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Abstract
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Criegee Intermediates (CI) from ozonolysis of biogenic volatile organic compounds (BVOC) have been suggested to be important atmospheric oxidants. However, due to their low atmospheric concentrations, possible high reactivity with water vapor and unconstrained thermal decomposition rates, their impact on atmospheric oxidation of trace species such as SO2 and NO2 remains uncertain. In this study, we investigate the formation of Secondary sulfate aerosols (SSA) in nocturnal power plant plumes in the Southeastern US. At these high SO2, NOx and BVOCs concentrations, without photochemical OH production, the reactions of CI with SO2 can compete with other SSA formation pathways. These specific conditions enable assessment of the current understanding of the relative role of CI in SO2 oxidation. We present a plume dispersion model that includes nighttime gas phase chemistry that simulates the chemical evolution in the plume during nighttime. The model results are compared to aircraft measurements of key species in these power-plant plumes to evaluate the secondary chemistry and the CI impact on the SSA formation and loading. The results suggest that dark SSA formation increases by a factor of 3.2 when considering CI reactions with SO2 and without thermal decay, accounting for up to 87% of the total sulfate aerosol in the plume.  The effect decreases to 5.7% SSA from CI reaction out of the total sulfate aerosol, when a thermal decomposition rate of all CIs formed are set to the highest measured CH2OO thermal dissociation rate, 200 s-1. Yet, the CI chemistry still contributes to SSA formation through the additional OH produced by CI thermal decomposition. These results may change if different rate coefficients for larger (yet unmeasured) CI species are considered. The most important CI in the modeled scenario is the C1 (CH2OO), which accounts for up to 50% of the CIs produced from isoprene. C4 CIs may contribute up to 45% of the CIs produced and are expected to have substantially slower thermal decomposition rates and water vapor reaction rate coefficients. This suggests that the model results may be a lower limit to the CI contribution to SSA.  The conversion rate of SO2 into SSA by CI and OH were calculated. Most of the SSA produced throughout the full night (55%) are from CI pathway; from this calculation, the daytime conversion of SO2 into SSA by CI may be as high as 26%.



Introduction
Atmospheric aerosols have direct and indirect effects on Earth’s energy balance. Sulfate is a major inorganic aerosol species; it is produced from oxidation of sulfur dioxide (SO2) and acts as an atmospheric cooling agent1-2. Coal-fired power plants emit high concentrations of sulfur compounds (SO2 and primary sulfate aerosols) and nitric oxide (NO). Daytime photochemical production of sulfuric acid (H2SO4)3-4 occurs via oxidation of SO2 by the photochemically produced hydroxyl radical (OH) and possibly by Criegee intermediates. It was previously hypothesized that CI chemistry may be important in several environments and can contribute to sulfate aerosol formation, especially where other oxidants are scarce. 5-8 
Criegee intermediates (CI) are carbonyl oxides produced from the ozonolysis of volatile organic compounds (VOCs) by addition of ozone to double bonds, resulting in a primary ozonide. The ozonide dissociates and produces a stable carbonyl compound and a vibrationally excited CI. The excited CI can dissociate to OH and other radicals, depending on the specific CI, or can be stabilized by collisions. Rudolf Criegee hypothesized the formation of CIs from the gas phase ozonolysis of alkenes in 19499, but only recently, Welz et al.10 generated and measured the simplest CI (CH2OO). New experimental methods allow to study CIs reaction mechanisms, kinetics, and unimolecular decomposition pathways with important atmospheric constituents, such as SO2, NO2, H2O and others.7, 10-12 However, as we have demonstrated in a previous study, to fully understand CIs impact on the atmosphere, major issues such the rate coefficients of CIs with water vapor, the unimolecular decomposition rate of large CIs, and the reactivity of the different CIs toward various atmospheric trace gases should be resolved.13 
Experimental work on CI has mainly focused on generating CI from the iodoalkyl radical reaction with O2.7, 10, 14 This method limits the variety of CI species that can be studied. Studies of CI production by ozonolysis are lacking, as they are difficult to control.15 Furthermore, larger types of CI and their reaction pathways are not yet observed nor studied.5 Theoretical calculations carried out for many CI types suggest that the reaction and decomposition rates vary extensively.16-18 Khan et al.8 summarized rate coefficients for the first generation CIs and two second generation CIs with water, water dimer and their unimolecular decay. They found that the decay rates of CI span a wide range of calculated and measured values for each CI type. For example, the simple CI (CH2OO) decay rate coefficient has calculated values between 0.19 s-1 up to 283 s-1.  The lower value does not impose limitations on the role of CI in atmospheric oxidation processes, whereas the higher value suggests that it has a limited atmospheric role. Experimental results suggest that the water dimer is probably the main loss pathway of the simple CI with rate coefficients ranging at 4-8.210-12 cm3 s-1. Reaction rate coefficients with the water monomer differ as well for different CI types, with a range of 2.5-13010-17 cm3 s-1 for the simple CI. Stone et al.19 placed an upper limit for the water vapor reaction at 910-17 cm3 s-1. The rate coefficients of different CI conformers with water dimer and monomer may vary considerably. For example, CH3CHOO rate coefficients with water monomer are 110-14 cm3 s-1  and 210-19 cm3 s-1  for anti  and syn conformation, respectively.14,20 Due to experimental challenges, most experimental studies focus on a small number of CI types and do not cover all the CIs that are produced in the atmosphere.21 Variations of  CI type reactivities may have significant influence on model results and will eventually determine if CIs will be irrelevant or very important in the atmosphere.
