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Abstract

:

Recent observational studies suggest that nucleation-scavenging is the principal path to removing black carbon-containing aerosol from the atmosphere, thus affecting black carbon’s lifetime and radiative forcing. Modeling the process of nucleation-scavenging is challenging, since black carbon (BC) forms complex internal mixtures with other aerosol species. Here, we examined the impacts of black carbon mixing state on nucleation scavenging using the particle-resolved aerosol model PartMC-MOSAIC. This modeling approach has the unique advantage that complex aerosol mixing states can be represented on a per-particle level. For a scenario library that comprised hundreds of diverse aerosol populations, we quantified nucleation-scavenged BC mass fractions. Consistent with measurements, these vary widely, depending on the amount of BC, the amount of coating and coating material, as well as the environmental supersaturation. We quantified the error in the nucleation-scavenged black carbon mass fraction introduced when assuming an internally mixed distribution, and determined its bounds depending on environmental supersaturation and on the aerosol mixing state index   χ  . For a given   χ   value, the error decreased at higher supersaturations. For more externally mixed populations (   χ < 20   %), the nucleation-scavenged BC mass fraction could be overestimated by more than 1000% at supersaturations of 0.1%, while for more internally mixed populations (   χ > 75   %), the error was below 100% for the range of supersaturations (from 0.02% to 1%) investigated here. Accounting for black carbon mixing state and knowledge of the supersaturation of the environment are crucial when determining the amount of black carbon that can be incorporated into clouds.
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1. Introduction


Black-carbon-containing aerosol particles are emitted from the combustion of fossil fuel, biomass, and biofuel [1,2,3,4,5]. As one of the most important types of absorbing aerosol, black carbon (BC) exerts a multitude of impacts on the climate system [5], ranging from the local to the regional and global scales. BC-containing aerosols modify the radiative budget directly by scattering and absorbing solar radiation, and indirectly by modifying cloud microphysical properties. Owing to their ability to absorb solar radiation, BC-containing aerosols can heat the surrounding atmosphere and desiccate clouds when present as interstitial aerosol [6,7,8,9] or when residing inside cloud droplets after serving as cloud condensation nuclei [10,11]. Furthermore, they modify the snow albedo [12] after being deposited on Arctic snow after long-range transport [13], and warm the atmosphere where they reside, hence altering the local stability of the atmosphere [14]. This subsequently promotes accumulation of pollutants and impacts local air quality [15].



BC is one of the short-lived climate forcers, and it has been suggested that reducing BC emissions will mitigate global warming, at least temporarily [16,17,18]. According to [5], the best estimate of BC forcing including all forcing mechanisms is    + 0.71       W   m  − 2      with 90% uncertainty bounds from    + 0.17       W   m  − 2      to    + 2.1       W   m  − 2      [5]. Ref. [5] attributes this substantial uncertainty range to the lack of knowledge of cloud interactions with both black carbon and co-emitted organic carbon, which motivates this study. The climate impacts of BC are determined by its atmospheric burden as well as its spatial and temporal distributions. These, in turn, are governed by the amount of emissions, the transport, and the removal from the atmosphere. Recent measurements by [19,20] indicated that nucleation-scavenging of BC-containing aerosols is the major removal pathway of BC from the atmosphere. Nucleation-scavenging is the process of aerosol particles acting as cloud condensation nuclei (CCN), being thus incorporated into cloud droplets. This leads to their removal if the cloud precipitates. It is important to note that, in general, clouds disperse several times before they indeed precipitate, hence nucleation-scavenging does not necessarily lead directly to the removal of aerosol.



Freshly emitted BC-containing particles, which usually do not contain hygroscopic material, require a high environmental supersaturation to activate [21]. This makes them poor CCN. However, their CCN activity can increase during transport in the atmosphere [20]. The processes contributing to the increase in CCN activity includes condensation of secondary aerosol outside cloud droplets, the addition of hygroscopic mass as a result of aqueous-phase chemistry within cloud droplets, coagulation with more hygroscopic particles, and heterogeneous oxidation reactions. The processes included in this study are the formation of secondary aerosol (gas-to-particle conversion) and coagulation.



Indeed, previous measurements of nucleation-scavenged BC mass fractions cover the entire range from practically zero to 100%, and vary with the environment where the measurements were taken. Some of these studies are compiled in Table 1, which is based on the studies by [22,23]. Note that most of the studies listed reported scavenging fractions based on bulk mass measurements, and the particle size ranges may differ between the studies.



Here, we investigate the question of what role aerosol mixing state plays in determining how much black carbon is incorporated into cloud droplets. We are using the term “aerosol mixing state” here in the sense of Winkler [31], who defined it as the distribution of chemical compounds over the particle population.



