and out-

of-cloud parcels to get the final fractional conversion, as done in Method 2, since chemistry 

is only happening in those in-cloud parcels . Note that the steadily increasing conversion 

slope for S1 ( compared to S2, S3, and the base case, for which the conversion flattens before 

or near the mean in-cloud residence time) results in the largest error when using the single 

parcel estimation compared with the TEM. We anticipate that the difference between the 

single parcel estimate and the TEM will get larger for cases in which the mean in-cloud 

residence time for 500 parcels is shorter than 10 minutes , which is on the fast conversion 

side of the slope. 

It is interesting to note that the differences in estimated chemical conversion discussed 

above with respect to in-cloud residence times are computed using a size-resolved model 

of droplet chemistry. As discussed in detail by Gurciullo and Pandis [1997], size-resolved 

reaction rates are generally higher than those computed for bulk cloud water, and the 

overall conversions predicted by the two methods can differ by as much as 30. The errors 

introduced by computing overall conversion assuming a mean in-cloud residence time must 
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be considered in addition to the differences between size-resolved and bulk cloud-water 

chemistry. The overall error will depend upon the composition of the aerosol spectrum, 

the pH dependence of the aqueous pathways, and the relationships of the in-cloud residence 

time distribution to the time-dependent conversion rates. 

5.3 Summary of results 

In this chapter, we have utilized the TEM discussed in Chapter 2 to simulate coupled 

aqueous chemistry and cloud microphysics , and have investigated the effects of variations 

in the initial chemical fields and initial aerosol number concentration on the chemical 

heterogeneities across the cloud drop sizes, the broadening of the CCN and drop spectra, 

the change in the effective cloud drop radius, and the differences in the overall fractional 

conversion between the TEM and a single parcel experiencing mean conditions . The TEM 

offers a more representative method of describing the stratocumulus processing of aerosol 

and gases than does a single parcel model. It is found that the 03 oxidation rate is always 

larger than the H20 2 oxidation rate in the base case, whereas the volume-mean pH might 

suggest that H202 oxidation dominates . Dilution effects usually result in increases in the 

liquid water-weighted pH with increasing drop size, to a peak pH. The drop size at this 

peak corresponds to the mode in S(VI) concentration, and is located near the mode of the 

cloud drop spectrum. In the combined chemistry / microphysics run, the pH peak is shifted 

to larger sizes than in the control run because of the addition of s_olute mass. 

Both supersaturation fluctuations and aqueous chemistry contribute to the broaden-

ing of the drop size distribution. The broadened CCN spectrum that is created by aqueous 

chemistry in the previous cloud cycle reenters the cloud and produces a broadened drop 

spectrum, but the magnitude of the broadening depends on the initial chemical conditions . 

The H2 0 2 oxidation pathway adds sulfate mass evenly and continuously across the drop 

sizes, while the 0 3 oxidation pathway adds sulfate mass near the mode of the CCN spec-

trum over a relatively short time. The different behaviors of the 03 oxidation and H2 02 

oxidation in turn affect the pH dependence on the drop sizes and the magnitude of the 

broadening of the cloud drop spectrum. In cases where more mass is added onto the large 
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tail of the initial CCN spectrum, the broadening of the drop spectrum is most evident, 

and may even trigger the collision-coalescence process and drizzle formation. 

An increase in the initial CCN number concentration decreases the volume-mean drop 

radius, since the available water vapor must be distributed over a greater number of drops. 

This shifts the mode of r1 and pH peak to smaller cloud drop sizes, which reduces potential 

drizzle formation. It also has the most prominent effect on the effective cloud drop radius 

under approximately the same r1 condition. 

A single parcel experiencing mean conditions overestimates the fractional conversion 

of S(IV) compared to the TEM results. Different shapes of the time-dependent conversion 

and the regions of overlap with the mean in-cloud residence time will affect the magnitudes 

of the difference between a single mean parcel and the TEM, with the steadily increasing 

conversion with time inducing the largest error. Including only processed parcels in the 

fractional conversion calculation for those in-cloud parcels, which then weighted by the 

non-cloudy parcels, results in less error in the overall fractional conversion than including 

both processed and unprocessed parcels in the mean in-cloud residence time calculation. 

The fractional conversion estimated using the distribution of in-cloud residence times con-

voluted with the time-dependent conversion gives the closest results to the TEM. 
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Figure 5.1: The sample of 50 of the 500 parcel trajectories. 
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Figure 5.2: The vertical profiles of (a) mean rz, (b) volum_e-mean cloud drop radius for the 
base case. 
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category as functions of dry particle radius at 20 min, 50 min, and 60 min, and at three 
different 75 m height intervals below cloud for the base case. 



123 

Parcel 2 Parcel 39 Parcel 232 

·-------- -····· ···-- ···- - · --···+-- -·· ·· -··-······ -· ·· - ··-·-·- - ... . ........ . ·-· ······- - ..... ···•· .. ···-····· 

0 10 20 30 40 50 60 
(a) Parcel first entry time min) 

J-10 
(b) 

10-10 
(d) 

-- 03 pathway Parcel 2 Parcel 232 
.--.. 
f/l 

8-12 - - - H20 2 pathway s... 10-12 ·-al 
tll) 

::::-
0 

::E 
8-14 - 10-14 Q) 

+' 

., - - - al I s... 
..... _ - .::: 

0 ·-8-16 
+' 

10-16 al -- 03 pathway "O 
">< 
0 - - - H202 pathway 

8-18 10-18 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 
Time [min) Time [min) 

J-10 10-10 
(c) .--.. (e) 

-- 0 3 pathway f/l 
Parcel 39 

·= 
base case , TEM 

8-12 
al 

- - - H202 pathway tll) 10-12 .......... 
0 

::E -Q) 
+' 

8-14 al 10-14 s... 
.::: ,----------------..... -~ I +' 

I al 
"O 

8-16 ·- 10-16 >< __ 0
3 

pathway 
0 

.::: 
al - - - H202 pathway Q) 

8- 18 
::E 

10-18 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 
Time [min) Time [min) 

Figure 5. 7: (a.) Time of first entry into cloud for ea.ch of the 500 pa.reels. The three diamonds 
indicate t ime of entry for Pa.reel 2 during 10 minutes, Pa.reel 39 between 10-50 minutes, 
a.nd Parcel 232 during la.st 10 minutes , respectively. Lower panels show the contribution 
from a.11 drop categories to the oxidation rates via. the H20 2 a.nd 0 3 pa.thwa.ys a.s a. function 
of time: (b) Pa.reel 2; ( c) Pa.reel 39 ; ( d) Pa.reel 232; ( e) TEM. The ca.lcula.tions for the TEM 
a.re a.vera.ged from 500 pa.reels. 



,....., 
I,, -~ 
tlD 

0 

........ 
"' :r: z 

Q) 
{/) 
<t1 

..c:: 
p.. 
I 

{/) 
<t1 c., 

124 

10- 10 

Parcel 2 

10-11 

10- 12 

10- 13 

10 - 14 L..L...JL...J.....L....1...J..-'-'-J...WL...J.....L....1...J..-'-'-J...WL...J.....L....1...J..-'-'-J...WL...J.....L....1...J..-'-'-.I....WL...J.....L....1...J..-'-'--L-.L..L..L..1....1...J..-'-'-.J....J_L..J....J....J.....J 

0 10 20 30 
Time [min] 

40 50 60 

Figure 5.8: The depletion of gaseous NH3 as a function of time for Parcel 2. 



rn 
Ql 
rn 
<1l 

c.:, .... 
0 

c:: 
-~ .... 
Ql 

0.. 
Ql 

Cl 
Ql 
t20 
<1l .... c:: 
Ql 
CJ 
I,., 

100 

60 

40 

20 

0 , 

40 

Ql 
::, 
al 
> 
al 30 :;:; 
c:: 
0 .... 
Ql 

-~ .... 
<1l 20 Q) 
I,., 

....... 
(f) 

c:: 
Ql 10 rn 
<1l 
Ql 
I,., 
CJ 
.8 

0 
0 

/ 
/ 

-- S02 
... .... .. 03 
- - - . H202 
-·- ·- · NH3 

20 

20 

125 

Time [min] 

Time [min] 

base case 

40 60 

40 60 

Figure 5.9: The percentage depletions of gaseous concentrations and increase in S(VI) rel-
ative to the initial values plotted as functions of time. Calculations are from the 500-parcel 
average. 



' s 
:::t 
1-. ·;; 

; 
ta() 

1-. 

" '--1-.-

" i:: 
0 :;:: 
;:J 

..c ·c _, 
1/l 

ci 
1/l 
1/l 
ell 

::::;; 
a. 
0 
1-. 

Q 

6 

4 

3 

10-4 

10-6 

10-8 

10-10 

126 

,-,----,--,---,c-r-.-,.......,..-,-,---,---,--~,....,..-,-T"""""T---,-...,....,c-r-.-,.......,..-.-~---.--~~-.-~---.--~~ 10 - l 

Sl , S02 limited 
\ 

i • + 

+ 
+ 

S(VI) pH 
--- + 510-585 m 
•·••••• ••• • 585-660 m 
- - - • 660- 735 m 

• (a) 
.__.__._...,_.____._--'----'-'----'---'--..I.......J'----'---'---'----'----'---'----'-----'--'---'---'----'---'----'-'----'---'--.L.....L......L.--'--..1.......J'----'---'--..1.......Jc......J 10 - 7 

If ,, .. ,, ... 
I : 

I .: 

10 20 
Drop Radius 

.. .r· ......... 
... ·i ··.. ... " 

• I ...... ' ' ' 

' ' ' ' ' ··· .. .. 

30 
[µm] 

dr,/dr 
--- 510- 585 m 

••• •.••••. 585 -660 m 

- - - - 660-735 m 

·., · .. , · .. , 
··~ 
··~ 

··~ ··~ ··~ ·~ ,. ·,. ·,. .,. 