Approximately one third of the global annual VOC emissions consist of isoprene, making it the principal biogenic VOC (BVOC).22 Isoprene is mostly emitted by the biosphere and its emissions depend on temperature, solar flux and other physiological parameters.23 Isoprene is emitted during daytime and is oxidized by ozone and OH and NO3 radicals. During daytime, ozonolysis and reactions with the OH radical dominate isoprene atmospheric oxidation. While the daytime NO3 mixing ratio is low due to photolysis and fast reaction with NO,24-25 it is the dominant atmospheric oxidant during nighttime. At nighttime, isoprene remaining in the residual layer from the previous day undergoes oxidation by ozone, NO3 and to a lesser extent, OH. Isoprene emissions from vegetation in the Southeast US during summertime is amongst the highest in the world.22 These lead to high atmospheric mixing ratios of different CIs that may allow investigation of the role of CI in atmospheric chemistry in general, and on nocturnal sulfate aerosol formation, in particular. 
Plumes from coal-fueled power plants contain high concentrations of SO2. The high ozone and isoprene levels in the Southeast US lead to large formation rates for CIs that increase their potential to participate in SO2 oxidation.  The rate of this oxidation should be especially apparent at nighttime when OH mixing ratio decreases and photochemical secondary sulfate aerosol (SSA) production slows down. Concentrated SO2 plumes from coal-fired electric power generation facilities that are released in the residual layer disperse mainly horizontally due to limited vertical dispersion.26-27 For these conditions, a one-dimensional Gaussian dispersion assumption can be used for modeling their evolution. It is possible to couple a Gaussian plume model, namely, a simplified dispersion model derived from advection-diffusion equation, with a chemical kinetic model to investigate the chemistry in such plumes.28-29 In this study we used a dispersion-kinetic plume model which is based on the Master Chemical Mechanism (MCM)30 and the extent of the chemical scheme depends on the precursors. The horizontal plume dispersion is simulated with a one-dimensional diffusion equation. In the simulations we vary the dispersion coefficient, the chemical reactions and the reaction rates to study the mixing ratios and production pathways of important secondary pollutants in power plant plumes in the South Eastern USA. After the model development, observations from an aircraft P-3 flight on July 2, 2013 over the U.S. state of Alabama (Figure 1) were simulated to constrain the dispersion coefficients and the SO2 and NOx mixing ratios in the plume. 
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[bookmark: _Ref515609904]Figure 1: Left: P-3 flight track for July 2, 2013 over the U.S. state of Alabama (upper left inset) color and size coded by SO2 mixing ratio on a log scale (lower right scale).  Blue points show the location of coal-fired electric power generation facilities, sized by their relative SO2 emissions (scale not shown).  Barbs indicate wind direction.  Right: Time series of SO2, sulfate and aircraft altitude.
Model description
The mixing ratios of different species inside the plume depend on the crosswind dispersion and on the downwind chemical reactions. The dispersion part of the model is based on a one-dimensional diffusion equation solved with finite differencing method. The kinetic part is solved using a system of ordinary differential equations based on the chemical scheme from the Master Chemical Mechanism (MCM) version 3.3.1 according to the simulated chemical scheme. 