The evolution of mixing state is challenging to represent in aerosol models that use sectional or modal approaches. This is owing to their inherent assumption that particles within modes or size bins have the same composition. Here, we use a particle-resolved model to simulate the evolution of an aging aerosol population. The unique advantage of this approach is that the composition of each individual particle is tracked over time, and hence there are no approximating assumptions about mixing state.



Earlier particle-resolved modeling studies by [32] showed that the CCN activity of BC-containing aerosol can increase substantially after emission, either because hygroscopic species condense on the BC-containing particles, or because the BC-containing particles coagulate with other, more hygroscopic particles. Ref. [32] further concluded that the BC mixing state is an important factor for determining the CCN activation properties of BC, and neglecting realistic mixing state information leads to significant errors in the BC mass fraction that can undergo nucleation-scavenging [32,33,34]. Building on our studies [32,33,34], in this work, we quantified the BC mass fraction that can be incorporated into cloud droplets by nucleation-scavenging for a wide range of scenarios, and determined the error that is introduced by assuming internal mixture. This approximates the assumptions made in state-of-the-art regional and global models. Our aim was to understand how this error is related to aerosol mixing state, expressed in terms of the mixing state index   χ  , and how this relationship depends on the environmental supersaturation at which the nucleation-scavenged mass fraction was evaluated.




2. Methodology


2.1. PartMC-MOSAIC: A Particle-Resolved Approach to Simulated Aerosol Dynamics and Chemistry


In this study, we applied the particle-resolved model PartMC-MOSAIC (Particle Monte Carlo [35]-Model for Simulating Aerosol Interactions and Chemistry, [36]), which simulates the composition evolution of individual particles in an aerosol population within a well-mixed volume in the atmosphere. A detailed model description of PartMC-MOSAIC is provided in [35]. Here, we give a brief summary.



The PartMC module uses a stochastic Monte Carlo sampling model to handle Brownian coagulation among particles, particle emission into the volume, and the mixing of particles with background atmosphere. PartMC is coupled to the aerosol chemistry module MOSAIC [36] to simulate gas phase chemistry (CBM-Z [37]), gas-particle partitioning, and aerosol thermodynamics. The CBM-Z gas phase mechanism includes a total of 77 gas phase species. The aerosol species treated in MOSAIC are sulfate, nitrate, ammonium, chloride, carbonate, methanesulfonic acid, sodium, calcium, “other inorganic mass” (representing species such as    SiO 2   , metal oxides, and other unmeasured or unknown inorganic species present in aerosols), black carbon, primary organic carbon (POA), and secondary organic carbon (SOA). The formation of SOA is simulated with the SORGAM (Secondary Organic Aerosol Model) scheme [38], and includes 15 reaction products of aromatic precursors, higher alkenes,   α  -pinene, and limonene. Aqueous-phase chemistry or the oxidation of organic aerosol and associated changes in particle composition and CCN activity are not yet included in PartMC, but will be the focus of future model development.



The PartMC-MOSAIC model output consists of the composition vector of each computational particle, i.e., we store the mass of each aerosol species that is contained in each particle. Based on this information, per-particle quantities such as the particle sizes, their critical supersaturation, and optical properties are readily computed for assumed morphologies. Information about the particle population such as the bulk mass concentration of any aerosol species, the aerosol number concentration, and the aerosol size distribution can also easily be constructed.



Using the particle-resolved approach, simulating particle growth is free of numerical diffusion in mass composition space. Importantly, we do not prescribe in any way how the chemical species are distributed amongst the particles in the population. This means that, at any given time during the simulation, the aerosol mixing state is the result of the evolution of particle compositions, rather than a part of the modeling assumptions. The simulation results from PartMC-MOSAIC can therefore serve as a benchmark for representing aerosol mixing state, and the model was used for this purpose in previous studies [32,33,34,39,40,41,42]. Assumptions are being made regarding the particle shape as we assume spherical particles to calculate coagulation rates and mass transfer rates. It would be interesting to expand the framework to account for non-spherical particles as this might impact the aerosol dynamics processes, as for example shown in [43]. However, considerable further model development is required to quantify these effects.




2.2. Setup of Idealized Urban Plume Scenarios


The basis for the analyses in this paper is a scenario library of eight urban plume scenarios described in [33,34]. These scenarios were constructed to investigate the aging process of carbonaceous aerosol from combustion sources in urban environments. The term “aging” refers to the transition from CCN-inactive to CCN-active owing to coagulation with other aerosol particles or condensation of secondary organic or inorganic aerosol material [44]. We used approximately 10,000 computational particles for each simulation, with the exact number of particles varying over the course of the simulated period. In [32], we quantified the 95% confidence intervals for the results by performing an ensemble of runs, and concluded that this particle number is sufficient to obtain accurate statistics.