40 

(b) 

0 10 20 30 40 
Drop Radius [µm] 

Figure 5.10: As in Figure 5.3, but for sensitivity experiment SL 



,......., .. 
I 

127 

base case Sensitivity 1 
108 ,.........,~~,.........,~~~ 108 .----,~~.----,~~~ 

17 of 43 Unprocessed 

106 106 

104 104 

102 102 

0.01 0.10 1.00 0.01 0.10 1.00 

108 ,---,~~-~~- 108 ,---,~~.--~~-
18 Of 43 Unprocessed 

106 106 

104 104 

102 102 

0.01 0.10 1.00 0.01 0.10 1.00 

108 ,--~~-~~- 108 r--~~-~~-
32 of 58 Unprocessed 

106 106 

104 104 
........ 

102 

0.01 0.10 1.00 0.01 0.10 1.00 

Sensitivity 2 

0.01 0.10 1.00 

0.01 0.10 1.00 

0.01 0.10 1.00 

(;) 
C)1 
I 

C)1 .... 
0 

s 

(;) 
m 
0 
I 

(;) 
C)1 

s 

1\J 
CD 
C)1 

I 
(;) 
m 
0 

s 

Figure 5.11: A comparison of the snapshots at 50 min of the unaveraged CCN size spectra 
on a moving mass-grid at three different 75 m height intervals below cloud for the base 
case, S1, and S2. 



....... 
' E: 
::t 
1-, .iii 

; 
t:>C 

.!:9 
1-, 

"Cl 
'-1-:" 
"Cl 

.~ _, 
:::, 
.0 ·c _, 
en 
0 
en en 
<ti 

;:.; 
p., 
0 
1-, 

0 

8 

7 

6 

::c 5 p., 

4 

3 

2 
0 

10 - 4 

10- 6 

10-8 

10- 10 

0 

128 

S(VI} pH 
+ 510-585 m 

• 585-660 m 
660- 735 m 

.,; 

··"' ... ;;·" 
.··" 

l "-·:.:.···•• ;·----
• • 

+ 

S2, NH3/S02>2 

I 

:· 
I : 

I .: 

10 

10 

+ 

Drop 

• 

20 
Radius 

·.. \ 
·.• \ 

·. \ ·. \ · .. \ · .. \ · .. \ · .. \ 

20 

30 
[µm] 

dr./dr 
--- 510- 585 m 

. . . . .•. .. . 585- 660 m 

- - - - 660-735 m 

30 
Drop Radius [µm] 

10 - l 

10-2 

'i' 
10-3 -

0 :.;; 
<ti 
1-, 

10- 4 c 
Cl) 
(.) 

0 
(.) 

10-5 -:::-
2:, 
rn 

10 - 6 

(a) 
10- 7 

40 

{b) 

4 0 

Figure 5.12: As in Figure 5.3, but for sensitivity experiment S2. 



129 

0.40 
Unprocessed • 
base case 2 e Sl 

+ S2 
0.30 

-6 + ::l_ 
'-' 

C/l 0.20 • ;:I .... + 'CJ 
al 

0:: • 
0.10 

0. 00 .___.._...____.,_,_.,__,__....L......J----'-....._.__._,._,__....__.__,_.,__,__---'-''----'-.......... _._,._,__....L......J___._....._.__._,._,__....__._--'-_.____, 

2 3 4 5 
Size Category 

Figure 5.13: A comparison of the averaged dry CCN size for category 2, 3, and 4 at 50 
min for the base case, S1, and S2. 

-



rn 
rn 
<tl :::.; 

:i:: 
0. 

8 

7 

6 

5 

4 

3 

2 

0. 10-10 
0 
I-, 

0 

0 

0 

130 

S3, Initial CCN=l50 cm-• 

\ 

···~-, ... ........ -:,;·;,:·,;. --- ,,, 
i • l • + 

+ 
+ ~ 
e 

10 20 
Drop Radius 

;I 
! 

r. ,: 
I; 

, ........... 
·i ·. .. .··, ··... \ \ 

10 

\ 
\ ·.. \ ··.. \ · .. \ 

··· .. 

20 

S(VI) pH 
+ 510-585 m 

• 585-660 m 
660-735 m 

30 
[µm] 

dr,/dr 
--- 510-585 m 

. . . ..... .. 585- 660 m 

- - - - 660-735 m 

30 
Drop Radius [µm] 

10- 1 

10-2 

'i' 
10-3 -

0 :;:; 
ro 
I-, 

10-4 i: 
(1) 
t) 

0 
t) 

10-5 -=-c 
[/J 

10-6 

(a) 
10-7 

40 

(b) 

40 

Figure 5.14: As in Figure 5.3, but for sensitivity experiment S3. 



s 
::t 

ci, 
;:I :a 
Ill 

0.. 
0 
1-, 

0 
<IJ .::: ..., 
0 
<IJ ... ... 

t:zl 

131 

15r----.------,-------,---,----.---------.---,------r--~--~---~ 

10 

\ 
· • - -'\ 

.. ./.\ ·\ 

·-1 ·~ 

5 

/ V . .,, 

S3, initial CCN=150 cm-• 

S2, NH:,/S02>2 

S1, S02 limited 

control run, microphysics only 

base case 

\ 

0 L.._ _ __._ __ ...J._ _ ___J __ _L __ ..__ _ __._ __ -L..-__ L_ _ __._ __ ...J._ _ ___J __ ...J 

0 20 40 60 
Time [min] 

Figure 5.15: The comparison 
line: base case; dotted line: 
dash-dot-dot-dotted line: S3. 

of effective cloud drop radius for different cases. Solid 
control run; dashed line: Sl; dash-dotted line: S2; 

t: 
0 ·en. 
1-, 
<IJ 
> t: 
0 u 

100 

80 

60 

40 

20 

I 
I 
I 

I 
I 

,, 
/ 

----- -------------- ------- --···· ······· .. --- · --·· 

base case, S02=2ppb,03=30ppb,H20 2= 0 .3ppb,NH3= lppb 
Sl, so.=2ppb ,03= 30ppb,H202=2 .5ppb,NH,= lppb 
S2, S02=2ppb,03= 30ppb,H20 2 = 0 .3ppb,NH3=4 .05ppb 

········· ········ 

S3, Same as base case, except CCN= 150 cm-•, r 1 unchanged 

0 1....l...J..J.....L....1....L..J....J...J....J....J-'--'-'-'-"-J..J....L.L..L..J......L...J....J....J...J....Jc..J._1-LJ..J.....L....1....L..J....J...J....J....J-'-''-'-'-"-J..J.....I....J......L...J....J....J...J....Jc..J._L.J 

10 20 30 
Time [Min] 

40 50 60 

Figure 5.16: The fractional conversion of S(IV) from a single parcel experiencing mean 
conditions for the base case and sensitivity runs . Solid line: base case; dashed line: Sl; 
dotted line: S2; dash-dotted line: S3. 



0 .30 

0 .25 

Ul v 
CJ 0 .20 s.. 
<a 

ll. -0 

C: 0 .15 
-~ .... 

CJ 
<a s.. c,.. 0 .10 

0 .05 

0 .00 
0 

0 .30 

!.l 0 .25 
Cl) 
CJ s.. 
<a 
C. 

] 0 .20 
Ul 
Ul 
Cl) 
CJ 
0 0: 0 .15 -0 

. C: 

132 

average time in cloud , including unprocessed parcels: 14 min 

(a) 

10 20 30 4 0 50 60 
Time in cloud [Min) 

average time in cloud, excluding unprocessed parcels: 18 min 

0 .10 
CJ I----' 
<a s.. c,.. 

0 .05 
(b) 

0 . 00 L....J-L...L..1....1...L..L..L..LJ...L...I...L..L..J....J......L_._J_.L.L.1....L.J-L...L.L.LL.J-L...L..1....1...L..L..L..LJ..1....L..L..L..L.J.....!,=,i,==....-L...L...,_._J 

0 10 20 30 40 50 60 
Time in cloud [Min) 

Figure 5.17: The Probability Distribution Function of in-cloud residence time. ( a) Method 
1, the average time in cloud is 14 min, including all 500 parcels, (b) Method 2, the average 
time in cloud is 18 min, including only processed in-cloud parcels . 



Chapter 6 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

The effects of clouds on chemical species and aerosol processing, redistribution, and 

production are examined in two frameworks, the first being a coupled aerosol/ chemistry/ cloud 

dynamics model and the second being a trajectory ensemble model. Here, we will empha-

size how different results combine to form a coherent "picture", and discuss how this picture 

differs or agrees with previous observations and investigations, instead of reviewing every 

result . We offe-r a brief summary of what our work suggests are the essential ingredients 

of aerosol direct and indirect climatic effects . At the end, we will review some limitations 

of our study and offer suggestions for future work . 

6.1 Summary and conclusions 

6.1.1 Deep convection 

A two-moment, two-category aerosol evolution model, including condensation, nucle-

ation, and gas-phase production of H2S04 , has been incorporated into a two-dimensional, 

two-moment microphysical, and mixed-phase cloud dynamics and detailed sulfate chem-

istry model to study the cloud transport aspect and the interaction of aerosol, chemistry, 

and cloud in a small midlatitude continen al cumulonimbus cloud. To the best of our 

knowledge, thi 1s the first time an aerosol microphysical model has been coupled to a 

complicated cloud model, which is able to simulate the aerosol dynamics in the upper 

troposphere. 

The dynamical and microphysical features of the small cumulonimbus cloud simulated 

with the coupled model compared well with the observations [Taylor et al., 1997] . During 

the recent Firs~ Aerosol Characterization Experiment (ACE-1.), Clarke et al.[1998] found 

enhanced layers of "new" particles in the free troposphere that corresponded to nearby 
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cloud top height and exhibited concentrations that exceeded those in the marine bound-

ary layer air by about 1000 to 10,000 cm-3 • Many layers were associated with enhanced 

concentrations of water vapor and sulfuric acid. Their focused cloud experiments demon-

strated that the new particles were recently formed and originated in the outflow region of 

clouds preferentially after late morning when photochemical processes had become suffi-

ciently active. Other ACE-1 measurements made in transit near equatorial convection also 

revealed significant numbers of new nuclei formed aloft in various cloud outflow regions, 

where nucleation was favored when existing surface areas approach or drop below about 

5-10 µm2 cm-3 • These experiments are supportive of our model results, which show that 

in most daytime cases, when S02 is convectively transported to the mid-to-upper tropo-

sphere, where low aerosol surface area and water vapor are simultaneously transported, 

new particle formation is favored and contributes significantly to the background aerosol 

CN population. 

