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Key Points: 

• Adding aqueous chemistry to a large eddy simulation model with gas-

phase chemistry reduces HCHO in the cloud layer by up to 18% and 

increases isoprene mixing ratios. 

• Covariance of isoprene oxidation products (e.g., methacrolein) with OH 

changes sign (from positive to negative) when aqueous-phase reactions 

are included, indicating a segregation of reactants and reduced reaction 

rates in cloud layers.  

• In-cloud formation of organic acids increases their mixing ratios 

throughout the boundary layer, causing near-surface mixing ratios to 

reach 20% of mixing ratios in the cloud layer within one hour of cloud 

formation. 
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Abstract 

We investigate the impacts of cloud aqueous processes on the chemistry 

and transport of biogenic volatile organic compounds (BVOC) using the National 

Center for Atmospheric Research’s large-eddy simulation code with an updated 

chemical mechanism that includes both gas- and aqueous-phase reactions. We 

simulate transport and chemistry for a meteorological case with a diurnal 

pattern of non-precipitating cumulus clouds from the Baltimore-Washington 

area DISCOVER-AQ campaign. We evaluate two scenarios with and without 

aqueous-phase chemical reactions. In the cloud layer (2-3 km), the addition of 

aqueous phase reactions decreases HCHO by 18% over the domain due to its 

solubility and the fast depletion from aqueous reactions, resulting in a 

corresponding decrease in radical oxidants (e.g., 18% decrease in OH). The 

decrease of OH increases the mixing ratios of isoprene and MACR (100% and 

15%, respectively) in the cloud layer because the reaction rate is lower. 

Aqueous-phase reactions can modify the segregation between OH and BVOC by 

changing the sign of the segregation intensity, causing up to 55% reduction in 

the isoprene-OH reaction rate and 40% reduction for the MACR-OH reaction 

when clouds are present. Analysis of the isoprene-OH covariance budget shows 

the chemistry term is the primary driver of the strong segregation in clouds, 

triggered by the decrease in OH. All organic acids except acetic acid are formed 

only through aqueous-phase reactions. For acids formed in the aqueous phase, 

turbulence mixes these compounds on short time scales, with the near-surface 
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mixing ratios of these acids reaching 20% of the mixing ratios in the cloud layer 

within one hour of cloud formation.  

1 Introduction 

Clouds affect the chemical composition of the troposphere by various 

chemical and physical processes (e.g., Ervens [2015]; Tost et al. [2010]). 

Aqueous-phase reactions in clouds provide an additional pathway for altering 

the composition in and near clouds, creating unique intermediates such as ions 

and hydrated species that are distinct from the products created from gas-phase 

only chemistry [Ervens, 2015]. Convective motions in clouds vertically transport 

temperature and water vapor [Cotton et al., 1995], and chemical constituents 

(e.g., Barth et al. [2007]; Vilà-Guerau de Arellano et al. [2005]) from the turbulent 

sub-cloud layer directly influenced by the surface to the non-turbulent free-

troposphere above.  

Investigations into acid rain production highlighted the importance of in-

cloud aqueous-phase chemistry. Many observational studies showed the 

importance of sulfate formation from the aqueous-phase oxidation of sulfur 

dioxide (SO2) (e.g., Bower et al. [1999]; Hegg and Hobbs [1979; 1981; 1982]; 

Husain [1989]; Husain et al. [2004]; Laj et al. [1997]). Based on box modeling 

studies, Chameides [1984] and Jacob [1986] found the in-cloud acidity affected 

not only the generation of inorganic acids (e.g., sulfuric acid), but also the 

formation of organic acids. Early regional chemistry transport models were 
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developed to study the regional-scale transport, chemistry and deposition of the 

chemical constituents contributing to acid rain based on parameterized chemical 

reactions and cloud processes [Carmichael and Peters, 1986; Chang et al., 1987]. 

Lelieveld and Crutzen [1990] and Lelieveld and Crutzen [1991] found in-cloud 

aqueous-phase chemistry could influence the photochemistry of the troposphere 

by reducing HCHO, HOx and O3 substantially (15-70% for HCHO, 10-70% for HOx 

and 35-45% for O3). However, Liang and Jacob [1997] used a lower but more 

realistic cloud liquid water and a lower Henry’s law constant for CH3O2 and 

simulated less than 3% reduction in O3 due to cloud chemistry. Similarly, Barth 

et al. [2002] showed a 6% O3 reduction caused by aqueous chemistry and cloud 

radiative effects. Up until this point, only CH4 and HCHO chemistry were included 

to investigate the in-cloud aqueous chemistry of organic trace species.  

The role of chemical processing of organic compounds in clouds is gaining 

increasing importance because of the implications of these organic compounds 

to form secondary organic aerosol (SOA).  Sempére and Kawamura [1994] 

studied aerosol samples in the atmosphere with observations, suggesting the 

importance of organics (e.g., oxalic acid, glyoxal, methylglyoxal) for the formation 

of SOA in aqueous chemistry. Jacob and Wofsy [1988] found isoprene gas and 

aqueous chemistry provided an important atmospheric source of formic acid, 

methacrylic acid and pyruvic acid over the Amazon forest. Further laboratory 

studies [Carlton et al., 2007; Ervens et al., 2003] solidified that the aqueous-phase 

photooxidation of organics (e.g., glyoxal) is a potential global and regional source 
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of SOA, and regional scale modeling showed that inclusion of cloud processing of 

organics (e.g., glyoxal, methylglyoxal) improved correlations between modeled 

and aircraft-observed organic aerosols [Carlton et al., 2008]. Other studies [Chen 

et al., 2007; Ervens et al., 2011; Lim et al., 2010] investigated the importance of 

aqueous-phase formed SOA-precursor organic acids (e.g., hydroxyacetic acid, 

glyoxylic acid, oxalic acid and pyruvic acid), but were limited in that the vertical 

mixing in their simulations were parameterized and assumed each grid cell was 

well mixed.  

In this study, we focus on the gas and aqueous chemistry of BVOC as the 

they are ubiquitous [Guenther et al., 1995] and reactive in the atmosphere 

[Goldstein and Galbally, 2007]. BVOC play a crucial role in the formation of O3 

through a series of photochemical reactions in the presence of NOx (NO + NO2), 

and also control the oxidizing capacity of the atmosphere through OH and HO2 

radical chemistry [Atkinson, 2000; Lelieveld et al., 2008]. Gas-phase oxidation of 

primary emitted BVOC may result in functionalized products with lower 

volatility that have the ability to partition to the aqueous phase. For example, the 

BVOC primary oxidation products, methyl vinyl ketone (MVK) and methacrolein 

(MACR), can react in the aqueous phase to produce low-volatility products (e.g., 

small carbonyl compounds including oxalate, glyoxal and methylglyoxal), 

providing an important source of secondary organic aerosol (SOA) [Blando and 

Turpin, 2000; Ervens et al., 2011; Fu et al., 2008]. The efficacy of this process at 

the cloud scale and its importance in regional and global models are still poorly 
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understood. Because these reactions are occurring in clouds, accurate model 

representation of clouds, turbulence and multi-phase chemistry is required to 

understand the fates and distributions of the BVOC species and its relevance for 

SOA formation.  

Representing the physical processes within clouds requires a wide range 

of spatial (micrometers to kilometers) and temporal scales [Hozumi et al., 1982; 

Leriche et al., 2013; Plank, 1969]. Efficient upward transport in convective clouds 

occurs on timescales of minutes to hours, much faster than the timescale of days 

to reach the upper troposphere by advection or diffusion [Barth et al., 2001; Tost 

et al., 2010]. A range of spatial scales have been used to investigate cloud-

chemistry interactions, ranging from zero-dimensional box modeling of coupled 

gas- and aqueous-phase chemistry (e.g., Barth et al. [2003]; Chameides [1984]) 

up to three-dimensional regional models with parameterized cloud processes to 

study acid rain and aerosol formation [Chang et al., 1987; Chapman et al., 2009]. 

Prior regional and global three-dimensional modeling studies have incorporated 

aqueous mechanisms including the cloud aqueous processing of organic 

chemical constituents (e.g., isoprene oxidation products) at varying spatial and 

time scales. At coarser spatial resolutions in global models (e.g., the GEOS-Chem 

model with a 2° latitude × 2.5° longitude resolution [Fu et al., 2009; Marais et al., 

2016]) and regional models (e.g., the regional scale Community Multiscale Air 

Quality (CMAQ) model with a horizontal resolution of 36 km [Chen et al., 2007]), 

clouds are parameterized by predicting the cloud fraction within each grid. At 
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finer regional resolutions (< 4 km), many simulations assume that clouds are 

resolved and utilize grid sizes of the same order as large clouds (km), and solve 

the meteorology and chemistry on the order of minutes. For example, previous 

studies implemented the Weather Research and Forecasting model coupled with 

Chemistry (WRF-Chem) at cloud-resolving scales (~2 km), but found a low bias 

in reproducing SOA precursors caused by a lack of detailed cloud aqueous 

chemistry scheme [Chapman et al., 2009; Tuccella et al., 2015]. Berg et al. [2015] 

and Wang et al. [2015] improved the WRF-Chem treatment of cloud aqueous 

chemistry for sub-grid parameterized convective clouds for coarser resolutions 

(10 km and 36 km horizontal grid resolutions, respectively) to compensate for 

the computational expense. In all of these studies, the model resolution and its 

treatment of clouds are key factors in evaluating the impacts of cloud processes 

on VOC chemistry and transport. However, these studies are limited by the lack 

of a combination between an accurate representation of the turbulent motion of 

clouds in conjunction with sophisticated multi-phase chemistry.  