While the input parameters varied between scenarios to represent a range of different aging conditions, the general setup for each scenario was the same, and followed [39]. The total simulation time was 48 h. During the first 12 h, gas and aerosol emissions entered the air parcel. Background aerosol particles were introduced over the entire simulation time owing to dilution with background air. Table 2, Table 3 and Table 4 specify the details of the initial and background conditions as well as the emissions for aerosol particles and gas phase species for the base case. We assume that all particles from a given emission source have initially the same composition, with the mass fractions listed in Table 2. For example, particles from gasoline emissions are assumed to consist of an internal mixture of 80% POA and 20% BC. The different sub-populations are initially externally mixed. After entering the simulation, the particle composition evolves as described in Section 2.1.



The following conceptual model guided this setup, summarized by Figure 1 in [39]. After the simulation starts at 6:00 a.m. LST (local solar time), the Lagrangian air parcel represents a volume of air in the polluted, well-mixed boundary layer during the daytime. After sunset, the air parcel represents the polluted air that remains in the nocturnal residual layer. This layer is decoupled from the stable surface layer, and hence we discontinue emissions after 12 h. We continue to simulate the aerosol aging for a second day of simulation without adding fresh emissions to capture the effects of a longer processing time. This corresponds to an air parcel being advected over the ocean for another day, again decoupled from the stable marine surface layer.



As shown in previous studies [44,45], the aging rate, i.e., the conversion of BC-containing particles from hydrophopic to hygroscopic, is determined by both condensation of secondary aerosol and coagulation with more hygroscopic particles. The relative importance of these two processes depends on the particular environmental conditions. For our base case scenario, condensation dominated during the daytime, while coagulation dominated during the nighttime.



To change the rate of the individual aging processes and their relative magnitudes, we obtained the other scenarios by changing the emission rate of the particles containing BC (100%, 25% and 2.5% of the base case), the background particle number concentrations (100% and 10% of the base case) and the gaseous emission rate (50% and 25% of the base case). This also created a range of BC mass concentrations, spanning a range from 0.05 to 3.6    μ g   m  − 3     , consistent with observations listed in the Environmental Protection Agency (EPA) Report to Congress on BC [46].



As in [34], we focus here on the aerosol state at different stages of aging, rather than the temporal evolution. As the basis for our analysis of BC scavenging, we therefore used the hourly aerosol states from all scenarios, which comprised    48 × 8 = 384    populations covering a wide range of mixing states. These can be seen as possible populations present at cloud base, entering the cloud.



To quantify mixing state, we used the mixing state index   χ  . This concept originated from information theoric entropy measures and is detailed in [1]. In short, the mixing state index   χ   is calculated based on the mass fraction of each of the aerosol species contained in each individual particle, and the total bulk mass fractions of each of the aerosol species contained in that aerosol population. The mixing state index   χ   ranges from 0% to 100%, where 0% indicates that the aerosol population is completely externally mixed, and 100% indicates that the population is completely internally mixed. The definition of “species” for calculating the mass fractions depends on the application. Since we focus on aerosol activation, we grouped the aerosol model species according to their hygroscopicity into two surrogate species; BC and POA form one surrogate species as their hygroscopicity is very low. All other (more hygroscopic) model species form the second surrogate species. The 384 aerosol populations that form our dataset cover a range of mixing states from    χ = 7.5 %    to    χ = 88 %    (compare to Figure 2 in [34]).



Figure 1 shows four example populations where we chose the two-dimensional number density in terms of dry diameter and BC mass fraction,    n ( D ,  w BC  )   , for illustration purposes. The black carbon mass fraction is defined for each individual particle i as


    w  BC , i   =   m i BC   m i   ,   



(1)




where    m i BC    and    m i    are the mass of BC contained in particle i and the total dry particle mass, respectively. The two-dimensional number concentration distribution    n ( D ,  w BC  )    is then defined by


   n  ( D ,  w BC  )  =    ∂ 2  N  ( D ,  w BC  )    ∂  log 10  D  ∂  w BC    ,   



(2)




where    N ( D ,  w BC  )    is the two-dimensional cumulative number distribution, which equals the number concentration of particles with total dry diameter less than D and black carbon dry mass fraction less than    w BC   .



Figure 1a shows a population that contains very fresh carbonaceous emissions. We observe three distinct subpopulations that differed in their BC content, namely particles that originated from diesel vehicles (    w BC  = 70   %), particles from gasoline vehicles (    w BC  = 30   %), and particles with zero or very low BC content from meat cooking emissions and background aerosol (compare to Table 2 and Table 3). Not surprisingly, this population is characterized by a low mixing state index,    χ = 8.6   %, indicating that it is very externally mixed.