Although this study largely set out to address the hypothesis of Clarke [1993] and 

Perry and Hobbs [1994], our results are relevant to a larger body of work. Our model 

studies aim to investigate the cloud transformation process of chemical species and aerosol 

production processes, which is the basic step in an effort to accurately quantify the aerosol 

influence in models of current, past , or future climate. Important points brought out by 

this research include: 

• The cloud is chemically heterogeneous . The H2 0 2 oxidation pathway is important 

initially, but H2 0 2 is quickly depleted from the cloudy domain after several minutes, 

and the 0 3 oxidation pathway begins to dominate in most regions of the cloud. The 

inhomogeneous distribution of cloud-water pH and sulfate to ammonium molar ratio 

brings complexity to parameterizations of aqueous chemistry in larger-scale models, 

since these basically assume a fixed pH value for the whole cloud. Recent efforts 

by Feichter et al.[1996] to explicitly calculate cloud-water pH in a global climate 

model treated cloud transformation processes and precipitation scavenging in a more 

realistic manner, though they fixed the molar ratio between sulfate and ammonium 

to be 1, which could favor the H20 2 oxidation pathway and inhibit the 03 oxidation 

pathway in the first place. 



135 

• The iron-catalyzed oxidation pathway is comparable to the H20 2 and 0 3 pathways, 

and has the potential to convert more S02 to sulfate in cloud; however, this pathway 

is neglected in current general circulation models (GCM) of the sulfur cycle [e.g., 

Chin and Jacob, 1996; Chuang et al., 1997; Feichter et al., 1997]. Since it could play 

a role in the global distribution of anthropogenic sulfate aerosol, it thus could have 

an impact on the estimation of the aerosol direct effect. 

• The redistribution of S02 is related to the in-cloud sulfate production. The more 

S02 that is consumed in the liquid phase, the less is redistributed to the higher levels. 

In-cloud sulfate production is sensitive to initial aerosol composition and the acidity 

of cloud water, and moderately sensitive to changes in the model resolution. These 

are ignored in most global and regional S models. 

• Temperaturef relative humidity, pre-existing aerosol surface area, and H2S04(g) pro-

duction rate are the main factors which affect the new particle formation rate . . When 

S02 is convectively redistributed to high altitude, the elevated humidity and cleansed 

air is simultaneously redistributed to the same region. During daytime, in the pres-

ence of OH·, gas phase production of sulfuric acid vapor, although a small sink for 

S02, significantly enhances H2S04(g) concentration and triggers new particle for-

mation. This process has a prominent effect on the small particle population. A 

layered structure in the small particle distribution, as observed by Hofmann [1993] 

and Clarke et al.[1998], also appears in some simulations. 

• Pre-existing aerosol surface area plays a significant role in suppressing nucleation 

in the lower troposphere, but only a secondary role for nucleation in a relatively 

thin layer in the upper troposphere, where the threshold H2S04(g) concentration for 

nucleation is low, also in agreement with Clarke et al.[1998] ACE-1 measurements. 

They found no particle sources in the boundary layer, but did observe new particle 

formation in the free troposphere in cloud outflow regions. 

• The sensitivity tests demonstrate that the predicted small particle concentration 

in the upper troposphere is sensitive to the amount of redistributed S02 and the 
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available OH· source. However, the contribution to the enhanced small particle con-

centration at 9-10 km is unchanged for increased initial small particle concentration, 

increased nucleation rate factor , and decreased initial H2S04(g) concentration, pri-

marily since the simulated nucleation rate at that level is bounded by the gas-phase 

H2S04(g) production rate. Increased nucleation rate factor would lower the critical 

H2S04 concentration and trigger the nucleation more easily at other levels . 

• The production of significant concentrations of new particles can be a slow process, 

and may not initially be observed over the aerosol concentrations lifted convectively 

with the precursor gases . Thus the observation of new particle formation in convec-

tively processed air is expected to depend strongly on the time at which observations 

are made. The new particle formation process has a prominent effect on the small 

particle population on the time scale of hours, in agreement with Clarke et al.[1998] 

measurements of time scales of hours to a day. 

In this study, in most- cases S02 is redistributed to the upper troposphere where 

it could participate in long range transport to affect remote regions. It is necessary to 

incorporate the chemical processes which are the source of climate forcing aerosols into 

hemispheric and global scale models. The new particle formation process in the upper 

troposphere as a source to maintain the abundance of CN particles, and the possibility of 

these nuclei evolving to CCN particles, are also needed in such models. 

6.1.2 Stratocumulus 

In this dissertation, we have utilized the TEM to simulate coupled aqueous chemistry 

and cloud microphysics in a stratocumulus cloud. The TEM is driven with 500 parcels 

generated during one hour of the FIRE LES runs . Bower and Choularton (1993] used 

a single parcel model to examine modification of the CCN spectrum in a hill cap cloud 

following a cloud cycle and its consequence for the secondary cloud formation. Here, some 

trajectories in the TEM have cycled through cloud 2 or 3 times during the course of an hour, 

which has consequences for the CCN spectra and drop spectra. Thus the TEM represents 

the impact of cycling in a less constrained manner. We have investigated the interaction 
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between chemistry and cloud and the effects of aqueous chemistry on the modificatiqn 

of CCN spectra and drop spectra. We have also investigated the effects of variations 

in the initial chemical fields and initial aerosol number concentration on the chemical 

heterogeneities ( cloud-water pH, S(VI) concentration, and ammonium to sulfate molar 

ratio) across the cloud drop sizes, the clou -top effective drop radius, and the differences 

in the overall fractional conversion between the TEM and a single parcel experiencing mean 

conditions. Th~ TEM offers a more representative method of describing the stratocumulus 

processing of aerosol and gases than does a single parcel model. Important points brought 

out by this research include: 

• It is found that the 0 3 oxidation rate is always larger than the H20 2 oxidation rate 

in the base case, whereas the volume-mean pH might suggest that H2 0 2 oxidation 

dominates. This implies that not only the mean aqueous chemistry but also the size-

dependent chemistry information should be incorporated into larger-scale models. 

• Dilution effects usually result in increases in the liquid water-weighted pH with in-

creasing drop size to a maximum, then decreases with further increasing drop size; 

whereas the S(VI) concentration decreases with increasing drop size to a minimum, 

and then increases with further increasing drop size. The drop size at the pH peak is 

located near the mode of the cloud drop spectrum. The addition of solute mass due 

to aqueous chemistry will counter the effect of dilution and lower the pH , and shift 

the pH peak to larger sizes. 

• Both supersaturation fluctuations and aqueous chemistry contribute to the broaden-

ing of the drop size distribution. The magnitude of the broadening of CCN spectra 

and cloud drop spectra will depend not only on the total sulfate mass produced, but 

also on the distribution of the sulfate mass across the size spectrum. In cases where 

more ma~s is added onto the large tail of the initial CCN spectrum, the broadening 

of the drop spectrum is most evident, and may even trigger the collision-coalescence 

process a::i.d drizzle formation. 
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• The H202 oxidation pathway adds sulfate mass evenly and continuously across the 

drop sizes, while the 03 oxidation pathway adds sulfate mass near the mode of 

the CCN spectrum over a relatively short time. The different behaviors of the 0 3 

oxidation and H202 oxidation in turn affect the pH dependence on the drop sizes 

and the magnitude of the broadening of the cloud drop spectrum. 

• An increase in the initial CCN number concentration decreases the volume-mean 

drop radius, and shifts the mode of r1 and pH peak to to smaller cloud drop sizes. 

This will likely suppress the drizzle formation. 

• Under the same liquid water content, the increase in CCN number will result in a 

decrease in cloud-top effective radius. 

• A single parcel experiencing mean conditions overestimates the fractional conversion 

of S(IV) compared to the TEM results. Different shapes of the time-dependent 

conversion and the regions of overlap with the mean in-cloud residence time will 

affect the magnitudes of the difference between a single mean parcel and the TEM, 

with the steadily increasing conversion with time inducing the largest error. Deriving 

the conversion from in-cloud parcels and then wighting by the in-cloud residence time 

distribution will give closer result to the TEM than deducing the conversion from 

mean in-cloud residence time for the whole boundary layer. 

The indirect sulfate aerosol effect on climate has been studied with many GCMs [ e.g., 

Boucher and Lohmann, 1995; Feichter et al., 1997; Jones et al., 1994; Lohmann and Fe-

ichter, 1997]. In GCMs, sulfur chemistry and cloud microphysics have to be parameterized. 

Most frequently, cloud drop number concentration is empirically related to the mass of sul-

fate aerosols [ e.g., Feichter et al., 1997] . The more sulfate mass, the higher the predicted 

cloud drop number concentration. In this study, we find that for approximately the same 

liquid water content, the cloud drop spectrum depends not only on the sulfate mass pro-

duced in cloud, but also on the size distribution of this sulfate mass, with sulfate mass 

distributed to the larger size end of the aerosol size spectum lec1.ding to the most broad-

ened spectrum which could have an increased efficiency of drizzle production. This implies 
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that with the same sulfate mass and cloud drop number concentration, the autoconversion 

rate will be different for different initial chemical conditions, which will in turn affect the 

calculation of indirect aerosol effect . The size-dependent chemistry is thus adding another 

aspect to the already complicated interaction of chemistry, cloud, and radiation. 

6.2 Limitations and future research 

While this dissertation has addressed many issues related to chemical and aerosol 

chemical and microphysical processes in the upper troposphere and the boundary layer, it 

has many limit3.tions. The limitations of the chemical-microphysical-dynamical framework, 

and the limita ions of time leave many questions to future studies . 