Plumes from the Gaston plant sometimes occurred in pairs, possibly because the plant had two individual stacks at the time of these measurements in 2013. The width (FWHM) of one peak of the nighttime plume that is shown in Figure 3 was 710 m at a distance of 29.9 km from the source. Daytime intercepts of power plant plume in Huston Texas in 2006 showed a width of 9 km at a distance of 13 km from the plant, demonstrating the less efficient horizontal dispersion during nighttime.27
Plumes have been plotted against their distance perpendicular to the wind direction, which was obtained from the plume intercept distance along the flight track corrected for the angle between the wind direction and the flight direction. Then the background levels were averaged and subtracted from the measured concentrations inside the plume (except for ozone). Then a Gaussian fitting was used to describe the measurements. Three stages for each plume were performed with the model (Figure 2):
1. The “age” of the plume, namely the time from emissions to the time of intersection with the aircraft, was calculated according to the change of ozone concentration vs. NO2 concentration in the plume (Figure S1 in the SI), as suggested by Brown el al.31 A simple NOx, SO2 and ozone chemical scheme was back-simulated from time of interaction to the source to find the initial mixing ratios of NO and SO2 and the dispersion coefficient at the point source. NOx emissions were presumed to be exclusively in the form of NO.32
2. A full chemical scheme (1975 reactions and 611 species) simulated the chemical evolution inside the plume up to the calculated plume age. Simulated SA was typically smaller than the measured, total sulfate aerosol (SA). Measured SA in excess of the simulation was interpreted as SA from primary emissions. 
3. Using the derived parameters, a full chemical scheme (same as the stage 2) run for a full night (10 hours) was simulated.
[image: ][image: ]
[bookmark: _Ref515791858]Figure 2: Top: first and second stages of the model, where the pollutant mixing ratios at the sources are determined. Bottom: plume evolution over a full night (10 hours) is simulated. The orange lines are the aircraft measurements and the black lines are the Gaussian fitted data. 
Three chemical scenarios were investigated based on the MCM chemical scheme, taking isoprene as the sole precursor for CI chemistry:
“No CI”- CI reactions were not included in the chemical scheme.
[bookmark: OLE_LINK1][bookmark: OLE_LINK6][bookmark: OLE_LINK7]“Welz”- rate coefficients for the reactions of CIs with NO2 and SO2 measured by Welz et al.10 (kNO2 + CI =7×10-12 and kSO2 + CI =3.9×10-11 molec-1 cm3 s-1) were used. The reaction with water vapor was based on the effective rate coefficient from the MCM (kH2O + CI =1.6×10-17 molec-1 cm3 s-1) and consistent with the rate coefficient given by Oyang et al.11 and Stone et al.19
“Decay”- same as the “Welz” scenario, but with additional CI decomposition reactions. The rate coefficients for the CI decay reactions were set to match the rates used in Percival et al.6 (200 s-1) and the reaction products were an OH radical and another radical, depending on the type of CI.
In all scenarios, all types of CI had the same rate coefficient.

Measurements
The 2013 Southeast NEXUS campaign included a series of research flights of the NOAA P-3 aircraft in the Southeast U.S. with a major research goal of elucidating the chemical interactions between biogenic and anthropogenic emissions.33  Three of the 18 research flights were dedicated night flights or day into night flights. The July 2 flight, which sampled over the U.S. state of Alabama, is shown in Figure 1. This flight sampled numerous plumes from coal-fired electric power generation plants, as illustrated by the SO2 size and color code on the flight track, the locations of coal-fired power plants and the time series of SO2.  These SO2 plumes were frequently associated with sulfate aerosol well in excess of background.
Instruments used in this study have been described in detail by Warneke et al.33 Briefly, SO2 was measured by pulsed UV fluorescence,34 sulfate aerosol by an Aerosol Mass Spectrometer,35 NO2 and O3 by cavity ring-down spectroscopy36 and by chemiluminescence,37 and isoprene by proton transfer reaction mass spectrometry.38 Instrument accuracy, precision, limits of detection and sampling frequencies are given in Warneke et al.33

Results and discussion
The plumes observed all have an inverse-correlation between ozone and NO2 mixing ratios, indicating that all the measured plumes were influenced mainly by nighttime chemistry. If a plume was emitted before sunset, any SSA produced from photochemically produced OH present in the plume is considered as part of the primary emitted SSA. The age of the plume from emission to interception by the aircraft was determined according to this negative dependence of ozone vs. NO2 mixing ratio as suggested by Brown el al.31 The slope modeled (and therefore the age) is in good agreement with the calculated age from the measurements (Figure S1 in the SI). Some of the observed plumes had depleted all the ozone, preventing an estimation for the plume age. All the plumes exhibited an increase in measured SA concentration, suggesting that the SA was either primarily emitted or produced from SO2 oxidation. The results shown henceforth are from plume number 2 in Figure 1, this plume had all the necessary data i.e. the ozone mixing ratios decreased in the plume but were not zero, and the SO4- to SO2 ratio was large so the SO2 oxidation was significant.  A comparison between the three plumes of the “Welz” scenario results are shown in Figure S3 in the SI. The simulated mixing ratio profiles of ozone, NO2, SO2 and SA at the plume age were compared with the measured data and the results are shown in Figure 3. All simulations fall within the 95% confidence bands of a Gaussian fit to the measurements.