Figure 1b,c show populations that experienced some aging, but fresh emissions were still introduced, which maintained the range of BC mass fractions up to 70%. The mixing state indexes for these populations were    χ = 35   % and    χ = 57   %, respectively. Figure 1d is an example of a population where fresh emissions had ceased to enter. The maximum BC mass fractions in this population ranged between only 20% and 50% depending on particle size because secondary aerosol formation took place while fresh BC-containing particles were not replenished. The mixing state index of this population is higher than any of the other three examples (   χ = 72   %), meaning that the population has moved more towards an internal mixture. The diagonal features in these graphs arise when condensation of secondary aerosol material occurs on the particles. The BC mass fraction of small particles decreases faster than that of larger particles. The scatter that forms in between the main sub-populations is due to particle coagulation.



In [34], we examined the relationship between   χ   and the error incurred in CCN concentration predictions when assuming internal mixture. Here, we applied the same framework to quantify the error in predicting the BC mass fraction that can undergo nucleation-scavenging.




2.3. Framework of Error Quantification


For this study, we used a similar error quantification framework to [34], but we tailored it to quantify the relationship between aerosol mixing state and the error in nucleation-scavenged mass fraction of black carbon aerosols when assuming internal mixture. Figure 2 outlines the approach. For each population, we calculated the critical supersaturations,    s c   , for each particle according to [44] using the dimensionless hygroscopicity parameter   κ   [47]. The overall   κ   for a particle is the volume-weighted average of the   κ   values of the constituent species. We assumed    κ = 0.65    for all salts formed from the     NH 4 +  −  SO 4  2 −   −  NO 3 −     system. For all SOA model species, we assumed    κ = 0.1   , and, for POA and BC, we assumed    κ = 0.001    and    κ = 0   , respectively [47].



Figure 2a shows the distribution density function     ∂ 2  N  ( D ,  s c  )  / ∂  log 10  D  ∂  s c     in terms of particle dry diameter D and per-particle critical supersaturation    s c    for the same population as shown in Figure 1b. Figure 2a illustrates that both particle size and composition determine critical supersaturation; as the particle size increases,    s c    decreases, and at a given size, a range of    s c    values exist owing to differences in particle composition.



Given a certain environmental supersaturation threshold    s env   , we can separate the population into CCN active and CCN inactive particles. In Figure 2a, we used     s env  = 0.3   % as an example. The CCN number concentration can be readily determined by summing over all particle dry diameters D and over the supersaturation range from 0 to    s env   .



Recall that the model tracks the BC content of the individual active/non-active particles. Therefore, to determine the nucleation-scavenged BC mass fraction at a certain environmental supersaturation, we summed over the black carbon mass concentrations associated with the CCN at that particular supersaturation. This quantity is the total nucleation-scavenged BC mass concentration,     m  ns , BC    (  s env  )    . We then calculated the ratio of nucleation-scavenged BC mass concentration to the total BC mass concentration of the whole aerosol population,    m BC   . This ratio is defined as the nucleation-scavenged BC mass fraction, and denoted as     f BC   (  s env  )    :


    f BC   (  s env  )  =    m  ns , BC    (  s env  )    m BC   .   



(3)







We evaluated this quantity for each aerosol population at 50 supersaturation values from    0.02 %    to    1 %    in steps of    0.02 %   . Figure 2c shows the spectrum of     f BC   (  s env  )     (red line) that corresponds to the population shown in Figure 2a.



Figure 2b shows the aerosol population after composition averaging. The properties of the composition averaging operation are detailed in [32], Appendix B1. In brief, it assigns each particle a composition equal to the average composition of the population, and preserves the bulk aerosol mass concentrations, the number concentration, and the particle diameters, but modifies the per-particle compositions. The mixing state index of such a population is 100%. Because all particles were assigned the same composition (equal to the average composition), the spread in critical supersaturations at a given size vanishes. This alters the CCN concentration and also the amount of BC mass that is associated with those CCN. By this operation, some particles are assigned a higher critical supersaturation, while others are assigned a lower critical supersaturation compared to the original value.



The blue line in Figure 2c shows the spectrum      f ¯  BC   (  s env  )     corresponding to the composition-averaged population shown in Figure 2b. The difference in the two spectra represents the error that is incurred in    f BC    by assuming internal mixture, which will depend on the supersaturation threshold at which CCN activity is evaluated.



