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Erin E. McDuffie1,2,3 , Dorothy L. Fibiger1,2 , William P. Dubé1,2, Felipe Lopez-Hilfiker4,

Ben H. Lee4 , Joel A. Thornton4 , Viral Shah4 , Lyatt Jaeglé4 , Hongyu Guo5 ,

Rodney J. Weber5 , J. Michael Reeves6, Andrew J. Weinheimer7 , Jason C. Schroder2,3 ,

Pedro Campuzano-Jost2,3 , Jose L. Jimenez2,3 , Jack E. Dibb8 , Patrick Veres1,2 , Carly Ebben9,
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Eric C. Apel7 , Teresa Campos7, Samuel R. Hall7 , Kirk Ullmann7, and Steven S. Brown1,3

1Chemical Sciences Division, Earth System Research Laboratory, NOAA, Boulder, CO, USA, 2Cooperative Institute for

Research in Environmental Sciences, University of Colorado Boulder, Boulder, CO, USA, 3Department of Chemistry,
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Abstract Nocturnal dinitrogen pentoxide (N2O5) heterogeneous chemistry impacts regional air quality

and the distribution and lifetime of tropospheric oxidants. Formed from the oxidation of nitrogen oxides,

N2O5 is heterogeneously lost to aerosol with a highly variable reaction probability, γ(N2O5), dependent on

aerosol composition and ambient conditions. Reaction products include soluble nitrate (HNO3 or NO3
�) and

nitryl chloride (ClNO2). We report the first-ever derivations of γ(N2O5) from ambient wintertime aircraft

measurements in the critically important nocturnal residual boundary layer. Box modeling of the 2015

Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) campaign over the eastern United

States derived 2,876 individual γ(N2O5) values with a median value of 0.0143 and range of 2 × 10�5 to

0.1751. WINTER γ(N2O5) values exhibited the strongest correlation with aerosol water content, but weak

correlations with other variables, such as aerosol nitrate and organics, suggesting a complex, nonlinear

dependence on multiple factors, or an additional dependence on a nonobserved factor. This factor may be

related to aerosol phase, morphology (i.e., core shell), or mixing state, none of which are commonly

measured during aircraft field studies. Despite general agreement with previous laboratory observations,

comparison of WINTER data with 14 literature parameterizations (used to predict γ(N2O5) in chemical

transport models) confirms that none of the current methods reproduce the full range of γ(N2O5) values. Nine

reproduce the WINTER median within a factor of 2. Presented here is the first field-based, empirical

parameterization of γ(N2O5), fit to WINTER data, based on the functional form of previous parameterizations.

1. Introduction

The chemical formation and nocturnal fate of tropospheric N2O5 strongly influences the availability and dis-

tribution of tropospheric oxidants, such as ozone (O3), the hydroxyl radical (OH), and nitrogen oxides

(NOx = NO + NO2) (Dentener & Crutzen, 1993; Macintyre & Evans, 2010; Tie et al., 2001). This chemistry is also

vitally important to ammonium nitrate particle formation under cold conditions or in regions of large NH3

emissions (Baasandorj et al., 2017; Pusede et al., 2016; Riemer et al., 2003) and has implications for regional

air quality control strategies due to negative health impacts of particulate matter < 2.5 μm in diameter

(Dockery et al., 1993). Formed from the oxidation of NOx, N2O5 exists in thermochemical equilibrium with

the nitrate radical (NO3), as shown by the scheme in Figure 1. The short lifetime of NO3 against photolysis

and reaction with photochemically-generated NO prevents buildup of appreciable N2O5 mixing ratios

(> 10 pptv) during the day (e.g., Brown et al., 2005). Reaction of NO3 with NO near NOx emission sources will

also suppress N2O5 production at night near the surface. As a result of boundary layer dynamics that
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decouple the nocturnal boundary layer (NBL) from the residual layer (RL) (Stull, 1988), N2O5 formed at night

near urban areas in the RL will therefore either persist (in equilibrium with NO3 and NO2) until sunrise, or be

lost heterogeneously through uptake onto aerosol. The uptake coefficient, γ(N2O5), is defined as the net

probability N2O5 will be irreversibly taken up onto an aerosol surface upon collision. Collision and

successful surface accommodation are followed by diffusion and aqueous reaction with particle water or

chloride to form soluble nitrate (HNO3 + NO3
�) and/or nitryl chloride (ClNO2), the mechanism of which

(Figure 2) has been the topic of many previous studies (e.g., Bertram & Thornton, 2009) and is discussed in

later sections. Upon sunrise, unreacted N2O5 will irreversibly, thermally dissociate back to NO2 and NO3,

where NO3 will rapidly photolyze to form a second NO2 molecule that can contribute to O3 and the

formation of NOx the following day (Figure 1). The product branching ratio between HNO3 and photolabile

ClNO2, represented by ϕ(ClNO2), also has implications for global distributions of oxidants and chlorine

radicals (Osthoff et al., 2008; Sarwar et al., 2014; Thornton et al., 2010) and will be the topic of an

upcoming analysis. Overall, the pathways in Figure 1 illustrate the potential role of N2O5 and its uptake

efficiency in the regional transport and distribution of NOx and tropospheric oxidants.

The chemical mechanism and aerosol uptake efficiency of N2O5 have been primarily studied during northern

midlatitude, summertime field campaigns (see references below), despite the greater importance of N2O5

uptake in governing NOx abundance during winter (e.g., Dentener & Crutzen, 1993). As discussed in

Wagner et al. (2013), there are three key differences during winter that can impact N2O5 chemistry including

(1) longer nights that allow more time for N2O5 production/loss, (2) colder temperatures that favor N2O5 in

its equilibrium with NO3, and (3) differences in aerosol composition (Zhang et al., 2007) that could lead

to changes in uptake efficiency. Despite these important differences, only three field studies have

reported determinations of N2O5 uptake efficiencies during the winter season (Brown et al., 2016; Wagner

et al., 2013; Wild et al., 2016), and none from aircraft, limiting the altitude and spatial diversity of

previous observations.

The majority of all previous field studies have derived γ(N2O5) values

using the steady state approximation (Brown et al., 2003), which must

infer γ(N2O5) from measurements of aerosol surface area, nitrogen oxi-

des, and O3, and may not be well suited to the cold temperatures and

high-NOx concentrations encountered during winter in urban areas

(Brown et al., 2003). While previous flow tube reactor experiments in

ambient air have provided direct measurements of N2O5 aerosol loss

rates (e.g., Bertram, Thornton, & Riedel, 2009), uptake coefficients in

these studies must also be calculated from additional aerosol surface

area measurements. Additionally challenging is that heterogeneous

reactions are complex and driven by many physiochemical, thermody-

namic, and kinetic factors that change with ambient conditions and

aerosol surface/bulk composition (e.g., Kolb et al., 2002; Pöschl et al.,

2007). Previous experiments investigating the mechanism and kinetics

Figure 1. Schematic of the N2O5 chemical system. Black arrows indicate reactions that do not require sunlight; red arrows

show photochemical reactions.

Figure 2. Uptake schematic highlighting the relation between the chemical

mechanism and resistor model framework in terms of each mechanistic step

((R1)–(R6)) and its associated conductance ( Γ).
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of γ(N2O5) on laboratory-derived aerosol (Anttila et al., 2006; Bertram & Thornton, 2009; Folkers et al., 2003;

Mentel et al., 1999; Mozurkewich & Calvert, 1988; Thornton et al., 2003) show a dependence on several key

factors including aerosol surface water availability and composition.

Both laboratory and previous field studies have reported values of γ(N2O5) between ~10�4 and 0.1, a range

which Macintyre and Evans (2010) showed can either minimally (<3%) or significantly (>15%) impact the

global budgets of O3 and OH. This large oxidant sensitivity has led to the development of multiple

laboratory-based parameterizations (Anttila et al., 2006; Davis et al., 2008; Evans & Jacob, 2005; Gaston

et al., 2014; Riemer et al., 2003), some in combination with a proposed chemical mechanism (Bertram &

Thornton, 2009; Griffiths et al., 2009; Riemer et al., 2009), to describe γ(N2O5) as a function of key factors.

While one parameterization has successfully predicted field-derived γ(N2O5) values under certain ambient

conditions (Bertram, Thornton, Riedel, Middlebrook, et al., 2009), disagreements largely persist between para-

meterized and field-derived values (Brown et al., 2009; Chang et al., 2016; Morgan et al., 2015; Phillips et al.,

2016; Riedel et al., 2012). Due to the limited number of field studies that have quantified γ(N2O5), particularly

in winter, these parameterization-field discrepancies could result from comparisons to a relatively small num-

ber of data sets, incorrect identification of the factors controlling γ(N2O5), or an inaccurate functional depen-

dence on factors already incorporated. The importance of γ(N2O5) in regulating global concentrations of

tropospheric oxidants (O3, OH), combined with its observed orders of magnitude range, highlights the need

for a larger database of field-derived γ(N2O5) values and determination of their dependence on physical and

chemical variables.

We present a box model analysis to quantitatively derive γ(N2O5) under the cold, high-NOx conditions

encountered during the Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) aircraft

campaign over the eastern United States in February–March 2015. Box model results are compared to

γ(N2O5) values derived using the steady state approximation to assess this methods applicability to condi-

tions encountered during the WINTER campaign. Observed correlations between box model γ(N2O5) results

and multiple factors of aerosol composition, relative humidity (RH), and temperature are then used in com-

bination with results from a critical evaluation of 14 literature parameterizations to inform the first empirical,

field-based parameterization of γ(N2O5).

2. Methods

2.1. WINTER Campaign and Measurements

The WINTER campaign conducted 13 research flights with the National Science Foundation (NSF)/National

Center for Atmospheric Research (NCAR) C-130 aircraft over the eastern United States between 3 February

and 13 March 2015. Flight tracks in Figure 3a show the geographical distribution of flights conducted during

various times of day and night (night defined as solar zenith angle (SZA) > 90°) over both continental and

marine environments. Aircraft instrumentation included measurements of many species, including reactive

nitrogen oxides, O3, and aerosol composition. Several species were measured by duplicate techniques.

Instrument details, including accuracy and measurement frequency, are given in Table 1 and described

briefly in section S1 of the supporting information.

2.2. Iterative Box Model

The iterative box model used in this analysis is based on the description in Wagner et al. (2013), developed to

simulate the nocturnal evolution of air sampled at a tall tower in Colorado. Key aspects of the model have

been updated for use withWINTER aircraft data and are described briefly belowwith additional details in sup-

porting information section S2.

2.2.1. Model Description

The first-order loss rate coefficient of N2O5 kN2O5
½ð s�1] = k10 + k11) and production rate coefficient of ClNO2

kClNO2
ð [s�1] = k11) were derived for every 10-s period of all WINTER night flights using a zero-dimensional box

model, developed to simulate the nocturnal chemical evolution of an air parcel in the RL (assuming constant

temperature and RH), from the onset of N2O5 production (1.3 hr prior to sunset or time of NOx emission,

described below) until the time of aircraft measurement. Nighttime data were defined as periods of time with

SZA greater than 90°, calculated from aircraft Global Positioning System (GPS) location and time. Model-

derived values for kN2O5
and kClNO2

were then used in equations (E1) and (E2), with aircraft observations of

10.1002/2018JD028336Journal of Geophysical Research: Atmospheres
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aerosol surface area density (SA) and themeanmolecular speed of N2O5 (c) to calculate γ(N2O5) andϕ(ClNO2)

for every 10-s period. As described later in this section, the 10-s interval was chosen to increase the model

computation efficiency while maintaining the spatial resolution (~1–10 km) of the data products. The

remainder of this manuscript will focus on γ(N2O5) with an analysis of ϕ(ClNO2) results planned for an

upcoming manuscript.