 
[bookmark: _Ref510951797][bookmark: _Ref512952976][image: ]
[bookmark: _Ref519427704]Figure 3: Comparison of model results with airborne measurements of sulfate aerosols (SA) (top left), SO2 (top right), ozone (bottom left) and NO2 (bottom right), at the time of intersecting the plume. All the model results are within the 95% confidence bands of the fit to the measurements. The SO2 and NO2 results were forced to fit the measurements at the plume age, as described in the first stage of the model. The ozone and sulfate aerosols are a product of the model simulation.
For studying these nighttime plumes in cloud-free conditions we consider three main gas-phase production pathways that can generate atmospheric secondary sulfate aerosols (SA): primary emission, secondary production by the SO2 + OH reaction, and secondary production from the SO2 + CI reaction. Under our measurement conditions, heterogeneous oxidation in cloud droplets was assumed to be negligible. Nighttime production of OH radical can occur through Criegee intermediates thermal decay or by alkene ozonolysis. As the model simulations show, nighttime oxidation by OH radicals in these plumes is small but nonzero. 
Secondary sulfate aerosol (SSA) production by reactions of CIs depends on the reaction rate coefficients of the different CIs that form. Figure 4 shows model calculation of SA production in the plume under the three scenarios where: 1) “Welz”: the CIs react but decomposition is not considered, 2) “Decay”: As scenario “Welz” and all the CIs have the same unimolecular decay, kdecay=200s-1 6, 10, 39, and 3) “No CI”: where no CI reactions or decomposition are included. The simulations with the “Welz” scenario show that CI reactions with SO2 increase the total SA production by up to 28% from the plume age to the end of the simulation at 10 hours (Figure 5). As shown in Figure 2, the total SA concentration in the other scenarios does not significantly change between the plume age to the end of the simulation (10 hours), but the production pathways differ between the time of aircraft interception (“plume age”) and the end of the simulation i.e. the “Decay” scenario has a slight increase in SSA production through CI+SO2 compared to the “No CI” scenario but not enough to make a significant change in the total SSA production (Figure 5). This indicates that the decomposition rates of different CIs have an important role in determining the extent of SSA production by CI+SO2 reaction.
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[bookmark: _Ref510965052][bookmark: OLE_LINK9]Figure 4: SSA production pathways at plume age i.e. 2.5 hours (left column) and after 10 hours (right column). Scenarios from top to bottom: “Welz”, “Decay” and “No CI”. SSA from CI in the Welz scenario results in 1.25 more total SA production while the other two scenarios show very little change.  The inset in each plot indicates the contribution of each pathway in the plume center. 
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[bookmark: _Ref519338994]Figure 5: SSA production pathways at plume center. Scenarios from top to bottom: “Welz”, “Decay” and “No CI”. The green rectangular marks the measurements at plume age (2.5 hours). 
The CI production is higher at plume edges since it is produced by the reaction of ozone with isoprene. Therefore, the most rapid OH production from CI decomposition occurs outside of the plume, where there is no more pollutants from the plume, because the isoprene is consumed in the plume primarily by NO3 and O3 is depleted at plume center by NOx titration.40 Consequently, the “Decay” scenario does not significantly change the SSA production (through additional OH) in comparison to the “No CI” scenario (Figure 5). However, the SSA plume produced from OH is wider in the “Decay” scenario compared with the other two scenarios.
The CIs produced in the model can be divided into two groups: first generation CIs that are produced from the ozonolysis of isoprene (formaldehyde oxide (CH2OO), methacrolein oxide (MACROO) and methyl vinyl ketone oxide (MVKOO)) and second generation CIs which are produced from the ozonolysis of products of isoprene oxidized by OH or NO3. Figure 6 illustrates a production pathway of a CI that is a product of NO3 and isoprene reaction. These nitrate-containing CIs are produced in the plumes under high NOx conditions. The model results suggest that one of these CIs (NOAOO) is produced in the nighttime plume tail (after 10 hours) at a mixing ratio of about 3.5 x 108 molec cm-3. However, there are no experimental or theoretical kinetics calculations on these CI types.