We define the relative error in nucleation-scavenged BC mass fraction,    Δ  f BC   ( Π ,  Π ¯  ,  s env  )    , evaluated for the particle populations   Π   and    Π ¯    before and after composition-averaging, respectively, and for a particular environmental supersaturation    s env   , as


   Δ  f BC   ( Π ,  Π ¯  ,  s env  )  =     f ¯  BC   (  Π ¯  ,  s env  )  −  f BC   ( Π ,  s env  )     f BC   ( Π ,  s env  )    ,   



(4)




where     f ¯  BC    and    f BC    refer to the composition-averaged and the particle-resolved populations, respectively. We calculated the relative error in nucleation-scavenged BC mass fraction for each of the 384 populations and will discuss the relationship between    Δ  f BC     and   χ   in Section 3.2.



In Section 3.1, we will use a size-resolved version of    f BC    to relate our results to ambient observations by [19,20]. This is calculated by sorting all particles into 150 logarithmically spaced size bins from 0.1 nm to 10   μ  m based on their BC core diameter assuming spherical shape. The size-resolved nucleation-scavenged BC mass fraction,    f BC j   , is then defined as the ratio of nucleation-scavenged BC mass concentration in bin j,     m  ns , BC  j   (  s env  )    , to the total BC mass concentration in bin j,    m BC j   . This gives


    f BC j   (  s env  )  =    m  ns , BC  j   (  s env  )    m BC j   .   



(5)







Note that, as the number of size bins becomes large and their width small, the size-resolved mass-based fraction    f BC j    approaches the size-resolved number fraction of nucleation-scavenged BC-containing particles, which is the quantity reported by [19,20]. We have included the derivation of this fact in the Supplemental Material, as well as Figures S1 and S2 that confirm this fact.





3. Results


3.1. Size-Resolved Nucleation-Scavenged BC Mass Fraction


Figure 3 shows the size-resolved nucleation-scavenged BC mass fraction,    f BC j   , as a function of BC core diameter    D BC    at four selected supersaturations,    0.1 %   ,    0.3 %   ,    0.4 %   , and    0.6 %   . These supersaturation values are representative of conditions ranging from stratus clouds to convective clouds. The solid red lines and the shading indicate the average of    f BC j    over all 384 cases and the corresponding standard deviation. We used BC core size here as an independent variable to connect our results to observational findings by [19,20]. The range of measurements by [19,20] are summarized by the blue and orange rectangles, respectively. Note that these authors report different individual datasets in their studies, which we did not replicate here, since only a qualitative comparison is possible.



For all supersaturations, the quantity    f BC j    tended to increase with BC core diameter, especially within the size ranges that were accessed by [19,20], as indicated by the shaded rectangles in Figure 3. For any given supersaturation, the spread of    f BC j    originated from mixing state differences within the 384 aerosol populations. For example, for particles of BC core diameter between 100 nm and 108 nm at a supersaturation of 0.1%, the average nucleation-scavenged BC mass fraction for all our scenarios is 58%, with a standard deviation of    ± 33   %. Given a certain BC core diameter, as the environmental supersaturation threshold increased,    f BC j    also increased. Taking again the example of BC core diameters between 100 nm and 108 nm, the average value for    f BC j    increased from 57% for     s env  = 0.1   % to 96% for     s env  = 0.6   %. The shape of these curves is determined by the underlying mass size distributions of the BC-containing particles, shown in the Supplemental Material, Figure S3.



The nucleation-scavenged BC mass fraction has been determined observationally by [19,20]. Ref. [20] used a single particle soot photometer (SP2) to measure the size distribution of the BC-containing particles activated to form stratocumulus cloud droplets at a marine boundary layer site in California, while [19] carried out measurements of BC in ambient particles before precipitation and in rainwater after precipitation using an SP2 in the Tokyo metropolitan area.



The PartMC-MOSAIC simulation results agree qualitatively with the two observational studies [19,20] in that    f BC j    increases with BC core diameter. The measurements of    f BC j    by [20] are significantly lower than both the measurements by [19] and our modeling results. The activated fractions of BC-containing particles were less than    0.2    for BC core diameter ranging between 70 and 220 nm for the two cloud case studies reported in [20] (Figure 6a,f therein). In contrast, Ref. [19] found that the nucleation-scavenged number fraction increased from    0.6    to    0.9    when BC core diameter increased from 200 to 350 nm (Figure 3 therein). The discrepancy between [20] and our model results can possibly be attributed to the fact that the measurements were performed in a marine environment, while the PartMC-MOSAIC simulations represent urban environments of different pollution levels. In addition, Ref. [20] cautioned that the activation fractions reported should be considered as lower limits due to imperfect instrumental detection efficiency. In contrast, due to similar urban environments in which the simulations and the measurements by [19] took place, PartMC-MOSAIC results agree better with the observations by [19].