A chief limitation of the upper tropospheric work is the poor representation of many 

physical and chemical processes. The primary physical limitation of our study of aerosol 

dynamics is the limited discrete sizes in our aerosol evolution model, though a two-moment 

representation across a size bin results in less numerical diffusion than a one-moment sec-

tional model [Gelbard et al., 1998]. To fully capture the aerosol size distribution evolu-

tion, Raes and Dingenen [1992] used up to 70 discrete sizes in a box model, and Fitzger-

ald et al.[1998} used an improved multicomponent sectional model (MAEROS) in a one-

dimensional model, with a maximum number of sections of 39. 

As discussed in Chapter 3, we neglect nitrate chemistry in the sulfate chemistry model, 

which could lower the cloud-water pH calculation. On the other hand, a neutralizing agent, 

NH3 gas, is omitted, which could increase the cloud-water buffering capacity. Also, as 

discussed in Chapter 3, the representation of partial cloudiness is a potential weakness in 

the relatively coarse resolution cloud model presented here. Consequently, further studies 

with refined resolution are needed. In addition, the fact that all results are derived on the 

basis of two-dimensional integrations, leaves many issues for further investigation. 

In our study, when S02 is convectively transported to cold and/ or humid environ-

ment, new particle· formation is predicted to occur in most cases during daytime. The 

evolution of the small particles is unknown. The S02 residue and enhanced concentration 

of small particl-:s may participate in long-range transport to affect remote regions. Aircraft 
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measurements in the vicinity of deep convective clouds need to be undertaken to identify 

the source regions for new particles in the mid- to upper- troposphere. This is crucial for 

testing the direct effect of the sulfate-radiative cooling hypothesis [Charlson et al., 1992] 

which relies on the assumptions tha.t a fraction of the S02 emitted is converted to new 

particles by gas-to-particle conversion a.nd tha.t sulfur species is transported to regions far 

away from the source. 

A major limitation in the stra.tocumulus work is the limited time simulation of the 

boundary layer cloud. The mixing between pa.reels is not included in the TEM framework. 

Though valid for the one-hour simulations represented here, caution must be exercised 

when applying this approach to longer time scales. Within the TEM framework, a number 

of possibilities exist for communicating information between parcels . Walton et al.[1988] 

interpolated pa.reel information to a. fuced spatial grid in their Lagrangian global model 

and then communicated grid quantities back to the pa.reels. A similar approach will be 

considered in future work tha.t addresses longer time scales. 

Another drawback of the TEM a.pproa.ch is that feedback of microphysical and chemistry-

rela.ted processes to cloud dynamics is not included in the TEM because there is currently 

no means to communicate these changes to the TEM. This approach therefore limits itself 

to non-precipitating clouds, and the collection process, which is the primary means for 

genera.ting precipitation-sized droplets in liquid-phase clouds, is neglected. However, we 

could examine the impact of processing on a. coupled cloud model by re-running a cloud 

resolving model with the processed aerosol distribution produced by the TEM, which has 

been done by Feingold et al.[1998a.] for a. different set of initial chemical conditions. 

In the chemical part of the TEM, a.n initial aerosol composition of (NH4)2S04 1s 

assumed, a.nd sea.-salt particles a.re neglected. This omission is serious in applying the 

model to maritime boundary layers. Future work includes the development of a multi-

component aerosol model for the TEM. 

Lastly, we ha.ve completely neglected the radiative effects on droplet growth in the 

TEM, which limits our simulations to nocturnal cases. 

In the TEM, we find that spectral broadening occurs in one of our sensitivity simula-

tions due to the spectral addition of sulfate mass. Whether or not this spectral broadening 
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occurs in real clouds is not known. Simultaneous measurements of cloud microphysics and 

drop size-dependent chemistry may be able to shed light on this . 



REFERENCES 

Ackermann, A. S., 0. B. Toon, and P. V. Hobbs, Dissipation of marine stratiform clouds 
and collapse of the marine boundary layer due to the depletion of cloud condensation 
nuclei by clouds, Science, 262, 226-229, 1993. 

Ackermann, A. S., 0. B. Toon, and P. V. Hobbs, A model for particle microphysics, tur-
bulent mixing and radiative transfer in the stratocumulus-topped marine boundary 
layer and comparisons with measurements, J. Atmos. Sci., 52, 1204-1236, 1995. 

Albrecht, B. A., Aerosols, cloud microphysics and fractional cloudiness, Science, 245, 
1227-1230, 1989. 

Alheit, R. R., A. I. Flossmann, and H. R. Pruppacher, A theoretical study of the wet 
removal of atmospheric pollutants, Part IV: The uptake and redistribution of aerosol 
particles through nucleation and impaction scavenging by growing cloud drops and 
ice particles, J. Atmos. Sci., 47, 870-887, 1990. 

Andreae, M. 0 ., Climatic effects of changing atmospheric aerosol levels, In: World Survey 
of Climatology, Vol. XVI, Future Climate of the World, ed. A. Henderson-Sellers, 
Elsevier, Amsterdam, 1995. 

Asai, T ., and A. Kasahara, A theoretical study of the compensating downward motions 
associated with cumulus clouds, J. Atmos. Sci., 24, 487-496, 1967. 

Atkinson, R., and A. C. Lloyd, Evaluation of kinetic and mechanistic data for modeling of 
photochemical smog, J. Phys. Chem. Ref. Data, 13, 315-444, 1984. 

Barth, M. C., D. A. Hegg, and P. V. Hobbs, Numerical modeling of cloud and precipitation 
chemistry associated with two rainbands and some comparisons with observations, 
J. Geophys. Res., 97, 5825-5845, 1992. 

Barth, M. C., Numerical modeling of sulfur and nitrogen chemistry in a narrow cold-
frontal rainband: The -impact of meteorological and chemical parameters, J. Applied 
Meteor., 33, 855-868, 1994. 

Bell, R. P., The reversible hydration of carbonyl compounds, Adv. Phys. Org. Chem., 4, 
1-29, 1966. 

Berge, E., Coupling of wet scavenging of sulfur to clouds in a numerical weather prediction 
model, Tellus, 45B, 1-22, 1993. 



143 

Betts , A. K. and R. Boers, A cloudiness transition in a marine boundary layer, J. Atmos. 
Sci., 47, 1480-1497, 1990. 

Bolsaitis, P. , and J. F . Elliot, Thermodynamic activities and equilibrium partial pressure 
for aqueous sulfuric-acid-solutions, J. Chem. Eng. Data, 35, 69-85, 1990. 

Book, D. L. , J . P. Boris, and S. T. Zalesak, Flux-correcte transport, in Finite-Difference 
Techniques for. Vectorized Fluid Dynamics Calculations, ed. D. L. Book, pp. 29-55, 
Springer-Verlag, New York , 1981. 

Boucher, 0 ., and U. Lohmann, The sulfate-CCN-cloud albedo effect : A sensitivity study 
with two general circulation models, Tellus, 47B, 281-300, 1995. 

Bower, K. N., and T . W . Choularton, Cloud processing of the cloud condensation nucleus 
spectrum and its climatological consequences, Quart. J. R. Meteor. Soc., 119, 655-
679, 1993. 

Boyce, S. D., and M. R. Hoffmann, Kinetics and mechanism of the formation of hydrox-
ymethanesulfonic acid at low pH, J. Phys. Chem., 88, 4740-4746, 1984. 

Brown, P. N., G. D. Byrne, and A. C. Hindmarsh, VODE: A variable coefficient ODE 
solver, SIAM J. Sci. Stat. Comput., 10, 1038-1051, 1989. 

Brown, R. C., R. C. Miake-Lye, M. R. Anderson, and C. E. Kolb, Aerosol dynamics in 
near-field aircraft plumes, J. Geophys. Res., 101, 22939-22953, 1996. 

Burkhard, E . G., V. A. Dutkiewicz, and L. Husain, A study of SO 2 , so~- and trace ele-
ments in clear air and clouds above the midwestern united states, Atmos. Environ. , 
28, 1521-1533, 1994. 

Cahill, T . A., Investigation of particulate matter by size and composition during Watox, 
January 1986, Global Biogeochem. Cycles, 2, 47-55, 1988. 

Calvert , J . G., and W. R. Stockwell, Mechanism and rates of the gas-phase oxidations of 
sulfur dioxide and nitrogen oxides in the atmosphere , S02, NO, and N02 Oxidation 
Mechanisms: Atmospheric Considerations, ed. Jack G. Calvert, Butterworth, 1-62, 
1984. 

Cess, R. D., G. L. Potter, J . P. Blanchet, G. J . Boer, A. D. Del Genia, M. Deque, V. 
Dymnikov, V. Galin, W . L. Gates, S. J. Ghan, J . T. Kiehl, A. A. Lacis, H. Le Treut, 
Z. X. Liang, B. J . McAvaney, V. P. Meleshko, J. F . B. Mitchell, J. J. Morcrette, 
D. A. Randall , L. Rikus, E. Roeckner, J. F . Royer, U. Schlese, D. A. Sheinin, A. 
Slingo, A. P. Sokolov, K. E. Taylor, W. M. Washington, R. T . Wetherald, I. Yagai, 
and M. H. Zhang, Intercomparison and interpretation of climate feedback processes 
in 19 atmospheric general circulation models, J. Geophys. Res., 95, 16601-16615, 
1990. 



144 

Chameides, W . L., and A.-W. Stelson, Aqueous-phase chemical processes in deliquescent 
sea-salt aerosols: A mechanism that couples the atmospheric cycles of S and sea 
salt, J. Geophys. Res., 97, 20565-20580, 1992. 

Charlson, r. J ., J . Langner, H. Rodhe, C. B. Leavy, and S. G. Warren, Perturbaton of 
the Northern Hemisphere radiative balance by backscattering from anthropogenic 
sulphate aerosols, Tellus, 43A, 152-163, 1991. 

Charlson, R. J., S. E. Schwartz, J. M. Hales, R. D. Cess, J . A. Coakley, Jr., J. E. Hansen, 
and D. J . Hofmann, Climate Forcing by Anthropogenic Aerosols, Science, 255, 
423-430, 1992. 

Chatfield, R. B. and P. J. Crutzen, Sulfur dioxide in remote oceanic air: Cloud transport 
of reactive precursors, J. Geophys. Res., 89, 7111-7132, 1984. 