In this study, SA is assumed constant over each simulation duration and represents the total wet aerosol SA

density for particles<3 μm in diameter, calculated frommeasured dry aerosol SA density and RH-dependent

SA hygroscopic growth factors for <1 μm and 1–3 μm particles. Base case growth factors were calculated

using the Extended-AIM Aerosol Thermodynamics Model (Wexler & Clegg, 2002) for 1–3 μm aerosol, assum-

ing pure NaCl particles. For<1 μmparticles, growth factors were calculated using Aerosol Mass Spectrometer

(AMS) measurements of dry aerosol mass and estimates of aerosol liquid water (described in section S1 and

Figure S1; Attwood et al., 2014; Brock et al., 2016; Cerully et al., 2015; Chang et al., 2010; Jimenez et al., 2009;

Mei et al., 2013; Petters & Kreidenweis, 2007; Rickards et al., 2013; Shingler et al., 2016; Suda et al., 2012).

Though previous field studies have limited the calculation of γ(N2O5) to particles <1 μm (Bertram,

Thornton, Riedel, Middlebrook, et al., 2009; Riedel et al., 2012; Wagner et al., 2013), the small contribution

of 1–3 μmparticles (0.5–4%) to total dry SA density will only slightly decrease the WINTER γ(N2O5) results rela-

tive to past studies. Measurements of 3–10 μm particles were excluded from this analysis due to their small

contribution (0–2%) to the total dry SA density. Variations over the simulation duration of SA are not consid-

ered here but could lead to an increased variability in derived γ(N2O5) values. Further discussion of this lim-

itation and additional sensitivities to model assumptions are presented in section 2.2.2.

γ N2O5ð Þ ¼
4�kN2O5

c�SA
(1)

φ ClNO2ð Þ ¼
kClNO2

kN2O5

(2)

The expression for γ(N2O5) in (E1) is simplified from that discussed in Fuchs and Sutugin (1970) for conditions

where γ(N2O5) is not limited by gas-phase diffusion to the aerosol surface. According to previous studies (e.g.,

Figure 3. (a) Map of WINTER campaign flight tracks over the eastern United States, colored to show day and night (as

defined by solar zenith angle > 90°) flight periods, which represented 42 and 58% of the data, respectively. The aircraft

was based at the NASA Langley campus in coastal Virginia and executed 13 flights of approximately 8 hr duration between

3 February and 13 March 2015. (b) Flight tracks colored by γ(N2O5), derived from the box model analysis. (c) Histogram of

box model results.

10.1002/2018JD028336Journal of Geophysical Research: Atmospheres
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Dentener & Crutzen, 1993; Pöschl et al., 2007), this approximation is valid for small particles with diameters less

than the N2O5 mean free path (~0.1 μm) or small uptake coefficients (< 0.1). Despite some particle diameters

>0.1 μmmeasured duringWINTER (max dN/dlogDp occurred at ≤0.15 μmdry diameter), previous field studies

have suggested that correction for diffusion increases derived γ(N2O5) values by <5% (Aldener et al., 2006).

The box model chemical mechanism included 14 reactions and 15 compounds (see Table 2), chosen as the

simplest set of reactions to accurately describe the nocturnal inorganic chemistry of N2O5. As noted in pre-

vious studies, large uncertainties in mechanisms of nocturnal chemistry arise from uncertainties in NO3 loss

reactions (e.g., Phillips et al., 2016; Wagner et al., 2011). In the absence of photochemical radical production,

NO3 serves as one of the primary nocturnal tropospheric oxidants for volatile organic compounds (VOCs).

NO3 also reacts with RO2 and HO2 radicals, which can contribute to nocturnal NOx recycling (Vaughan

et al., 2006). In this analysis, NO3-VOC oxidation reactions were lumped and treated as a net NOx sink (R12)

with a rate constant (kVOC [s�1]) calculated from WINTER VOCs measured by the Trace Organic Gas

Analyzer (TOGA) (described in section S2.1; Atkinson & Arey, 2003; Hjorth et al., 1986). Due to a lack of radical

measurements during WINTER, the first-order NO3 loss rate constant for the NOx recycling reaction with HO2

(kHO2
[s�1]) (R13) was estimated from the second-order NO3 + HO2 reaction rate constant (IUPAC, 2008) and

HO2 concentrations from 2011 over the UK (Stone et al., 2014). These are the most recently reported aircraft

observations of HO2 in the wintertime RL, over a populated region in the Northern Hemisphere. As calculated

here, kHO2
accounted for 19–50% (36% average) of the model-calculated total NO3 loss rate constant (kNO3

¼

kHO2
þ kVOCÞ, though the overall modeled loss through NO3 was a relatively small fraction of the total com-

bined loss of N2O5 + NO3 (11.5% average, see section S3.5). Calculated rate constants for both R12 and

Table 1

Summary of WINTER Observations Used in the Box Model Analysis

Compound Method/instrument Accuracy Meas. frequency Reference

Gas-Phase Species

NO CRDS
a,b

4% 1 s Fuchs et al. (2009)

CL
c

10% 1 s Weinheimer et al. (1994)

NO2 CRDS
a

3% 1 s Fuchs et al. (2009)

TD-LIF
d

10% 1 s Day et al. (2002)

O3 CRDS
a

4% 1 s Washenfelder et al. (2011)

CL 5% 1 s Weinheimer et al. (1994)

NOy CRDS 12% 1 s Wild et al. (2014)

CL 50% 1 s Weinheimer et al. (1994)

N2O5 CRDS 12% 1 s Dubé et al. (2006) and

Fuchs et al. (2008)

I-TOF-CIMS
e

30% 1 s Lee et al. (2014)

ClNO2 I-TOF-CIMS 30% 1 s Lee et al. (2014)

Speciated VOCs TOGA
f

< 50% 35 s, 2 min Apel et al. (2015)

Aerosol Measurements

Nitrate (<1 μm) AMS
g

35% 1 s, DeCarlo et al. (2006)

PILS-IC
h

20% 3 min Guo et al. (2016)

Chloride (<1 μm) AMS 35% 1 s DeCarlo et al. (2006)

PILS-IC 20% 3 min Guo et al. (2016)

Sulfate (<1 μm) AMS 35% 1 s DeCarlo et al. (2006)

Organic (<1 μm) AMS 35% 1 s DeCarlo et al. (2006)

Dry surface area Density (<1 μm) UHSAS
i

34% 1 s Cai et al. (2008)

PCASP
j

41% 1 s Strapp et al. (1992)

Dry surface area density (1–3 μm) PCASP 34% 1 s Strapp et al. (1992)

Radiative Measurements

J-values HARP-AF
k

<25–40%
k

10 s Shetter and Müller (1999)

a
Excludes research flights 01–04 due to a known problem in the sampling inlet line.

b
NOAA, Cavity Ring Down

Spectrometer.
c
NCAR, Chemiluminescence detector.

d
University of California Berkeley, Thermal Dissociation-Laser

Induced Fluorescence detector.
e
University of Washington, high-resolution, Time-of-Flight, Iodide Chemical

Ionization Mass Spectrometer.
f
NCAR, Trace Organic Gas Analyzer.

g
University of Colorado Boulder, Aerosol Mass

Spectrometer.
h
Georgia Institute of Technology, Particle-Into-Liquid Sampler-Ion Chromatography.

i
NCAR, Ultra

High Sensitivity Aerosol Spectrometer.
j
NCAR, Passive Cavity Aerosol Spectrometer Probe.

k
HIAPER airborne radia-

tion package-Actinic Flux. For uncertainty description, see supporting information section S1.
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R13 were treated as constants throughout each simulation duration, which has the potential to add variability

to the γ(N2O5) results since VOC reactivity is likely to decrease with time via depletion of reactive VOCs. NO3

reactions with RO2were not explicitly included in this mechanism due to a lack of wintertime RO2 aircraft field

measurements. If this treatment were to result in kNO3
values outside the bounds of uncertainty already

considered (described below), derived γ(N2O5) values would be reduced. Direct NO3 uptake was also

excluded from the mechanism since reported NO3 uptake coefficients are generally small on inorganic

aerosol (γ(NO3) ~10
�3; Brown & Stutz, 2012), which dominated the WINTER aerosol composition (Figure 6).

Some analyses, however, have suggested larger values of NO3 uptake onto organic surfaces (Mao et al.,

2013; Ng et al., 2017). NO3 uptake coefficients of ≤0.1 would decrease the median γ(N2O5) by <10%

(section S3.5). Due to the multiple sources of uncertainty in kNO3
(including VOC measurements, HO2/RO2

reactions, and NO3 uptake), reactivity values calculated here are likely lower limits. The box model,

however, displayed the smallest sensitivity of all parameters tested to kNO3
(Table S5), with the campaign-

median changing by �1.0/+1.2% in response to +/�10% changes in both kVOC and kHO2
. To more

accurately represent the total kNO3
uncertainty, model sensitivities to +/�50% changes in kNO3

(�5.0/+6.0%

change in median) were included in the total error calculation of each individual γ(N2O5) value (described in

section 3.1). Relative to previous field studies (e.g., Phillips et al., 2016), this small γ(N2O5) sensitivity to direct

NO3 loss is explained in part by low NO3 mixing ratios, as a result of cold winter temperatures that favor N2O5

in its equilibriumwith NO3, and in part because of low biogenic emissions, which are typically the largest class

of VOCs that contribute to NO3 reactivity in continental regions (e.g., Aldener et al., 2006; Brown & Stutz, 2012).

For one WINTER flight, however, relatively warmer temperatures did increase the sensitivity of modeled

γ(N2O5) to kNO3
(�25.2%/+3.5% to +/�10% changes, discussed in section S3.5). As kNO3

values here are

likely lower limits, an increase in NO3 reactivity on this flight would serve to decrease γ(N2O5) below the

original values of <1 × 10�3. This flight highlights the fact that this particular model is most appropriate

(has the lowest uncertainties) under cold, wintertime conditions with low NO3 reactivity. As a result of the

small kNO3
sensitivity on all other flights, more explicit treatment of NO3 chemistry was not required for this

mechanism to accurately simulate nocturnal N2O5 chemistry during WINTER.

Additional N2O5 loss through direct homogeneous (i.e., gas phase) hydrolysis with water vapor (Mentel et al.,

1996; Wahner, Mentel, & Sohn, 1998) was not included in the mechanism. Parameterized WINTER homoge-

neous reaction rate constants (kHomo ¼ kTotal N2O5
� kUptake, SE5) were predicted to be ~10 times lower than

total kN2O5
values, derived from the box model (Figure S3). Additional inconsistences between calculated

kHomo and observed kN2O5
values in previous summertime studies suggest that the current parameterization

may actually overpredict kHomo, despite the low values here (Aldener et al., 2006; Brown et al., 2006; Brown

Table 2

Box Model Chemical Mechanism

Reactants Products Rate coefficient expression Reference/source

R8 NO2 + O3 ➔ NO3 + O2 k8 = 1.4 × 10
�13

e
(�2470/Temp)

[cm
3
molecule

�1
s
�1

] IUPAC 2012

R9f NO3 + NO2 ➔ N2O5 k9f = (k0/k∞)*F/(k0 + k
∞
) [cm

3
molecule

�1
s
�1

]
a

IUPAC 2012

R9r N2O5 ➔ NO3 + NO2 k9r = (k0/k∞)*F/(k0 + k
∞
) [cm

3
molecule

�1
s
�1

]
b

IUPAC 2012

R10 N2O5 + aerosol ➔ 2 HNO3 k10 ¼ kHNO3
[s
�1

] Model derived

R11 N2O5 + aerosol ➔ HNO3 + ClNO2 k11 ¼ kClNO2
[s
�1

] Model derived

R12 NO3 + VOC ➔ Products k12 ¼ kVOC [s
�1

] Measured
c

R13 NO3 + HO2 ➔ NO2 + OH + O2 k13 ¼ kHO2
= 1.2 × 10

�4
[s
�1

] (Stone et al., 2014)
d

R14 NO3 + NO ➔ 2 NO2 k14 = 1.80 × 10
�11

e
(110/Temp)

