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Abstract

:

Various parameterizations of organic aerosol (OA) formation and its subsequent evolution in the two-dimensional Volatility Basis Set (2D-VBS) framework are evaluated using ground measurements collected in the 2013 PEGASOS field campaign in the boreal forest station of Hyytiälä in southern Finland. A number of chemical aging schemes that performed well in the polluted environment of the Po Valley in Italy during the PEGASOS 2012 campaign are examined, taking into account various functionalization and fragmentation pathways for biogenic and anthropogenic OA components. All seven aging schemes considered have satisfactory results, consistent with the ground measurements. Despite their differences, these schemes predict similar contributions of the various OA sources and formation pathways for the periods examined. The highest contribution comes from biogenic secondary OA (bSOA), as expected, contributing 40–63% depending on the modeling scheme. Anthropogenic secondary OA (aSOA) is predicted to contribute 11–18% of the total OA, while SOA from intermediate-volatility compounds (SOA-iv) oxidation contributes another 18–27%. The fresh primary OA (POA) contributes 4%, while the SOA resulting from the oxidation of the evaporated semivolatile POA (SOA-sv) varies between 4 and 6%. Finally, 5–6% is predicted to be due to long-range transport from outside the modeling domain.
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1. Introduction


Atmospheric aerosols or particulate matter are liquid or solid airborne particles that are ubiquitous in the air that we breathe. They affect our lives by reducing visibility and influencing climate due to their reflection/absorption of incoming solar radiation and role in cloud formation [1]. Most importantly, they have serious adverse health effects including mortality and morbidity [2,3,4].



Organic aerosol (OA) is a major component of the sub-micrometer atmospheric particulate matter [5,6]. OA is either emitted directly into the atmosphere as particulate matter (primary OA, POA) or is formed by gas-to-particle conversion of volatile, intermediate-volatility and semi-volatile organic compounds (secondary OA, SOA). The corresponding oxidation reactions of organic compounds lead to thousands of mostly unknown oxygenated products. Our understanding of SOA formation mechanisms and physical properties remains incomplete.



Terrestrial vegetation emits a variety of biogenic volatile organic compounds into the atmosphere [7], some of which are subsequently oxidized, forming, among other products, secondary organic aerosols. Boreal forests produce a large amount of SOA mainly due to emitted monoterpenes and sesquiterpenes [8]. The biogenic SOA fraction has been found to represent 10 to 65% of the measured OA in or near forested regions [9,10,11,12].



The use of lumped species allows the computationally efficient representation of OA in atmospheric chemical transport models (CTMs) [13]. The volatility basis set (VBS) framework [14] lumps organic compounds into surrogates along an axis of volatility. This approach typically employs species with effective saturation concentrations at 298 K separated by one order of magnitude, with values ranging from, say, 0.01 to 106 μg m−3. By quantifying the volatility distributions of primary and secondary OA, a physically reasonable, yet suitable for large-scale CTMs, description of semi-volatile organics can be obtained [15].