Figure 4 shows the same data as Figure 3, but displays    f BC    as a function of supersaturation for selected BC core diameter ranges. From the combination of Figure 3 and Figure 4, we conclude that, for a given core size, the nucleation-scavenged BC fraction varies drastically depending on the environmental supersaturation. Moreover, for any given BC core size and environmental supersaturation, the nucleation-scavenged BC fraction spans a wide range, which reflects the fact that different amounts of coating can exist for any given core size depending on the history of the particle. This implies that the core size by itself is not a good predictor for the amount of BC that can be incorporated into cloud droplets.



Figure 5 shows the nucleation-scavenged BC mass fraction as a function of particle dry diameter D. As before, the solid line represents the average for the 384 populations, and the color shading represents one standard deviation. For any given environmental supersaturation, the range of nucleation-scavenged BC fractions is largest when the slope of the spectrum is large. For example, for a 100-nm particle at a supersaturation of 0.3%,    f  BC  j    is on average 0.71 with a standard deviation of    0.31   . This variability is introduced by the different particle compositions for any given population. The size range with the largest sensitivity to composition depends on the environmental supersaturation. Just as the core size was not a good predictor by itself for the amount of BC that can be incorporated in cloud droplets, the dry diameter alone is also not sufficient to predict    f  BC  j   .




3.2. Nucleation-Scavenged BC Mass Fraction and Aerosol Mixing State


After presenting the range of    f BC j    values and their dependence on BC core diameter, dry diameter, and environmental supersaturation threshold, we will now turn to quantifying the importance of mixing state in determining the nucleation-scavenged BC mass fraction    f BC    (not size-resolved).



Figure 6 shows the nucleation-scavenged BC mass fraction,    f BC   , for all 384 populations as a function of mixing state parameter   χ  . As expected, one   χ   value can correspond to a range of    f BC    values. As the environmental supersaturation increases, low values for    f BC    only occur for more externally mixed populations. For example, for    s env    of 0.1%, we find    f BC    of less than 20% for   χ   values up to 70%. In contrast, for    s env    of 0.6%,    f BC    reaches as low as 20% only for the population with the lowest   χ   of 8%.



The four panels of Figure 7 show the absolute value of the error in nucleation-scavenged BC mass fraction,    Δ  f BC     (Equation (4)), at four selected supersaturations (   0.1 %   ,    0.3 %   ,    0.4 %    and    0.6 %   ) for all 384 aerosol populations. For the sake of clarity, we used a logarithmic scale for the ordinate, and we took the absolute value of    Δ  f BC     before taking its logarithmic value to avoid handling negative    Δ  f BC     values, which represent an underestimation of    f BC    after composition averaging. These cases are indicated by red dots in Figure 7.



The maximum values for    Δ  f BC     were on the order of several thousand percent and occurred for the most externally mixed populations. For such populations, the corresponding value for    f BC    was small, 10% or less. As expected, the error decreased when the aerosol population became more internally mixed. For more internally-mixed aerosol populations, particles have more similar compositions than for more externally-mixed populations. Consequently, the modifications of the composition averaging procedure are less severe. This is consistent with the previous findings regarding errors in CCN concentrations presented in [34]. For any given   χ   value, a range of    Δ  f BC     existed due to the different extent of modifications to the per-particle composition by composition averaging [34].



As   χ   increased, the error decreased more quickly for larger environmental supersaturations. For example, for a low supersaturation value such as     s env  = 0.1   %,    Δ  f BC     dropped below 10% only for populations with mixing state index   χ   larger than 84%. In constrast, for     s env  = 0.6   %, this was the case already for populations with   χ   around 60%. It follows that the highest errors    Δ  f BC     can be expected for aerosol populations having small   χ   values at low environmental supersaturations.



We can also display these results by showing the error     | Δ   f BC   |     as a function of supersaturation as in Figure 8. The four panels separate the populations according to their mixing state index. This figure shows that for quite internally mixed populations (   χ >    75%), the error was larger than 100% only for supersaturations of 0.1% or lower, while for quite externally mixed populations (   χ <    20%), the error could reach above 100% even at supersaturations of 1%.



Since we averaged the chemical composition of all the particles in the population, irrespective of the particle-size, the    Δ  f BC     values presented in Figure 7 represent an upper estimate of    Δ  f BC    . Figure S4 in the Supplemental Material shows the error    Δ  f BC     when the composition averaging is performed within size bins, rather than for the entire population. Here, we used five size bins per decade.



For completeness, we show number-based nucleation scavenging fractions,    f BC N    and associated errors in the Supplemental Material (Figures S5 and S6). We conclude that the error in the nucleation-scavenged BC mass fraction,    f BC   , exceeded the error of the nucleation-scavenged BC number fraction,    f BC N   , for more externally-mixed populations (  χ   <    20 %   ), in some cases by over an order of magnitude. For more internally-mixed populations (  χ   >    60 %   ),    Δ  f BC     was comparable to    Δ  f BC N    , if not smaller. These results are consistent to the ones shown in [34], where the error in CCN/CN ratio was quantified, which is a similar metric to    f BC N   .





