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Abstract.  The cloud condensation nuclei concentrations predicted by global aerosol models 

are sensitive to how the new particle formation in sub-grid anthropogenic SO2 plumes is 

parameterized. Using a state-of-the-art kinetic nucleation model, we carried out two case studies 

to investigate the large difference in the number concentrations of ultrafine particles observed in 

the plumes from the Horne smelter: one in the summer and the other in the winter. Our model 

predicted particle number concentrations are in good agreement with observations for both cases, 

showing that the particle formation in the Horne smelter plumes is dominated by binary 

homogeneous nucleation (BHN) in the winter case and by ion-mediated nucleation (IMN) in the 

summer case. Further sensitivity studies reveal significant diurnal and seasonal variations of 

sulfate particle formation in the anthropogenic SO2 plume, mainly associated with the 

corresponding variations of two key parameters − hydroxyl radical concentration ([OH]) and 

temperature. Nucleation in the plume is negligible at night because of very low [OH]. The BHN 

is significant when [OH] is relatively high or temperature is relatively low, and it is generally 

limited to the fresh plumes (within ~ 15 km from source), but it can generate very high number 

concentrations of ultrafine particles (peak values as high as 105 - 106 cm-3) under favorable 

conditions. The IMN generally dominates nucleation in the plume when [OH] is relatively low or 

temperature is relatively high, and it extends from fresh plume to more aged plume and produces 

2-3×104 cm-3 of nucleated particles. The implications of the results are discussed. 
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Introduction 

The aerosol indirect radiative forcing, the most important source of uncertainties in assessing 

climate change (1), is largely determined by the number abundance of particles that can act as 

cloud condensation nuclei (CCN). At a given water supersaturation ratio, CCN number 

concentrations depend on the number size distribution and composition of atmospheric particles. 

Aerosol particles appear in the troposphere due to either in-situ nucleation (i.e, secondary 

particles) or direct emissions (i.e., primary particles). Most of the recent global aerosol 

simulations assume that 0-5% of anthropogenic sulfur specie is emitted as sulfuric acid or sulfate 

and the rest is emitted as SO2 (2-7). While this fraction of sulfate mass (fSO4) is called “primary 

sulfate”, it is actually secondary in nature because it is used to account for the sub-grid SO2 

oxidation and new particle formation. The above-mentioned global aerosol simulations show that 

the simulated tropospheric CCN abundance is sensitive to the parameterization of the new 

particle formation in sub-grid SO2 plumes (especially in the source regions), and thus it is 

important to reduce the uncertainties in this parameterization.  

Sulfur emission from power plants and smelters is a dominant anthropogenic sulfur source. 

Thorough airborne sampling of the SO2 to sulfate conversion rate (rsc) and sulfate particle 

formation in plumes from coal-fired power plants and smelters was undertaken in the late 1970s 

and early 1980s. Measurements reported by Wilson and McMurry (8) indicate that the formation 

of sulfate particles in the power plant plume depends strongly upon the time of day with none 

observed in plume parcels which were not exposed to sunlight. Wilson (9) reviewed 

measurements collected in twelve power plant and smelter plumes in Australia, Canada and the 

U.S., during warm and cold seasons, and during days and nights. In spite of the wide 

geographical, seasonal, background and source variations, Wilson (9) showed a distinct 
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difference in the observed day and night rsc. The variability is significantly less for plumes with 

similar exposure to sunlight dose (9), which is consistent with the fact that the dominant route of 

oxidation of SO2 in the gas phase is the reaction with the hydroxyl radical (OH) (10, 11). 

Depending on the OH concentration ([OH]), rsc can vary from << 1%/hr to ~ 10%/hr (11). It is 

clear that the fractions of sulfur converted to sulfate during the sub-grid plume dilution (fSO4 = 

rsc×Δt) depend on [OH] and have clear diurnal variations. Sulfate particle formation in power 

plant and smelter plumes has been characterized in a number of more recent field measurements 

(12-15). Banic et al. (15) showed that the number concentration of ultrafine particles formed in 

the same smelter plume differs significantly in winter and summer.  