Chen, J .-P., Theory of deliquescence and modified Kohler curves, J. Atmos. Sci., 51 , 
3505-3516, 1994. 

Chen, J .-P., and D. Lamb, Simulation of cloud microphysical and chemical processes using 
a multicomponent framework, I. Description of the microphysical model, J. Atmos. 
Sci., 51 , 2613-2630, 1994. 

Chin, M., and D. J . Jacob , Anthropogenic and natural contributions to tropospheric sul-
fate : A global model analysis , J. Geophys. Res., 101, 18691-:18699 , 1996. 

Cho, H. R., M. Niewiadomski, J. V. Iribarne, and 0 . Melo, A model of the effect of cumulus 
clouds on the redistribution and transformation of pollutants, J. Geophys. Res., 94, 
12895-12910, 1989. 

Chuang, C. C., J . E. Penner, K. E. Taylor, A. S. Grossman, and J . J. Walton, An assessment 
of the radiative effects of anthropogenic sulfate, J. Geophys. Res., 102 , 3761-3778, 
1997. 

Clarke, A. D., Atmospheric nuclei in the remote free-troposphere, J. Atmos. Chem., 14, 
4 79-488, 1992. 

Clarke, A. D., Atmospheric nuclei in the Pacific midtroposphere: Their nature, concentra-
tion, and evolution, J. Geophys. Res., 98, 20633- 20647, 1993. 

Clarke, A. D., J . L. Varner, F . Eisele, R. L. Mauldin, D. Tanner, and M. Litchy, Particle 
production in the remote marine atmosphere: Cloud outflow and subsidence during 
ACE 1, J. Geophys. Res., 103, 16397-16409, 1998. 

Collett , J ., B. Oberholzer, and J . Staehelin, Cloud chemistry at Mt. Rigi, Switzerland: De-
pendence on drop size and relationship to precipitation chemistry, Atmos. Environ., 
27 A, 33- 42, 1993. 



145 

Collett, J ., A. Bator, X. Rao, and B. Demoz, Acidity variations across the cloud drop size 
spectrum and their influence on rates of atmospheric sulfate production, Geophys. 
Res. Le!t., 21, 2393-2396, 1994. 

Cotton, W . R., On parameterization of turbulent transport in cumulus clouds, J. Atmos. 
Sci., 32, 548-564, 1975. 

Cotton, W . R., G. D. Alexander, R. Hertenstein , R. L. Walko, R. L. McAnelly, M. Nicholls, 
Cloud venting-A review and some new global annual estimates, Earth Sci. Reviews, 
39, 169-206, 1995. 

Daum, P. H., '::. J . Kelly, S. E. Schwartz, and L. Newman, Measurements of the chemical 
composition of stratiform clouds, Atmos. Environ., 18, 2671-2684, 1984. 

Dickerson, R. R., G. J . Huffman, W . T. Luke, L. J. Nunnermacker, K. E. Pickering, 
A. C. D. Leslie, C. G. Lindsey, W . G. N. Slinn, T . J. Kelly, P. H. Daum, A. 
C. Delany, J . P. Greenberg, P. R. Zimmerman, J. F . Boatman, J . D. Ray, and 
D. H. s~edman, Thunderstorms: An important mechanism in the transport of air 
pollutants, Science, 1235 , 460-465, 1987. 

Dye, J. E ., J . J. Jones, W . P. Winn, T . A. Cerni, B. Gardiner, D. Lamb, R. L. Pitter, J . 
Hallet, a.nd C. P. R. Saunders, Early electrification and precipitation development 
in small, isolated montana cumulonimbus, J. Geophys. Res., 91, 1231-1247, 1986. 

Easter, R. C., ~nd L. K. Peters, Binary homogeneous nucleation: Temperature and relative 
humidity fluctuations, nonlinearity, and aspects of new particle production in the 
atmospl:ere, J. Applied Meteor., 33, 775-784, 1994. 

Eisele, F . L., c.nd D. J. Tanner, Measurement of the gas phase concentration of H2 SO4 
and methane sulfonic acid and estimates of H2SO4 production and loss in the at-
mosphere, J. Geophys. Res., 98, 9001-9010, 1993. -

Erel, Y., S. M. Pehkomen, and M. R. Hoffmann, Redox chemistry of iron in fog and stratus 
clouds, J. Geophys. Res., 98, 18423-18434, 1993. 

Feichter, J., E. Kjellstrom, H. Rodhe, F . Dentener, J. Lelieveld, and G. J . Roelofs, Simu-
lation of the troposphere sulfur cycle in a global climate model, Atmos. Environ., 
30, 16%-1707, 1996. 

Feichter, J., U. Lohmann, and I. Schult, The atmospheric sulfur cycle in ECHAM-4 and 
its impa:t on the shortwave radiation, Climate Dynamics, 13, 235-246, 1997. 

Feingold, G., and A. J . Heymsfield, Parameterizations of condensational growth of droplets 
for use b general circulation models, J. Atmos. Sci., 49, 2325-2342, 1992. 



146 

Feingold, G., B. Stevens, W. R. Cotton, and R. L. Walko, An explicit cloud microphysi-
cal/LES model designed to simulate the Twomey effect, Atmos. Res., 33, 207-233, 
1994._ 

Feingold, G., S. M. Kreidenweis , B. Stevens, and W. R. Cotton, Numerical simulations of 
stratocumulus processing of cloud condensation nuclei through collision-coalescence, 
J. Geophys. Res., 101 , 21391- 21402, 1996. 

Feingold, G., S. M. Kreidenweis , and Y. Zhang, Stratocumulus processing of gases and 
cloud condensation nuclei: Part I: Trajectory ensemble model, in press, J. Geophys. 
Res., 1998a. 

Feingold, G., W. R. Cotton, S. M. Kreidenweis, and J. T . Davis, Impact of giant cloud 
condensation nuclei on drizzle formation in marine stratocumulus, submitted to J. 
Atmos. Sci., 1998b. 

Fitzgerald, J . W ., W . A. Hoppel, and F . Gelbard, A one-dimensional sectional model to 
simulate multicomponent aerosol dynamics in the marine boundary layer, 1. Model 
description, J. Geophys. Res., 103, 16085-16102, 1998. 

Flossmann, A. I., A 2-D spectral model simulation of the scavenging of gases and particulate 
sulfate by a warm marine cloud, Atmos. Res., 32, 233-248, 1994. 

Flossmann, A. I., and W . Wobrock, Venting of gases by convective clouds, J. Geophys. 
Res., 101, 18639-18649, 1996. 

Gelbard, F., J . W. Fitzgerald, and W. A. Hoppel, A one-dimensional sectional model to 
simulate multicomponent aerosol dynamics in the marine boundary layer 3. Numer-
ical methods and comparisons with exact solutions, J. Geophys. Res., 103 , 16119-
16132, 1998. 

Georgii, H.-W'. , and F. X. Meixner, Measurement of the tropospheric and stratospheric 
SO2 distribution, J. Geophys. Res., 85, 7433-7438, 1980. 

Gurciullo, C. S. and S. N. Pandis, Effect of composition variations in cloud droplet popu-
lations on aqueous-phase chemistry, J. Geophys. Res., 102 , 9375-9385, 1997. 

Hack, J. J ., and W . H. Schubert, Lateral boundary conditions for tropical cyclone models , 
Mon. Weather Rev., 109, 1404-1420, 1981. 

Hales, J . M., and D. R. Drewes, Solubility of ammonia in water at low concentrations, 
Atmos. Environ., 13, 1133-1147, 1979. 

Hales , J ., Mechanistic analysis of precipitation scavenging using a one-dimensional time 
variant model, Atmos. Environ., 16, 1775-1783, 1982. 



147 

Hegg, D. A., S. A. Rutledge, and P. V. Hobbs, A numerical model for sulfur and nitrogen 
scavenging in narrow cold-frontal rainbands, 2. Discussion of chemical fields, J. 
Geophys. Res., 91, 14403-14416, 1986. 

Hegg, D. A., and T. V. Larson, The effects of microphysical parameterization on model 
predictions of sulfate production in clouds, Tellus, B42, 272-284, 1990. 

Hegg, D. A., L. F. Radke, and P. V. Hobbs, Particle production associated with marine 
clouds, J. Geophys. Res., 95, 13917-13926, 1990. 

Hegg, D. A., R. Majeed, P. F. Yuen, M. B. Baker, and T . V. Larson, The impacts of SO2 
oxidation in cloud drops and in haze particles on aerosol light scattering and CCN 
activity, Geophys. Res. Let., 23, 2613-2616, 1996. 

Hillamo, R. E ., and V.-M. Kerminen, Size distributions of atmospheric trace elements 
at Dye 3, Greenland, I. Distribution characteristics and dry deposition velocities, 
Atmos. Environ., 27 A, 2787-2802, 1993. 

Hoffmann, M. R., and J. G. Calvert, Chemical transformation modules for eulerian acid 
deposition models, vol. 2: The aqueous-phase chemistry, EPA/600/3-85/036, U.S. 
Environ. Prat. Agency, Research Triangle Park, NC, 1985. 

Hofmann, D. J., Twenty years of balloon-borne tropospheric aerosol measurements at 
Laramie, Wyoming, J. Geophys. Res., 98, 12753-12766, 1993. 

Hoppel, W . A., and G. M. Frick, Submicron aerosol size distributions measured over the 
tropical and south Pacific, Atmos. Environ., 24A, 645-659, 1990. 

Hoppel, W . A., G. M. Frick, J. W. Fitzgerald, and R. E . Larson, Marine boundary layer 
measurements of new particle formation and the effects non precipitating clouds have 
on aero&el size distribution, J. Geophys. Res., 99, 14443-14459, 1994. 

Houze, Jr., R. A., and A. K. Betts, Convection in GATE, Rev. Geophys. Space Phy., 19, 
541-576, 1981. 

Hudson, J . G., Cloud condensation nuclei, J. Applied Meteor., 32, 596-607, 1993. 

Iribarne, J . V., and H. R. Cho, Models of cloud chemistry, Tellus, 41B, 2-23, 1989. 