Because most atmospheric reactions are driven by kinetics, the proximity 

of molecules is required for chemical reactions to occur. Further, because 

dispersion within the atmospheric boundary layer (ABL) is controlled primarily 

by ABL-scale eddies, incomplete mixing becomes important for reactions when 

the reaction rate is similar to the turbulent mixing rate [Schumann, 1989; Sykes 

et al., 1994]. As a result, segregation, defined as the reduction in chemical 

reaction rates caused by incomplete mixing (e.g., Krol et al. [2000]), can occur for 
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fast reactions within the ABL. In clouds, the partitioning of soluble species into 

the aqueous phase affects the interstitial gas phase mixing ratios and potential 

reaction rates. Segregation can also happen between soluble species and less 

soluble species. For example, because HO2 is taken up by cloud water and NO is 

insoluble, the reaction rate between NO and HO2 may decrease due to 

segregation, reducing the recycling rate of HO2 to OH and the production of gas-

phase OH, thereby further suppressing ozone (O3) formation and altering other 

oxidants in the atmosphere [Lelieveld and Crutzen, 1990]. Many studies have 

investigated the intensity of segregation in dry boundary layers using 

observations and models with gas chemistry only, and found a turbulence-

induced reduction in their reaction rates in the sub-cloud layer (e.g., Kim et al. 

[2016], Krol et al. [2000], Molemaker and Vilà-Guerau de Arellano [1998] and 

Ouwersloot et al. [2011]). Vilà-Guerau de Arellano et al. [2005] discussed the 

segregation induced by clouds using a LES without aqueous chemistry and 

attributed all segregation to cloud transport. Kim et al. [2004] also found 

enhanced segregation in shallow cumulus clouds and proposed in-cloud aqueous 

processes could play an important role in segregation, although aqueous 

reactions were not included in their simulations. Therefore, a model with high 

resolution and detailed gas and aqueous chemical mechanisms are required to 

study the effects of clouds on chemistry in convective environments.  

In this study, we utilize the National Center for Atmospheric Research’s 

(NCAR) large-eddy simulation (LES) model coupled to the NCAR gas-phase 
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chemical mechanism MOZART2.2 [Kim et al., 2012] (which will hereafter be 

called: LES-Chem). We add an updated aqueous-phase chemical mechanism 

(Barth et al. [2003], Barth et al. [2016], Herrmann et al. [2010] and Herrmann et 

al. [2015]) to simulate and understand the effects of aqueous-phase chemistry on 

vertical distributions of key BVOC species, such as isoprene and its gas-phase 

oxidation products, in convective environments. LES-Chem has vertical and 

horizontal resolutions that can resolve the energy-containing turbulent eddies in 

the ABL [Moeng, 1984], and the coupled online chemical mechanism provides a 

detailed description of gas and aqueous phase organic chemistry. In this 

manuscript, we present high-resolution LES-Chem simulations representing both 

convective transport and aqueous phase chemistry and their impact on the 

oxidation and distribution of organic species. As far as we are aware, this study 

represents the first to include aqueous chemistry in a LES to study the interplay 

between ABL dynamics and chemistry.  

2 Methods 

2.1 Simulation Design  

We use the NCAR LES [Moeng, 1984; 1987; Patton et al., 2005] with an 

online chemical mechanism [Kim et al., 2016; Kim et al., 2012; Li et al., 2016] to 

study the impacts of clouds on gas and aqueous chemistry. Li et al. [2016] 

simulated cloud and chemical composition evolution with this model for the 

NASA DISCOVER-AQ Baltimore-Washington campaign for three different 
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meteorological case studies, including one clear case and two convective cases. 

Case 1 has fair weather without cloud formation, therefore making it 

inappropriate for this study of aqueous processes. Case 3 has strong convection 

with cumulus cloud formation. Choosing Case 3 would likely produce similar 

results compared to Case 2 with regards to the effects of aqueous processes.  

However, a taller domain would be needed for Case 3 in order to permit the 

simulated clouds to remain largely independent of the top boundary.  Increasing 

the domain height while maintaining similar computational cost would require 

lowering our resolution or limiting the chemical processes, which would reduce 

our confidence in the results and would thus prefer to avoid. We select case 2 

from those experiments (11 July 2011, 0530-1430 LT), as it has a clear diurnal 

pattern of non-precipitating cumulus clouds with the cloud fraction peaking 

around 40% at midday [Li et al., 2016].  This specific case provides an unique 

opportunity to examine the BVOC distribution and chemistry under convective 

conditions.   

In this simulation, Li et al. [2016] used meteorological initial and 

boundary conditions from the global MERRA reanalysis [Rienecker et al., 2011], 

and chemical initial and boundary conditions from averaged NASA P-3B 

measurements above the Fair Hill, Maryland site on the case study day. While the 

Li et al. [2016] study used a model domain of 14.4 km × 14.4 km × 6.4 km (96 × 

96 × 96 grid points with horizontal grid spacing of 150 m and vertical grid 

spacing of 66.67 m), here we use a lower domain height (4.8 km) and test three 
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horizontal resolutions (see section 2.2). The 4.8 km domain height allows full 

turbulence development independent of the top boundary [Li et al., 2016] and 

captures the varying cloud layers ranging from 1 km to 4 km altitudes. The 

interaction between clouds and radiation is not explicitly included in these 

simulations. Incident radiation at the surface is assumed to be horizontally 

homogeneous but time varying by imposing the bulk variation of the sensible 

and latent heat fluxes, and as a result there is no local cloud impact on the 

available energy determining surface exchange.  In addition, radiation incident 

on the surface does not influence reactant emissions in these simulations. 

However, the simulation is influenced by an imposed radiative tendency based 

on MERRA reanalysis [Li et al., 2016] which introduces a horizontally 

homogeneous radiatively induced heating/cooling to each vertical level which 

does influence turbulent motions.  There is no direct impact on turbulence from 

the cloud-induced modulation of radiation. The simulation is performed with a 

fixed time step of 1.5 s, and meteorological simulations begin at 0530 LT with 

chemistry initiated at 0830 LT. Li et al. [2016] provide further details of the LES 

meteorological configuration.  

The gas-phase chemistry mechanism is based on the NCAR gas-phase 

chemical mechanism MOZART2.2 [Horowitz et al., 2003] as implemented by Kim 

et al. [2012]. It includes 64 reactants and 168 reactions. Although the isoprene 

chemistry does not include the most recent research (e.g., Paulot et al. [2009]; 

Paulot et al. [2012]), a comparison of the mechanism used here with an updated 
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isoprene mechanism using a photochemical box model finds consistent behavior 

between the two mechanisms for the relationship between NOx and OH [Kim et 

al., 2016]. The aqueous-phase chemical mechanism (Table 1) is based on Barth et 

al. [2003] and Barth et al. [2016]. For the current LES-Chem study, we updated 

reactions and rate constants based on Ervens et al. [2008], Herrmann et al. 

[2010] and Herrmann et al. [2015] and added organic acid formation in the 

aqueous phase based on Ervens et al. [2008]. Henry’s law equilibrium constants 

(Table 2) are based on Sander [2015] and Sander et al. [2011]. Accommodation 

coefficients (Table 2) are based on McNeill et al. [2012]. Details on the 

calculations of chemical production and loss for the LES chemical mechanism are 

provided in the Supporting Information. The method used to partition trace gas 

mixing ratios between the gas and aqueous phases works well for both low and 

high solubility gases, but it overestimates OH aqueous-phase concentrations, 

which are controlled by the chemistry and mass transfer rather than the Henry’s 

Law equilibrium. Therefore the conclusions drawn here from the OH chemical 

budget are qualitative rather than quantitative.  Isoprene emissions are 

calculated based on the solar zenith angle and temperature [Guenther et al., 

2006] and anthropogenic VOC emissions are not included in these simulations.   

We categorize the BVOC species following Li et al. [2016] as (1) primary 

emitted BVOC (isoprene), (2) primary oxidation products [MVK, MACR and 

isoprene hydroxyhydroperoxide (ISOPOOH)], (3) dual-oxidation products 

[produced by both the primary emitted BVOC and the oxidation products, such 
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as formaldehyde (HCHO)], and (4) secondary oxidation products [produced by 

the primary oxidation products, including hydroxyacetone (HYAC), 

glycolaldehyde (GLYALD), methylglyoxal (MGLY), and acetaldehyde (ACETALD)]. 

To understand aqueous processes, we also categorize the VOC species according 

to the Henry’s law constants as (1) insoluble species (isoprene), (2) slightly 

soluble species (MACR, ACETALD, MVK and ISOPOOH with a 𝐾𝐻
⊝(defined as 

Henry’s law constant 𝐾𝐻 at 298 K) range of 4.8-300 M atm-1), (3) moderately 

soluble species (HYAC, HCHO, MGLY, GLYALD and ACETAC (CH3COOH) with a 

𝐾𝐻
⊝range of 3230-7700 M atm-1) and (4) highly soluble organic acids 

[hydroxyacetic acid (GLYCAC), formic acid (HCOOH), glyoxylic acid (GLYOXAC), 

pyruvic acid (PYRAC), and oxalic acid (OXALAC) with a 𝐾𝐻
⊝range of 8900-5.0×108 

M atm-1].  

To understand the importance of including aqueous-phase reactions in 

the LES chemical scheme, we simulate two scenarios using the meteorological 

and chemical environment described above, including: (1) with gas phase 

chemistry only and aqueous-phase reactions turned off (scenario 1: NOAQU), 

and (2) with both gas- and aqueous-phase reactions (scenario 2: AQU).  

2.2 Comparison of Three LES Resolutions  

For a typical daytime convective PBL, Sullivan and Patton [2011] 

investigated the sensitivity and convergence of the LES and found simulations for 

a model domain of 5120 m × 5120 m × 2048 m with 2563 mesh points (with a Δx 
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× Δy × Δz of 20 m × 20 m × 8 m) or more were needed to estimate the high-

order moments of conserved scalars from the resolved LES flow fields and 

resolve sharp gradients in scalars such as temperature. Based on these 

resolution tests, a higher LES resolution than that implemented by Li et al. 