[cm
3
molecule

�1
s
�1

] IUPAC, 2008

R15 NO + O3 ➔ NO2 + O2 k15 = 2.07 × 10
�12

e
(�1400/Temp)

[cm
3
molecule

�1
s
�1

] IUPAC 2013

R16 O3 + hν ➔ O + O2 k16=j(O
1
D) Measured

R17 NO2 + hν ➔ NO + O k17=j(NO2) Measured

R18 NO3 + hν ➔ NO2 + O k18=j(NO3) Calculated
e

R19 N2O5 + hν ➔ NO2 + NO3 k19=j(N2O5) Measured

R20 ClNO2 + hν ➔ Cl + NO2 k20=j(ClNO2) Measured

a
k0 = 3.6 × 10

�30
*M*(Temp/300)

�4.1
, K

∞
= 1.9 × 10

�12
*(Temp/300)

0.2
, KR = k0/k∞, NC = 0.75–1.27*log10(0.35), F = 10

(log10(0.35)/(1 + log10(KR)/NC)^2)
,M = Pressure

[mbar] 1 × 10
�4

/(kb*Temp).
b
k0 = 1.3 × 10

�3
*M*(Temp/300)

-3.5
e
(�11,000/Temp)

, k
∞

= 9.7 × 10
14
*(Temp/300)

0.1
e
(�11080/Temp)

, KR = k0/k∞,
NC = 0.75–1.27*log10(0.35), F = 10

(log10(0.35)/(1 + log10(KR)/NC)^2)
.

c
Described in section S2.1.

d
Described in section 2.2.1.

e
Described in section S2.3.
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et al., 2009). This result is not only consistent with parameterized values that exceed the smallest WINTER loss

rate constants (Figure S3), but also suggests that homogeneous loss is a minor contributor to total N2O5 loss.

Each simulation was initialized at the onset of nocturnal N2O5 production and forward integrated, assuming

constant reaction rate coefficients and SA (section 2.2.2), until the time of aircraft measurement. As defined

by Wagner et al. (2013), the simulation start time was set as the time of sunset (SZA = 90°), while duration was

the time elapsed between sunset and measurement. These definitions make two additional assumptions: (1)

nocturnally dominant N2O5 chemistry began exactly at sunset and (2) air measured from the aircraft in the RL

has been decoupled from the surface since sunset (i.e., not influenced by surface NOx emissions). In reality,

low actinic flux and cold temperatures allow concentrations of nocturnal species such as N2O5 to start build-

ing up before sunset (i.e., SZA < 90°). In addition, a delayed decoupling of the residual and surface layers

would allow NOx emissions to mix into the RL after sunset. Both assumptions were accounted for in this

analysis by calculating a simulation start time (i.e., onset of N2O5 buildup) and duration (i.e., air age) using

a combination of the calculated N2O5 daytime steady state lifetime and the observed NO2/NOy ratio,

described in extensive detail in section S2.3. Despite uncertainties associated with these calculations, sensi-

tivities of the box model to changes in both start time and duration were small relative to base case assump-

tions (Δmedian γ(N2O5) < 7.1%).

Once the simulation start time and duration were determined, themodel used three main steps (illustrated in

Figure S2) to derive kClNO2
and kN2O5

by iteratively fitting final simulated mixing ratios to aircraft observations

of NO2, O3, N2O5, and ClNO2. The first step holds kN2O5
constant at an initial value of 1 × 10�4 s�1, kClNO2

at

0 s�1, and iteratively adjusts the initial concentrations of NO2 (or NO) and O3 until the final simulated mixing

ratios are within 0.5% of the observed values. The second step holds these derived-initial concentrations con-

stant while iteratively adjusting kN2O5
until the simulated N2O5 is within 1% of the aircraft-observed mixing

ratio. Steps 1 and 2 are repeated until NO2, O3, and N2O5 simultaneously meet their respective fit criteria

(i.e., 0.5% for O3 and NO2 and 1% for N2O5). The third step holds all derived parameters constant while itera-

tively adjusting kClNO2
until the final simulated mixing ratio of ClNO2 is within 1% of observations. This process

was repeatedwith a 10-s resolution during all WINTER flights with SZA> 90°. Although chemicalmeasurements

were collected at a 1-Hz resolution, data were averaged to 10 s to improve themodel’s computational efficiency

and reduce scatter in the γ(N2O5) and ϕ(ClNO2) products, while maintaining their spatial resolution of ~1–

10 km. The instrument-specific observations used as fit parameters varied by flight and are listed in Table S4.

Correlation plots of all overlapping measurements in section S3.2 indicate agreement to within 12% for all

species. An additional 45 model simulations suggest a small sensitivity (< 20%) in γ(N2O5) to measurement

accuracies and instrument choice, except for the two N2O5 measurements, as discussed in section S3.2.3.

2.2.2. Model Filters, Limitations, and Additional Sensitivity Studies

As previously mentioned, simulations were limited to aircraft measurements within the RL (SZA> 90°), at alti-

tudes below the free troposphere (typically ~1,000 m above ground level) and above the nocturnal boundary

layer (estimated to be ~100 m above ground level) (Stull, 1988) in order to focus on nocturnal air that had

been in contact with surface emissions the previous day. The depth of the RL was time and location depen-

dent and determined throughout each flight using the altitude of inversions (i.e., steeper increases in poten-

tial temperature with height) observed during vertical profiles. Data were additionally filtered to remove

points with reported RH>95% (1.7% of derived values) due to uncertainty in the aerosol hygroscopic growth

curve at high RH (section S1).

One limitation of this box model is that nonconvergence occurs as kN2O5
approaches zero (minimum

2 × 10�7 s�1), due to an increased sensitivity to uncertainties in chemical fit parameters. Absence of data

close to this limit biases the WINTER median γ(N2O5) high. Of the total number of derived kN2O5
values for

WINTER, 245 or 8% did not converge. Model nonconvergence occurred on five of the nine flights, with the

majority occurring on RF10. The maximum bias introduced from this nonconvergence is relatively small

and does not change the main conclusions presented in later sections. For example, assuming a value of 0

for all nonconverging points decreases the campaign median γ(N2O5) by <12%. Due to the small bias com-

pared to the total 4 orders-of-magnitude range in model-predicted values, these points are not further con-

sidered. A second limitation is that the model cannot account for time-varying changes in SA or reaction rate

constants, as mentioned previously in section 2.2.1. For example, assuming a constant value for NO3-VOC

reactivity, which may decrease overtime, could lead to an overprediction in γ(N2O5) at longer simulation
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durations and underprediction at shorter times. In addition, γ(N2O5) itself and aerosol SA could change

with time, although simulation duration did not show a statistically significant (p > 0.05) correlation with

aerosol size and showed a weak correlation (r2 = 0.20) with other contributing factors such as aerosol nitrate

(section 4.2). The possible increase in SA over time was estimated for each point by assuming that all nitrate

formed in themodel from N2O5 uptake resulted in aerosol-phase nitrate. This method provides an upper limit

to the potential change in SA from N2O5 uptake as aerosol thermodynamics are expected to partition some

fraction of this nitrate to gas-phase nitric acid. The average SA increase from nitrate accumulation was 5.0%

for all WINTER flights with a maximum of 24.5%. These upper limit percent changes are well within the

uncertainty of the SA measurement (Table 1) included in the total error analysis (section 3.1) and are

therefore not considered further. At least one of these factors, however, likely contributes to the negative

correlation observed between WINTER γ(N2O5) values and simulation duration (Figure S20) but cannot be

confirmed with available aircraft data and may serve to increase the variability in the literature

parameterization comparisons presented in section 4.3.2.

To test the robustness of the box model to uncertainties in model parameters and assumptions described

above, a series of 18 sensitivity studies were additionally conducted for each WINTER flight. A summary of

resulting changes in campaign-median γ(N2O5) values is provided in Table S5. Resulting median γ(N2O5)

values showed small (< 11%) sensitivities to uncertainties in air age (duration), simulation start time, aerosol

hygroscopic growth factor, NO3 reactivity, photolysis frequencies, and O3 measurements but larger sensitiv-

ities (> 20%) to uncertainties in measured dry aerosol SA density, NO2, and N2O5. Data collected over the

ocean (defined by the GPS coordinates of the eastern United States shoreline) were additionally tested for

sensitivities to N2O5 ocean surface deposition (rate calculated from Kim et al., 2014) and dilution and showed

�14% and �5.7% changes, respectively. Additional information (e.g., Seidel et al., 2012; Sickles & Shadwick,

2007) and results for all sensitivity studies are in section S3 in the supporting information.

3. Results

3.1. Box Model Results—γ(N2O5)

Figure 3b shows WINTER flight tracks colored by model-derived γ(N2O5), with a histogram illustrating

the campaign-wide distribution in Figure 3c. As described, the box model derived 2,876, 10-s averaged,

individual γ(N2O5) determinations over the course of 9WINTER flights, providing the first regional-scale deter-

minations of γ(N2O5) during a single winter season, as well as over 50 times more individual γ(N2O5) determi-

nations than all previous aircraft studies combined (see Figure 4) (Brown et al., 2006; Brown et al., 2009;

Morgan et al., 2015). In addition, the model accounted for 35% of all nocturnal RL data collected during

WINTER, compared to 7% from 25 days of continuous sampling in 2011 at a Colorado ground site (Wagner

et al., 2013).

Over this single, 5-week period, γ(N2O5) ranged 4 orders of magnitude from 2 × 10�5 to 0.1751 with median

value of 0.0143 (1σ ± 0.007 or ± 52%), which is within 43% of where GEOS-Chem model estimates of O3 and

OH are most sensitive to γ(N2O5) (Macintyre & Evans, 2010) (Figure 4). The histogram in Figure 3c shows the

most frequent value occurred at 0.018 and a secondary peak at a lower value of 0.004. Figure 3b does not

show a strong geographical dependence in γ(N2O5), with continental and marine flights encompassing the

same range (Figure S21). Marine flights, however, could have been largely influenced by continental emission

sources due to persistent offshore winds during WINTER.

Errors for each individual point are shown by flight in Figure S22, calculated from the quadrature addition of

measurement uncertainties (NO2, O3, N2O5, and dry SA density, Table 1) andmodel sensitivities to the aerosol

hygroscopic growth factor, 50% changes in kNO3
(50% in kVOC and kHO2

), air age, and start time (Table S5). In

addition to Figure S22, time series from three different flights (continental andmarine) in Figure S23 illustrate

the observed variability in γ(N2O5) and associated variables within and between different parcels of air.

The majority of smallest γ(N2O5) values (< 10�3, discussed further in sections 2.2.1, 4.3.2, S3.5, and S7) were

derived on research flight 10. These are lower than many values previously reported by field and laboratory

studies and are most sensitive to changes in kNO3
. Despite a small sensitivity of the campaign median to kNO3

(~5% change in γ(N2O5) for a 50% change in kNO3
), these particular points are reduced from values ~1 × 10�3

to as low as 2 × 10�5 if total NO3 reactivity (kVOC +kHO2
) is increased by 50% (to account for possible sources of
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missing kNO3
, section S3.5). All additional sources of error, including measurement uncertainties, were small

for these values as they were derived when fitting the model to the largest concentrations of N2O5

(Figure 6). Despite the increased sensitivity to kNO3
, it remains important to derive and distinguish γ(N2O5)

values in this range as GEOS-Chem results (lower panel in Figure 4) show that oxidants and NOx remain

sensitive to γ(N2O5) down to values of 1 × 10�5. It is additionally important to identify the physical cause

of these lowest values as γ(N2O5) values in this range are not typically predicted by γ(N2O5)

parameterizations based on the current mechanistic understanding of N2O5 uptake (section 4).