In addition to fSO4, the concentrations and sizes of nucleated particles in sub-grid 

anthropogenic sulfur plumes are also expected to vary significantly. The mass of primary sulfate, 

calculated from fSO4 and the sulfur emission rate at a given grid box, is generally distributed into 

two lognormal modes with the geometric mean diameters (dg) and standard deviations (σg) of 10 

nm and 1.6 for nucleation mode and 70 nm and 2.0 for condensation mode (16). As it has been 

pointed out in Yu and Luo (7), most of the global aerosol studies assume that 15% of primary 

sulfate mass is emitted into the nucleation mode (i.e., fnucl= 15%), while the rest is partitioned 

into the condensation or accumulation mode. However, the reference cited in these studies (16-

17) showed that fnucl is 5% (instead of widely used 15%) while the remaining of sulfate (formed 

in sub-grid SO2 plumes) condenses directly onto existing particles. Whitby et al. (16) derived the 

typical values of dg and σg, as well as fnucl from limited measurements obtained in the Labadie 

power plant plume near St. Louis, Missouri in 1976. It is clear that one can expect large 

uncertainties in these parameters. Actually, Whitby et al. (16) showed that fnucl derived from 

measurements obtained in eight different plume crossings range from 1% to 9%. It should be 
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noted that the primary sulfate mass from the power plant is distributed into a log-normal mode 

with dg=500 nm and σg=2.0 in AeroCom inventory (18) but the physics or reason behind such an 

assumption is unclear.   

As far as we know, all the existing global aerosol studies assume a fixed fSO4, fnucl, dg and σg 

for the whole simulation period over the whole globe (i.e., no diurnal, seasonal, and spatial 

variations). Such an overly simplified representation of the sub-grid new particle formation is 

likely to significantly over-predict the new particle formation in the local night time and lead to 

large uncertainties in the spatiotemporal variations of predicted ultrafine particle number 

concentration and CCN abundance. The main objective of this study is to improve our 

understanding of the diurnal and seasonal variations of ultrafine sulfate particle formation in 

power plant/smelter plumes through case and sensitivity studies. Such an understanding is 

critical to improve the representation of sub-grid plume scale nucleation process and thus reduce 

the uncertainties in the regional and global simulations of aerosol number abundance that is 

important for the assessment of aerosol climatic and health impacts.  

 
Methodology  

We employ the most recent version of kinetic ion-mediated nucleation (IMN) model (19) 

which is suitable for simulating the particle formation and evolution in diluting plumes, where 

key parameters are changing. The IMN model contains binary homogeneous nucleation (BHN) 

and it reduces to BHN when ion concentration is set to zero or when nucleation rate is much 

larger than the ionization rate. The IMN model explicitly solves particle condensation growth 

and coagulation (including the scavenging of freshly nucleated nanometer size particles by pre-

existing particles) (19). In the past, the kinetic IMN model has been successfully applied to study 

particle formation and evolution in the plumes of aircraft exhaust and vehicular exhaust (20, 21). 
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There are five key parameters controlling new particle formation rate via IMN (22): sulfuric acid 

vapor concentration ([H2SO4]), temperature (T), relative humidity (RH), ionization rate (Q), and 

surface area of background particles (SB).  [H2SO4] in the power plant plumes depend on SO2 

concentration ([SO2]), [OH], SB, and plume dilution.  