The VBS framework was extended [16,17] by adding a second dimension, the oxygen content (expressed as the O:C ratio), for the description of the OA chemical aging reactions [18,19] using a one-dimensional Lagrangian CTM (PMCAMx-Trj) as the host model for the simulations. PMCAMx-Trj simulates the chemical evolution of a column of air as it travels towards a user-selected receptor site. Using this 2D-VBS framework, various parameterizations for the OA processing and aging can be developed in an effort to describe the various functionalization and fragmentation chemical pathways of the reactions of the various organic compounds and the OH radicals or other oxidants. Murphy et al. [19] tested three alternative parameterizations for the functionalization processes. Two were relatively simple, assuming a net reduction of volatility by one or two orders of magnitude (corresponding to 1-bin and 2-bin shifts) during each aging reaction step. These reactions were accompanied by an increase of one or two atoms of oxygen with an equal probability. The third parameterization was more complex and was based on a detailed functionalization scheme introduced by Donahue et al. [16]. In this scheme, there is a 30%, 50% and 20% probability of adding 1, 2 or 3 oxygen atoms to the parent molecule, respectively. At the same time, each addition of oxygen atoms results in a different volatility reduction distribution, averaged to −1.75 in log10C* per oxygen group added. On the other hand, fragmentation is another important process that takes place during the chemical reactions of organic molecules with OH radicals, leading to products with lower carbon numbers than the precursors. Murphy et al. [19] assumed that this bond cleavage happens randomly and is uniformly distributed throughout the carbon backbone. Karnezi et al. [20] used the same Lagrangian CTM with the 2D-VBS framework and evaluated hundreds of different parameterizations of OA formation and chemical aging for the Po Valley in Italy during the PEGASOS 2012 campaign. They tested the full range of fragmentation probabilities varying from zero to unity, but assuming that the value remains constant in the chemical space. In reality, this probability is expected to depend on O to C ratios. Constant values were used to avoid the introduction of even more free parameters in the tested aging schemes [20]. The effect of the aging of biogenic SOA (bSOA) components was also tested in two different ways: assuming no net change in the volatility, as in previous applications with PMCAMx of Murphy and Pandis [21,22], and also assuming that bSOA follows similar aging pathways as anthropogenic SOA (aSOA) with a net reduction of volatility in every reaction step. The predictions of these parameterizations were compared against measurements of OA concentration and O:C both at the ground and aloft. The result of this exercise was the choice of seven “optimized” parameterizations that were all found to reproduce the available measurements in northern Italy well. Even if these parameterizations were quite different, their predictions about source contributions to the observed OA levels were relatively robust. However, it is not clear if these 2D-VBS parameterizations optimized for a polluted environment will perform well under different conditions, especially those that are quite different from the original polluted environment of the Po Valley.



A review of the current state of modeling of aerosol thermodynamics and mass transfer can be found in Semeniuk and Dastoor [23] and a review of the roles of semivolatile and intermediate-volatility organic compounds in SOA formation in Ling et al. [24].



In this work, we evaluate the same seven optimized chemical aging mechanisms in the 2D-VBS approach, suggested before [20] for the rural forested area of Hyytiälä in southern Finland during the PEGASOS campaign in 2013. Hyytiälä is representative of continental background boreal forest conditions and the model application on this area will allow the testing of the 2D-VBS in a clean environment that is dominated by biogenic emissions. This is an extreme test of the parameterizations, given the difference in conditions between one of the most polluted areas in Europe and the quite clean environment of the boreal forest.




2. Materials and Method


2.1. Site Description and Measurement Period


Measurements were performed at the Hyytiälä SMEAR II (Station for Measuring Forest Ecosystem—Atmosphere Relations) site during the PEGASOS 2013 campaign. The rural forested site [25] is in southern Finland (61°51′ N, 24°17′ E, 181 m above sea level), in the middle of a Scots pine forest. The nearest cities are: Tampere (235,000 inhabitants), located 50 km away to the southwest, and Jyväskylä (140,000 inhabitants), about 100 km away. There is also the town of Orivesi (population approximately 9000) 19 km south of SMEAR II and the nearby small village of Korkeakoski 6–7 km to the southeast of the station.



ACSM (Aerosol Chemical Speciation Monitor) measurements were performed at the ground during the campaign. A description of the ACSM and basic data processing can be found in Ng et al. [26]. The period of the measurements is from 23 April 2013 until 19 June 2013. This period was selected to achieve the objectives of the PEGASOS project regarding air quality–climate interactions, in this case, in a relatively clean environment dominated by biogenic emissions.