IPCC (Intergovernmental Panel on Climate Change), Aerosols, In: Climate change 1994-
Radiatit;e forcing of climate change and an evaluation of the IPCC 1S92 emission 
scenarios, ed. J. T . Houghton, L. G. M. Filho, J . P. Bruce, H. Lee, B. A. Callander, 
E . F. Haites, N. Harris, and K. Maskell, 339 pp., Cambridge Univ . Press, Cambridge, 
UK, 1995. 



148 

IPCC, Climate change 1995: The science of climate change, ed. J. T. Houghton, L. G. 
M. Filho, B. A. Callander, N. Harris, A. Kattenberg, and K. Maskell, 572 pp., 
Cambridge Univ. Press, New York, 1996. 

Jacob, D. J., Chemistry of OH in remote clouds and its role in the production of formic 
acid and peroxymonosulfate, J. Geophys. Res., 91, 9807-9826, 1986. 

Jaecker-Voirol, A., and P. Mirabel, Nucleation rate in a binary mixture of sulfuric acid and 
water vapor, J. Phys. Chem., 92, 3518-3521, 1988. 

J aecker-Voirol, A., and P. Mirabel, Heteromolecular nucleation in the sulfuric acid-water 
system, Atmos. Environ., 23, 2053-2057, 1989. 

Jensen, B. J ., and R. J. Charlson, On the efficiency of nucleation scavenging, Tellus, 36B, 
367-375, 1984. 

Jensen, B. J ., Turbulent mixing, droplet spectral evolution and dynamics of warm cumulus 
clouds, Ph.D. dissertation, 197 pp., Univ. of Washington, Seattle, 1985. 

Jones, A., D. L. Roberts, and A. Slingo, A climate model study of indirect radiative forcing 
by anthropogenic sulfate aerosols, Nature, 370, 450-453, 1994. 

Kaufman, Y. J ., and D. Tanre, Effect of variations in supersaturation on the formation of 
cloud condensation nuclei, Nature, 369, 45-48, 1994. 

Kerminen, V.-M., and A. S. Wexler, The occurrence of sulfuric acid-water nucleation in 
plumes: Urban environment, Tellus, 48B, 65-82, 1996. 

Kiehl, J . T ., and V. Ramanathan, Comparison of cloud forcing derived from the Earth Ra-
diation Budget Experiment with that simulated by the NCAR Community Climate 
Model, J. Geophys. Res., 95, 11679-11698, 1990. 

King, M. D., L. F . Radke, and P. V. Hobbs, Optical properties of marine stratocumulus 
clouds modified by ships, J. Geophys. Res., 98, 2729-2739, 1993. · 

Kitada, T ., and P. C. S. Lee, Numerical modeling of long-range transport of acidic species 
in association with meso-,B-convective-clouds across the Japan Sea resulting in acid 
snow over coastal Japan-II. Results and discussion, Atmos. Environ., 27 A, 1077-
1090, 1993. 

Kogan, Y. L., D. K. Lilly, Z. N. Kogan, and V. V. Filyushkin, The effect of CCN regener-
ation on the evolution of stratocumulus layers, Atmos. Res., 33, 137-150, 1994. 

Korolev, A. V., The influence of supersaturation fluctuations on droplet size spectra for-
mulation, J. Atmos. Sci., 20, 3620-3634, 1995. 



149 

Kozac-Channing, L. F ., and G. R. Heltz, Solubility of ozone in aqueous solutions of 0-0 .6 
M ionic strength at 5-30 °C, Environ. Sci. Technol., 17, 145- 149, 1983. 

Kreidenweis, S. M. and J . H. Seinfeld, Nucleation of sulfuric acid-water and methanesul-
fonic acid-water solution particles : Implications for the atmospheric chemistry of 
organosulfur species, Atmos. Environ. , 22, 283-296, 1988. 

Kreidenweis, S. M., J . E . Penner, F . Yin, and J . H. Seinfeld, The effect of dimethylsul:fide 
upon marine aerosol concentrations, Atmos. · Environ., 25A, 2501-2511 , 1991. 

Kreidenweis, S. M. , G. Feingold, B. Stevens, and W.R. Cotton, Cloud processing of aerosol 
in the stratocumulus-capped marine boundary layer, Preprints, 12th Int. Conj. on 
Clouds and Precipitation, 12-23 August , Zurich, Switzerland, 1996. 

Kreidenweis , S. M. , Y. Zhang, and G. Taylor , The effects of clouds on aerosol and chemical 
species production and distribution: II. Chemistry model description and sensitivity 
analysis, J. Geophys. Res. , 102 , 23867- 23882, 1997. 

Kruse-Plass , M., H. M. ApSimon, and B. Barker, A modelling study of the effect of ammo-
nia on in-cloud oxidation and deposition of sulphur, Atmos. Environ., 27 A, 223-234, 
1993. 

Kulmala, M., V.-M. Kerminen, and A. Laaksonen, Simulations on the effect of sulphuric 
acid formation on atmospheric aerosol concentrations , Atmos .. Environ. , 29 , 377-
382, 1995. 

Langner , J . and H. Rodhe, A global three-dimensional model of the tropospheric sulfur 
cycle, J. Atmos. Chem., 13, 225- 263, 1991. 

Ledbury, W ., and E. W . Blair, The partial formaldehyde vapor pressure of aqueous solu-
tions of formaldehyde, Part II. J. Chem. Soc., 127, 2832-2839 , 1925. 

Lee, I.-Y. , Numerical simulation of chemical and physical properties of cumulus clouds, 
Atmos. Environ., 20, 767-771, 1986. 

Lelieveld, J ., and P.J . Crutzen, The role of clouds m tropospheric photochemistry, J. 
Atmos. Chem., 12, 229- 267, 1991. 

Lelieveld, J ., and J . Heintzenberg, Sulfate cooling effect on climate through in-cloud oxi-
dation of anthropogenic SO2, Science, 258, 117-120, 1992. 

Lind, J . A., and G. L. Kok, Henry's law determinations for aqueous solutions of hydrogen 
peroxide, methylhydroperoxide, and peroxyacetic acid, J. Geophys. Res. , 91 , 7889-
7895, 1986. 



150 

Liousse, C., J. E. Penner, C. Chuang, J. J. Walton, H. Eddleman, and H. Cachier, A 
global three-dimensional model study of carbonaceous aerosols, J. Geophys. Res., 
101, 19411-19432, 1996. 

Liu, P. S. K., W . R. Leaitch, A. M. Macdonald, G. A. Isaac, J . W . Strapp, and H. A. 
Wiebe, Sulphate production in summer cloud over Ontario, Canada, Tellus, 45B, 
368-390, 1993. 

Lohmann, U., and E. Roeckner, Design and performance of a new cloud microphysics 
scheme developed for the ECHAM general circulation model, Clim. Dyn., 12, 557-
572, 1996. 

Luke, W. T., R. R. Dickerson, W. F. Ryan, K. E. Pickering, and L. J. Nunnermacker, 
Tropospheric chemistry over the lower great plains of the United States, 2. Trace 
gas profiles and distributions, J. Geophys. Res., 97, 20647-20670, 1992. 

Maahs, H. G., Sulfur-dioxide/equilibria between O and 50°C: An examination of data at 
low concentrations, in Heterogeneous Atmospheric Chemistry, ed. D. R. Schryer, 
Geophys. Monogr. Ser., 26, 187-196, AGU, Washington, D. C., 1982. 

Macdonald, A. M., K. G. Anlauf, C. M. Banic, W.R. Leaitch, and H. A. Wiebe, Airborne 
measurements of aqueous and gaseous hydrogen peroxide during spring and summer 
in Ontario, Canada, J. Geophys. Res., 100, 7253-7262, 1995. 

Marshall, J . S., and W. M. Palmer, The distribution of raindrops with size, J. Appl. 
Meteorol., 5, 165-166, 1948. 

Martin , L. R., and D. E. Damschen, Aqueous oxidation of sulfur dioxide by hydrogen 
peroxide at low pH, Atmos. Environ., 15, 1615-1621, 1981. 

Martin, L. R., S02 , NO, and N02 Oxidation Mechanisms: Atmospheric Considerations, 
ed. Jack G. Calvert, 63:-101, Butterworth, London, 1984. 

Martin, L. R., and M. W . Hill, The iron catalyzed oxidation of sulfur: Reconciliation of 
the literature rates, Atmos. Environ., 21, 1487-1490, 1987. 

Mazin, I. P., The stochastic condensation and its effect on the formation of cloud droplet 
size distribution, Proc. Int. Conj. on Cloud Physics, Toronto, Canada, 67-71, 1968. 

Meyers, M. P., P. J . DeMott, and W. R. Cotton, New primary ice-nucleation parameteri-
zations in an explicit cloud model, J. Appl. Meteorol., 31, 708-721, 1992. 

Mitra, S. K., H. R. Pruppacher, and J . Brinkmann, A windtunnel study on the drop to 
particle conversion, J. Aerosol Sci., 23, 245-256, 1992. 

Miiller, F., and G. Mauersberger, Case study on -the interaction of size dependent multi-
p_hase chemistry and detailed microphysics, Atmos. Res., 32, 273-288, 1994. 



151 

Munger, J. W ., J. Collett Jr., B. C. Daube, and M. R. Hoffmann, Carboxylic acids and 
carbonyl compounds in southern California clouds and fogs, Tellus, 41B, 230-242, 
1989. 

Nakajima, T., M. D. King, J . D. Spinhirne, and L. F. Radke, Determination of the optical 
thicknefs and effective particle radius of clouds from reflected solar radiation mea-
suremer..ts . Part II: Marine stratocumulus observations, J. Atmos. Sci., 48, 728-750, 
1991. 

National Bureau of Standards, Selected values of chemical thermodynamic properties , 1. 
NBS TEch. Note U.S., 2701, 124pp., 1965. 

Noone, K. J., R. J. Charlson, D. S. Covert, J. A. Ogren, and J. Heintzenberg, Cloud 
droplets: Solute concentration is size dependent, J. Geophys. Res., 93, 9477- 9482, 
1988. 