[2016] may be necessary to accurately resolve the turbulent environment. Based 

on the fixed domain (14.4 km × 14.4 km × 4.8 km) described above, we test three 

mesh resolutions to examine the numerical convergence of the idealized LES 

simulations in the absence of chemistry.  

Three resolutions were tested with a constant spacing for each mesh:  (1) 

963 grid points, representing a Δx × Δy × Δz of 150 m × 150 m × 50 m, (2) 1923 

grid points, representing a Δx × Δy × Δz of 75 m × 75 m × 25 m, and (3) 3203 

grid points, representing 45 m × 45 m × 15 m, to capture a range of resolutions 

within our computational resources. In these three varying-resolution 

simulations, clouds in the 1923 and 3203 simulations exhibit similar evolution 

patterns (Figure 1). As in Li et al. [2016], the cloud top is defined as the 

maximum height where liquid water is present in the domain and the cloud base 

is defined as the minimum height where liquid water is present (Figure 1a). The 

cloud fraction is the horizontal fraction of the domain containing vertically 

integrated liquid water (or LWP>0; Figure 1b). Clouds in the 1923 and 3203 

simulations develop around 1045 LT (Figure 1a) and reach the highest fraction 

(47%) at around 1130 LT (Figure 1b). Clouds in the 963 simulation form slightly 

earlier (Figure 1a), and the cloud fraction in the 963 simulation diverges from the 
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other two simulations with higher resolutions (Figure 1b). Cloud fraction 

diverges (<10%) between the 1923 and 3203 simulations after 1200 LT (Figure 

1b), with the 3203 simulation simulating a slightly higher cloud fraction. The 

divergence of the cloud fraction between the 1923 and 3203 resolutions after 

12LT results from the fact that the coarser resolution simulations do not resolve 

scalar gradients as well as the higher resolution simulations; therefore, there are 

fewer updrafts in the coarse simulation compared to the finer grids. Since the 

initial conditions are such that the free-troposphere is drier than the sub-cloud 

boundary layer, the finer resolution simulations entrain more moist air aloft, 

condensing into cloud. Therefore, fewer clouds form and persist for shorter 

duration in the coarser-resolution simulations compared to those in the finer-

resolution simulations. 

As in the statistical analysis of Sullivan and Patton [2011], we select three 

time periods to compare the behaviors of the three resolutions after the 

turbulence is spun-up, representing (1) clear weather conditions before cloud 

formation (1000 LT), (2) a convective condition with peak cloud fraction (1200 

LT), and (3) a weaker convective environment with dissipating clouds (1300 LT). 

For each vertical level, the mean values represent horizontally-averaged 

quantities (over the entire horizontal domain) that are temporally-averaged for 

30-minute time periods surrounding the desired time (i.e., 0945-1015 LT, 1145-

1215 LT and 1245-1315 LT). To investigate turbulent quantities, we define a 

fluctuation as a quantity’s deviation from its instantaneous horizontal average.  
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To investigate the resolution dependence of the LES in simulating 

turbulence, we examine the total (resolved plus subgrid-scale, SGS) quantities of 

important meteorological statistics, including liquid water potential temperature 

flux (WH), total water (vapor plus liquid) specific humidity flux (WQ), and 

turbulent kinetic energy (TKE). Liquid water potential temperature is a 

thermodynamic variable that is conserved in the absence of precipitation [Betts, 

1973; Deardorff, 1976], and reverts to potential temperature in the absence of 

liquid water. This thermodynamic variable is frequently used in non-

precipitating cloud simulation models. We note that liquid water potential 

temperature and total water specific humidity are conserved when undergoing 

reversible processes [Deardorff, 1976]. SGS contributions to WH, WQ, and TKE 

are estimated using a SGS eddy viscosity model [Deardorff, 1980]. 

The variation of WH, WQ and TKE from 1000 LT, 1200 LT to 1300 LT 

(Figure 2) is consistent with the cloud evolution in Figure 1. Cloud development 

at the two later times produces larger fluxes and TKE at high altitudes (1-3 km, 

Figure 2d-i). At 1200 LT and 1300 LT, WH, WQ and TKE show more divergence 

between simulations with different resolutions. In general, WH and TKE profiles 

show better convergence between the two finer-mesh simulations (1923 and 

3203; Figure 2d, f, g, i). At 1300 LT, we find in the cloud layer that WQ diminishes 

with increasing resolution (Figure 2h). Those discrepancies within 1 - 3 km 

highlight the resolution sensitivity of the LES, indicating that coarser model 

resolutions may overestimate moisture transport by clouds and thus potentially 
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overestimate aqueous chemical reaction rates within cloud layers.  

In summary, the statistics effectively converge with the 1923 mesh 

resolution or higher, although there are some minor differences between the 

1923 and 3203 mesh resolutions. We also note that these tests do not necessarily 

reflect resolution independence for the chemical reactants, however there is 

little difference between the 963 and 1923 grids for the vertical profiles of 

reactive species such as isoprene and chemical segregation values (<2%, results 

not shown). The high computational expense associated with including both gas- 

and aqueous-phase reactions makes the 3203 grid mesh simulations impractical 

to perform within our available resources.  We therefore select the 1923 mesh for 

our simulations investigating the importance of aqueous-phase chemistry within 

clouds.  

3 Results 

We simulate the two scenarios (i.e., the NOAQU scenario and the AQU 

scenario) using the 1923 resolution.  Aqueous chemical reactions only occur in 

liquid water in clouds, but the effects of adding aqueous scheme can extend over 

the entire domain. Therefore we analyze the changes in BVOC distributions at 

two scales: the first at the cloud-scale to understand the local effects of aqueous 

chemistry, and the second at the scale of the entire domain to evaluate the 

larger-scale effects. Cloud-scale calculations are described in Section 3.2 below.  

Domain-wide average vertical profiles of the mixing ratios are calculated 
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horizontally averaged over the entire domain at each model level and represent 

the equivalent area of a typical regional chemistry model resolution (~e.g., 14 

km). 

3.1 Meteorology 

For both the NOAQU and AQU simulations, the meteorological initial 

conditions and forcing parameters are identical, as we make no changes to the 

meteorology between the simulations. In the simulation, clouds continually form 

and dissipate beginning at 1045 LT, with a cloud fraction ranging from 0% to 

47% over the course of the simulation (Figure 1b). Cloud base is at 1.5 km and 

the cloud top reaches 3.5 km in the early afternoon (Figure 1a), with peak cloud 

fractions between 1100-1230 LT (Figure 1b). From 1000 LT to 1400 LT, ABL 

development is observed through the profiles of potential temperature (θ; K) 

and TKE (m2 s-2) (Figure 3a, b). The ABL height is defined as the height where a 

bottom-up inert tracer emitted from the surface has a horizontal model domain 

averaged mixing ratio that is 0.5% of its surface value [Kim et al., 2012; Vilà-

Guerau de Arellano et al., 2005]. The ABL height is around 1 km at 1000-1100 LT 

and starts to increase rapidly after 1200 LT, reaching up to 3 km at 1400 LT. In 

the sub-cloud layer, near-surface θ increases about 5 K over this time period, 

while θ at 3 km decreases about 5 K, leading to a less stable atmospheric 

environment. TKE increases with time as surface heat fluxes increase throughout 

the day, with the largest values in the subcloud layer and a second local 

maximum emerging in the cloud layer (1-3.5 km) from 12-14 LT. Total water 

This article is protected by copyright. All rights reserved.



specific humidity (q; g kg-1) decreases near surface but increases aloft based on 

initial profiles provided by reanalysis and sonde data (Figure 3c). Liquid water 

specific humidity (ql; g kg-1) increases at 1200 LT between 1-3 km, matching the 

convective environment indicated by strong TKE at this height (Figure 3d).  

3.2 Cloud Sampling 

We focus on changes in the chemistry and transport of BVOC caused by 

introducing aqueous-phase reactions. Aqueous-phase reactions occur only in 

liquid water present in the cloud layer (Figure 1a). To capture these small-

structure changes where clouds are present, we select a cloudy column within 

the model domain for analysis of the impact of aqueous chemistry. We select a 

vertical column with high liquid water path (LWP) based on visual inspection at 

a time of peak cloud fraction (1200 LT in this case), hereinafter called the 

“cloudy column.” The LWP altitude range is from the surface to the top of the 

simulation domain. This column has LWP larger than 160 g m-2 and is selected to 

highlight the detailed chemical processes occurring within clouds. This cloudy 

column is defined by 25 ×  25 ×  192 grid points representing a 1875 m × 1875 

m × 4800 m region. The column remains spatially fixed over time, thus clouds 

evolve within the column.  We evaluate the vertical profile within the column by 

horizontally-averaging over the cloudy column’s horizontal extent and time-

averaging over 30-minute intervals. To understand the temporal impacts of 

aqueous phase chemistry on the chemical species in the cloud layer, we evaluate 

aqueous chemistry in the 2-3 km altitude layer of the cloudy column and over the 
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domain, respectively. In addition, an instantaneous vertical cross section of the 

LES domain that intersects with the center of the selected cloudy column is 

analyzed to compare and understand the meteorological versus chemical factors 

on BVOC mixing ratios and resulting chemistry.  

Following the cloud sampling methods introduced above, we select a 30-

minute period at 1200 LT (1145-1215 LT) with peak cloud fraction (Figure 1a) 

to identify a region of the domain with high liquid water. Figure 4a shows the 

horizontal distribution of the 30-minute averaged LWP centered at 1200 LT. The 

domain primarily has LWP less than 200 g m-2, a value within the expected range 

for shallow cumulus clouds (e.g., Lenderink et al. [2004]). A few high LWP regions 

are also observed in Figure 4a, indicating regions with deeper clouds and higher 

liquid water content. We select a region with high LWP (>240 g m-2) to analyze 

the variations of BVOC under different phases of cloud evolution (Figure 4a; red 

box). The temporal evolution of ql in this cloudy column (Figure 4b) shows 

temporally intermittent clouds from 1.5 km to 3.5 km altitude and therefore our 

analysis of BVOC temporal variations in this cloudy column focuses on the 2-3 

km altitude region (Figure 4b, grey dashed lines) (Section 4.1).  