4. Conclusions


This study presents an analysis of the nucleation-scavenged BC mass fraction,    f BC   , simulated by the particle-resolved model PartMC-MOSAIC for a wide range of environmental conditions, and quantifies the error that is introduced when calculating    f BC    and assuming internal mixture. PartMC-MOSAIC simulates changes in particle composition due to coagulation and the formation of inorganic and organic secondary aerosol species. Other aging processes, such as aerosol in-cloud processing or heterogeneous reactions, were not included in this study.



The BC mass fraction that can be incorporated in cloud droplets depends on the size of the BC cores, the amount of coating of secondary aerosol, and the environmental supersaturation. In qualitative consistency with observational findings, our results show that    f BC    increases for larger black carbon core sizes. However, the existence of coatings and the environmental supersaturation introduces a large variability.



To determine the error in    f BC    when assuming internal mixture, we applied the framework developed in [34], and related the mixing state index   χ   [1] to the error    Δ  f BC    . The error    Δ  f BC     depended on both environmental supersaturation and   χ  . In general, for a given   χ   value,    Δ  f BC     was smaller at higher supersaturation. As   χ   increased,    Δ  f BC     decreased more quickly for higher supersaturations.



As aerosol populations become increasingly internally mixed,    Δ  f BC     decreases. For example, for more externally mixed populations (  χ   <    20 %   ),    f BC    could be overestimated by more than 1000% at supersaturations of    0.1 %   , while for   χ   >    75 %   ,    Δ  f BC     is below    100 %    for the range of supersaturations (from    0.02 %    to    1 %   ) investigated here.



Since nucleation-scavenging is the principal process for removing BC-containing aerosols [19,20], capturing the evolution of BC aerosol mixing state in models is essential for determining the atmospheric lifetime, burden, vertical profile, and long-range transport of BC-containing aerosols in the atmosphere. In this regard, recent advancements in modeling aerosol mixing state could improve the understanding of the vertical variation of BC mixing state and the associated wet deposition process [48]. Meanwhile, measurements of vertical profiles of BC-containing aerosols would be valuable in evaluating regional and global models’ simulated BC spatial distributions [49]. Accounting for aerosol mixing state in evaluating the spatial and temporal distribution of BC-containing aerosols would be a benefit, if not a strict prerequisite, to further constrain the radiative forcing uncertainty of BC-containing aerosols in future studies.
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Figure 1. Number concentration in two-dimensional space of dry diameter and black carbon mass fraction,    n ( D ,  w BC  )   , for four example populations that differ in mixing state index   χ  . 
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Figure 2. Conceptual framework for error quantification; see Section 2.3 for details. (a)     ∂ 2  N  ( D ,  s c  )    /   ∂  log 10  D  ∂  s c     for the reference case; (b)     ∂ 2  N  ( D ,  s c  )  / ∂  log 10  D  ∂  s c     after composition averaging; (c) resulting nucleation-scavenged black carbon mass fractions; (d) error in nucleation-scavenged BC fraction as a function of mixing state. 
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Figure 3. The size-resolved nucleation-scavenged black carbon (BC) mass fraction,    f BC j   , as a function of black carbon core diameter,    D BC   , at four selected supersaturation values: 0.1%, 0.3%, 0.4%, and 0.6%. The solid line represents the average over the 384 populations, and the color shading indicates one standard deviation. The orange and blue shaded boxes indicate the values that were obtained from field studies by [19,20], respectively. 
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Figure 4. The nucleation-scavenged BC mass fraction,    f  BC  j   , for selected size ranges as a function of supersaturation. The solid line represents the average over the 384 populations, and the color shading indicates one standard deviation. 
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Figure 5. The size-resolved nucleation-scavenged BC mass fraction,    f BC j   , as a function of dry diameter, D, at four selected supersaturation values: 0.1%, 0.3%, 0.4%, and 0.6%. The solid line represents the average over the 384 populations, and the color shading indicates one standard deviation. 
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[image: Atmosphere 09 00017 g005]







[image: Atmosphere 09 00017 g006 550] 