2.2. PMCAMx-Trj Model


We used the one-dimensional Lagrangian chemical transport model PMCAMx-Trj with the 2D-VBS module [18,19] simulating air parcels that arrived at Hyytiälä. The model solves the atmospheric general dynamic equation taking into account the relevant atmospheric processes: gas and aqueous-phase chemistry, atmospheric transport and turbulent dispersion, aerosol dynamics, dry and wet removal of gases and particles, inorganic and organic aerosol formation, and finally, area and point emissions from both anthropogenic and biogenic sources. Ten computational cells were used in this application with heights varying from 60 m near the ground to almost 3 km. An extended version of the SAPRC [27] chemical mechanism is used in this work for the simulation of gas-phase chemistry. The meteorological parameters (temperature, pressure, horizontal winds, clouds, water vapor, rainfall, vertical dispersion coefficients and land use) used as inputs in the model are provided by the Weather Research and Forecasting (WRF) model. The WRF simulation was periodically re-initialized (every 3 days) to ensure the accuracy of the inputs to the CTM. Area and point emissions were also provided by the inputs of the regular PMCAMx simulation for the European domain. This domain contains all of continental Europe, all the Mediterranean and parts of north Africa, Turkey and parts of Asia, Iceland and the North Sea as well as the western Atlantic. The approaches used for the estimation of the species’ emission rates are the same as those described in Karnezi et al. [20]. The details of the emission inventory can be found in Fountoukis et al. [28] and implemented in the 2D-VBS framework with the Murphy et al. [18] method. The Model of Emissions of Gases and Aerosols from Nature (MEGAN) provides the emissions from terrestrial ecosystems. These are different for each simulation and vary with space and time [20]. Vertically resolved initial conditions and the top boundary conditions for PMCAMx-Trj were obtained from the corresponding output of the three-dimensional PMCAMx simulation for the same period of spring–early summer 2013.




2.3. Simulated Periods


The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model [29] was used to calculate 72 h back trajectories arriving at the receptor site of Hyytiälä. Six air parcels arriving at 3:00, 7:00, 11:00, 15:00, 19:00 and 23:00 local time (UTC + 2) in the ground forested site were simulated for 8 days (April 28, May 7, 11, 15 and 26 and June 9, 10 and 11). The air masses from the beginning of the campaign until the middle of May originated mostly from the Atlantic and arrived at Hyytiälä either directly from the west over Scandinavia or from the south, passing over the Baltic Sea. After mid-May, air masses started often from the east or northeast, either from the Arctic Ocean or from western Russia. During the last weeks, the situation changed again with air masses arriving from the Atlantic passing over Scandinavia. The current meteorological analysis is consistent with the conclusions of previous studies [30]. We selected days for which the trajectories at the different altitudes originated all from the same region. For consistency, we used the same WRF meteorological data as input to HYSPLIT to calculate the back trajectories. Following Murphy et al. [18], the ensemble average of 20 trajectories with varied heights from 60 m up to 3 km is used, similarly to the application of PMCAMx-Trj in the Po Valley in Italy [20].



The twenty 72 h HYSPLIT back trajectories arriving at Hyytiälä at 15:00 LT on 7 May 2013, are shown in Figure 1 as an example. They all originated from the eastern Atlantic Ocean, passed a day over the ocean and then over Ireland and the United Kingdom. During the next day they passed over the North Sea and Denmark. The air masses continued over Sweden and the Baltic Sea, and a few hours later arrived in the receptor site of Hyytiälä. The HYSPLIT clustering analysis utility was used to estimate the average trajectory that was used in the simulations (Figure 1b).




2.4. The Seven Aging Schemes


In the present simulations, we considered seven organic aerosol aging parameterizations, taking into account three different functionalization schemes, two biogenic SOA aging schemes and also different fragmentation probabilities. These parameterizations have been described in detail by Karnezi et al. [20] and they were determined to have the best performance in the OA simulations in the Po Valley in Italy. In the simulations here, the same parameterizations will be used to test their robustness when applied in a very different environment, i.e., the boreal forest in Finland. Table 1 summarizes the seven parameterizations that were used in the simulations.