We use an instantaneous x-z cross section of meteorological and chemical 

variables at 1200 LT to study the effects of vertical transport of liquid water on 

chemical constituents. The instantaneous vertical cross section of ql shows a 

cloud cluster (Figure 4c) with ql of 1.6-2.0 g kg-1 in the main cloud region and 

higher mixing ratios at the top of the cloud. The cloud cluster has strong upward 
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motion (w = 4 to 7 m s-1) inside the clouds (Figure 4d), and weak downdrafts 

observed near cloud edges.  

3.3 Vertical profiles of chemical species 

For the AQU simulation, we investigate horizontally- and 30-minute 

averaged vertical profiles of isoprene (Figure 5a), primary isoprene oxidation 

products (Figure 5b-d) and HCHO (Figure 5e), together with OH, HO2, RO2, NO2 

and NO (Figure 5f-j). RO2 is calculated as the sum of all the organic peroxy 

radicals in the LES chemical scheme. The mixing ratio profiles of the chemical 

variables display the total mixing ratio, or the sum of gas plus aqueous phase 

mixing ratios.  The distribution of species in the ABL depends on both chemistry 

and turbulent mixing and here we discuss the vertical distribution of BVOC, HOx 

and NOx as simulated by the LES.  

Emitted from the surface, isoprene rapidly reacts with OH in the gas phase.   

Mixing ratios are highest near the emission source and then decrease rapidly 

with height due to chemical loss.  Additionally, isoprene diminishes more rapidly 

with height as OH production increases through photochemical production 

during the day (e.g., from 1000 LT to 1400 LT). After 1100 LT, a small amount of 

isoprene is transported upward above cloud base (Figure 5a), due in part to the 

strong upward motions in clouds.    

 Generally, isoprene oxidation products (MACR, MVK, HCHO and ISOPOOH) 

have vertical gradients with higher mixing ratios near the surface reflecting the 

near-surface isoprene source (Figure 5b-e). In the morning (1000 LT) above 
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1km, MACR, MVK and HCHO mixing ratios are elevated due to the chemical initial 

conditions from P-3B measurements (Figure 5a-e), representing observed 

oxidation products in a residual layer aloft or transported in from upwind 

regions.  These mixing ratios are then depleted largely from 1000 LT to 1400 LT 

due to reactions with OH below 3 km (Figure 5b, c, e). MACR, MVK and HCHO 

have longer lifetimes than isoprene, resulting in well-mixed mixing ratios below 

the cloud base (~1 km). About an hour after cloud formation, the vertical profiles 

of MACR, MVK and HCHO are also well mixed in the cloud layer (1-3 km) with 

lower mixing ratios. In contrast to the other BVOC oxidation products, ISOPOOH 

mixing ratios increase during the daytime. Its longer lifetime compared with the 

other BVOC species in Figure 5 [Li et al., 2016] allows ABL motions to transport 

ISOPOOH aloft beginning at 1200 LT (Figure 5d). 

OH mixing ratios are mainly controlled by photochemistry, thus its vertical 

profile (Figure 5f) reflects OH sources and sinks. Mixing ratios are lower near the 

surface (where reaction of OH and isoprene dominates) and higher aloft (details 

of OH sources and sinks are presented in section 4.2). As in Li et al. [2016], 

diurnal photolysis rates are calculated offline with the NCAR Tropospheric 

Ultraviolet and Visible (TUV) Radiation Model [Madronich and Flocke, 1999], 

meaning that the presence of clouds in these LES simulations would not affect 

the photolysis rates. Kim et al. [2012] found 15% decrease in OH but negligible 

effect on HCHO caused by cloud scattering effects on photolysis rates, indicating 

the importance of photolysis in our cloudy simulations may be overestimated for 
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OH but should be reasonably accurate for HCHO. TUV-calculated photolysis rates 

peak at around 1315 LT in the simulations. Also, as the primary precursor of OH, 

O3 increases past 1 pm (not shown), leading to OH increasing beyond local noon. 

HO2 vertical profiles are similar to OH due to fast conversion reactions between 

OH and HO2 (Figure 5g). NO2 vertical profiles (Figure 5i) show decreasing near-

surface mixing ratios and increasing upward transport from 1000 LT to 1400 LT. 

Atmospheric photochemical conversion between NO and NO2 leads to a similar 

variation of NO vertical profiles (Figure 5j) as NO2. 

4 Effects of Aqueous Chemistry on Chemistry in the ABL 

To investigate the impacts of aqueous-phase reactions on BVOC, we 

evaluate the two simulations with (AQU) and without (NOAQU) aqueous-phase 

reactions for the vertical changes of total (gas + aqueous) mixing ratios at 1200 

LT and the temporal evolution within the cloud layer (2-3 km) for the cloudy 

column and across the entire horizontal LES domain. The changes due to 

aqueous chemistry in the cloudy column reflect the effects of aqueous processes 

in clouds, and the domain-wide changes evaluate aqueous chemistry effects on a 

regional scale. Segregation between the key BVOC species and OH are also 

calculated and compared with prior studies.  

To obtain average vertical profiles in the cloudy column, mixing ratios at 

each model level are horizontally averaged over the column region and 

temporally averaged for the 30-minute time period centered on the desired time 
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(i.e., 1145-1215 LT). Similarly, domain-wide vertical profiles are averaged 

horizontally over the entire LES simulation domain. To study the temporal 

evolution of the chemical species, their mixing ratios at each model level are 

horizontally averaged over the column region or the domain, and then vertically 

averaged for all grid points spanning the 2-3 km altitude region. Spatial standard 

deviations are applied only on the averaged quantities related to the cloudy 

column, reflecting the magnitude of mixing ratio variations relative to this 

average over the horizontal extent of the cloudy column and the 2-3 km region at 

each time interval. 

4.1 Temporal Evolution of In-cloud Chemistry  

We investigate the temporal variations within the 2-3 km altitude layer of 

the selected cloudy column (Figure 4a) and the whole domain over the time 

period of dominant cloud formation. In the cloudy column, three cloud clusters 

develop at around 1200 LT, 1300 LT and 1330 LT (Figure 4b). Clouds lead to 

strong upward transport, increasing mixing ratios that correspond to ql variation 

and updrafts (Figure 4d). BVOC and oxidant mixing ratios in the cloud layer 

change on a similar time scale as ql, with mixing ratios of the two simulations 

diverging when ql increases (Figure 6). 

Prior to cloud development at 2-3 km, the isoprene mixing ratio is very low 

(~ 5 pptv), similar to isoprene mixing ratios simulated by [Kim et al., 2012].  As 

clouds develop in the column, convective motion transports isoprene upward 

and isoprene mixing ratios increase up to 140 pptv (i.e., when ql  > 0 g kg-1). 
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Isoprene mixing ratios quickly decrease when clouds dissipate or exit the 

predefined column (Figure 6a), which is primarily due to its fast reaction with 

OH.  When looking beyond the cloudy column to the full domain, the domain-

wide averaged ql (~0.05 g kg-1 peak values) is much lower than the cloudy 

column (~0.2-0.6 g kg-1 peak values) yet domain-averaged isoprene increases by 

about ~10 pptv at 2-3 km (Figure 6e). 

MACR decreases from 1030 LT to 1130 LT before cloud formation due to 

its gas-phase reaction with OH, and reaches 30 pptv by midday. Similar to 

isoprene, MACR mixing ratios increase within convective updrafts and decrease 

in the absence of clouds (Figure 6b). Domain-averaged MACR increases 15% in 

the AQU simulation as compared to the NOAQU simulation (Figure 6f). In the 

AQU simulation, OH reductions (Figure 6c) slow BVOC oxidation rates and 

increase the peak mixing ratios of isoprene and MACR slightly higher than the 

NOAQU simulation (Figure 6a, b).  

The mixing ratios of OH increase from 1030 LT to 1430 LT due to 

photochemical production during midday (Figure 6c). In the NOAQU simulation, 

OH increases sharply when ql increases, then decreases after each cloud event. In 

the AQU simulation, OH decreases by up to 25% of the NOAQU simulation values 

when ql increases, signifying the effects of adding aqueous-phase reactions in the 

AQU simulation (Figure 6c; Table 1). Gas-phase chemistry also contributes to its 

depletion; for example, segregation of NO and HO2 induced by their solubility 

differences reduces OH production in the presence of clouds. However, the gas 
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phase contribution is much smaller than contributions from aqueous phase 

chemistry (discussed in section 4.2). The BVOC lifetime (according to their 

reaction rates with OH) is inversely proportional to the OH mixing ratio [Li et al., 

2016]. Therefore, the 25% OH decrease within the cloudy column in the AQU 

simulation leads to a 33% increase of BVOC lifetimes in clouds. Domain-averaged 

OH shows a smaller divergence between the AQU and the NOAQU simulations 

(Figure 6g), which could result from regions without the OH decrease in the AQU 

simulation or without the OH enhancement in the NOAQU simulation, 

eliminating the accumulated effects of aqueous processes. HCHO concentrations 

are initialized at ~2 ppbv in the 2-3 km cloud layer based on P-3B observations. 

However, the model lacks emissions of anthropogenic VOC that would contribute 

to HCHO formation, therefore concentrations decrease between 0830-1145 LT. 