To simplify the problem, we treat the plume exhaust as a perturbed parcel of air subject to 

dilution through mixing with ambient environment. The IMN model is a kinetic particle 

formation and evolution model, and we run it as a box model along the trajectory of expanding 

plume in an approach similar to previous simulations of particle evolution in aircraft plumes 

(20). The dilution of the exhaust is represented as an increase in the cross-sectional area of the 

plume by various mixing processes, and all of the constituents in the plume are assumed to be 

uniformly mixed instantaneously across the entire cross section. While this approximation is 

obviously crude, it may be rationalized as representing the bulk mean properties of the plume 

(20). The plume dilution rate depends on the wind speed and boundary layer stability. There 

exist a number of approaches to calculate plume dispersion process (23). One key consideration 

is to specify the horizontal and vertical standard deviations (m) of the Gaussian distribution σy 

and σz. In this study, we calculate σy and σz based on MESOPUFF II stability-dependent 

dispersion curves (23):  

 

 

where ay, by, az, and bz are the coefficients that depend on the Pasquill-Gifford-Turner (PGT) 

stability class (Table 2-8 in ref. 23). x is the downwind distance.  

The initial [SO2] can be calculated based on SO2 emission rate (kg SO2/hr), initial plume 

cross section area, and wind speed. Apparently [SO2] in different plumes is expected to vary 
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significantly due to difference in SO2 source rate and initial plume cross section and dispersion 

rate. The conversion of SO2 into sulfuric acid is calculated based on the reactions of SO2 with 

OH. It should be noted that [OH] in the concentrated plume stages (plume age ~ 10 s) is 

generally 2-3 orders of magnitudes lower than those in the background air because the depletion 

of ozone near the source region (24-26). [OH] in the plume approaches to [OH]amb around plume 

age of 300 – 600 s. To take into account of this, we use the plume age dependent [OH] profile 

given in Cocks and Fletcher (24) to scale the [OH] in the fresh plume. Since SO2 together with 

[OH] determine the H2SO4 production rate, the impact of [SO2] variations on nucleation at fixed 

OH can be seen from the impact of [OH] variations at fixed [SO2]. 

 
Results and Discussion  

It is apparent from previous section that many parameters controlling new particle formation 

in power plant or smelter plumes can have large spatial and temporal variations. The focus of the 

present study is on the impact of two key parameters controlling the diurnal and seasonal 

variations of sulfate particle formation in the power plant plume: [OH] and T.  

Simulations and Comparisons with Measurements: Case Studies. We first carry out case 

studies of two flight measurements taken in the plumes from the Horne smelter (one in summer – 

7/28/2000 and the other in winter – 2/19/2000, ref. 15), aiming to understand the observed large 

difference in the number concentrations of ultrafine particles formed in two different seasons. 

The sulfur emission rate for the Horne smelter is taken from Savard et al. (27). The metrological 

parameters (T, RH, and wind speed V), and ambient [OH] and surface area of background 

particles (SB) needed for the plume simulations are based on GEOS-Chem simulations (7). 

GEOS-Chem uses assimilated meteorological data from the NASA Goddard Earth Observing 

System and contains many state-of-the-art modules treating various chemical and particle 
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processes (28-30). The values of T, RH, V, [OH], and SB in the Horne smelter region during the 

periods when measurements were taken (15) are 293 K, 65%, 5 m/s, 2×106 cm-3, and 140 

μm2cm-3  respectively on 7/28/2000 (summer case) and 267 K, 78%, 7.5 m/s, 106 cm-3, and 150 

μm2cm-3 respectively on 2/19/2000 (winter case). The values of T, RH, and V for the two periods 

are overall consistent with the meteorology data in the region archived at weather underground 

(http://www.wunderground.com). Based on assumed size distributions of pre-existing particles 

(see Section 2), SB values of 140–150 μm2cm-3 give total particle number concentration of ~ 

2400 cm-3, consistent with several thousand per cm3 of background particles observed in the 

upper wind (15). The ionization rate is assumed to be 10 ion-pairs cm-3s-1 (31). The background 

aerosol is assumed to have a bimodal log-normal distribution with mean dry diameter and 

standard deviation of d1=60 nm, σ1=1.6 and d2=200 nm, σ2=1.8. The ratio of total number 

concentration of mode 1 (N1) to that of mode 2 (N2) is assumed to be 100:3 and the exact values 

of N1 and N2 are determined based on assumed SB values. Initial primary particles from 

combustion (at plume age = 0) are assumed to have a bimodal log-normal distribution with 

N1=106 cm-3, d1=100 nm, σ1=1.6 and N2=104 cm-3, d2=1000 nm, σ2=1.8 (32), which gives a total 

surface area of ~ 105 μm2 cm-3. The influence of uncertainties in the assumed ionization rates, 

size distributions of background particles and initial plume particles on simulated results is 

assessed in Supporting Information. 