The first set of simulations use the simple functionalization scheme (1-bin case), which assumes a one-volatility-bin reduction for every reaction with OH with a simultaneous increase in oxygen atoms, with a probability of 50% for an increase of one oxygen atom and 50% probability for an increase of two oxygen atoms. It also assumes negligible additional production of bSOA during aging (no bSOA aging) and no fragmentation of the organic compounds. Implicitly, this scheme assumes that the functionalization represents the net effect of these pathways.



The second set of simulations (1-bin/bSOA/b = 0.15 case) explores the role of fragmentation for the 1-bin simple functionalization scheme, assuming addition/production of bSOA during aging and combined with the fragmentation parameterization with the fragmentation probability equal to 15% as estimated previously [20].



The third set of simulations (2-bin case) uses the second simple functionalization scheme, where a two-volatility bin reduction is assumed for every reaction with a simultaneous increase in oxygen atoms. A 50% probability for the increase of one oxygen atom and 50% probability for the increase of two oxygen atoms are used similarly to the 1-bin case. Finally, there is no addition or production of bSOA, and fragmentation is neglected in this model.



The fourth set of simulations (2-bin/b = 0.1 case) uses the 2-bin functionalization scheme, neglecting bSOA aging and assuming now a fragmentation probability equal to b = 0.1 (10%) as estimated [20]. The fifth set of simulations (2-bin/bSOA/b = 0.4 case) uses the 2-bin functionalization, with the assumption of bSOA aging and more rapid fragmentation (b = 0.4).



In the sixth set of simulations, a more rigorous functionalization is explored, initially suggested by Donahue et al. [16], and which is called the detailed functionalization scheme. In this scheme, there is a 30% probability of adding one O atom, a 50% probability of adding two O atoms, and a 20% probability of adding three O atoms. Each addition of O atoms results in a different distribution of volatility reductions, with an average reduction of −1.75 in log10C* per oxygen added. It also assumes negligible additional production of bSOA during aging (no bSOA aging) and assumes a fragmentation probability equal to 30%, as estimated from the simulations in the Po Valley [20]. This case is called the DET/b = 0.3 case.



In the seventh and last simulation, the detailed functionalization, bSOA aging and intense fragmentation (b = 0.7) are assumed, and the case is called DET/bSOA/b = 0.7 case, as suggested by Karnezi et al. [20].




2.5. Performance Evaluation Metrics of Parameterizations


The performance of the seven different parameterizations used in the PMCAMx-Trj model is quantified in terms of the fractional error, the fractional bias, the absolute error, the absolute bias and the root mean square error, similarly to Karnezi et al. [20]. The equations that are used to calculate these performance metrics are shown below:


  A b s o l u t e   E r r o r =  1 n    ∑  i = 1  n      P i  −  M i       



(1)






  A b s o l u t e   B i a s =  1 n    ∑  i = 1  n      P i  −  M i       



(2)






  F r a c t i o n a l   E r r o r =  2 n    ∑  i = 1  n        P i  −  M i         P i  +  M i         



(3)






  F r a c t i o n a l   B i a s =  2 n    ∑  i = 1  n        P i  −  M i         P i  +  M i         



(4)






  R o o t   M e a n   S q u a r e   E r r o r =    1 n    ∑  i = 1  n        P i  −  M i     2       



(5)




where Mi is the measured value, Pi represents the corresponding model-predicted value, and n is the total number of data points. Hourly average values were used for all the days that were simulated.





3. Results


3.1. Simple Functionalization Scheme (1-Bin Case)


The first set of simulations used the simple functionalization scheme (1-bin), negligible additional production of bSOA during aging (no bSOA aging) and no fragmentation of the organic compounds. Implicitly, this scheme assumes that the simulated functionalization represents the net effect of these pathways. This scheme, until now, even though it is the simplest, has shown surprising success in all its previous applications [18,19,20].