An additional comparison of box model results to γ(N2O5) values calculated from WINTER GEOS-Chem simu-

lations (described in section S4 and Figure S24; Fountoukis & Nenes, 2007; Hodzic & Jimenez, 2011; Kim et al.,

2015; Pye et al., 2009) shows (1) no spatial, systematic trend in the percent differences between the two

determinations, (2) a smaller range in GEOS-Chem-derived γ(N2O5) values relative to the box model, and

(3) a 25.3% lower median value in GEOS-Chem. While a discussion of differences between GEOS-Chem and

box model results (sources include deposition, dilution, aerosol composition, and surface area) is outside

the scope of this manuscript, a γ(N2O5) parameterization similar to that used in GEOS-Chem (section S4) is

discussed with other literature parameterizations in section 4.3.2.

WINTER γ(N2O5) values are shown in comparison to all previous field determinations of γ(N2O5) in the upper

panel of Figure 4 (and Table S6). The 4 order-of-magnitude range in WINTER values encompasses all values

Figure 4. Previous field determinations of γ(N2O5) in comparison to OH, O3, and NOx sensitivities in GEOS-Chem, data

courtesy of Mat Evans (Macintyre & Evans, 2010). N represents the number of points in each study, if reported.
a
Approximate range, exact values not reported.

b
Range not reported.

c
Average not reported, diamond represents the

median; minimum andmaximum values not reported, 25th and 75th percentiles shown instead.
d
Average and median not

reported, diamond represents the most frequent value.
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previously reported, despite a large variability in previous sample locations, platforms, and seasons. Using the

nocturnal steady state approximation, previous aircraft studies have reported γ(N2O5) values ranging from

0.001 to 0.02 over the northeast United States in August 2004 (Brown et al., 2006), 4 × 10�4 to 0.019 over

Texas in October 2006 (Brown et al., 2009), 0.001 to 0.01 over California in May and June 2010 (Chang

et al., 2016), and 0.0076 to 0.03 over northwestern Europe/UK in July 2010 (Morgan et al., 2015). These values

largely fall within the lower population of WINTER γ(N2O5) values (Figure 3c). Multiple studies have also

derived γ(N2O5) values ranging from 3 × 10�5 to 0.11 (see Table S6) using flow reactors and the steady state

approximation during both summer and fall seasons from a ship (Aldener et al., 2006) and multiple ground

sites in the United States (Bertram, Thornton, Riedel, Middlebrook, et al., 2009; Riedel et al., 2012), Europe

(Phillips et al., 2016), and China (Tham et al., 2016; H. Wang et al., 2017; Z. Wang et al., 2017; X. Wang et al.,

2017). Few studies, and none from aircraft, have reported γ(N2O5) values during the winter season, where

colder temperatures and low NO3 reactivities are expected to increase nocturnal N2O5 production and life-

time relative to warmer seasons. Using a box model approach, Wagner et al. (2013) derived γ(N2O5) values

between 0.002 and 0.1 in Weld County, Colorado in February–March 2011, Wild et al. (2016) fit an average

kN2O5
(in E1) value to that predicted by the steady state approximation to derive single value of 0.026 for

January–February 2012 in rural Utah, and Brown et al. (2016) used the steady state approximations to derive

values between 0.004 and 0.029 in Hong Kong, China during December 2013. An additional analysis of the

N2O5 lifetime ( kN2O5
ð Þ�1Þ near Fairbanks, Alaska showed that N2O5 loss may be enhanced by the presence

of ice surfaces at high latitudes during winter (Apodaca et al., 2008). Comparison between all past field stu-

dies in Figure 4 does not indicate a strong seasonal dependence of γ(N2O5) nor bias from sampling platform

type (i.e., aircraft, ship, or ground) or analysis method.

To provide a broader context for all field determinations of γ(N2O5), the lower panel of Figure 4 shows the

GEOS-Chem-predicted sensitivity (from Macintyre and Evans, 2010) of tropospheric oxidants (O3, OH) and

NOx to changes in γ(N2O5), both globally (blue) and in the Northern Hemisphere (red). These results show that

N2O5 uptake can lead to>15% reductions in OH and O3 and 40% reductions in NOx over the γ(N2O5) range of

1 × 10�5 to 1, with vertical lines corresponding to the values of greatest model sensitivity (greatest

Δoxidant/Δγ(N2O5)). Nearly all previous field determinations, and 95% of WINTER values, fall between 0.002

and 0.2, encompassing the range where global and regional annual burdens of NOx, OH, and O3 display a

maximum sensitivity to γ(N2O5) (Macintyre & Evans, 2010), highlighting the importance of developing and

incorporating an accurate and robust γ(N2O5) parameterization into 3-D chemical transport models.

3.2. Comparison to the Steady State Approximation

The nocturnal steady state approximation has been the most common method for deriving γ(N2O5) from

ambient observations of O3, NO2, and N2O5 (Table S6). Despite its successful application to previous field data

(Aldener et al., 2006; Brown et al., 2006, 2009, 2016; Chang et al., 2016; Morgan et al., 2015; Phillips et al., 2016;

Tham et al., 2016; H. Wang et al., 2017; Z. Wang et al., 2017; X. Wang et al., 2017) and relative simplicity relative

to the iterative box model, this approach can fail under cold temperatures, high NO2 concentrations, and

small sinks for both N2O5 and NO3 (Brown et al., 2003). To evaluate the applicability of this method to

WINTER data, this section compares model-derived γ(N2O5) values to those estimated assuming steady state

concentrations of N2O5.

The nocturnal steady state lifetime of N2O5 (τss(N2O5)) is shown in (E3). The equilibrium rate constant for

Reactions (R9f) and (R9r) (Table 2) is given by Keq; kVOC is the first-order loss rate constant of NO3 (R12),

and kN2O5
is the total loss rate constant of N2O5 (R10 + R11). Substituting the expression relating kN2O5

and

γ(N2O5) from (E1), (E3) can be rearranged to (E4) to solve for the steady state approximation of N2O5 uptake

(γss(N2O5)) using ambient measurements of total wet aerosol SA density, N2O5, NO2, and O3.

τss N2O5ð Þ�1 ¼
k8 NO2½ � O3½ �

N2O5½ �
≈ kN2O5
ð Þ þ

kVOC

Keq NO2½ �
(3)

γss N2O5ð Þ0:25cSA ¼
k8 NO2½ � O3½ �

N2O5½ �
�

kVOC

Keq NO2½ �
(4)

Results in Figure 5a show that the steady state approximation generally overpredicts γ(N2O5) with a slope of

1.13, relative to the box model, which does not make assumptions about steady state. Figure 5c shows the
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distributions of the two derivation methods, with a 20% larger median predicted by the steady state

approximation than the original box model. The color scale in Figure 5a shows that agreement between

the model and the steady state approximation is generally better for older air (i.e., longer simulation

duration). Disagreement at the lowest γ(N2O5) values may be driven by high measured NOx that keeps the

system from reaching equilibrium despite long simulation times (not shown).

Figure 5b shows the steady state N2O5 lifetime kN2O5
ð Þ�1
�

) calculated from (E3) against the box model-

predicted lifetime. Under steady state, these lifetimes should be equivalent to within 30% due to combined

instrument sampling uncertainties for N2O5, O3, and NO2 (Table 1). Despite the wintertime, high-NOx condi-

tions, Figure 5b indicates that the steady state approximation was valid (i.e., kN2O5
ð Þ�1

within 30% of the box

model) for 65% of the model-derived points. During these times, the percent difference between the box

model and steady state calculated γ(N2O5) values was largely less than 40% (Figure 5b, color scale). The

box model analysis, however, is applicable to a wider range of conditions and includes additional NO2 recy-

cling reactions (R13) and is therefore a more accurate representation of the WINTER data.

4. Discussion

4.1. Model Mechanism Background

The expression for γ(N2O5) in (E1) does not provide any information about the mechanistic factors controlling

uptake, required for the development of a predictive parameterization for regional/global 3-D models. As

briefly described here, and in further detail elsewhere (Davidovits et al., 2006; Kolb et al., 2002; Pöschl

et al., 2007, and references therein), γ(N2O5) has been described using a resistor model framework with

decoupled, individual processes represented in terms of their resistance to uptake (1/Γ). Using this approach,

the net uptake coefficient is represented in equation (E5) by adding, in series, the conductance terms (Γ) for

the processes of (1) gas-phase diffusion (Γdiff), (2) surfacemass accommodation (α), and the parallel processes

of (3) bulk-phase solubility (Γsol) and (4) reaction (Γrxn). In accordance with this model framework, net γ(N2O5)

increases with decreasing resistance but is ultimately controlled by the individual process that has the largest

resistance (smallest Γ) to uptake.

Figure 5. Comparison of iterative box model and steady state approximation. (a) Comparison of WINTER γ(N2O5) values,

colored by simulation duration. (b) Comparison of WINTER N2O5 lifetimes, colored by percent difference between box

model and steady state predicted γ(N2O5) values. (c) Histogram comparing box model results to those derived by the

steady state approximation.
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1

γ N2O5ð Þ
¼

1

Γdiff

þ
1

α
þ

1

Γsol þ Γrxn

(5)

Previous studies have proposed that both α and Γsol or Γrxn can act as the limiting process under certain con-

ditions, which may change as a function of aerosol composition and availability of liquid water (e.g., Badger

et al., 2006; Bertram & Thornton, 2009; Folkers et al., 2003; Griffiths & Cox, 2009; Hallquist et al., 2000; Thornton

& Abbatt, 2005). The probability of surface accommodation may be impacted by surface-specific conditions

such as surfactant organic coatings (e.g., Thornton & Abbatt, 2005) and temperature (e.g., Griffiths & Cox,

2009; Hallquist et al., 2000). Specific factors controlling Γsol and/or Γrxn can be further analyzed through

the chemical mechanism provided by mechanistic reactions (R1)–(R6), discussed in detail by Bertram and

Thornton (2009) and reviewed by Chang et al. (2011). The chemical mechanism, shown diagrammatically

in relation to the resistor model in Figure 2, indicates that Γsol and Γrxn ((R3)–(R6)) are dependent on factors

such as aerosol water and the availability of bulk-phase nucleophiles.

In order to evaluate the agreement between the laboratory-based mechanism and field-derived results, the

following sections analyze the trends in WINTER γ(N2O5) values with each individual factor thought to contri-

bute to uptake resistance. WINTER γ(N2O5) results are then compared to previously derived parameterizations

for γ(N2O5) to inform an empirical, field-derived parameterization for γ(N2O5) on ambient aerosol, further

used to evaluate the current mechanistic understanding of N2O5 uptake.

N2O5 gasð Þ→
kR1

N2O5 aqð Þ accommodationð Þ(R1)

N2O5 aqð Þ→
kR2

N2O5 gasð Þ reevaporationð Þ(R2)

N2O5 aqð Þ þ H2O lð Þ→
kR3

H2ONO2
þ aqð Þ þ NO3

� aqð Þ solvation=dissolutionð Þ(R3)

H2ONO2
þ aqð Þ þ NO3

� aqð Þ→
kR4

N2O5 aqð Þ þ H2O lð Þ reactionð Þ(R4)

H2ONO2
þ aqð Þ þ H2O lð Þ→

kR5
H3O

þ aqð Þ þ HNO3 aqð Þ reactionð Þ(R5)

H2ONO2
þ aqð Þ þ X� →

kR6
XNO2 aqð Þ þ H2O lð Þ reactionð Þ(R6)

4.2. Dependence of γ(N2O5) on Controlling Variables

The large number of data points andwide spatial domain duringWINTER provide themost comprehensive test

to date of the ability of lab-based γ(N2O5) parameterizations to reproduce field observations. This comparison

has been previously limited to a small number of data points and/or single locations that reduce variability in

relevant factors (e.g., aerosol nitrate) (Brown et al., 2009; Morgan et al., 2015; Phillips et al., 2016; Wagner et al.,

2013). Figure 6 shows the WINTER γ(N2O5) medians and distributions by flight, in comparison to those of fac-

tors thought to influence the rate-limiting uptake process, including RH, temperature, pH, and aerosol compo-

sition. A dependence of γ(N2O5) on any particular factor is not immediately clear in Figure 6. The relationships

between γ(N2O5) and each individual factor are therefore individually presented in the following subsections

to identify dominant factors associated with γ(N2O5) and provide insight into the uptake mechanism.