Figures 1 and 2 show [SO2], [H2SO4], number concentrations of condensation nuclei with 

diameter larger than 3 nm (CN3) and 15 nm (CN15), and particle number size distributions as a 

function of plume distances from source (x), simulated with the kinetic IMN model for the two 

study cases. For comparisons, the observed SO2 concentrations for the winter case and the 

observed CN15 for both winter and summer case (estimated from Figs. 3 & 4 in ref. 15) are also 
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marked in Figs. 1a and 1b. No measured values of [SO2] for the summer case were reported in 

Banic et al. (15). It is clear that the simulated [SO2] for the winter case is consistent with 

measurements at x=10 km and 20 km, suggesting that plume dilution parameterization is 

reasonable. [SO2] in the summer case is a factor of ~ 1.5 higher than that in the winter case 

because of lower wind speed. The particle number concentration in the plume near the source is 

higher due to emission of primary particles but drops to ambient level within a distance of ~ 3 

km from source because of dilution. As a result of higher [SO2] and [OH] and thus H2SO4 

production rate, [H2SO4] is a factor of ~ 3 higher in the summer case. However, nucleation is 

much stronger in the winter case due to the lower temperature. In the winter case, the peak value 

of CN3 reaches 1.7x105 cm-3 at x= ~ 8 km and then decreases gradually as a result of dilution 

and coagulation. In the summer case, CN3 reaches ~2×104 cm-3 at x= ~5 km and thereafter 

slightly increases with plume age despite dilution, indicating continuous particle nucleation and 

growth in the plume (also see Fig. 2b). It is clear from Fig. 1 that the predicted CN15 agrees 

quite well with observations for both seasons and our model captures the large difference in the 

observed CN15 between the two seasons. Our model simulations confirm the significant new 

particle formation in the smelter plume and total particle number concentrations in the plume can 

exceed that of background by a factor of ~ 10 or more. 

The relative contribution of BHN and IMN to the particles formed in the SO2 plumes can be 

determined by setting the ionization rate to zero (see Fig. S1 in Supporting Information). For the 

two case studies shown in Figs. 1 and 2, our analysis indicates that the particle formation is 

dominated by BHN in the winter case while it is dominated by IMN in the summer case. In the 

winter case, the peak nucleation rate can reach up to ~ 700 cm-3s-1 at x= ~6 km because of lower 

T and these nucleated particles grow to ~ 10 nm at x=10 km (Fig. 2a). In the summer case, the 
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particle growth rate is larger because of higher [H2SO4] and the new particles formed near source 

(x<~ 10 km) can grow to ~ 40 nm (Fig. 2b). At x>10 km, nucleation continues (mainly via IMN) 

in both cases. Most of the new particles formed at x>10 km in the winter case are scavenged by 

the large concentration of particles nucleated at x<10 km. In contrast, in the summer case, most 

of the particles formed at x>10 km grow to a size of ~ 10 nm and these particles dominate the 

total particle number concentration at x=30 km (Fig. 2b). Figure 2 shows that the nucleation 

mode particles at x=30 km in both cases have median sizes of ~ 15 nm, slightly larger than the 

widely used parameterization (dg = 10 nm) given by Whitby et al. (16). It is also clear from Fig. 

2 that the nucleation mode particle size distributions change as the plume evolves, and the total 

number concentration and standard deviation of nucleation mode particles differ significantly for 

the winter and summer cases.  