The predicted average diurnal profile of OA mass concentration for the 1-bin scheme is shown in Figure 2. The average predicted OA is equal to 2.3 μg m−3 and the average measured OA mass concentration at the site was equal to 2.1 μg m−3 (Table 2). The measured OA concentrations during the PEGASOS campaign were quite typical for the season, even if significant intra-annual variability is observed in the site, as discussed in detail by Heikkinen et al. [31]. Once again, this simple aging scheme is the most successful of all parameterizations used in predicting the OA concentration (Table 2). It had the lowest root mean square error, as well as the lowest absolute bias (0.23) and one of the lowest fractional errors (38%). Most of the error is present during the first hours of the day when the model overpredicts the nighttime OA levels (Figure 2). The prediction skill metrics of the model 4-h average OA concentration against the average hourly ground measurements for the selected days during the PEGASOS 2013 campaign are summarized in Table 2. In Figure 3, the total average OA concentration is presented together with the OA composition predicted by all seven different parameterization schemes. Similarly to their application in the polluted Po Valley [20], the seven aging schemes predict similar average concentrations.



Biogenic SOA dominates the predicted OA composition, as expected in a forested environment, contributing 41% of the total OA on average (Figure 4). Please note that the events simulated do not include stagnation periods during which the bSOA contribution should be much higher. The present results are not representative of the average conditions in Hyytiälä, but only of the limited periods simulated, which are dominated by transport. SOA from the oxidation of intermediate-volatility compounds contributed 27% according to PMCAMx-Trj and anthropogenic SOA from VOCs represented another 16%. The remaining material was fresh primary OA (4%), SOA from evaporation of the POA and subsequent oxidation (6%) and OA from long-range transport (6%).




3.2. Evaluation of Aging Schemes


The second simple functionalization scheme (2-bin), assuming no addition or production of bSOA and neglecting fragmentation, resulted in a predicted average OA equal to 2.6 μg m−3 (Table 2). Its root mean square error was higher than that of the 1-bin case, its fractional bias was similar and its fractional error a little less. Overall, its performance was quite similar to that of the 1-bin scheme.



To explore the role of fragmentation, the 1-bin simple functionalization scheme was first used, assuming production of bSOA during aging combined with a fragmentation probability equal to 15% for all aging reactions as estimated previously [20]. The average predicted OA mass was equal to 2.9 μg m−3 with a fractional bias of 17% and a root mean square error equal to 1.69 μg m−3. This scheme tends to overpredict OA in contrast to the simple scheme, but the deterioration in performance is small to moderate.



The 2-bin functionalization scheme, neglecting bSOA aging and assuming a fragmentation probability b = 0.1, performed a little better (lower bias and root mean square error) than the 2-bin scheme. However, the improvements were small (reduction of bias by 5% and of root mean square error by 0.1 μg m−3) while the absolute error was almost the same. The 2-bin functionalization, with bSOA and more rapid fragmentation (b = 0.4), performed a little worse than the previous schemes with a tendency to overpredict OA (fractional bias 22%).



In the next set of simulations, the detailed functionalization scheme (DET case) was used, assuming a fragmentation probability equal to 30%. This scheme performed quite well with a fractional bias of only 2% and a fractional error of 33%. Its root mean square error was just 0.05 μg m−3 higher than that of the simple 1-bin scheme. Combining the detailed functionalization, bSOA aging and intense fragmentation (b = 0.7) reduced the fractional error to 26% but increased the bias to 15%.



Overall, the results are rather encouraging because the optimized schemes based on the Po Valley simulations appear to perform reasonably well in the very different environment of southern Finland.



For all three aging schemes, fragmentation of the organic molecules led to a better prediction of the OA concentration, while in some cases more fragmentation than the probabilities calculated previously [20] is probably needed.




3.3. Predicted OA Composition


The seven aging schemes proposed by Karnezi et al. [20] were the most successful ones in reproducing the OA measurements in the Po Valley in Italy and showed robust source contributions. Similarly, for the boreal forest in Finland all seven aging schemes once again predicted similar source contributions with some differences in the contribution of biogenic SOA varying from 40 to 63% of the total OA (Figure 4), depending on the parameterization scheme. The highest bSOA concentration was predicted by the aging schemes that assume production of bSOA during the aging reactions. The highest contribution (63%) was for the scheme assuming a 2-bin shift functionalization and fragmentation with 40% probability (2-bin/bSOA/b = 0.4). The rest of the cases predicted lower bSOA levels, around 40% of the total.