After cloud formation, HCHO shows a relatively constant mixing ratio (1.2 ppbv) 

when ql decreases to zero in the NOAQU simulation (Figure 6d), indicating a 

balance of its photochemical sources and sinks. Adding aqueous-phase reactions 

(AQU simulation) decreases the HCHO mixing ratio by 0.2 ppbv (17%), due to its 

solubility and fast consumption by aqueous-phase OH. This reduction is similar 

to decreasing HCHO mixing ratios simulated with aqueous chemistry by Lelieveld 

and Crutzen [1991], Barth et al. [2003], and others (e.g. Chameides and Davis 

[1982], Chameides [1984] or Jacob [1986]). The lifetime of HCHO is longer than 

isoprene, MACR and OH [Li et al., 2016]; therefore, aqueous chemistry could also 

have an accumulated effect on HCHO variation. Including aqueous-phase 
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processes not only decreases HCHO when clouds exist, but also steadily 

decreases mixing ratios in the cloud layer over the course of the simulation. 

Domain-wide HCHO variations also show an accumulated effect of aqueous 

processes, with an 18% decrease in the AQU simulation compared to the NOAQU 

simulation at 1430 LT (Figure 6h). Compared with the updated chemical 

mechanism with both gas- and aqueous- phase reactions, this suggests that gas-

phase only mechanisms may overestimate HCHO by about 18% in the early 

afternoon during convective cloud events. We note that anthropogenic emissions 

are not included in these simulations, which could affect the magnitude of in-

cloud HCHO changes. 

ISOPOOH shows an increasing trend over time (not shown), signifying an 

accumulation of this BVOC oxidation product in the cloud layer due to its longer 

lifetime than isoprene, MACR, MVK and the HOx species [Li et al., 2016]. No 

difference between the two simulations is observed for the ISOPOOH time series 

(Figure 6g), indicating that aqueous chemistry does not affect ISOPOOH mixing 

ratios. We note that ISOPOOH is treated as slightly soluble in the LES. We use a 

deposition velocity of 0.909 cm s-1 for ISOPOOH in the simulations, which is 

lower than the deposition velocity of 1.5±0.4 cm s-1 used by Wolfe et al. [2015] 

for ISOPOOH+ isoprene dihydroxyepoxides (IEPOX). Compared with the NOAQU 

simulation, NOx mixing ratios are enhanced in the AQU simulation (not shown) 

as a result of decreased HOx.  
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4.2 Aqueous Chemistry Effects on Vertical Profiles of Chemical Species 

Vertical profiles of total (gas plus aqueous) mixing ratios of key BVOC 

species, oxidation products, and oxidants horizontally-averaged reveal 

differences between the two simulations in the cloudy (ql  > 0 g kg-1) layer from 1 

to 3 km (Figure 7). In the cloudy column (Figure 7a-d), isoprene mixing ratios 

increase about 20 pptv in the cloud layer (1-3 km) when aqueous chemistry is 

included (Figure 7a).  In addition, MACR increases 15 pptv (about 20%; Figure 

7b) and mixing ratios of OH and HCHO decrease up to 20-25% due to the 

aqueous-phase reactions (Figure 7c, d). As was shown with the temporal 

evolution of HCHO (Figure 6d), aqueous-phase chemistry depletes HCHO and 

reduces HCHO mixing ratios in the cloudy column by 20% compared to gas-

phase only chemistry (Figure 7d). Compared with the cloudy column, domain-

wide average profiles show smaller changes in the chemical species between the 

AQU and the NOAQU simulations (Figure 7e-h), with about a 14% increase for 

MACR, 18% decrease for OH and 18% decrease for HCHO.  

To understand the effects of aqueous chemistry on the key chemical 

species, we focus on the cloudy column where the impacts are the greatest. The 

decrease of OH with the addition of aqueous chemistry mainly results from the 

rapid oxidation of HCHO in clouds (Figure 8). In the NOAQU simulation, OH is 

chemically produced through reactions of HO2 and NO, and O3 photolysis (Figure 

8a), and is depleted primarily through reaction with CO and HCHO (Figure 8b). 

Compared with the total (sum of aqueous- and gas- phase) production and loss 
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rates in the NOAQU simulation (Figure 8a, b), the total OH production rate 

increases slightly (about 5%) in the cloud layer in the AQU simulation, and the 

total loss rate increases about 30% on average (Figure 8c, d), leading to a net loss 

in OH production. While the aqueous-phase O3 + HO2 reaction is an important 

pathway that increases the OH production in the cloudy column (about 10%) 

(Figure 8c), it is offset by the aqueous HCHO oxidation with OH, which is the 

dominant loss pathway for OH and contributes more than 90% of the change in 

the OH loss in the cloud layer. This is followed by the aqueous-phase reaction of 

OH and CH3OH, which contributes about 30% of the change in the OH loss 

(Figure 8d), although we note that the high mixing ratios of CH3OH (~6.5 ppbv 

measured by P-3B in the ABL) at the Fair Hill site in the 2011 DISCOVER-AQ 

campaign contribute to the importance of this reaction in the budget. Other 

primary loss pathways for OH are the aqueous-phase reactions of OH and 

GLYALD, OH and HCOOH, and OH and MGLY, contributing about 8%, 5% and 2% 

of the change in the OH loss in the cloud layer, respectively (Figure 8d). These 

results for OH sources and losses are qualitative only, because the LES model 

was configured such that Henry’s Law equilibrium is used to estimate OH 

aqueous-phase concentrations, resulting in higher OH aqueous-phase 

concentrations than found by other models (e.g., Tilgner et al. [2013]). HO2 

dissolves in the aqueous phase more easily than OH, which further suppresses 

gas-phase reactions that reform OH [Chameides and Davis, 1982]. For example, 

the OH production rate through the reaction of HO2 and NO decreases by about 
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10% in the AQU simulation (Figure 8c) compared with that in the NOAQU 

simulation (Figure 8a). These results suggest that the lack of aqueous-phase 

reactions could overestimate OH in the cloud layer. We note that because 

aqueous chemistry changes the vertical gradient of each species, turbulent 

transport may also play a role in decreasing OH; however, this term contributes 

less than 1% to the OH decrease (not shown) and is therefore small compared to 

aqueous HCHO oxidation.  

Decreased oxidants lower the reaction rates of the BVOC chemistry, 

resulting in increased mixing ratios of isoprene and its primary oxidation 

products (e.g., MVK and MACR). ISOPOOH has a longer lifetime (2.7 hr with 

respect to OH gas-phase oxidation [Li et al., 2016]) than other species like MACR 

and MVK, and is only slightly soluble in the aqueous phase. ISOPOOH mixing 

ratios are similar in the two simulations (not shown), reflecting the lack of 

aqueous-phase reaction of ISOPOOH and the similar gas-phase net production 

rates of ISOPOOH calculated under both scenarios (Figure S1). In addition, we 

note the difference in cloud fraction (<10%) between the 1923 and 3203 

simulations after 1200 LT. The 3203 simulation simulates a slightly higher cloud 

fraction, indicating using a higher resolution (3203) could lead to a minor 

increase (<1%) in the differences of the vertical profiles and the temporal 

evolutions of the key chemical species between the NOAQU and AQU simulations 

over the entire domain.   
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4.3 Segregation 

Understanding chemical production and loss rates is crucial to interpret 

the oxidation and vertical distribution of the BVOC species. However, these 

chemical reactions are influenced by turbulent eddies of all scales. Numerical 

models that do not resolve turbulence typically ignore the effects of turbulent 

mixing by assuming constituents are well mixed. The LES resolves the energy-

containing turbulent scales of motion thereby permitting investigation of the 

effects of insufficient mixing on chemical production and loss rates.  

We calculate the intensity of segregation (Is) between OH and the BVOC 

species to study the impact of aqueous-phase chemistry on turbulence-induced 

modification to their overall reaction rate. Is is calculated as: 

𝐼𝑠 = 𝑉𝑂𝐶𝚤′ 𝑂𝐻′�����������������

𝑉𝑂𝐶𝚤������� 𝑂𝐻�����
 ,                                                                                                                    (2) 

which is the covariance between a BVOC species and OH (VOC𝚤′OH′������������, where the 

overbar represents a horizontal average across the entire LES domain, and the ′ 

represents a deviation from that average) divided by the product of the 

horizontally-averaged BVOC (VOC𝚤�������) and OH (OH����).  Negative Is indicates a 

reduction in the reaction rate due to segregation of the reactants and positive Is 

represents an increase in the reaction rate [Karl et al., 2007; Li et al., 2016; 

Molemaker and Vilà-Guerau de Arellano, 1998; Verver et al., 1997]. 

We calculate Is for OH and isoprene, and for OH and MACR over the entire 

LES domain for the two simulations at each time step. Because a cloud fraction 
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larger than 30% is maintained in the domain after cloud formation (Figure 1b), 

continuous positive or negative Is values are calculated in the cloud layer (Figure 

9). In the NOAQU simulation, positive Is values in the cloud layer (Figure 9a, b) 

indicate higher reaction rates between OH and the BVOC species than one would 

predict in the absence of turbulence consistent with Ouwersloot et al. [2011] 

analysis of OH-isoprene segregation. Strong positive Is occurs near or above the 

top of the clouds (Figure 9a, b). The positive correlations are predominantly due 

to chemical transformations (Figure 10a) leading to the very low mixing ratios of 

these species in the free troposphere (Figure 5), which will be further discussed 

below using the covariance budget. In our case with non-precipitating clouds, 

adding aqueous-phase chemistry leads to a decrease in the reaction rates of OH 

and isoprene by about 20-40%, consistent with an up to 39±7% reduction of the 

isoprene-OH reaction rate in the cloud layer observed by Karl et al. [2007], and 

OH and MACR by about 10% in the cloud layer over the domain. We note the 

relatively low mixing ratios of isoprene at this altitude (Figure 7a), suggesting 

that the impact of the isoprene-OH segregation should not significantly change 

peroxy radical production at this altitude. In the AQU simulation, the reactions of 

OH and MVK, OH and MGLY, OH and ACETALD, and NO and HO2 also exhibit 

negative Is in the cloud layer over the domain (Figure S2). The impacts of 

turbulence on the reaction rates of OH and MVK, OH and MGLY, and NO and HO2 

are comparable spatially but weaker in magnitude (5-10%) than on the reaction 

This article is protected by copyright. All rights reserved.



of OH and MACR, and the impact on reaction rate of OH and ACETALD is minor 

(<5%).  

