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Abstract Nighttime chemistry in the troposphere is closely tied to the dinitrogen pentoxide (N2O5)
budget, but high uncertainties remain regarding the model representation of the heterogeneous
hydrolysis of N2O5 on aerosol particles. In this study we used the community model WRF-Chem to
simulate a 3-day period during the California Nexus (CalNex) Campaign in 2010. We extended WRF-Chem
to include the heterogeneous hydrolysis of N2O5 and contrasted the impact of different published
parameterizations of N2O5 heterogeneous hydrolysis on the spatial distribution of uptake coefficients and
the resulting N2O5 concentrations. For all the cases, modeled N2O5 uptake coefficients showed strong
spatial variability, with higher values in the nocturnal boundary layer compared to the residual layer,
especially in environments with high relative humidities, such as over the ocean and along the coast. The
best agreement of modeled and observed uptake coefficients was obtained using the parameterization by
Davis et al. (2008) combined with the treatment of organic coating by Riemer et al. (2009). For this case the
temporal evolution of lower boundary layer N2O5 mixing ratios was reproduced well, and the predictions of
surface mixing ratios of ozone and NOx were improved. However, the model still overpredicted the uptake
coefficients in the residual layer and consequently underpredicted N2O5 concentrations in the residual
layer. This study also highlights that environments with low relative humidities pose a challenge for aerosol
thermodynamic models in calculating aerosol water uptake, and this impacts N2O5 heterogeneous
hydrolysis parameterizations.

1. Introduction

Dinitrogen pentoxide (N2O5) is a nighttime reservoir for NOx (NOx = NO + NO2). In the troposphere N2O5

concentrations exhibit a unique vertical profile with maximum values located near the top of the stable night-
time boundary layer, as shown by both ambient measurements [Brown et al., 2007a, 2007b; Stutz et al., 2004]
and model simulations [Galmarini et al., 1997; Riemer et al., 2003; Geyer and Stutz, 2004]. N2O5 accumulates
in elevated layers at night, rather than near the surface, because fresh emissions of NO and volatile organic
compounds (VOC) titrate the N2O5 precursors, O3, and NO3.

The main loss pathway of N2O5 is its heterogeneous hydrolysis on aerosol particles [Russell et al., 1985;
Hanway and Tao, 1998]. Removal of N2O5 in the troposphere is also an indirect loss pathway of NOx and NO3,
which impacts both the daytime and nighttime oxidative capacity of the troposphere [Dentener and Crutzen,
1993; Brown et al., 2011; Young et al., 2012] as well as the regional and global aerosol budget [Riemer et al.,
2003; Pathak et al., 2011; Macintyre and Evans, 2010]. The formation of nitric acid (HNO3) by N2O5 heteroge-
neous hydrolysis is not only an efficient sink for NOx but also a key contributor to the nitrate aerosol loading.
This applies especially during winter, when the conditions are favorable for both N2O5 formation and for the
partitioning of HNO3 into the particle phase [Pathak et al., 2011; Kim et al., 2014].

In addition to nitric acid, the N2O5 heterogeneous reaction may produce a chlorine radical precursor, nitryl
chloride (ClNO2) [Thornton et al., 2010], which has been widely observed in different environments [Mielke
et al., 2011; Wagner et al., 2012; Phillips et al., 2012]. During daytime ClNO2 photolyzes to form the chlorine
radical, which is known to impact the oxidizing power of the troposphere. Sarwar et al. [2012, 2014] examined
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the impact of heterogeneous ClNO2 production across the United States and the Northern Hemisphere and
saw an enhancement of ozone levels in polluted regions, for both the winter and the summer seasons.

There are several factors that govern the N2O5 heterogeneous uptake reaction rate, some of which are related
to meteorological conditions, others to the chemical composition of the aerosol population [Chang et al.,
2011]. High relative humidities and low temperatures promote N2O5 heterogeneous reaction on particles,
while the presence of nitrate and organic species in the aerosol inhibits the N2O5 uptake. A key parameter to
quantify the heterogeneous hydrolysis reaction rate is the uptake coefficient for N2O5 on aerosol particles.