SOA from anthropogenic VOC oxidation was predicted to contribute between 11 and 18% of the total OA (Figure 4). Its relatively low levels are consistent with the rural forested location of the boreal station of Hyytiälä. Most of the corresponding production took place elsewhere, and the resulting SOA was transported to the site.



SOA from the oxidation of intermediate-volatility compounds varied between 14 and 27%. The lowest contributions were predicted by the simulations that had high bSOA levels. The highest contributions (27%) were predicted by the simulations using the simple (1-bin) and faster (2-bin) functionalization scheme.



The fresh POA was 4% of the total OA, the SOA from the oxidation of evaporated POA 4–6%, and the OA from long-range transport 5–6%.



In general, all seven aging schemes were able to reproduce the variability and the average of the concentration of the OA.





4. Discussion


This study can be viewed as the next step of the effort to develop and test 2D-VBS schemes for the description of primary and secondary OA. In previous work [20], different types of parameterizations with different assumptions were optimized for the polluted conditions of the Po Valley in Italy. The Po Valley is dominated by anthropogenic emissions (transportation, industry, agriculture). In the present work, the robustness of the same optimized parameterizations has been tested when applied to a dramatically different environment usually dominated by biogenic emissions. By necessity, the modeling tools and necessarily the approach used are quite similar in the two steps. However, an important difference is that there is no effort here to optimize again the various parameterizations as done in the original work. The same parameterizations are used and tested.



The performance of the seven parameterizations was similar, leading to the conclusion that no parameterization was substantially superior. The simple schemes (1-bin and 2-bin) have the advantage that they can also be implemented in the 1D-VBS, with much lower computational cost. The other schemes cannot be easily simplified for the 1D-VBS without introduction of errors. Regarding the aging mechanisms, available findings suggest that there is significant later-generation production of SOA from anthropogenic precursors, while the corresponding later-generation production of SOA from biogenic precursors may be a lot smaller. These results, despite their uncertainty, suggest that one may need to treat the chemical aging of anthropogenic and biogenic compounds independently following previous modeling efforts. Furthermore, fragmentation of organic compounds during chemical aging is an important reaction pathway that should be included in some way in modeling efforts. The value of the use of the ensemble of the seven schemes in the present work is that they demonstrate which conclusions are robust and which are more uncertain (e.g., the contribution of biogenic SOA) and require additional testing with suitable field measurements.



The major difference of the schemes taking into account bSOA aging (cases 2, 5 and 7) from the rest is that they assume that the chemical aging reactions of the semivolatile biogenic SOA components lead to significant additional SOA formation. The other four schemes assume that in these reactions the fragmentation and functionalization of the biogenic SOA components balance each other and there is no change in total biogenic SOA mass. The other difference is fragmentation of the anthropogenic SOA components in these schemes. They assume fragmentation, which in turn results in reduction of the predicted anthropogenic SOA concentrations.



In the present study for the boreal forest, all seven models were able to reproduce the observed diurnal profile of the OA similarly to the study of the Po Valley. As expected, the biogenic SOA contribution (41–63% of the OA) for the boreal forest was significantly higher than in the Po Valley (17–45% of the OA) for all parameterizations. However, in both cases this was the most uncertain contribution of all components across the parameterizations. Additional studies to constrain this important OA component are needed.




5. Conclusions


The effects of different parameterizations of organic chemical aging processes of atmospheric organic compounds on organic aerosol (OA) concentration and chemical composition were investigated by using the two-dimensional Volatility Basis Set (2D-VBS) together with ground measurements in the boreal environment of Hyytiälä. The parameterizations used were the ones optimized for the Po Valley polluted environment by Karnezi et al. [20].