4.2.1. Ambient Temperature

Early laboratory studies reported a strong negative temperature dependence of γ(N2O5) (i.e., increasing with

decreasing temperature) on highly acidic sulfuric acid particles (pH ~ �1) (Hallquist et al., 2000; Robinson

et al., 1997). In contrast, smaller and/or inconsistent trends with temperature have been observed on weakly

acidic/neutral aerosol including (NH4)2SO4 and (NH4)HSO4 below 290 K (Griffiths & Cox, 2009; Hallquist et al.,

2003; Mozurkewich & Calvert, 1988), nitrate-containing aerosol at any temperature (Hallquist et al., 2003),

pure water and 1 M NaCl from over 260–280 K (George et al., 1994; Schweitzer et al., 1998), and a single study

of pure organic liquid particles over 268–298 K (Gross et al., 2009). A negative temperature dependence is

consistent with uptake limitation by either mass accommodation (R1) (α) (a thermodynamic process gov-

erned by Gibb’s free energy that becomes more favorable as lower temperatures reduce the entropic barrier

to uptake, as discussed in Griffiths and Cox, 2009) or the net balance between bulk-phase solubility (R3) and

reevaporation (R2) (as discussed in Mozurkewich and Calvert, 1988). Clear trends in previous studies, how-

ever, appear to be complicated by the presence of halides (X�), water, and the reversible reaction of N2O5

through the nitrate effect (section 4.2.3), suggesting uptake is either limited by a different mechanistic step

or that these steps are not dominantly controlled by temperature.
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WINTER determinations of γ(N2O5) do not show a statistically significant (p > 0.05) correlation with tempera-

ture over the observed range of 247–283 K (Figure 7). Despite a lack of trend and a high level of variability, the

model-derived γ(N2O5) values largely fall within the range of previous laboratory determinations discussed

above (Figure S25). Phillips et al. (2016) is the only previous field study to examine the temperature depen-

dence of γ(N2O5) and also found no clear trend over the range ~278–292 K for particles containing mixtures

of organics, sulfate, ammonium, and nitrate. Similar to past laboratory results, Figure 7 suggests that γ(N2O5)

is not dominantly controlled by temperature.

4.2.2. RH/Aerosol Liquid Water

Resistance to solubility (R3) and/or reaction (R5) will decrease with an

increased availability of liquid water, consistent with previous labora-

tory results showing more efficient uptake on aqueous aerosol than

on solid inorganic or organic particles (e.g., Gross et al., 2009; Hu &

Abbatt, 1997; Mozurkewich & Calvert, 1988; Stewart et al., 2004;

Thornton & Abbatt, 2005; Thornton et al., 2003). Aerosol liquid water

is largely controlled by ambient RH and aerosol hygroscopicity, making

aerosol water molarity a potentially better predictor of γ(N2O5) on

ambient aerosol. Two previous laboratory studies found a positive

dependence on water molarity (Badger et al., 2006; Thornton et al.,

2003), but a larger number have presented γ(N2O5) as a function of

RH. These studies show a positive trend in γ(N2O5) with RH on weakly

acidic/neutral aerosol, but one that is composition dependent and

becomes weaker as RH increases above 50% (Badger et al., 2006;

Behnke et al., 1997; Bertram & Thornton, 2009; Folkers et al., 2003;

Folkers, 2001; Hallquist et al., 2003; Kane et al., 2001; Mentel et al.,

1999; Mozurkewich & Calvert, 1988; Sohn, 1998; Wahner, Mentel,

Sohn, & Stier, 1998). The change in correlation strength with increasing

RH suggests that uptake is limited by the term Γsol + Γrxn ((R3) and/or

(R5)) at low RH, but becomes limited by a different process, such as α

Figure 7. Variation of γ(N2O5) with ambient-observed temperature. Box and

whisker plots show 10th to 90th (bars), and 25th to 75th (boxes) percentiles

and median values. The histogram shows the distribution of observed

temperatures. The red line shows the linear fit to all of the data points (green)

with fit results listed in the box.

Figure 6. Model-derived γ(N2O5) and observed ambient variables listed by flight. Box and whisker plots show 10th–90th

and 25th–75th percentiles, with median (bar) and average (star) values. Pie charts represent the average distribution of

submicron aerosol composition as measured by the AMS with corresponding median surface area (including water) listed

above. To account for the presence of sea salt, aerosol chloride was measured by the PILS-IC, with an average contribution

ranging from 0.1 to 1.2% for all night flights. AMS measurements were unavailable on RF05 as well as subsequently

calculated pH and liquid water. Data shown are only for points with simultaneous γ(N2O5) observations, the number of

which are given under each flight label.

10.1002/2018JD028336Journal of Geophysical Research: Atmospheres

MCDUFFIE ET AL. 4357



(R1) as water availability increases (e.g., Bertram & Thornton, 2009;

Thornton & Abbatt, 2005). The exact RH associated with this sensitivity

change is thought to depend on the deliquescence point of each aero-

sol type and its propensity to form supersaturated liquids (e.g., Kane

et al., 2001), which can be impacted by aerosol acidity and organics

(e.g., Losey et al., 2016). In addition, several studies have observed the

opposite, decreasing trend in γ(N2O5) with RH on highly acidic sulfuric

acid particles (Fried et al., 1994; Hallquist et al., 2000; Hu & Abbatt, 1997;

Kane et al., 2001; Mozurkewich & Calvert, 1988), which supports an

alternative, acid-catalyzed mechanism discussed in section 4.2.5.

WINTER γ(N2O5) values show a statistically significant (p < 0.05), posi-

tive correlation with aerosol water. For completeness, Figure 8 shows

the correlations with RH (a), aerosol water molarity (b) and aerosol

liquid water content (c). In this study aerosol water molarity and liquid

water content (aerosol water mass fraction) are calculated using<1 μm

AMS aerosol measurements and estimates of aerosol liquid water

and organic hygroscopicity, as described in section S1. The higher

correlation observed with water molarity (r2 = 0.150) than with RH

(r2 = 0.075) is consistent with uptake being limited by the availability

of aerosol water, which is not always directly proportional to RH.

There is not, however, a clear plateau above 50% RH or ~15 M [H2O]

as observed in previous laboratory studies (e.g., Bertram & Thornton,

2009), which suggests a more constant water dependence under all

observed conditions. Despite the large variability in WINTER values in

Figure 8, data above 20% RH roughly fall within the range of laboratory

values for inorganic aerosol discussed above (Figure S26). No previous

field studies have examined the γ(N2O5) dependence on aerosol water

molarity, but several studies have observed a positive, though gener-

ally weak correlation with RH from both ground (Bertram, Thornton,

Riedel, Middlebrook, et al., 2009; Brown et al., 2016; Phillips et al.,

2016; X. Wang et al., 2017) and aircraft (Morgan et al., 2015) campaigns.

No correlation with RH was observed over 34–85% for flights over

Texas in October 2006 (Brown et al., 2009). High γ(N2O5) values in

Beijing, however, were attributed to high aerosol liquid water content

(H. Wang et al., 2017). Previous studies have not quantitatively assessed

the trend in γ(N2O5) with liquid water content (water mass fraction), but

the higher correlation in Figure 8 (r2 = 0.153) may suggest this as an

even stronger predictor of γ(N2O5) than water molarity.

4.2.3. The Nitrate Effect

Nonlinear suppression of γ(N2O5) by aerosol-phase nitrate, or the

“nitrate effect,” has been consistently observed on both laboratory-

derived (Bertram & Thornton, 2009; Hallquist et al., 2003; Mentel et al., 1999; Thornton et al., 2003; Wahner,

Mentel, Sohn, & Stier, 1998) and ambient-observed nitrate-containing aerosol (Bertram, Thornton, Riedel,

Middlebrook, et al., 2009; Morgan et al., 2015; Riedel et al., 2012; Wagner et al., 2013). WINTER γ(N2O5) values

follow this expected trend and show a statistically significant (p < 0.05) negative correlation with aerosol

nitrate mass fraction (including water) in Figure 9a.

The current mechanism suggests that aerosol nitrate may impact the rate-limiting step, Γsol + Γrxn , but may

also serve to reduce net γ(N2O5) in addition to, and independent from, the actual rate-limiting process. For

example, suppression in net uptake has been observed in previous laboratory studies in which nitrate has

caused additional reductions in γ(N2O5) under low RH where uptake is expected to be rate limited by the pre-

sence of aerosol water ((R3) or (R5)) (Bertram & Thornton, 2009). This observation has been explained with the

chemical mechanism in Figure 2 as a competition between aerosol-phase nitrate (NO3
�) and H2O for the

H2ONO2
+ intermediate, in which the recombination reaction with NO3

� (R4) has a 20–30 times larger rate

Figure 8. Variation in γ(N2O5) with (a) relative humidity, (b) aerosol water molar-

ity (M), and (c) aerosol water liquid content (LWC) (i.e., water mass fraction). Box

and whisker plots, histogram, and fit lines as in Figure 7.

10.1002/2018JD028336Journal of Geophysical Research: Atmospheres

MCDUFFIE ET AL. 4358



constant than reaction with H2O (R5) (Bertram & Thornton, 2009; Griffiths et al., 2009). Solvated N2O5 will

therefore reform at sufficiently low H2O:NO3
� molar ratios and evaporate back into the gas phase via (R2),

resulting in apparent suppression of the observed net uptake coefficient, even when the overall process is

limited by water availability (e.g., Bertram & Thornton, 2009; Mentel et al., 1999; Thornton et al., 2003;

Wahner, Mentel, Sohn, & Stier, 1998). At high H2O:NO3
� ratios (dilute nitrate), however, γ(N2O5) can also

become nitrate independent as the rate of (R5) exceeds that of (R4). The decrease in γ(N2O5) suppression

with increasing H2O:NO3
� molar ratios has been observed in both laboratory studies (e.g., Bertram &

Thornton, 2009; Griffiths et al., 2009; Mentel et al., 1999; Wahner, Mentel, Sohn, & Stier, 1998) and field

observations (Morgan et al., 2015; Riedel et al., 2012; Wahner, Mentel, Sohn, & Stier, 1998), as well as in

WINTER results, shown in Figure 9b.

Clear suppression of γ(N2O5) at low H2O:NO3
� ratios is obscured to some extent by scatter in the WINTER

data. Even when normalized to values at high H2O:NO3
� ratios (not shown), persistent scatter in the

WINTER data below 100 H2O:NO3
� suggests that nitrate suppression is not the only factor controlling uptake.

There is agreement, however, in the magnitude of γ(N2O5) at the highest molar ratios (> 100) where WINTER

γ(N2O5) values become nitrate independent and fall within the range of pure water (shaded region of

Figure 9b) (George et al., 1994; Schweitzer et al., 1998; Van Doren et al., 1990). Bertram and Thornton

(2009) observed a similar plateau in γ(N2O5) to a value of 0.03 at H2O:NO3
� ratios >40, while Morgan et al.

(2015) and Riedel et al. (2012) observed plateaus in field observations at H2O:NO3
� molar ratios >50.

Phillips et al. (2016) did not observe this trend over the range of ratios 0.5–60 in field data collected from a

ground site in Germany. Though a clear plateau in WINTER γ(N2O5) values did not appear until a higher molar

ratio (~100), qualitative similarities between WINTER results and previous studies suggest that conditions

exist on ambient aerosol where γ(N2O5) is not suppressed by nitrate and falls within a limited range of values

consistent with laboratory studies of uptake to liquid water. These data, however, account for a small

fraction (<18%) of the total γ(N2O5) determinations during WINTER (two flights, RF03 and RF06, where

thermodynamic partitioning and high humidity over the ocean contributed to NO3
� dilution), suggesting

that nitrate suppression must generally be considered for accurate uptake parameterization, even if uptake

is rate limited by a different process.