[image: ]


[bookmark: _Ref512167035]Figure 6: Second-generation CI production scheme.
 
[image: ]
[bookmark: _Ref511049984][bookmark: OLE_LINK27][bookmark: OLE_LINK28]Figure 7: Integrated mixing ratio of dominant CIs: (left) at plume age and (right) after 10 hours of simulation. All the CI reaction rate coefficients in the model are the same as the simple CI (~50% of the CI production); however, larger CIs such as methacrolein oxide (MACROO) and methyl vinyl ketone oxide (MVKOO) may affect the chemical scheme if considered different reaction rate coefficients.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26]Figure 7 summarizes the main CIs produced in the simulation. The smallest CI contributes about 50% of the products. However, the two other first generation CIs (methyl vinyl ketone oxide and methacrolein oxide) are also important and may consist of up to 40% of the total CIs produced. 

Zero NOx conditions
Coal fired power plants emit large quantities of both SO2 and NOx, both of which can react with the CIs from ozonolysis of isoprene and other alkenes.  Thus, the NOx in the plume competes for the CI reaction with SO2. The NOx reactions further lead to the production of NO3, which rapidly consumes isoprene, the source of CIs in the plume.41 Thus, the maximum potential effect of CIs on SO2 oxidation can be tested by simulating the chemistry without NOx emissions. Figure 8 shows that in the absence on NOx, more first generation CIs are produced leading to higher total CI production (Figure 9). Figure 10 shows that at zero-NOx simulation, SSA production by CI reactions increases by 1.5 in the “Welz” scenario due to an increase of the total CI mixing ratio. The higher CI mixing ratio also influences the “Decay” scenario where the SSA production from CI increases compared to the simulation with NOx. SSA production from OH reaction decreased in all the scenarios when compared with the simulation with NOx since higher isoprene mixing ratios consume a larger fraction of the secondary OH, leaving less to react with SO2.
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[bookmark: _Ref512173822][bookmark: _Ref524377917]Figure 8: Integrated mixing ratio of dominant CIs produced in the simulation at (left) plume age and (right) after 10 hours of simulation with zero NOx conditions and the Welz scenario. The second generation CIs from NO3 reactions are not formed; however, the total CI production is higher compared to simulation with NOx.
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[bookmark: _Ref519345923][bookmark: _Ref524377943]Figure 9: Total CI production in the presence and absence of NOx. In the case of zero-NOx, the CI production is almost 2 times higher.
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[bookmark: _Ref511131184]Figure 10: SSA production at plume age on the left and after 10 hours of simulations on the right. Scenarios from top to bottom: “Welz”, “Decay” and “No CI”. Without NOx, the SSA production from CI increases by 1.5 compared to NOx scenario due to the higher CI mixing ratio (shown in Figure 4). The inset in each plot indicates the contribution of each pathway in the plume center.
SO2 oxidation efficiency
In the chemical scheme of the model, the SO2 oxidation pathways (SO2 + CI and SO2 + OH) produce SO3 that reacts rapidly (~530 s-1) with water and produces SSA. Hence, the SSA production efficiency depends on the concentrations of the oxidants and SO2 across the plume. Figure 11– top left shows that CIs are produced more efficiently outside the plume where the ozone is the main VOC oxidant. Additionally, after 10 hours of darkness the SO2 is diluted and dispersed.
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[bookmark: _Ref512781808][bookmark: _Ref520053122] Figure 11: NO2, SO2 concentrations on the left axis and total CI mixing ratios on the right axis (top left), CI consumption by H2O, NO2 and SO2 (top right), SO2 oxidation efficiency as a function of distance from plume center (bottom left) and SSA production pathways as a function of available SO2 (bottom right). All the plots are from the end of the simulations (10 hours), where the chemistry production is dominant. At plume center (high SO2 mixing ratio), the water and SO2 compete on the CI consumption. As the source contaminants dilute, most of the CI is consumed by water. As the SO2 mixing ratio decreases, the SSA production from CI increases although the total SSA mixing ratio is small. 