It should be noted that the case study simulations shown in Figs. 1 and 2 are subject to some 

uncertainties associated with the assumed values of some input parameters such as ionization 

rates, size distributions of background particles and initial plume particles (Supporting 

Information). Nevertheless, these uncertainties do not affect our conclusion about the dominance 

of IMN in the summer case and BHN in the winter case. While SO2 oxidation rate and hence 

H2SO4 concentration are lower in the winter case, BHN leads to very high nucleation rate as a 

result of low temperature which explains why the particle number concentrations observed in the 

plumes from the Horne smelter in the winter season are much larger than those in the summer 

case.  

Diurnal and Seasonal Variations: Sensitivity Studies. In the two case study simulations 

shown in Figs. 1 and 2, the [OH] values are close to the peak values during the day. As we 

pointed out in the Introduction, observations indicate that sulfate particle formation in 
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anthropogenic SO2 plumes clearly have diurnal variations. [OH], the key factor controlling the 

observed diurnal variations, also have large spatial variations and peak [OH] concentration can 

exceed 1×107 cm-3 at low latitudes. We have carried out sensitivity studies to investigate the 

impact of [OH] values on formation and properties of sulfate particles in anthropogenic SO2 

plume. Figure 3 shows the predicted CN3 as a function of distance from source (Figs. 3a, 3c) and 

particle size distributions at x=30 km (Figs. 3b, 3d) under nine [OH] values range from 104 – 107 

cm-3 and two temperatures (267 K and 293 K). To isolate the effect of T, all other parameters 

(RH, wind speed, SB, etc.) are assumed to be the same for the simulations shown in Figs. 3a-b 

and Figs. 3c-d.  

As expected, [OH] has strong impact on new particle formation in SO2 plume, not only on 

the total number concentrations but also on the sizes of nucleated particles. The impact of T can 

also clearly seen by comparing Figs.3a-b with Figs. 3c-d. Under the assumed conditions, 

nucleation in the plume is negligible when [OH] < ~ 104 cm-3 at T=267 K and when [OH] < 

~3×104 cm-3 at T=293 K. A substantial amount of new particles are formed when [OH]>~ 105 

cm-3. IMN generally dominates and produces up to ~2-3×104 cm-3 of particles when 

[OH]<~5×105 cm-3 at T=267 K and when [OH]<~5×106 cm-3  at T=293 K.  BHN becomes 

significant at high [OH] and levels of [OH] for BHN to be important depend on T. At T=267 K 

(representing winter condition), BHN can generate large amounts of ultrafine particles when 

[OH]>~5×105 cm-3, with peak concentrations reaching 105-106 cm-3 in the plume within a 

distance of ~ 15 km from source. At T=293 K (representing summer condition), BHN becomes 

important when [OH]>~5×106 cm-3, but the degree of nucleation strength is much less than at 

lower T. BHN is generally limited to the relatively fresh plumes (within ~ 15 km from source) 

while IMN continues in the aged plumes, resulting in a bimodal size distribution of nucleated 
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particles (Figs. 3b and 3d). The nucleated particles of larger modes in Figs. 3b (dg> ~ 10 nm) and 

3d (dg>~ 30 nm) are mainly from BHN (nucleated earlier and have more time to grow) while 

those of smaller mode are resulted from IMN.  

Our case and sensitivity studies show clear diurnal and seasonal variations of new particle 

formation in anthropogenic SO2 plumes, mainly as a result of variations in [OH] and T. While 

other parameters (such as RH, SO2 emission rate, wind speed, mixing process, and surface area 

of pre-existing particles) will also affect particle formation in the SO2 plumes, their contributions 

to the diurnal and seasonal variations are expected to be relatively small.  In a given SO2 plume, 

night time nucleation in the SO2 plume is negligible because of very low [OH], and day time 

nucleation strength depends on [OH] and T. The IMN generally dominates nucleation in the 

plume when [OH] is relatively low and T is relatively high, and it can last for several hours and 

generate 2-3×104 cm-3 of nucleated particles. The BHN can become significant when [OH] is 

relatively high and T is relatively low, and it is generally limited to the relatively fresh plumes 

(within ~ 15 km from source) but it can generate very high concentrations of ultrafine particles 

(peak values as high as 105-106 cm-3) under certain conditions. The relative and absolute 

contributions of BHN and IMN to new particles formed in the SO2 plume mainly depend on T 

and [H2SO4], with the latter controlled by [OH], [SO2], and surface area of pre-existing particles 

in the plume. It should be noted that BHN may become dominant in the summer and IMN in the 

winter under certain conditions. 