4.2.4. Aerosol Nitrate/Chloride

Similar to aerosol-phase NO3
�, particle chloride (Cl�) is expected to influence γ(N2O5) without necessarily

contributing to the rate-limiting step. This occurs through a reduction in nitrate suppression by a competition

between NO3
� and Cl� for the H2ONO2

+ intermediate, in which the reaction rate constant with Cl� (R6) is ~

30 times greater than the rate constant for NO3
� (R4) (Bertram & Thornton, 2009). Previous laboratory studies

have found efficient uptake onto chloride-containing aerosol (Behnke et al., 1991; Behnke et al., 1997; McNeill

et al., 2006; Stewart et al., 2004; Thornton & Abbatt, 2005) with Bertram and Thornton (2009) observing com-

plete elimination of the nitrate effect for mixed aqueous NaNO3/NaCl particles above 2 M aerosol Cl� ([Cl�]).

Figure 9. (a) Variation in γ(N2O5) with aerosol nitrate mass fraction, including contribution from aerosol water. (b) Variation

in γ(N2O5) with aerosol H2O:NO3
�
molar ratio, colored by ambient temperature. The shaded region represents the range of

previous laboratory determinations of γ(N2O5) on pure water droplets over the range of 262–277 K (George et al., 1994),

264–275 K (Schweitzer et al., 1998), and 271–282 K (Van Doren et al., 1990). Box and whisker plots, histograms, and fit lines

as in preceding figures.
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Results for WINTER are shown in Figure 10 as a function of [Cl�] (a) and Cl�:NO3
� molar ratio (b). WINTER

data in Figure 10a do not show a positive correlation between γ(N2O5) and [Cl�] (as measured by the

particle-into-liquid sampler, PILS-IC). As expected, however, Figure 10b shows a statistically significant

(p < 0.05) positive correlation with Cl�:NO3
� ratio, but with large scatter in the data at the lowest

ratios. A plateau in γ(N2O5) values was also observed at the highest molar ratios, similar to the trend

observed by Bertram and Thornton (2009), but these high Cl�:NO3
� ratios were only seen in a small

fraction of WINTER data. A previous field study by Morgan et al. (2015) found only a weak dependence

of γ(N2O5) on aerosol chloride mass fraction and did not evaluate the trend with [Cl�] or Cl�:NO3
�.

Overall, WINTER and previous field results suggest that aerosol Cl� may influence γ(N2O5), but that it is

not a dominant predictor. The effects of aerosol Cl� on various γ(N2O5) parameterizations are discussed

in section 4.3.2.

4.2.5. Aerosol pH

Previous laboratory studies of N2O5 uptake onto highly acidic sulfuric acid surfaces found relatively large

γ(N2O5) values with no dependence on RH at low humidity (Fried et al., 1994; Hallquist et al., 2000; Hu &

Abbatt, 1997; Kane et al., 2001; Mozurkewich & Calvert, 1988; Robinson et al., 1997). These results led to an

alternative mechanism first proposed by Robinson et al. (1997), in which N2O5 solvation is catalyzed by

the H+ ion instead of reaction with water. This reaction replaces (R3) and (R5) with the process shown in

(R7). Though many of these previous laboratory studies were focused on highly acidic stratospherically

relevant H2SO4 concentrations, some studies (e.g., Hallquist et al.,

2000) observed enhanced uptake at lower, tropospherically relevant

concentrations (pH ~ 1), within the range observed during WINTER

(pH �2 to 5).

N2O5 aqð Þ þ Hþ aqð Þ þ H2O lð Þ→
kR7

2HNO3 þ Hþ aqð Þ(R7)

This analysis is the first field study to quantitatively examine the corre-

lation between pH and γ(N2O5). WINTER γ(N2O5) values have an overall

negative correlation with pH (p < 0.05), as would be expected accord-

ing to (R7) (Figure 11). Acid-catalyzed hydrolysis, however, cannot be

confirmed from WINTER data due to covariance of pH with aerosol

water and NO3
�. As shown in Figure S27, pH is correlated with aerosol

nitrate above pH 1 due to thermodynamic partitioning that leads to an

increase in aerosol nitrate with decreasing acidity. One previous field

study has suggested this thermodynamic partitioning as a potential

explanation for variations in γ(N2O5) over the eastern United States

(Brown et al., 2006). To account for the possibility of nitrate partitioning

driving the overall negative trend, data in Figure 11 were additionally fit

Figure 10. (a) Variation in γ(N2O5) with aerosol chloride molarity (derived from PILS-IC measurements), colored by aerosol

water molarity. (b) Variation in γ(N2O5) with aerosol Cl
�
:NO3

�
molar ratio. The gray shaded region represents the

range of previous laboratory determinations of γ(N2O5) on pure water droplets. Box and whisker plots, histograms, and fit

lines as in preceding figures.

Figure 11. Variation in γ(N2O5) with aerosol pH. Box and whisker plot, histo-

gram, and fit line as in preceding figures. Dashed line is the linear fit to data

between pH �2 and 1 to separate the influence from nitrate suppression at

pH > 1.
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between pH�2 and 1 (dashed line), yielding a statistically significant (p< 0.05) positive correlation, opposite

of the expected trend. This result suggests that despite the high particle acidity observed during WINTER

(Guo et al., 2016), acid catalysis does not dominantly contribute to γ(N2O5).

4.2.6. Aerosol Organic Content

While one recent study has shown that cationic surfactants can enhance the rate of N2O5 bulk-phase reaction

by facilitating surface reactions (Shaloski et al., 2017), the majority of previous laboratory studies have found

that the presence of organics suppresses γ(N2O5) relative to pure inorganic salts. The magnitude of suppres-

sion, however, is strongly dependent on the organic composition (e.g., Griffiths et al., 2009; Gross et al., 2009),

particle phase state (e.g., Thornton et al., 2003), and the presence of surfactants (e.g., Cosman et al., 2008, and

references therein), which are controlled by factors such as RH, temperature, and molecular structure and

composition. The mechanism by which organic suppression occurs can be explained as a limitation to α, Γsol,

and/or Γrxn, which are difficult to deconvolve. For example, insoluble organic surfactants can create mono-

layers or liquid-liquid phase separations (You et al., 2014, and references therein) that either limit the

exchange of N2O5 across the air-surface interface (R1: α) or reduce N2O5 bulk-phase solubility and/or diffusion

and reaction ((R3)–(R6): Γsol and/or Γrxn) (Badger et al., 2006; Cosman et al., 2008; Folkers et al., 2003; McNeill

et al., 2006; Thornton & Abbatt, 2005). Organic-induced phase changes from aqueous to glassy (highly

viscous) solids can also occur as a function of T, RH, andmolecular composition (Shiraiwa et al., 2017), limiting

the amount of available surface water for N2O5 solvation and reaction ((R3) and (R5): Γsol and/or Γrxn). Various

γ(N2O5) parameterizations have attempted to account for these suppressive effects by incorporating

increased resistance in (E5) from both reactive and nonreactive organic coatings that impact N2O5 solubility

and diffusion (e.g., Anttila et al., 2006; Gaston et al., 2014), or by parameterizing α as a function of organic

mass fraction and RH (Badger et al., 2006). These and other parameterizations for organics are discussed

further in section 4.3.2.

Although aerosol organics are known to suppress γ(N2O5), composition-driven changes in morphology (i.e.,

liquid organic coatings) and/or phase state are difficult to predict with availableWINTER aerosol observations.

Similarly, organic composition and morphology are unknown factors in previous field studies of γ(N2O5),

though one study, using γ(N2O5) from Riedel et al. (2012) and single particle measurements from an aerosol

time-of-flight mass spectrometer, concluded that molecular composition and physical properties of the aero-

sol organics were likely the largest controlling factors during that study (Ryder et al., 2014).

Laboratory studies indicate that organic coatings and/or liquid-liquid phase separations should result in a

negative correlation of γ(N2O5) with organic dry mass fraction (McNeill et al., 2006) and positive correlation

with atomic O:C ratio (e.g., Bertram et al., 2011; Gaston et al., 2014). WINTER data have statistically significant

(p < 0.05) correlations with these variables with slopes of the predicted sign (Figures 12a and 12d) but with

low correlation coefficients (r2 < 0.02) relative to other variables (Table 3). A stronger (r2 = 0.114), negative

correlation with organic mass fraction is found when aerosol water is included in the total mass (Figure 12b).

This observation suggests that the magnitude of organic suppression could be impacted by the presence of

water, which could have implications for how the organic suppression is treated in parameterizations. This

observation also agrees with previous studies that observed reductions in organic suppression at high RH on

aqueous organics or partially coated aerosol (e.g., Badger et al., 2006; Thornton et al., 2003). With dry organic

mass fraction, previous field results have shown either weak (r2 = 0.004) or no correlation with γ(N2O5)

(Brown et al., 2009; Morgan et al., 2015) and have not assessed the relative relationship with wet mass frac-

tion. The only other field study to evaluate γ(N2O5) as a function of the O:C ratio observed no trend over the

relatively small range of 0.49 to 0.66 (Morgan et al., 2015). Restricting the fit to WINTER data with O:C

between 0.5 and 1 (similar to that in Gaston et al., 2014) increased the correlation coefficient to 0.063.

Two previous summertime field studies have additionally used the Org:SO4
2� ratio as a proxy for the

amount of organics relative to surface water (due to SO4
2� hygroscopicity). These studies observed cases

in which there was both strong negative (Bertram, Thornton, Riedel, Middlebrook, et al., 2009) and no obser-

vable dependences (Bertram, Thornton, Riedel, Middlebrook, et al., 2009; Phillips et al., 2016) on this ratio,

likely the result of differences in aerosol composition and water content. The weak correlation with this fac-

tor in Figure 12c suggests that the Org:SO4
2� is not a strong predictor of γ(N2O5) during WINTER compared

to other variables but may also reflect the generally lower concentrations of aerosol SO4
2� relative to NO3

�

during the winter season.

10.1002/2018JD028336Journal of Geophysical Research: Atmospheres

MCDUFFIE ET AL. 4361



Overall, many of the γ(N2O5) WINTER values were lower than those predicted for uptake onto pure inorganic

salts, especially at high humidity (e.g., Figure S26), suggesting some level of organic suppression. WINTER

data, however, cannot confirm the magnitude nor the mechanism of this effect without knowledge or mea-

surement of aerosol morphology (i.e., coatings) or phase due to concurrent impacts on γ(N2O5) from covary-

ing factors, such as aerosol water and anions.

4.2.7. Aerosol Size

Assuming dependence on a rate-limiting step, current theory suggests that γ(N2O5) will be dependent on

aerosol size if reaction of the intermediate H2ONO2
+ ((R4)–(R6)) occurs within the entire aerosol volume,

but size independent if reaction occurs within the surface layer. These cases will have different implications

for the parameterization of γ(N2O5) as the former suggests an aerosol size dependence, while the latter sug-

gests a dependence on aerosol surface composition and morphology. Volume or surface layer reaction can

be estimated by the reacto-diffusion length (diffusion distance of N2O5 prior to bulk-phase reaction, q [m]),

which has been shown by one study to vary enough that uptake can be volume-limited on sulfate aerosol

while surface-limited on sodium chloride (Gaston & Thornton, 2016). Other laboratory studies on both inor-

ganic and organic aerosol have been inconclusive, showing evidence for both surface and volume-limited

reactions (e.g., Mozurkewich & Calvert, 1988). As discussed by Thornton et al. (2003) and Gaston and

Thornton (2016), volume-limited reactions should yield a linear, positive correlation between γ(N2O5) and

aerosol size (SA-weighted particle radius or volume to SA concentration ratio) with a slope indicative of

the reaction rate between N2O5 and water, anions, or halides ((R4)–(R6)). WINTER γ(N2O5) results (not shown)

are consistent with this positive trend over the observed range (30–300 nm) of median SA-weighted particle

radii (defined in section S6) but have a low correlation coefficient (r2 = 0.025), suggesting that aerosol size is

an overall weak predictor of γ(N2O5) relative to other factors, such as aerosol water. These results add to the

inconclusiveness of prior studies but likely represent the varying, overlapping size dependences (or indepen-

dences) of different aerosol compositions, indicating that factors other than aerosol size are stronger predic-

tors of γ(N2O5) on ambient aerosol.