To understand the processes controlling segregation between isoprene and 

OH in the modeling domain, we calculate the covariance budget as follows: 

𝜕�(𝐶5𝐻8)′(𝑂𝐻)′������������������� 𝜕𝑡⁄ = −〈𝑤′(𝐶5𝐻8)′�������������𝜕(𝑂𝐻)�������/𝜕𝑧〉 − 〈𝑤′(𝑂𝐻)′�����������𝜕(𝐶5𝐻8)���������/𝜕𝑧〉 −

𝜕�𝑤′(𝐶5𝐻8)′(𝑂𝐻)′���������������������/𝜕𝑧� − �(𝐶5𝐻8)′(𝜕𝜏𝑤𝑂𝐻 𝜕𝑧⁄ )�������������������������� −

�(𝑂𝐻)′�𝜕𝜏𝑤𝐶5𝐻8 𝜕𝑧⁄ ��������������������������� +

𝜕�(𝐶5𝐻8)′(𝑂𝐻)′������������������� 𝜕𝑡⁄ |𝑐ℎ𝑒𝑚                (3) 

where  ′ indicates deviation from the horizontal average, the overline denotes 

horizontal average, angle brackets denote the time average, and 𝜏𝑤𝑂𝐻 and 

𝜏𝑤𝐶5𝐻8  denote the subgrid stress for OH and C5H8, respectively [Kim et al., 2004; 

Moeng and Sullivan, 1994]. The term on the left hand side is the tendency of 

covariance between isoprene and OH, while the terms on the right hand side 

show how this covariance is generated. The first two terms on the right hand 

side are the gradient production of the covariance between isoprene and OH, the 

third term represents the turbulent transport of the two species, and the fourth 

and fifth terms are SGS diffusion terms [Schumann, 1989; Vinuesa and De 

Arellano, 2003]. The last term on the right hand side is the net 

production/destruction of covariance from chemical transformations, which is 

calculated as the residual of the covariance budget.  
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The covariance budget is important in understanding the processes 

controlling segregation. Figure 10 shows the profiles of the budget terms 

horizontally-averaged over the model domain at 1200 LT under the NOAQU and 

AQU simulations. In the NOAQU simulation, gradient production enhances the 

covariance of isoprene and OH below the cloud base (around 1 km), while 

turbulent transport increases the covariance near surface (below 0.2 km) (Figure 

10a). The chemical reaction term also increases the covariance near surface, 

indicating an increase in segregation. Because of the rapid chemistry near the 

surface, SGS chemistry may be important to the isoprene-OH segregation 

[Vinuesa et al., 2006; Vinuesa and Porté‐Agel, 2005], but SGS chemistry is 

currently neglected. The SGS diffusion term in the NOAQU simulation shifts from 

negative to positive below 0.5 km, with a relatively small contribution to the 

covariance budget. In the cloud layer (around 1-3 km), chemistry becomes the 

main contributor to the covariance budget while other terms are all negligible 

(Figure 10a).  

The contributions of the different budget terms are similar below the cloud 

base (around 1 km) between the two scenarios (Figure 10a, b). At cloud base in 

AQU, there is a strong increase in the contributions from chemistry and 

turbulent transport (Figure 10b), matching the positive Is values at the cloud 

base at around 1200 LT (Figure 9c). Positive Is results from the positive 

covariance between gas-phase OH and isoprene mixing ratios at that height, due 

primarily to the strong upward motions in clouds. In the cloud layer (around 1-3 
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km), chemistry drives a positive correlation in the NOAQU simulation (Figure 

10a) but increases segregation in the AQU simulation (Figure 10b), which 

supports our previous discussion regarding the importance of including 

aqueous-phase reactions in section 4.1 and 4.2. The covariance budget is also 

calculated at 1330 LT, and the results are similar to the budget calculated at 

1200 LT (not shown).  

Based on the importance of chemistry in cloud layers, we further 

investigate the profiles of Is for reactions of isoprene and OH, MACR and OH, and 

their fluxes averaged over the entire horizontal domain and over a 30-minute 

period at 1200 LT for the two scenarios (Figure 11). The magnitude of 

segregation in the cloud layer is similar between the NOAQU and AQU 

simulations, but with opposite sign (Figure 11a, b). While the OH chemical 

lifetime is estimated to be very short (~1 s in the gas phase), it is likely that OH 

survives in the atmosphere longer than one might expect from solely a chemistry 

perspective because of turbulence-induced segregation of reactants (i.e., 

insufficient mixing as quantified by Is); an effect which results in a vertical flux of 

OH despite its short chemical lifetime. Resolved vertical flux profiles of isoprene 

and MACR are similar between the two simulations (Figure 11c, d), yet there is a 

large decrease in the vertical flux of OH in the cloud layer due to its aqueous 

chemistry (dominated by HCHO) (Figure 11e). This suggests that the loss of OH 

through aqueous chemistry is the dominant driver of the change in the sign of 

segregation in the cloud layer.  
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Instantaneous vertical cross sections of OH and isoprene under the two 

scenarios (Figure S3) also show the importance of changes in OH on the 

segregation in clouds. Consistent with the liquid water vertical cross section 

(Figure 4c), OH mixing ratios in clouds are higher than the surrounding 

atmosphere in the NOAQU simulation. In the AQU simulation, OH mixing ratios 

decrease within the cloud cluster. Vertical motion within the cloud transports 

isoprene upward under both scenarios, but in the AQU simulation isoprene 

mixing ratios are slightly higher due to aqueous reactions that consume 

substantial OH.  While strong segregation between isoprene and OH in the cloud 

layer reduces reaction rates by 20-40%, the low isoprene mixing ratios in the 

cloud layer (< 0.10 ppbv) indicate this will likely not significantly decrease the 

overall chemical loss rate of isoprene in the ABL. 

In this study, the LES with aqueous chemistry simulated segregation 

reduces reaction rates of isoprene and OH by about 10% near the surface, and by 

about 20-40% in the cloud layer. Ouwersloot et al. [2011] simulated similar near-

surface segregation for isoprene and OH (10%) with homogeneous surface 

emission, and found an up to 20% reduction in isoprene-OH reaction rates with 

heterogeneous surface emissions. Radiation also plays a role in modifying 

chemical reactions. Barth et al. [2002] found O3 depletion was enhanced (by 3%) 

with the radiative effect, and this enhancement was much stronger for HOx 

species with short lifetimes. Vilà-Guerau de Arellano et al. [2005] found radiation 

scattering by clouds affect photolysis rates, with a substantial effect (10-40%) 
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locally, and also pointed out that this effect was more important for short-lived 

chemical species. Kim et al. [2012] further studied the impact of cloud shading on 

isoprene emissions, and found that while the inclusion of cloud-modified 

photolysis frequencies increased the subcloud isoprene (>10%), this increase 

was canceled when including cloud-induced isoprene emission reduction. These 

effects of cloud-modified photolysis rates were confirmed in a global scale as 

well [Tie et al., 2003]. Kim et al. [2016] found the change in reaction rate also 

depended on environmental NOx mixing ratios, with 17-23% reduction of 

reaction rate for isoprene + OH in high NOx conditions (~10 ppbv of NOx in the 

boundary layer), and 6-14% reduction in low NOx conditions (0.1-0.3 ppbv NOx). 

These uncertainties of surface conditions, chemical mechanisms, emissions 

uncertainties and the alteration of photolysis rates by clouds are known to 

influence BVOC reaction rates at a similar magnitude. This work quantifies the 

chemistry-turbulence interaction rate under convective conditions, which 

improves our understanding of effects of chemistry and mixing on key chemical 

species.   

4.4 Formation and Transport of Organic Acids  

The addition of aqueous phase reactions from Table 1 introduces the 

formation of aqueous-phase organic acids. In the model, acetic acid (CH3COOH) is 

formed by both gas and aqueous phase reactions. All other organic acids are 

formed exclusively in the aqueous phase. No organic acid measurements were 

available during 2011 DISCOVER-AQ campaign. For the acids (e.g., HCOOH, 
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GLYCAC, GLYOXAC, OXALAC and PYRAC) form only through aqueous-phase 

reactions in the LES chemical mechanism, their mixing ratios are zero in the 

NOAQU simulation.  Once formed in the aqueous phase, they can be oxidized by 

OH and H2O2. The remaining acids enter the gas phase as liquid cloud water 

evaporates, thereby influencing mixing ratios in both phases. The dominant 

organic acids are HCOOH, which is mainly formed through the aqueous OH 

oxidation of HCHO, and GLYCAC (Figure 12), which is produced by the OH 

oxidation of a third-generation isoprene oxidation product GLYALD (Table 1). 

Other acids formed in the mechanism are GLYOXAC (produced from the OH 

oxidation of CHOCHO) and PYRAC and OXALAC, formed from MGLY (Table 1).  