Noonkester, V. R., Droplet spectra observed in marine stratus cloud layers, J. Atmos. Sci., 
41 , 829-844, 1984. 

Ogren, J. A., J . Heintzenberg, A. Zuber, K. J . Noone, and R. J. Charlson, Measurements of 
the size dependence of solute concentrations in cloud droplets, Tellus, 41B, 24-31, 
1989. 

Pandis, S. N. and J . H. Seinfeld, Sensitivity analysis of a chemical mechanism for aqueous-
phase atmospheric chemistry, J. Geophys. Res., 94, 1105-1126, 1989. 

Pandis, S. N., J . H. Seinfeld, and C. Pilinis, Chemical composition differences in fog and 
cloud droplets of different sizes, Atmos. Environ., 24A, 1957-1969, 1990. 

Patnaik, G., R.. H. Guirguis, J . P. Boris, and E. S. Oran, A barely implicit correction for 
flux-corrected transport, J. Comput. Phys., 71, 1-20, 1987. 

Penner, J . E ., R. J. Charlson, J . M. Hales, N. S. Laulainen, R. Leifer, T. Novakov, J. 
Ogren, L. F . Radke, S. E . Schwartz, and L. Travis, Quantifying and minimizing 
uncertainty of climate forcing by anthropogenic aerosols, Bull. Am. Meteorol. Soc., 
75 , 375-400, 1994. 

Perrin, D. D., Ionization Constants of Inorganic Acids and Bases in Aqueous Solution, 2nd 
ed., Pergamon, New York, 1982. 

Perry, K. D., and P. V. Hobbs, Further evidence for particle nucleation in clear air adjacent 
to marine cumulus clouds, J. Geophys. Res., 99, 22803-22818, 1994. 

Perry, K. D., a.nd P. V. Hobbs, Correction to Further evidence for particle nucleation in 
clear air adjacent to marine cumulus clouds, J. Geophys. Res., 100, 18929, 1995. 



152 

Perry, K. D., and P. V. Hobbs, Influences of isolated cumulus clouds on the humidity of 
,their surroundings, J. Atmos. Sci., 53, 159-174, 1996. 

Pickering, K. E., R. R. Dickerson, G. J . Huffman, J. F. Boatman, and A. Schanot, Trace 
gas transport in the vicinity of frontal convective clouds, J. Geophys. Res., 93, 
759-773, 1988. 

Pickering, K. E., A. M. Thompson, J . R. Scala, W. K. Tao, and J. Simpson, Ozone pro-
duction potential following convective redistribution of biomass burning emissions, 
J. Atmos. Chem., 14, 297-313, 1992. 

Pirjola, L., A. Laaksonen, P. Aalto, and M. Kulmala, Sulfate aerosol formation in the 
Arctic boundary layer, J. Geophys. Res., 103, 8309-8321, 1998. 

Pruppacher, H. R., and J . D. Klett, Microphysics of clouds and precipitation, 714 pp., D. 
Reidel, Norwell, Mass., 1978. 

Radke, L. F ., J . A. Coagley Jr., and M. D. King, Direct and remote sensing observations 
of the effects of ships on clouds, Science, 246, 1146-1149, 1989. 

Raes, F ., and R. V. Dingenen, Simulations of condensation and cloud condensation nuclei 
from biogenic SO2 in the remote marine boundary layer, J. Geophys. Res., 91, 
12901-12912, 1992. 

Raes, F ., A. S. Saltelli, and R. V. Dingenen, Modelling formation and growth of H2SO4 -

H2O aerosols : Uncertainty analysis and experimental evaluation, J. Aerosol. Sci., 
23, 759-771, 1992. 

Ramanathan, V., R. D. Cess, E. F. Harrison, P. Minnis, B. R. Barkstrom, E. Ahmad, 
and D. Haartmann, Cloud-radiative forcing and climate: Insights from the Earth 
Radiation Budget Experiment, Science, 243, 57-63, 1989. 

Randall, D. A., J . A. Coakley, Jr., C. W . Fairall, R. A. Kropfli, and D. H. Lenschow, 
Outlook for research on subtropical marine stratiform clouds, Bulletin of American 
Meteor. Soc., 65, 1290-1301, 1984. 

Randall, D. A., Simulation of seasonal cloud forcing anomalies, in Physical processes in 
atmospheric models, eds. Sikka, D. R. and Singh, S.S., 586 pp., John Wiley & Sons, 
Inc., New York, 1993. 

Rao, X., and J . L. Collett, Jr., Behavior of S(IV) and formaldehyde in a chemically het-
erogeneous cloud, Environ. Sci. Technol., 29, 1023-1031, 1995. 

Respondek, P. S. , A. I. Flossmann, R. R. Alheit, and H. R. Pruppacher, A theoretical study 
of the wet removal of atmospheric pollutants. Part V: The uptake, redistribution, 
and deposition of (NH4 )2SO4 by a convective cloud containing ice, J. Atmos. Sci., 
52, 2121-2132, 1995. 



153 

Roelofs, G. J. H., Drop size dependent sulfate distribution in a growing cloud, J. Atmos. 
Chem., 14, 109-118, 1992. 

Roelofs, G. J . El., A cloud chemistry sensitivity study and comparison of explicit and bulk 
cloud model performance, Atmos. Environ., 27 A, 2255-2264, 1993. 

Ruggaber, A., R. Dlugi, and T . Nakajima, Modelling radiation quantities and photolysis 
frequencies in the troposphere, J. Atmos. Chem., 18, 171-210, 1994. 

Sangster, J ., ar..d F. Lenzi, On the choice of methods for the prediction of the water-activity 
and activity coefficient for multicomponent aqueous solutions , The Canadian J. of 
Chemical Engineer. , 52, 392-396, 1974. 

Schwartz, S. E. , Mass-transport limitation to the rate of in-cloud oxidation of SO 2 : Re-
examination in the light of new data, Atmos. Environ., 22, 2491-2499, 1988. 

Seigneur, C., and P. Saxena, A study of atmospheric acid formation in different environ-
ments , Atmos. Environ., 18, 2109-2124, 1984. 

Seinfeld, J . H., Atmospheric Chemistry and Physics of Air Pollution, John Wiley & Sons, 
Inc., New York, 739pp, 1986. 

Seinfeld, J . H., and S. N. Pandis , Atmospheric Chemistry and Physics,, John Wiley & 
Sons, In.c ., New York, 1326pp, 1998. 

Siefert , R. L., S. M. Webb , and M. R. Hoffmann, Determination of photochemically avail-
able iron in ambient aerosols, J. Geophys. Res., 101, 14441-14449, 1996. 

Slingo, A., Sensitivity of the Earths radiation budget to changes in low clouds, Nature, 
343, 49-51, 1990. 

Smith, R. M., and A. E. Martell, Critical Stability Constants, Vol. 4: Inorganic Complexes, 
Plenum press, New York, 257pp, 1976. 

Shapiro, R. , Smoothing, filtering , and boundary effects , Rev. Geophys., 8, 359-387, 1970. 

Stephens, G. L., D. A. Randall, I. L. Wit meyer , D. A. Dazlich, and S. Tjemkes, The 
Earth's radiation budget and its rela ion to atmospheric hydrology. 3: Comparison 
of observations over the oceans with a GCM, J. Geophys. Res., 98, 4931-4950, 1993. 

Stevens, B., G. Feingold, W. R. Cotton, and R. L. Walko, Elements of the microphy.sical 
structure of numerically simulated stratocumulus, J. Atmos. Sci., 53, 980-1006, 
1996. 

Stevens, B., Or.. the dynamics of precipitating st ratocumul s, Ph.D . dissertation, 140 pp ., 
Colorado State University, Fort Collins, Colorado, USA, 1996. 



154 

Stockwell, W. R., and J . G. Calvert, The mechanism of the HO-SO2 reaction, Atmos. 
Environ., 17, 2231-2235, 1983. 

Strapp, J. W., W.R. Leaitch, K. G. Anlauf, J . W. Bottenheim, P. Joe, R. S. Schemenauer, 
H. A. Wiebe, G. A. Isaac, T . J . kelly, and P. H. Daum, Winter cloud water and air 
composition in central Ontario, J. Geophys. Res., 93, 3760-3772, 1988. 

Tang, I. N., and H. R. Munkelwitz, Water activities, densities, and refractive indices of 
aqueous sulfates and sodium nitrate droplets of atmospheric importance, J. Geo-
phys. Res., 99, 18801-18808, 1994. 

Taylor, G. R., Sulfate production and deposition in midlatitude continental cumulus clouds. 
Part I: Cloud model formulation and base rU:n analysis, J. Atmos. Sci., 46, 1971-
1990, 1989a. 

Taylor, G. R., Sulfate production and deposition in midlatitude continental cumulus clouds. 
Part II: Chemistry model formulation and sensitivity analysis, J. Atmos. Sci., 46, 
1991-2007, 1989b. 

Taylor, G. R., S. Kreidenweis, and Y. Zhang, The effects of clouds on aerosol and chemical 
species production and distribution: I. Cloud model dynamics and microphysics, J. 
Geophys. Res., 102, 23851- 23865, 1997. 

Taylor, K. E., and J . E. Penner, Response of the climate system to atmospheric aeros~ls 
and greenhouse gases, Nature, bf 369, 734-737, 1994. 

Thompson, A. M., and R. W. Stewart, Effect of chemical kinetics uncertainties on cal-
culated constituents in a tropospheric photochemical model, J. Geophys. Res., 
96,13089-13108, 1991. 

Thompson, A. M., M. A. Huntley, and R. W. Stewart, Perturbations to tropospheric 
oxidants, 1985-2035: 2. Calculations of hydrogen peroxide in chemically coherent 
regions, Atmos. Environ., 25A, 1837-1850, 1991. 

Twohy, C. H., P. H. Austin, and R. J . Charlson, Chemical consequences of the initial 
diffusional growth of cloud droplets : A clean marine case, Tellus, 41B, 51-60, 1989. 

Twomey, S., Pollution and the planetary albedo, Atmos. Environ., 8, 1251-1256, 1974. 