4.2.8. Trends Summary

Identification of the rate-limiting process in equation (E5) and its associated factors are important for accurate

parameterization of γ(N2O5). Correlations between WINTER γ(N2O5) results and all uptake-relevant variables

Figure 12. Variation in γ(N2O5) with (a) aerosol organic dry mass fraction, (b), organic wet mass fraction (including water),

(c) aerosol Org:SO4
2�

mass ratio, and (d) O:C ratio. All aerosol data were collected by the AMS. Box and whisker plots,

histograms, and fit lines as in preceding figures.
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(summarized in Table 3) show some of the strongest correlations with aerosol water and nitrate, suggesting

that uptake (assuming the currently accepted mechanism) is largely controlled by Γsol + Γrxn, and more

specifically, impacted by the N2O5 solvation reaction (R3) (N2O5 + H2O) and/or bulk-phase reactions (R5)

and (R4) (H2ONO2
+ + H2O or NO3

�). Uptake suppression from aerosol organics is also likely, due to the

third highest correlation with wet organic mass fraction and generally lower γ(N2O5) values during WINTER

than those derived on pure inorganic laboratory aerosol. Correlations, however, between γ(N2O5) and

aerosol organic mass fraction, O:C ratio, and Org:SO4
2� cannot discriminate as to whether an organic

suppression occurs by impacting α and/or Γsol + Γrxn. In addition, the observed positive correlation

between γ(N2O5) and the most highly acidic aerosols (pH �2 to 1) does not support the importance of an

acid-catalyzed mechanism.

The results presented here are generally consistent with those observed in previous laboratory and field stu-

dies (when trends have been reported). Despite this general agreement, low correlation (r2 = 0.153) of the

most highly correlated variable (liquid water content) suggests that uptake is either sensitive to nonmea-

sured variables (such as aerosol morphology (i.e., liquid organic coating) or phase) or to a large number of

interrelated variables (Table S7), highlighting the difficulty in identifying the dominant controlling factors

required to develop a robust parameterization. The final section uses these results in combination with sev-

eral parameterizations previously/currently implemented in 3-D models to evaluate their applicability to

WINTER conditions and to provide insight for improving the predictive capabilities of γ(N2O5) during winter

over the eastern United States, where γ(N2O5) is seasonally important.

4.3. Parameterization of γ(N2O5)

4.3.1. Previous γ(N2O5) Parameterizations

When first incorporated into 3-D chemical transport models, γ(N2O5) was set to a constant value of 0.1 for

sulfate-containing aerosol, broadly considered at that time as a proxy for tropospheric aerosol, based on early

laboratory measurements of uptake onto water, ammonium bisulfate, and sulfuric acid particles (Dentener &

Crutzen, 1993). As reviewed by Chang et al. (2011), later laboratory studies suggested that uptake onto tropo-

spherically relevant aerosol was composition dependent and much less efficient, leading Evans and Jacob

(2005) to develop a parameterization (hereafter referred to as EJ05) based on the work of Kane et al.

(2001), Hallquist et al. (2003), and Thornton et al. (2003) to capture the temperature and RH dependence

of γ(N2O5) onto externally mixed inorganic salts and suppression by pure organic liquids. At the time, incor-

poration of EJ05 into GEOS-Chem improved model predictions of climatological observations (Evans & Jacob,

Table 3

Summary of γ(N2O5) Trend Analyses

Variable Correlation coefficient (r
2
) Correlation sign N

1 Aerosol liquid water content (mass fraction) 0.153 + 2631

2 Aerosol water molarity 0.150 + 2631

3 Aerosol organic wet mass fraction 0.114 � 2631

4 Aerosol H2O:NO3
�
molar ratio 0.090 + 2631

5 Ambient RH 0.075 + 2876

6 Aerosol nitrate wet mass fraction 0.069 � 2631

7 Aerosol O:C ratio (0.5–1) 0.063 + 2372

8 Aerosol chloride wet mass fraction 0.039 � 2631

9 Aerosol nitrate dry mass fraction 0.032 � 2631

10 Surface area weighted aerosol radius 0.025 + 2876

11 Aerosol pH (�2 to 1) 0.023 + 1503

12 Aerosol Cl
�
:NO3

�
molar ratio 0.020 + 2631

13 Aerosol organic:sulfate mass ratio 0.019 � 2631

14 Aerosol O:C ratio (full range) 0.017 + 2631

15 Aerosol chloride dry mass fraction 0.013 � 2631

16 Aerosol organic dry mass fraction 0.012 � 2631

17 Aerosol pH (full range) 0.003 � 2631

18 Ambient temperature 0.001
a

+ 2876

a
Not a statistically significant result (p > 0.05).
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2005). Since then, the inorganic component of EJ05 has been largely replaced by a parameterization by

Bertram and Thornton (2009) (hereafter BT09) expanded from earlier work (Mentel et al., 1999; Wahner,

Mentel, Sohn, & Stier, 1998), which accounts for the water, nitrate, and chloride effects on internally mixed

aerosol through the dependence of γ(N2O5) on aerosol water, size, and molar ratios of H2O:NO3
� and Cl�:

NO3
�. Davis et al. (2008) (Dav08) additionally used a statistical analysis of early laboratory studies (similar

to those used by Evans and Jacob, 2005) to develop a parameterization for internally mixed inorganic

aerosol as a function of RH and temperature for different sulfate- and nitrate-containing particles. Neither

Dav08 nor BT09 directly includes a dependence on aerosol organics, though BT09 can account for

organic-associated changes in aerosol water. Both require combination with additional organic

parameterizations, such as those described in Anttila et al. (2006), to calculate total N2O5 loss rates

impacted by surface-organic impedance. These current organic parameterizations, however, have large

uncertainties in their mechanistic treatment (section 4.2.6) and have generally underpredicted γ(N2O5) in

comparison to field studies (Brown et al., 2009; Morgan et al., 2015; Phillips et al., 2016). This uncertainty

has led some models, such as the U.S. Environmental Protection Agency’s Community Multiscale Air

Quality Modeling System model, to exclude all organic dependencies in their parameterizations and

simply note that γ(N2O5) may be overpredicted under high organic aerosol concentrations (Sarwar et al.,

2014). To date, a single parametrization to account for the combined influence of all inorganic and

organic aerosol components has not been developed. In the remaining sections, 14 previous and current

versions of proposed and implemented parameterizations are compared to WINTER box model data to

evaluate their applicability and provide insight for the development of the first field-based empirical

γ(N2O5) parameterization.

4.3.2. Comparison of Box Model Results to Laboratory-Derived Parameterizations

Nearly all laboratory-derived parameterizations for γ(N2O5) (except for IUPAC speciated recommendations

and those for surface and volume confined uptake in Mentel et al., 1999 and Wahner, Mentel, Sohn, and

Stier, 1998) are shown in comparison to WINTER box model results in Figures 13, 14, and S28. Details of each

parameterization are given in Table S8 in section S6. Agreement between parameterized γ(N2O5) and box

model results is assessed here according to the root-mean-square error (RMSE: standard deviation of the resi-

duals) and by the median percent difference of each comparison (shown in Figure 14). The correlation coeffi-

cient (r2) and point number of each comparison are provided for reference in Figures 13, S28, and Table S8.

Black squares in Figures 13 and S28 represent the median value of each parameterization relative to the

WINTER median. Dashed lines in Figures 13 and S28 represent agreement within factors of ± 2 and ± 10

and are included as an additional evaluation method.

The original parameterization proposed by EJ05 generally overpredicts γ(N2O5) relative to the WINTER box

model (Figure 13a), with a median percent difference of +120% (Figure 14). This result is consistent with

two other field studies that found EJ05 to overpredict γ(N2O5) relative to values derived from the steady state

approximation (Brown et al., 2009) and flow tube experiments (Bertram, Thornton, Riedel, Middlebrook, et al.,

2009). EJ05 includes an RH and T dependence for γ(N2O5) onto sulfate aerosol as well as an RH dependence

for organics, but may underpredict any organic suppression since it is based on laboratory data of water solu-

ble organics (Thornton et al., 2003).

Three parameterizations shown in Figures 13b–13d consider uptake onto inorganic aerosol only. These para-

meterizations include the previously described Dav08 (Figure 13b) and BT09 (Figure 13d), as well as Rie03

(Figure 13c), developed by Riemer et al. (2003) to account for the increase in aerosol hygroscopicity asso-

ciated with aerosol sulfate. All three parameterizations generally overpredicted WINTER results (Figure 14)

with Rie03 producing the lowest RMSE (0.0172) and best median agreement (+9%), while BT09 had a slightly

higher correlation coefficient (r2 = 0.08 versus 0.04). The underprediction of largest values by Rie03 is likely

due to an imposed maximum value of 0.02 (value of pure water), smaller than the top 34% of WINTER values.

Overprediction of smallest γ(N2O5) values by all three parameterizations is likely due to amissing organic sup-

pression effect. Previous flights over the UK found that Rie03 underpredicted γ(N2O5) (Morgan et al., 2015),

while flights over Texas found a general overprediction (Brown et al., 2009). The only three studies to com-

pare Dav08 to field-derived data have also found large overpredictions by this parameterization (Bertram,

Thornton, Riedel, Middlebrook, et al., 2009; Brown et al., 2009; Chang et al., 2016), but also a slight underpre-

diction at low (< 30%) ambient RH (Chang et al., 2016). An additional version of Dav08 (Dav08B presented in

the appendix of Davis et al., 2008) produced a lower RMSE than the original version (0.0243 versus 0.0320)
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when compared to WINTER data (Figure S28a), but one that remained higher than that for both BT09 (0.0235)

and Rie03. For BT09, previous field studies have found both good agreement (Bertram & Thornton, 2009;

Phillips et al., 2016) as well as overpredictions (Chang et al., 2016; Morgan et al., 2015; Riedel et al., 2012) of

γ(N2O5). Similar to results presented in Riedel et al. (2012) and Morgan et al. (2015), agreement with BT09

improved (higher r2 and lower RMSE) when the chloride contribution was removed from the

parameterization (Figure 13e). A fourth parameterization (G09) in the same form as BT09 without Cl�, but

with different reaction rate constants (Griffiths et al., 2009), resulted in the lowest RMSE and median

percent difference of all tested inorganic-only parameterizations (Figures 13, 14, and S28). These results

suggest that (1) the reversal of the nitrate effect by chloride is not as large on ambient aerosol as on

laboratory particles (i.e., kR6 is too large, kR4 is too small, and/or aerosol chloride is unavailable for reaction

with H2ONO2
+) and/or (2) the suppressive effects of organics, which are not included in BT09, are better

captured without an enhancement from chloride. All parameterizations, however, largely overpredict the

smallest WINTER values, suggesting a missing suppressive effect.

Figure 13. Comparisons between parameterized andmodel-derived γ(N2O5) values. Correlation coefficient, root-mean-square error, and point number are provided

on each plot. Solid lines indicate the 1:1 line. Black squares represent median values. Dashed lines represent the range of values within factors of ±2 and ±10.
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Four additional parameterizations shown in Figures 13g–13j account

for both the inorganic and organic aerosol components. The first

(Figure 13g) follows the work of Anttila et al. (2006) and Gaston et al.