Mixing ratios of these organic acids averaged over the simulation domain 

increase gradually in the cloud layer (2-3 km) after clouds develop at about 1030 

LT (Figure 1).  The organic acids accumulate over the afternoon and are mixed 

down towards the surface by turbulence resulting in a gradual increase of near-

surface mixing ratios. Due to fast turbulence mixing with a turnover time of the 

ABL of ~13 min [Li et al., 2016], near-surface mixing ratios reach about 20% of 

the mixing ratios in the cloud layer within one hour after cloud formation, which 

occurs at around 1200 LT when the first cloud cluster develops (Figure 4b). The 

mixing ratios of HCOOH, GLYCAC, GLYOXAC, OXALAC and PYRAC in the cloud 

layer then increase to 560 pptv, 100 pptv, 3.9 pptv, 0.26 pptv and 25 pptv at 

1430 LT, with their near-surface mixing ratios reaching up to 320 pptv, 70 pptv, 

2.5 pptv, 0.15 pptv and 10 pptv, respectively, eventually reaching about 50% of 
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their mixing ratios in the cloud layer. Acetic acid (CH3COOH) shows a vertical 

gradient, with high mixing ratios near the surface where isoprene is emitted, 

increasing to 70 ppbv at 1430 LT. There are only a few field experiments with 

measurements of formic and/or acetic acid. The studies by Paulot et al. [2011] 

and Millet et al. [2015] composited the results for different field experiments, 

averaging observations from days with different types of weather and binned the 

data into fairly coarse vertical resolution. Thus, direct comparison between our 

results and these previous studies are not possible. Chapman et al. [1995] show 

vertical profiles of HCOOH and CH3COOH for one aircraft profile conducted over 

the northwest Atlantic, revealing elevated layers of formic and acetic acids. The 

mixing ratios predicted by the LES in the cloud layer are consistent with the 

Millet et al. [2015] study, but are smaller than those observed by Chapman et al. 

[1995], suggesting missing gas-phase sources in the LES model of these acids. In 

addition, we suggest that future studies should more extensively investigate the 

role of clouds on the vertical distribution of organic acids. Overall, the LES results 

suggest that organic acids that are formed in clouds can mix within the boundary 

layer on the time scale of one hour (Figure 12), indicating the importance of 

convection and turbulence in understanding the formation and fate of these 

compounds. 

5 Conclusions 

In this study, we investigate the impacts of cloud aqueous processes on 
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the chemistry and transport of BVOC using a LES model with an updated 

chemical mechanism including both gas- and aqueous-phase reactions. We 

design the experiments based on a meteorological case with a diurnal pattern of 

non-precipitating cumulus clouds from the Baltimore-Washington area 

DISCOVER-AQ campaign [Li et al., 2016]. We test three mesh resolutions in the 

LES and find acceptable convergence of the meteorological profiles with the 1923 

mesh resolution with 25 m grid height. Using this resolution, we simulate two 

scenarios with and without aqueous-phase reactions to understand the 

importance of including aqueous-phase reactions in the boundary layer in BVOC-

dominated environments.  

In cloud-dominated regions with no aqueous chemistry (NOAQU 

simulation), mixing ratios of all chemical species increase inside the cloud 

compared to outside the cloud, indicating the importance of convection in 

transporting surface-emitted species or species produced near the surface to 

regions aloft. Including aqueous chemical reactions (AQU simulations) decreases 

HCHO up to 18% over the domain due to its solubility and the aqueous-phase 

oxidation by OH, which subsequently results in consumption of the HOx species. 

These results suggest that omitting aqueous-phase reactions in the chemical 

mechanism could overestimate HOx and HCHO in the cloud layer. As a result of 

decreasing HOx, mixing ratios of isoprene and MACR increase over the domain 

(100% and 15%, respectively) in the cloud layer when aqueous-phase reactions 

are included in the chemical mechanism. 
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Turbulence-resolving simulation (e.g., LES) provides information on 

whether reactants are well mixed or segregated, which affects reactivity in the 

ABL. Aqueous-phase chemistry changes the sign of the covariance between BVOC 

(e.g., isoprene) and OH from positive to negative, producing segregation between 

BVOC and OH and therefore slower effective reaction rates. We find that aqueous 

chemistry can increase the intensity of segregation between OH and the BVOC 

species by up to 20-40% for the isoprene-OH reaction and 10% for MACR-OH 

reaction. Analysis of the covariance budget shows that the strong segregation in 

clouds is mainly driven by the chemical reactivity term, triggered by the decrease 

in OH through aqueous phase consumption.  

Organic acids, noted SOA precursors formed in clouds via aqueous 

reactions, are included in the LES chemical mechanism. Our simulations show 

that these acids accumulate as the afternoon and cloud conditions progress. 

Turbulent mixing leads to enhanced near-surface mixing ratios of organic acids, 

reaching about 20% of the mixing ratios in the cloud layer within one hour after 

cloud formation, with the percentages increasing up to 50% at the end of the 

simulation (1430 LT). We note that the spatial and temporal extents of the 

previous observations (e.g., in Millet et al. [2015] and Paulot et al. [2011]) for 

organic acids are not comparable to the short-term LES simulations. In this 

study, missing gas-phase production of these organic acids in the LES could lead 

to differences in simulated vertical gradients. 

This article is protected by copyright. All rights reserved.



Overall, this study quantifies the effect of aqueous chemistry on gas-phase 

chemistry and reactivity for a particular set of initial conditions and forcing. We 

emphasize that the conclusions presented are based on LES simulations with 

homogeneous surface conditions and a simplified emission inventory without 

anthropogenic VOC emissions. Heterogeneous surface emissions for isoprene, 

the inclusion of anthropogenic VOC, and representing higher order VOC 

chemistry require further exploration.  
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Figure Captions 

 
 
 
Figure 1. Temporal evolution of domain maximum cloud top and base heights 

(a) and the cloud fraction (unitless) (b) over the model domain for the three 

simulations with grid points of 963, 1923, 3203. 
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Figure 2. Vertical profiles of total (resolved plus SGS) quantities of liquid water 

potential temperature flux (WH; a, d, g), total water (vapor plus liquid) specific 

humidity flux (WQ; b, e, h), and turbulent kinetic energy (TKE; c, f, i) horizontally 

averaged over the model domain and averaged over a 30-minute period at 1000 

LT (a, b, c), 1200 LT (d, e, f) and 1300 LT (g, h, i) for the three simulations with 

grid points of 963, 1923, 3203.  
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Figure 3. Horizontally-averaged over the domain vertical profiles of θ (a), TKE 

(b), q (c) and ql (d) averaged over a 30-minute period at 1000 LT, 1100 LT, 1200 

LT, 1300 LT and 1400 LT for the simulation with grid points of 1923.  
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Figure 4. Horizontal contour map of LWP averaged over a 30-minute period at 

1200 LT (a) with a selected domain of high liquid water content (“cloudy 

column”; green box). Temporal evolution of ql averaged in the cloudy column is 

shown in (b) with the red dashed box marking the altitude range in the cloud 

layer (2-3 km) for averaging. (c) and (d) show instantaneous vertical cross 

sections, cutting through the center of the high liquid water column as marked 

by the red dashed line in (a), of ql and w at 1200 LT. 
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Figure 5. Horizontally-averaged over the domain vertical profiles of isoprene 

(a), MACR (b), MVK (c), ISOPOOH (d), HCHO (e), OH (f), HO2 (g), RO2 (h), NO2 (i) 

and NO (j) averaged over a 30-minute period at 1000 LT, 1100 LT, 1200 LT, 1300 

LT and 1400 LT for the AQU simulation, with the black lines (a-e) showing the 

initial profiles of the BVOC species. 
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Figure 6. Temporal evolution averaged in the cloudy column (a-d) and over the 

domain width (e-h) of the cloud layer (2-3 km) of total (gas + liquid) isoprene (a, 

e), MACR (b, f), OH (c, g) and HCHO (d, h) for the NOAQU (red) and AQU 

simulations (blue). Vertical bars (a-d) represent the spatial standard deviation 
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within the cloudy column of the cloud layer (2-3 km). The liquid water mixing 

ratio (ql; g kg-1) is represented in black (right axis). 

 

 

Figure 7. Vertical profiles horizontally-averaged over the cloudy column 

(marked in Figure 4a) (a-d) and over the domain width (e-h) of isoprene (a, e), 

MACR (b, f), OH (c, g) and HCHO (d, h) averaged over a 30-minute period at 1200 
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LT for the NOAQU (red) and AQU simulations (blue). Horizontal bars (a-d) 

represent the spatial standard deviation within the cloudy column. ql (g kg-1) is 

represented in black (top axis). 
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Figure 8. Horizontally-averaged over the cloudy column production (a) and loss 

rates (b) of OH in the cloudy column at 1200 LT for the NOAQU simulation (a-b), 

and the changes (AQU-NOAQU) in the production (c) and loss rates (d) after 

including aqueous phase chemistry (c-d) in the AQU simulation. 
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Figure 9. Temporal evolution of Is over the domain for OH + isoprene (a, c) and 

OH + MACR (b, d) for the NOAQU (a, b) and AQU (c, d) simulations.  
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Figure 10. Horizontally-averaged over the domain vertical profiles of covariance 

budget (black dashed line), including the sum of two gradient terms (blue), a 

turbulent transport term (green), the sum of two subgrid-scale diffusion terms 

(orange) and a chemistry term (red), averaged over a 30-minute period at 1200 

LT for the NOAQU (a) and AQU (b) simulations. The grey line marks the zero 

value.  
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Figure 11. Horizontally-averaged over the domain vertical profiles of Is for 

isoprene and OH, MACR and OH (a, b), and fluxes of isoprene, MACR and OH (c-e) 

averaged over a 30-minute period at 1200 LT for the NOAQU and AQU 

simulations. The grey lines mark the zero values of Is and fluxes.  
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Figure 12. Temporal evolution of horizontally-averaged over the domain 

HCOOH (a), GLYCAC (b), GLYOXAC (c), OXALAC (d), PYRAC (e) and CH3COOH (f) 

for the AQU simulation. 
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Table 

 

 Table 1. Aqueous-Phase Reactionsa 

Number Reaction 𝑘298 𝐸 𝑅⁄  
A1 O3 + hν + H2O → H2O2 + O2     
A2 H2O2 + hν → 2 OH     
A3 HCHO + OH  + O2 → HCOOH + HO2 1.0×109 1000 