The main sinks for CI as a function of distance from plume center are shown in Figure 11- top right. The reaction of CI with NO2 is minor compared to the reaction with water and SO2. Closer to plume center, under high SO2 concentration, the CI + SO2 reaction is most competitive with the loss due to the reaction with water. 
Figure 11 - bottom left shows the SO2 oxidation efficiency. While the nocturnal OH radical production is low, the OH mixing ratio in the plume shows threefold increase upon addition of NOx to the model, mainly due to additional NOx chemistry e.g. OH production through hydroperoxyl radical with NO3. Therefore, the SO2 oxidation by OH is most efficient at the plume center. In contrast, the total CI mixing ratio increases further away from the plume center, where ozone is the main VOC oxidant (the first generation CIs production pathway). Therefore, the SO2 oxidation by CI is most efficient at the plume edges. Relative to oxidation by OH, a larger fraction of the SO2 is oxidized by CI outside of the plume and a smaller fraction inside the plume, but the larger fraction of SO2 consumption by CI occurs at low SO2, so overall the absolute mass of SO2 oxidation is smaller outside of the plume.
Figure 12 shows the nighttime conversion rates of SO2 to sulfate aerosols calculated from the model over 10 hours. The SO2 and SSA concentrations were integrated over the plume width. Since CI reactions are not affected by photochemical reactions, we assume that the conversion rate will be similar during daytime. Therefore, the CI reaction with SO2 will convert 1.5% of the SO2 into SSA during 14 hours of daytime.
[image: ]
[bookmark: _Ref527448609]Figure 12: Nocturnal SO2 conversation rate. The purple line indicates SSA produced by SO2 + CI and the pink line indicates SSA produced by SO2 + OH produced at nighttime. The slopes are the nocturnal conversion rates.
Daytime conversion rate of SO2 through OH reaction can be calculated in the following manner:
(1) 
Where  is the reaction rate coefficient when the ambient conditions are 300K and 1mbar and [SSAOH], [OH] and [SO2] is the concentration of sulfate aerosols produced from SO2 + OH, OH and SO2 respectively.
(2) 
 = 8.3x10-13 cm3 s-1 42 and average diurnal OH concentration is 1x106 cm-3.43-44 Therefore, the OH reaction with SO2 will convert about 4.2% of the SO2 into SSA during 14 hours of daytime. 
These simple considerations show that the daytime SSA produced in power plant plumes from CI may account for about 26% of the total SSA produced, which is not negligible. The contribution of nighttime CI production will be much higher (~55%) due to lower OH concentration.  
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]This study analyzed nighttime oxidation of SO2 by CI under conditions of concentrated SO2 plumes in an area heavily impacted by high BVOC (mostly isoprene) emissions. The simulated conditions allow also to investigate the transition from areas with high SO2 pollution to moderate and ultimately background levels of SO2 i.e. 0.250 ppbv. This transition is shown in the bottom right panel of Figure 11. Polluted areas are represented in the graph by the darkest grey from 30 to 10 µg Sm3 SO2. Rural areas with high biogenic emissions and low concentrations of anthropogenic pollutants are represented by the lightest grey, where the SO2 concentration is less than 1 µg / Sm3 SO2. It can be seen that in the background conditions, the CI loss is heavily dominated by the water reaction. At polluted conditions, the CI loss by the reaction with water and with SO2 is nearly equal. The relative oxidation of SO2 in 10 hours of darkness is <1% at plume center, but up to 8% at background SO2 levels. This higher relative oxidation of SO2 represents a smaller mass due to the lower SO2 concentrations in the background. The integrated effect of CI on SO2 oxidation may be as high as 55% of the SSA produced over a full night. Although considerably lower, CI may have an impact on daytime SO2 oxidation in power plant plumes as well (~25%).

Conclusions
Varying kinetic parameters allows to gauge a range of conditions when the reaction rate coefficients and concentrations are not well known. Coupling a chemical kinetic scheme with a dispersion model and in-situ measurements can help understand the secondary chemistry in pollution plumes close to populated areas and estimate atmospheric oxidation processes. This study uses observations of SO2 and sulfate aerosol by nighttime aircraft plume intercepts to demonstrate that loss of SO2 by CI chemistry can be an important pathway. The scenarios studied in this work show that nocturnal SO2 oxidation by CIs in power plant plume is important even under high RH conditions. We show different CI types that may be produced from isoprene and find that a nitrated CI may be a significant second-generation CIs. The simulation suggests that constraining the thermal dissociation rate coefficients for different CIs is critical for better constraining the role of CI chemistry on SO2 oxidation.
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