(2014) and implements a full resistor model framework that models

N2O5 through a thick (reactive toward N2O5) organic coating relative

to the aqueous core (section S6). This method requires information

about the rate constants of N2O5 with the organic coating (korg) and

aqueous core (kaq), reacto-diffusion parameters (qorg and qaq), and

solubility and diffusion constants (Horg and Dorg) that were all adopted

here from those presented in Gaston et al. (2014) as a function of O:C

ratio and RH (Table S8). The second and third parameterizations follow

the work of Riemer et al. (2009) and implement a simplified resistor fra-

mework that models uptake through a thin, nonreactive organic coat-

ing. As described in section S6 (and Table S8), this method does not

require knowledge of korg and combines an organic term described

in Anttila et al. (2006) with BT09 (with and without Cl�). Bulk-phase

solubility and diffusion coefficients were estimated in the first of these

parameterizations (Figure 13h) by scaling the product Haq * Daq by a

constant factor of ε = 0.03 (Anttila et al., 2006; Riemer et al., 2009), which

in the second (Figure 13i) was calculated as a function of RH and O:C

ratio following Gaston et al. (2014). The final comparison (Figure 13j)

does not assume an organic coating but rather applies a reduction to

the mass accommodation coefficient (α) as a function of RH and dry

organic mass fraction as described in Badger et al. (2006) (B06). Of these

four approaches, parameterizing α largely underpredicts γ(N2O5), with a

median percent difference of (�89%) and the highest RMSE (Figure 14). Treating organics as a coating with

the other three parameterizations improves the median percent difference but cannot reproduce the full

range in WINTER values. Both underprediction and overprediction could result from a number of factors

including incorrect estimation of the coating thickness, bulk-phase diffusion and solubility rates, or an

enhancement from organics by facilitating surface reactions (Shaloski et al., 2017). Similar to WINTER, results

from three previous field studies found that the simplified resistor framework generally underpredicted

γ(N2O5), likely due to an overprediction of the organic suppression effect (Morgan et al., 2015; Phillips

et al., 2016), but improved agreement relative to the inorganic-only parameterizations (Chang et al., 2016).

No previous field studies have implemented the full resistor framework, but in this comparison, it was found

to have worse agreement with WINTER results (higher median difference, higher RMSE, and lower r2) relative

to themodified framework, when excluding chloride and including a dependence on O:C and RH. Agreement

between the box model results and each organic parameterization remained the same or was slightly

degraded (higher RMSE/lower r2) when particle Cl� was included in the BT09 parameterization (Figures

S28b–S28d and 14), suggesting that the magnitude of Cl� enhancement may not apply to ambient aerosol.

Overall, of the combined inorganic and organic parameterizations tested, the modified resistor method,

mediated by the O:C ratio and RH, without a chloride enhancement (Figure 13i), best reproduced the

WINTER γ(N2O5) values.

Considering all 14 parameterizations tested here, nine reproduced the median WINTER γ(N2O5), within a fac-

tor of 2. Parameterizations with the worst agreement (largest RMSE and median percent difference) were the

inorganic-only parameterizations most frequently used in chemical transport models, EJ05, Dav08, and BT09.

Those with the best agreement either excluded the chloride enhancement in BT09 or accounted for an

organic suppression of γ(N2O5), mediated by the aerosol O:C ratio and ambient RH. None of the 14 parame-

terizations, however, were able to reproduce the 4 orders of magnitude range observed during WINTER, with

an underprediction of the highest values and a roughly 1–2 orders of magnitude overprediction of WINTER

values <1 × 10�3. Overprediction of low values suggests an additional suppressive effect not accounted

for by the current treatments of organics, possibly due to changes in uptake resistance (i.e., bulk-phase

solubility, diffusion, or accommodation) associated with a change in aerosol morphology (i.e., liquid organic

coating) or phase.

Figure 14. Comparison of 14 literature and empirical parameterizations relative

to box model results. Comparisons are given in terms of their root-mean-square

error (RMSE) (upper panel) and median percent difference (lower panel).

Comparisons are listed in order of decreasing RMSE within each group of para-

meterization type (inorganic only, combined inorganic and organic, and

empirical). Parameterizations that incorporated BT09 are shown with (dark gray)

and without (light gray) the contribution from chloride.
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As previously shown, uptake is largely controlled by liquid water availability (relative to nitrate) with values

<1 × 10�3 only observed in previous laboratory studies on solid particles (e.g., Kane et al., 2001), NaNO3

(Hallquist et al., 2003), some pure organic liquids (Gross et al., 2009; McNeill et al., 2006), and biogenic SOA

(Anttila et al., 2006; Escorcia et al., 2010; Folkers et al., 2003). WINTER values <1 × 10�3 were nearly exclusive

to a single flight (RF10) near Atlanta, GA (Figure 3). Section S7 presents a discussion of these low values

(Hagerman et al., 1997; Xu et al., 2015) and describes three methods used for parameterizing the factors that

may lead to suppression on this flight based on current understanding from laboratory studies, including

phase separation of the organic fraction (i.e., a liquid organic coating) (You et al., 2014), changes in viscosity

(Shiraiwa et al., 2017), or the presence of a large biogenic influence (Hu et al., 2015; Ng et al., 2010). These

parameterizations, based on certain AMSmass factors and liquid water content, do not explain the low values

from RF10. Lack of direct particle morphology (i.e., organic coatings) or phase measurements, however,

leaves open the possibility that these factors contributed to γ(N2O5) suppression on RF10. While some vari-

ables such as O:C ratio and RH are thought to be predictive of morphology or phase, current parameteriza-

tions for γ(N2O5) have largely been developed for uptake onto internal mixtures of aqueous particles and

may require additional terms to account for morphology (i.e., organic coatings), phase (i.e., glassy aerosol),

and mixing state, which should be considered in future analyses of γ(N2O5) on ambient aerosol.

4.3.3. Empirical Parameterization

In addition to comparison of literature parameterizations, we derive the first field-based, empirical parame-

trization for γ(N2O5) that uses the same variables as the laboratory parameterizations but that fits the propor-

tionality constants to obtain the best representation of WINTER observations. This parameterization (E6,

Figure 13k) implements the simplified resistor model approach that best reproduced the WINTER results in

section 4.3.2 and produces the lowest RMSE (0.0157) of any literature parameterizations tested. As in section

S6 and briefly here, this method fits the ratio of kR5/kR4 (= 0.04), kR3 as a linear function of water

(=2.14 × 105*[H2O]), and ε as a linear combination of RH and O:C ratio (= 0.15*O:C + 0.0016*RH) (details in

Table S8). Following the approach of Bertram and Thornton (2009), c is the mean molecular speed of N2O5

(m s�1), V (m3 m�3) and SA (m2 m�3) are the aerosol volume and surface area densities, respectively, and

the N2O5 Henry’s law coefficient (KH) is taken to be 51 (Fried et al., 1994). Following Riemer et al. (2009), R

is the ideal gas constant (m3 atm K�1 mol�1), T is temperature (K), and Rp (m), Rc (m), and ℓ (m) represent

the total particle radius, aqueous core radius, and organic coating thickness, respectively (described in sec-

tion S6). The solubility and diffusion of N2O5 through the organic coating are represented by the aqueous

Henry’s law (5,000 mol m�3 atm�1; Anttila et al., 2006) and liquid diffusion (1 × 10�9 m2 s�1; Riemer et al.,

2009) coefficients, scaled by ε (= 0.15*O:C + 0.0016*RH). The fit of this parameterization to WINTER data pro-

duced a kR5/kR4 ratio within a factor of 2 to those presented in Griffiths et al. (2009) (0.03) and Bertram and

Thornton (2009) (0.06), and a value of kR3 (for the average WINTER aerosol water molarity of 20 M) within a

factor of 1.2 of Griffiths et al. (2009) (5 × 106 s�1) and 4 of Bertram and Thornton (2009) (1.1 × 106 s�1).

Restricting the fit to O:C ratios within 0.5 and 1 (range of higher correlation in Figure 12), resulted in

worse agreement.

1

γ
¼

1

4
c
V
SA
KH�2:14�105� H2O lð Þ½ � 1� 1

0:04 H2O lð Þ½ �
NO3

�½ �

� �

þ1

0

@

1

A

þ
1

4RT 0:15�O:Cþ0:0016�RHð Þ�HaqDaqRc
cℓRp

(6)

Parameterization of γ(N2O5) as a function of temperature, RH, and aerosol water and composition, using a

mechanistically accurate empirical fit, has the advantage of reproducing the median value from WINTER

but, like other literature parameterizations, cannot reproduce the large-scale variability. The failure of this

parameterization suggests that there may be other factors that determine γ(N2O5), such as aerosol morphol-

ogy (i.e., liquid organic coatings), mixing state, and/or phase. Measurements of these properties should be

included in future measurements of NOx, O3, and N2O5 to test their relevance to understanding N2O5 uptake

in ambient air.

5. Summary and Conclusions

A box model analysis of nocturnal reactive nitrogen chemistry derived 2,876 individual γ(N2O5) values with a

median of 0.0143 during periods of darkness on 9 flights over the eastern United States during the 6-week
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WINTER campaign. In comparison to all previous field determinations of γ(N2O5), this analysis produced the

largest observed range (2 × 10�5 to 0.1751) in γ(N2O5) with nearly 50 times more data points than all previous

aircraft campaigns combined. Comparison to the steady state approximation and 18 sensitivity studies of

model parameter uncertainties provided an assessment of the box model robustness. The campaign median

γ(N2O5) value was most sensitive to uncertainties in the measured aerosol SA density, similar to all previous

field-derived results. The box model results generally agreed with the steady state approximation for γ(N2O5)

at long simulation durations. Compared to a previous modeling sensitivity study, all but the lowest 5% of

WINTER γ(N2O5) occurred within the range of values where global burdens of tropospheric oxidants and

NOx are most sensitive to this parameter, highlighting the need for an accurate parameterization of

γ(N2O5) for 3-D chemical transport models.

Further analysis of correlations between WINTER γ(N2O5) values and RH, temperature, and aerosol composi-

tion generally followed trends previously observed in laboratory studies and field campaigns (when trends

were observed). These results support the current proposed mechanism for uptake and suggest that aerosol

water is the dominant controlling factor of ambient γ(N2O5), out of all those proposed andmeasured. Despite

general agreement with past studies, low correlation coefficients with all observed variables suggest that

γ(N2O5) is either simultaneously dependent on multiple factors or is at least partly dependent on variables

not captured in the ambient WINTER observations. Infrequently measured parameters known to influence

γ(N2O5) include aerosol organic coatings and/or phase state. This analysis was also the first to quantitatively

assess the dependence of field-derived γ(N2O5) on aerosol pH but found no evidence in the WINTER data that

an acid-catalyzed mechanism is an important factor in N2O5 uptake efficiency.

Finally, application of 14 literature parameterizations to WINTER data showed that predictions of γ(N2O5)

based on pure inorganic and mixed aerosol components (assuming an organic suppression by either reac-

tively thin or thick coatings or by reduction in mass accommodation) generally reproduced the WINTER med-

ian but with a 1–2 orders of magnitude underprediction in the observed range. In four parameterizations,

agreement improved when the effect of chloride enhancement was excluded. Best agreement was observed

with the simplified resistor model framework, which was further fit to WINTER observations to derive the first

field-based, empirical parameterization of γ(N2O5). Gross overprediction by all parameterizations, however, of

lowest WINTER values <1 × 10�3 suggests an additional suppressive effect not captured by observed vari-

ables or parameterization framework. In the absence of measured organic composition data, the cause of

low WINTER values could not be confirmed, but comparisons to previous laboratory studies suggest that

aerosol morphology or phase-relevant variables may be stronger predictors of γ(N2O5) than those measured

during WINTER and currently included in γ(N2O5) parameterizations. While factors such as aerosol water and

nitrate appear to be important predictors of γ(N2O5), measurements of aerosol organic composition and

phase should, therefore, be considered in future field campaigns aimed at understanding the mechanism

of heterogeneous N2O5 uptake and its impacts on tropospheric oxidant distributions.
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