A4b 
HCOOH + OH  + O2 → CO2 + HO2 + H2O 
HCOO- + OH + O2 → CO2 + HO2 + OH- 

1.3×108 

3.2×109 
1000 
1000 

A5 CH3O2 + O2
- + H2O→ CH3OOH + OH- + O2 5.0×107 1600 

A6 CH3OOH + OH → CH3O2 + H2O 2.4×107 1700 
A7 CH3OOH + OH → CH3(OH)2 + HO2 6.0×106 1700 

A8b 
HO2  + HO2 → H2O2 + O2 
O2

- + HO2 + H2O → H2O2 + OH- + O2 
8.3×105 

9.7×107 
2720 
1060 

A9 OH + OH → H2O2 5.2×109 1500 
A10 O3 + HO2 → OH + 2O2 1.5×109 2200 
A11 O3 + OH → HO2 + O2 3.0×109 1500 
A12 H2O2 + OH → HO2 + H2O 3.0×107 1700 
A13 OH + HO2 → H2O + O2 1.0×1010 1500 
A14 CO2 + 2OH- → CO3

2- + H2O 1.0×107 1500 
A15 CO2 + HO2 + 2OH- → H2O2 + CO3

2- + OH 1.5×106 1500 
A16 CO3

2- + H2O2 + OH → HO2 + CO2 + 2OH- 8.0×105 2800 
A17 CO3

2-+ HO2 → CO2 + OH- + O2
- 4.0×108 1500 

A18 NO3 + HO2 → HNO3 + O2 1.0×109 1500 
A19 N2O5 + H2O → 2 HNO3 1.0×1020 0 
A20 SO2 + H2O2 → SO4

2- + 2H+ 7.2×107 4000 

A21b 
SO2 + 2O3 → SO4

2- + 2O2 
HSO3

- + O3 + OH- → SO4
2- + H2O + O2 

SO3
2- + O3 → SO4

2- + O2 

2.4×104 

3.7×105 

1.5×109 

0 
5530 
5280 

A22 OH + CHOCHO → HO2 + GLYOXAC 9.2×108 1200 

A23b 
OH + GLYOXAC → HO2 + OXALAC  
OH + GLYOX- → HO2 + OXALAC +OH- 

3.6×108 

2.9×109 
1000 
4300 

A24 OH + MGLY → HO2  + 0.92 PYRAC + 0.08 GLYOXAC 6.1×108 1400 
A25 OH + GLYALD → HO2   + GLYCAC 1.2×109 0 
A26 OH + GLYCAC → HO2  + GLYOXAC  1.2×109 0 

A27b 
OH + OXALAC → HO2 + 2 CO2 + H2O 

1.4×106 

1.9×108 
0 

2800 
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OH + OXAL- → HO2 + 2 CO2 +OH-  
OH + OXAL2- → O2

- + 2 CO2 +OH- 
1.6×108 4300 

    

A28b 
OH + PYRAC → HO2  + ACETAC + H2O 
OH + PYR- → HO2 + ACET- + CO2  

3.2×108 

7.1×108 
1800 
3000 

A29b 
OH + ACETAC → HO2 + 0.15 HCHO + 0.85 GLYALD + H2O 
OH + ACET- → HO2 + 0.15 HCHO + 0.85 GLYALD + OH- 

1.5×107 

1.0×108 
1330 
1800 

A30 CH3O2 + CH3O2 → HCHO  + CH3OH + O2 1.7×108 2200 
A31 OH + ACETALD + O2 → HO2 + ACETAC 3.6×109 580 
A32 OH + HYAC + O2 → HO2 + MGLY + H2O 1.3×108 0 
A33 2OH + CHOCHO → 2 HCOOH 5.0×103 0 
A34 H2O2 + CHOCHO → 2 HCOOH 1.0 0 

A35b 
H2O2 + GLYOXAC → HCOOH  + CO2 + H2O 
H2O2 + GLYOX- → HCOO-  + CO2 + H2O 

9.0×10-1 

1.6×101 
0 
0 

A36 H2O2 + HCOOH → CO2 + 2H2O 2.0×10-1 0 

A37b 
H2O2 + OXALAC → 2 CO2 + 2H2O 
H2O2 + OXAL- → 2 CO2 + OH- + H2O 

1.1×10-1 

1.5×10-4 
0 
0 

A38b 
H2O2 + PYRAC → ACETAC + CO2 + H2O 
H2O2 + PYR- → ACET- + CO2 + H2O 

1.1×10-1 

7.5×10-1 
0 
0 

A39 OH + CH3OH → CH2OH + H2O 9.0×108 0 
A40 OH + CH3COCH3 + O2 → CH3COCH2O2 + H2O 1.3×108 0 
A41 OH + isoprene + O2 → ISOPO2 + H2O 1.4×1010 0 
A42 OH + MACR + O2 → CH3COCHO2CH2OH + H2O 9.4×109 1200 
A43 OH + MVK + O2 → CH3COCHO2CH2OH + H2O 7.3×109 1400 
A44 O3 + MACR → MGLY + HCHO + 0.70 H2O2 2.4×104 2900 
A45 O3 + MVK → 0.75 MGLY + HCHO + 0.24 PYRAC + 0.69 H2O2 4.4×104 2200 

aReaction rates are calculated using equation 𝑘 = 𝑘298 × 𝑒�
𝐸
𝑅( 1
298−

1
𝑇)�. The units 

are s-1 for the photolysis rates and M-1 s-1 for the second-order reactions. 
bThe reaction family is solved for using the dissociation constants [Ervens et al., 

2008] to partition between ions. 
cThe mechanism names are explained as: 
Isoprene: C5H8 
ISOPO2: peroxy radical derived from OH + isoprene or HOCH2COOCH3CHCH2 
ISOPOOH: hydroxyhydroperoxide or HOCH2COOHCH3CHCH2 
MACR: methacrolein or CH2CCH3CHO 
MVK: methyl vinyl ketone or CH2CHCOCH3 
HYAC: hydroxyacetone or CH3COCH2OH 
GLYALD: glycolaldehyde or HOCH2CHO 
MGLY: methylglyoxal or CH3COCHO 
ACETALD: acetaldehyde or CH3CHO 
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GLYCAC: hydroxyacetic acid or HOCH2COOH 
GLYOXAC: glyoxylic acid or CHOCOOH 
PYRAC: pyruvic acid or CH3COCOOH 
OXALAC: oxalic acid or HOOCCOOH 
ACETAC: acetic acid or CH3COOH 
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Table 2. Henry’s law constants and accommodation coefficients for trace gases 
that dissolve in water as a solvent 

Chemical species Accommodation 
coefficient 𝐾𝐻

⊝, M atm-1 −𝑑 ln𝐾𝐻 𝑑(1 𝑇⁄ )⁄ , K 

O3 0.00053 1.03×10-2 2830 
NO2 0.00063 1.2×10-2 2360 
NO 0.005 1.91×10-3 1790 
HNO3 0.2 2.6×106 8700 
H2O2 0.02 8.44×104 7600 
CH3OOH 0.0038 3.0×102 5280 
HCHO 0.2 3.23×103 7100 
SO2 0.11 1.23 3120 
OH 0.05 3.9×101 0 
CH3CO3 0.02 1.0×10-1 0 
HNO4 0.2 1.2×104 6900 
HO2 0.2 6.9×102 0 
N2O5 0.005 1.0×1012 0 
NO3 0.001 3.8×10-2 0 
CH3O2 0.05 2.7 2030 
CH3CO3NO2 0.02 2.8 5730 
CH2CCH3CO3NO2 0.02 1.7 0 
MACRa 0.02 4.8 4300 
MVKa 0.02 2.6×101 4800 
ACETALDa 0.03 1.29×101 5890 
C3H6OHOOH 0.05 3.36×102 5995 
CH3COOOH 0.02 8.37×102 5310 
CHOCHO 0.023 4.19×105 7480 
C2H5OOH 0.05 3.36×102 5995 
GLYALDa 0.023 4.1×104 4600 
MGLYa 0.023 3.4×103 7500 
CH2CCH3CHONO2CH2OH 0.02 1.0×103 0 
HOCH2CCH3CHCHO 0.03 3.0×104 9200 
CH3OH 0.015 2.03×102 9240 
CH3COCH3 0.02 2.78×101 5530 
C10H18O3 0.05 3.0×102 5280 
CH3COCHOOHCH2OH 0.05 3.0×102 5280 
HYACa 0.02 7.7×103 0 
CH3COCH2OOH 0.05 3.0×102 5280 
HOCH2COOHCH3CHCHOH 0.05 3.0×102 5280 
ISOPOOHa 0.05 3.0×102 5280 
HCOOH 0.012 8.9×103 6100 
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SO4
2- 0.2 1.0×1012 0 

CO2 0.05 3.6×10-2 2200 
CO3

2- 0.1 1.0×1012 0 
CH3COOH 0.019 5.5×103 0 
GLYCACa 0.019 2.83×104 0 
GLYOXACa 0.019 1.0×104 0 
PYRACa 0.019 3.1×105 5088 
OXALACa 0.019 5.0×108 0 

aThe mechanism names are explained as: 
MACR: methacrolein or CH2CCH3CHO 
MVK: methyl vinyl ketone or CH2CHCOCH3 
HYAC: hydroxyacetone or CH3COCH2OH 
GLYALD: glycolaldehyde or HOCH2CHO 
MGLY: methylglyoxal or CH3COCHO 
ACETALD: acetaldehyde or CH3CHO 
GLYCAC: hydroxyacetic acid or HOCH2COOH 
GLYOXAC: glyoxylic acid or CHOCOOH 
PYRAC: pyruvic acid or CH3COCOOH 
OXALAC: oxalic acid or HOOCCOOH 
ISOPOOH: hydroxyhydroperoxide or HOCH2COOHCH3CHCH2 
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