Implications. The key processes and parameters controlling the formation and properties of 

nucleated particles in the anthropogenic SO2 plumes are poorly understood. The diurnal and 

seasonal variations of ultrafine sulfate particle formation in power plant/smelter plumes are 

investigated in the present study, with a state-of-the-art kinetic nucleation model. Our results 
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show that the BHN, while is generally unimportant to particle formation in the ambient 

atmosphere, can lead to very large concentrations (> 105 cm-3) of ultrafine particles in relatively 

fresh anthropogenic SO2 plumes under suitable conditions (low T, high [OH]). It should be noted 

that the BHN component of the IMN model, on which the current research is based, is 

constrained by multiple independent laboratory data sets and has much smaller uncertainty 

compared to previous BHN models (33). Ammonia and certain organic species are known to be 

able to enhance the BHN and it remains to be investigated how much these species can enhance 

nucleation in anthropogenic SO2 plumes. More comparisons of theoretical predictions with 

detailed measurements are needed to further advance our understanding of nucleation process in 

anthropogenic SO2 plumes.  

Our case and sensitivity studies indicate that the concentrations and sizes of ultrafine sulfate 

particles formed in the anthropogenic SO2 plumes have large temporal (diurnal and seasonal) and 

spatial variations. Previous global aerosol studies assuming fixed (i.e., no spatiotemporal 

variations) parameterizations of sub-grid new particle formation in the anthropogenic SO2 plume 

are subject to large uncertainties in the predicted ultrafine particle number concentration and 

CCN abundance near source regions. Further research is needed to develop suitable 

parameterization of sub-grid plume scale new particle formation which considers its 

spatiotemporal variations. Application of such parameterization is necessary to improve the 

ability of the regional and global size-resolved aerosol models in predicting the spatiotemporal 

variations of aerosol number concentration and CCN abundance, which is important for 

assessing aerosol climatic and health impacts.  
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Supporting Information Available 

Table S1 contains the values assumed in the baseline and sensitivity study cases for the 

following parameters: surface area of background aerosol, the ratio of the total number 

concentration of mode 1 to that of mode 2 of background aerosol, surface area of initial particles 

in the plume, and ionization rate.  Figure S1 shows the influence of uncertainties in the above 

mentioned parameters on the simulated evolution of particle number concentrations in the SO2 

plume from the Horne smelter: one in summer and the other in winter. This material is available 

free of charge via the Internet at http://pubs.acs.org. 
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Figure Captions: 

Figure 1. Simulated evolution (lines) of [SO2], [H2SO4], and number concentrations of 

condensation nuclei with diameter larger than 3 nm (CN3) and 15 nm (CN15) in the SO2 plume 

from the Horne smelter in two different seasons: one in summer (7/28/2000) and the other in 

winter (2/19/2000).  The symbols are the observed SO2 concentrations for the winter case and the 

observed CN15 for both winter and summer case (estimated from Figs. 3 & 4 in ref. 15).   

 

Figure 2. Simulated evolution of particle number size distributions for the two cases shown in 

Figure 1. 

 

Figure 3. Predicted CN3 as a function of distance from source (a, c), and particle size 

distributions at x=30 km (b, d) under nine [OH] value ranges and two temperatures (267 K and 

293 K). All other parameters (wind speed, relative humidity, etc.) are assumed to be the same. 
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Yu, Figure 1 
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Yu, Figure 2 
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Yu, Figure 3 
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The diurnal and seasonal variations of ultrafine sulfate particle formation in power plant/smelter 

plumes are investigated numerically through case and sensitivity studies. 
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