Despite the very different environment, the performance of all parameterizations was surprisingly good. The simple functionalization-only parameterization of Murphy et al. [18] had once again one of the best performances. This simple scheme appears for some reason that is not well understood to capture the behavior of OA in a lot of different environments, both rural and polluted. Its variation with a 2-bin change performed almost as well.



The fragmentation schemes with the probability values optimized for the Po Valley performed quite well in this case too. Increasing fragmentation rates are needed to “balance” the assumed net bSOA production during aging as the functionalization scheme becomes more aggressive.



Despite their differences, the seven schemes that performed well for OA predicted similar OA composition for the simulated period: 40–63% biogenic SOA, 11–18% SOA from anthropogenic VOCs, 14–27% SOA from IVOCs, 4% POA, 4–6% SOA from evaporated POA, and 5–6% from long-range transport. This agreement is encouraging about our ability to constrain the SOA sources, despite uncertainties about the details of the corresponding processes. These contributions are not representative of OA in the site in general but refer to the simulated periods that were dominated by transport. A rather surprising result of the current work is that the schemes perform well in this other extreme of air-quality conditions.
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Figure 1. (a) The ensemble of 20 trajectories calculated by HYSPLIT for air parcels arriving at the site of Hyytiälä on 7 May 2013 at 15:00 LT and (b) the ensemble average trajectory calculated by the HYSPLIT clustering utility. 
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Figure 2. Average diurnal OA mass concentration at the ground level in Hyytiälä for the 1-bin simulation. The red line shows the model predictions and the black symbols represent the ACSM measurements. The error bars correspond to one standard deviation. 
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Figure 3. Predicted OA composition for the schemes with good performance for Hyytiälä. The red line indicates the average measured OA equal to 2.1 μg m−3. 
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Figure 4. Predicted contribution of (a) ASOA-v, (b) BSOA, (c) SOA from oxidation of intermediate-volatility organic compounds, (d) FPOA, (e) SOA from oxidation of evaporated POA, and (f) OA from long-range transport using the seven aging parameterizations. 
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Table 1. Characteristics of the seven parameterizations used in the current simulations.
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	Parameterization

Name
	Functionalization Scheme
	bSOA Increase during Aging
	Fragmentation Probability (b)





	1-bin
	1-bin
	No
	0



	1-bin/bSOA/b = 0.15
	1-bin
	Yes
	0.15



	2-bin
	2-bin
	No
	0



	2-bin/b = 0.1
	2-bin
	No
	0.1



	2-bin/bSOA/b = 0.4
	2-bin
	Yes
	0.4



	DET/b = 0.3
	DET
	No
	0.3



	DET/bSOA/b = 0.7
	DET
	Yes
	0.7
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Table 2. Performance metrics of the seven parameterizations for hourly ground-level OA concentration. The measured average OA mass concentration was 2.1 μg m−3.
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	2D-VBS Parameterization
	Predicted Average

(μg m−3)
	Fractional

Error
	Fractional Bias
	Absolute Error

(μg m−3)
	Absolute Bias

(μg m−3)
	Root Mean Square Error

(μg m−3)





	1-bin
	2.32
	0.38
	−0.05
	0.92
	0.23
	1.16



	1-bin/bSOA/b = 0.15
	2.91
	0.34
	0.17
	1.08
	0.82
	1.69



	2-bin
	2.59
	0.31
	0.07
	0.92
	0.5
	1.35



	2-bin/b = 0.1
	2.46
	0.34
	0.02
	0.91
	0.38
	1.25



	2-bin/bSOA/b = 0.4
	2.98
	0.31
	0.22
	1.06
	0.90
	1.67



	DET/b = 0.3
	2.45
	0.33
	0.02
	0.89
	0.36
	1.21



	DET/bSOA/b = 0.7
	2.73
	0.26
	0.15
	0.84
	0.64
	1.33
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