Figure 6. Nucleation-scavenged BC mass fraction,    f BC   , for the 384 aerosol populations for selected supersaturations as a function of mixing state index   χ  . The definition of mixing state index is described in Section 2.2. 
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Figure 7. The absolute value of the error in nucleation-scavenged black carbon mass fraction,     |   Δ  f BC    |    , for the 384 aerosol populations for selected supersaturations as a function of mixing state index   χ  . The definition of the error in the BC nucleation-scavenging fraction is given by Equation (4). The definition of mixing state index is described in Section 2.2. The red dots indicate cases where    Δ  f BC     is negative, and the blue dots represent cases where    Δ  f BC     is positive. 
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Figure 8. The absolute value of the error in nucleation-scavenged black carbon mass fraction,     |   Δ  f BC    |    , for the 384 aerosol populations for selected ranges of mixing state index,   χ  , as a function of environmental supersaturation,    s env   . 
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Table 1. Nucleation-scavenged black carbon (BC) mass fraction measurements from previous campaigns. This table is adapted from [22,23].
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	Sampling Site
	Citations
	Environment
	Average Scavenged BC Mass Fraction





	Po Valley, Italy
	[24]
	Urban
	0.06



	Kleiner Feldberg, Germany
	[25]
	Rural
	0.15



	Puy de Dome, France
	[26]
	Mid altitude (1465 m)
	0.33



	Mt. Sonnblick, Austria
	[27]
	Mid altitude (3106 m)
	0.45



	Rax, Austria
	[22]
	Mid altitude (1644 m)
	0.54



	Great Dun Fell, UK
	[28]
	Rural-Coastal
	0.57



	Jungfraujoch, Switzerland
	[23]
	High altitude (3850 m)
	0.61



	Mt. Sonnblick, Austria
	[29]
	High altitude (3106 m)
	0.74



	Spitzbergen, Norway
	[30]
	Arctic
	0.80



	Mt. Soledad, La Jolla, USA
	[20]
	Marine-Coastal
	0.01–0.1



	Tokyo, Japan
	[19]
	Urban
	0.1–1.0
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Table 2. Size distribution and composition of aerosol emissions prescribed in simulations. BC stands for black carbon and POA stands for primary organic carbon.






Table 2. Size distribution and composition of aerosol emissions prescribed in simulations. BC stands for black carbon and POA stands for primary organic carbon.





	Emission
	Emission Strength

(     m  − 2     s  − 1      )
	Mean Diameter

(   μ   m)
	Geometric Standard Deviation
	Composition by Mass





	Meat cooking
	   9 ×  10 6    
	0.0864
	1.9
	   100 %    POA



	Diesel vehicles
	   1.6 ×  10 8    
	0.05
	1.7
	   30 %    POA,    70 %    BC



	Gasoline vehicles
	   5 ×  10 7    
	0.05
	1.7
	   80 %    POA,    20 %    BC
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Table 3. Size distribution and composition of initial conditions and background aerosols prescribed in simulations.
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Initial/Background

	
Number Concentration

(    m  − 3     )

	
Mean Diameter

(   μ   m)

	
Geometric Standard Deviation

	
Composition by Mass






	
Aitken mode

	
   1.8 ×  10 9    

	
0.02

	
1.45

	
   49.6 %         (  NH 4  )  2   SO 4    




	
   49.6 %    SOA




	
   0.8 %    BC




	
Accumulation mode

	
   1.5 ×  10 9    

	
0.116

	
1.65

	
   49.6 %         (  NH 4  )  2   SO 4    




	
   49.6 %    SOA




	
   0.8 %    BC
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Table 4. Initial conditions and background mixing ratios (second column) and twelve-hour average emission (third column) prescribed in simulations of gaseous species for the ten environmental scenarios.
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	Chemical Species
	Mixing Ratio

(ppbv)
	Emission Flux

(    nmol   m 2    s  − 1      )





	Nitrogen oxide
	0.1
	15.9



	Nitrogen dioxide
	1.0
	0.84



	Nitric acid
	1.0
	-



	Ozone
	50.0
	-



	Hydrogen peroxide
	1.1
	-



	Carbon monoxide
	80
	291.3



	Sulfur dioxide
	0.8
	2.51



	Ammonia
	0.5
	6.11



	Hydrogen chloride
	0.7
	-



	Methane
	2200
	-



	Ethane
	1.0
	-



	Formaldehyde
	1.2
	1.68



	Methanol
	0.12
	0.28



	Methyl hydrogen peroxide
	0.5
	-



	Acetaldehyde
	1.0
	0.68



	Paraffin carbon
	2.0
	96.0



	Acetone
	1.0
	1.23



	Ethene
	0.2
	7.28



	Terminal olefin carbons
	   2.3 ×  10  − 2     
	2.43



	Internal olefin carbons
	   3.1 ×  10  − 4     
	2.43



	Toluene
	0.1
	4.04



	Xylene
	0.1
	2.41



	Lumped organic nitrate
	0.1
	-



	Peroxyacetyl nitrate
	0.8
	-



	Higher organic acid
	0.2
	-



	Higher organic peroxide
	   2.5 ×  10  − 2     
	-



	Isoprene
	0.5
	0.23



	Alcohols
	-
	3.45
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