Twomey, S., The influence of pollution on the short wave albedo of clouds, J. Atmos. Sci., 
34, 1149-1152, 1977. 

Twomey, S., Aerosols, clouds and radiation, Atmos. Environ., 25A, 2435-2442, 1991. 

Walcek, C. J., and G. R. Taylor, A theoretical method for computing vertical distribution of 
acidity and sulfate production within cumulus clouds, J. Atmos. Sci., 43, 339-355, 
1986. 



155 

Walton, J. J ., M. C. MacCracken, and S. J. Ghan, Global scale Lagrangian trace species 
model of transport, transformation, and removal processes, J. Geophys. Res., 93, 
8339-8354, 1988. 

Wang, C., and J . S. Chang, A three-dimensional model of coud dynamics, microphysics, 
and chemistry 3. Redistribution of pollutants, J. Geophys. Res., 98, 16787-16798, 
1993a. 

Wang, C., and J. S. Chang, A three-dimensional model of coud dynamics, microphysics, 
and chemistry 4. Cloud chemistry and precipitation chemistry, J. Geophys. Res., 
98 , 16799-16808, 1993b. 

Wang, C. , and P. J . Crutzen, Impact of a simulated severe local storm on the redistribution 
of sulfur dioxide, J. Geophys. Res., 100, 11357-11367, 1995. 

Wang, C. , P. J . Crutzen, V. Ramanathan, and S. F. Williams, The role of a deep convective 
storm over the tropical pacific ocean in the redistribution of atmospheric chemical 
species, J. Geophys. Res. , 100, 11509-11516, 1995. 

Weber, R. J ., P. H. McMurry, F. L. Eisele, and D. J . Tanner, Measurement of expected 
nucleation precursor species and 3-500-nm diameter particles at Mauna Loa Obser-
vatory, Hawaii, J. Atmos. Sci., 52, 2242- 2257, 1995. 

Wexler, A. S., F . W. Lurmann, and J. H. Seinfeld, Modelling urban and regional aerosols-I. 
Model development, Atmos. Environ., 28, 531-546, 1994. 

Whitby, K. T ., The physical characteristics of sulfur aerosols, Atmos. Environ., 12 , 135-
159, 1978. 

Yin, F ., D. Grosjean, and J . H. Seinfeld, Photooxidation of dimethyl sulfide and dimethyl 
disulfide. I: Mechanism development, J. Atmos. Chem., 11, 309-364, 1990. 

Yuen, P.-F., D. A. Hegg, and T . V. Larson, The effects of in-cloud sulfate pro~uction 
on light-scattering properties of continental aerosol, J. Appl. Meteor., 33, 848-854, 
1994. 

Zhang, Y., S. M. Kreidenweis, and G. R. Taylor, The effects of clouds on aerosol and 
chemical species production and distribution: 3. Aerosol model description and 
sensitivity analysis, J. Atmos. Sci., 55, 921-939, 1998a. 

Zhang, Y., S. M. Kreidenweis, and G. Feingold, Stratocumulus processing of gases and 
cloud condensation nuclei: Part II: Chemistry sensitivity analysis, accepted by J. 
Geophys. Res., 1998b. 


	FACF_0661_Bluebook_0001
	FACF_0661_Bluebook_0002
	FACF_0661_Bluebook_0003
	FACF_0661_Bluebook_0004
	FACF_0661_Bluebook_0005
	FACF_0661_Bluebook_0006
	FACF_0661_Bluebook_0007
	FACF_0661_Bluebook_0008
	FACF_0661_Bluebook_0009
	FACF_0661_Bluebook_0010
	FACF_0661_Bluebook_0011
	FACF_0661_Bluebook_0012
	FACF_0661_Bluebook_0013
	FACF_0661_Bluebook_0014
	FACF_0661_Bluebook_0015
	FACF_0661_Bluebook_0016
	FACF_0661_Bluebook_0017
	FACF_0661_Bluebook_0018
	FACF_0661_Bluebook_0019
	FACF_0661_Bluebook_0020
	FACF_0661_Bluebook_0021
	FACF_0661_Bluebook_0022
	FACF_0661_Bluebook_0023
	FACF_0661_Bluebook_0024
	FACF_0661_Bluebook_0025
	FACF_0661_Bluebook_0026
	FACF_0661_Bluebook_0027
	FACF_0661_Bluebook_0028
	FACF_0661_Bluebook_0029
	FACF_0661_Bluebook_0030
	FACF_0661_Bluebook_0031
	FACF_0661_Bluebook_0032
	FACF_0661_Bluebook_0033
	FACF_0661_Bluebook_0034
	FACF_0661_Bluebook_0035
	FACF_0661_Bluebook_0036
	FACF_0661_Bluebook_0037
	FACF_0661_Bluebook_0038
	FACF_0661_Bluebook_0039
	FACF_0661_Bluebook_0040
	FACF_0661_Bluebook_0041
	FACF_0661_Bluebook_0042
	FACF_0661_Bluebook_0043
	FACF_0661_Bluebook_0044
	FACF_0661_Bluebook_0045
	FACF_0661_Bluebook_0046
	FACF_0661_Bluebook_0047
	FACF_0661_Bluebook_0048
	FACF_0661_Bluebook_0049
	FACF_0661_Bluebook_0050
	FACF_0661_Bluebook_0051
	FACF_0661_Bluebook_0052
	FACF_0661_Bluebook_0053
	FACF_0661_Bluebook_0054
	FACF_0661_Bluebook_0055
	FACF_0661_Bluebook_0056
	FACF_0661_Bluebook_0057
	FACF_0661_Bluebook_0058
	FACF_0661_Bluebook_0059
	FACF_0661_Bluebook_0060
	FACF_0661_Bluebook_0061
	FACF_0661_Bluebook_0062
	FACF_0661_Bluebook_0063
	FACF_0661_Bluebook_0064
	FACF_0661_Bluebook_0065
	FACF_0661_Bluebook_0066
	FACF_0661_Bluebook_0067
	FACF_0661_Bluebook_0068
	FACF_0661_Bluebook_0069
	FACF_0661_Bluebook_0070
	FACF_0661_Bluebook_0071
	FACF_0661_Bluebook_0072
	FACF_0661_Bluebook_0073
	FACF_0661_Bluebook_0074
	FACF_0661_Bluebook_0075
	FACF_0661_Bluebook_0076
	FACF_0661_Bluebook_0077
	FACF_0661_Bluebook_0078
	FACF_0661_Bluebook_0079
	FACF_0661_Bluebook_0080
	FACF_0661_Bluebook_0081
	FACF_0661_Bluebook_0082
	FACF_0661_Bluebook_0083
	FACF_0661_Bluebook_0084
	FACF_0661_Bluebook_0085
	FACF_0661_Bluebook_0086
	FACF_0661_Bluebook_0087
	FACF_0661_Bluebook_0088
	FACF_0661_Bluebook_0089
	FACF_0661_Bluebook_0090
	FACF_0661_Bluebook_0091
	FACF_0661_Bluebook_0092
	FACF_0661_Bluebook_0093
	FACF_0661_Bluebook_0094
	FACF_0661_Bluebook_0095
	FACF_0661_Bluebook_0096
	FACF_0661_Bluebook_0097
	FACF_0661_Bluebook_0098
	FACF_0661_Bluebook_0099
	FACF_0661_Bluebook_0100
	FACF_0661_Bluebook_0101
	FACF_0661_Bluebook_0102
	FACF_0661_Bluebook_0103
	FACF_0661_Bluebook_0104
	FACF_0661_Bluebook_0105
	FACF_0661_Bluebook_0106
	FACF_0661_Bluebook_0107
	FACF_0661_Bluebook_0108
	FACF_0661_Bluebook_0109
	FACF_0661_Bluebook_0110
	FACF_0661_Bluebook_0111
	FACF_0661_Bluebook_0112
	FACF_0661_Bluebook_0113
	FACF_0661_Bluebook_0114
	FACF_0661_Bluebook_0115
	FACF_0661_Bluebook_0116
	FACF_0661_Bluebook_0117
	FACF_0661_Bluebook_0118
	FACF_0661_Bluebook_0119
	FACF_0661_Bluebook_0120
	FACF_0661_Bluebook_0121
	FACF_0661_Bluebook_0122
	FACF_0661_Bluebook_0123
	FACF_0661_Bluebook_0124
	FACF_0661_Bluebook_0125
	FACF_0661_Bluebook_0126
	FACF_0661_Bluebook_0127
	FACF_0661_Bluebook_0128
	FACF_0661_Bluebook_0129
	FACF_0661_Bluebook_0130
	FACF_0661_Bluebook_0131
	FACF_0661_Bluebook_0132
	FACF_0661_Bluebook_0133
	FACF_0661_Bluebook_0134
	FACF_0661_Bluebook_0135
	FACF_0661_Bluebook_0136
	FACF_0661_Bluebook_0137
	FACF_0661_Bluebook_0138
	FACF_0661_Bluebook_0139
	FACF_0661_Bluebook_0140
	FACF_0661_Bluebook_0141
	FACF_0661_Bluebook_0142
	FACF_0661_Bluebook_0143
	FACF_0661_Bluebook_0144
	FACF_0661_Bluebook_0145
	FACF_0661_Bluebook_0146
	FACF_0661_Bluebook_0147
	FACF_0661_Bluebook_0148
	FACF_0661_Bluebook_0149
	FACF_0661_Bluebook_0150
	FACF_0661_Bluebook_0151
	FACF_0661_Bluebook_0152
	FACF_0661_Bluebook_0153
	FACF_0661_Bluebook_0154
	FACF_0661_Bluebook_0155
	FACF_0661_Bluebook_0156
	FACF_0661_Bluebook_0157
	FACF_0661_Bluebook_0158
	FACF_0661_Bluebook_0159
	FACF_0661_Bluebook_0160
	FACF_0661_Bluebook_0161
	FACF_0661_Bluebook_0162
	FACF_0661_Bluebook_0163
	FACF_0661_Bluebook_0164
	FACF_0661_Bluebook_0165
	FACF_0661_Bluebook_0166
	FACF_0661_Bluebook_0167