Laboratory studies demonstrate that the N2O5 uptake coefficient 𝛾 can vary by several orders of magni-
tude [Davis et al., 2008], depending on temperature, relative humidity, and aerosol composition. Hence, to
assess the impact of N2O5 heterogeneous hydrolysis on atmospheric chemistry, an adequate model param-
eterization for 𝛾 is crucial. Several model studies have investigated the impact of N2O5 hydrolysis using
parameterizations for 𝛾 that varied in complexity [e.g., Evans and Jacob, 2005; Davis et al., 2008; Riemer et al.,
2009; Bertram and Thornton, 2009]. Overall, models tend to overpredict the observed values for the uptake
coefficient [Brown et al., 2009; Riedel et al., 2012]; however, the opposite has been found by Morgan et al. [2015]
for a study in northwestern Europe.

Our goal for this study is to contrast and evaluate state-of-the-art parameterizations of N2O5 heterogeneous
hydrolysis. In particular, we unify the treatment of hydrolysis suppression due to nitrate and organic coatings
by combining the parameterization for 𝛾 by Davis et al. [2008] to represent the inorganic core with the organic
coating treatment by Riemer et al. [2009]. Similarly, we also examine a parameterization that combines the
treatment for 𝛾 by Bertram and Thornton [2009] with the organic coating treatment by Riemer et al. [2009].

We compare the different parameterizations to each other using the community chemistry transport model
WRF-Chem and compare the model results with observations from a major measurement campaign, the
CalNex 2010 field campaign in Southern California [Ryerson et al., 2013]. The CalNex data set is particularly
suitable because it provides observations not only from ground sites but also from nighttime flights that
captured the spatial distribution of N2O5 mixing ratios within the South Coast Air Basin of California (SoCAB).

2. Methods

2.1. N2O5 Chemical Reactions
The fate and impacts of N2O5 from the perspectives of laboratory experiments, ambient measurements,
and model simulations have been summarized in Chang et al. [2011]. In short, the most important reactions
involving N2O5 are as follows: The nitrate radical NO3 is formed by the reaction of ozone and NO2,

NO2 + O3 −→ NO3 + O2 (1)

During nighttime, in the absence of photolysis reactions, NO3 can accumulate and react with VOC. Addition-
ally, NO2 and NO3 can react to form N2O5,

NO2 + NO3 + M ←→ N2O5 + M (2)

N2O5 is thermally unstable and can readily dissociate into NO2 and NO3. The N2O5 concentration is therefore
highly dependent on temperature, where the equilibrium constant for reaction (2) can be approximated as a
function of temperature alone.

The most important loss for N2O5 is the heterogeneous hydrolysis reaction, which produces HNO3:

N2O5(g) + H2O(aq) −→ 2HNO3(aq) (3)

In the presence of particulate chloride, the N2O5 heterogeneous reaction can also produce ClNO2:

N2O5(g) + Cl−(aq) −→ ClNO2(g) + NO−
3(aq) (4)

In the present work, we consider only the production of nitric acid through this heterogeneous uptake, and
the role of nitryl chloride production will be presented elsewhere.
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The heterogeneous reaction can be modeled as a first-order loss of N2O5,

d[N2O5]
dt

= −kN2O5
[N2O5]. (5)

The loss rate constant, kN2O5
, is a function of mean molecular velocity of N2O5 (cN2O5

), available aerosol surface
area density (S), and uptake coefficient (𝛾),

kN2O5
= 1

4
cN2O5

⋅ S ⋅ 𝛾. (6)

Since the production of N2O5 is tied to the abundance of NO3, and NO3 is also consumed by reactions with
VOC, the sensitivity of NOx and O3 toward 𝛾 depends on the NO3 reaction rates with VOC. Specifically, if NO3

reactivity with respect to reactions with VOC is very high, only little N2O5 is formed and the sensitivity of NOx

and O3 toward 𝛾 is reduced.

The model representation of the uptake coefficient 𝛾 is described in the following section 2.2, and the method
to derive 𝛾 based on field observations of trace gases concentrations is shown in section 2.3. We evaluate
closure between the two in section 3.4.

2.2. Parameterization Techniques for the N2O5 Uptake Coefficient
To account for the impact of aerosol composition on heterogeneous N2O5 hydrolysis in our model simulations,
we use the 𝛾 parameterization by Riemer et al. [2009]:

𝛾 =
(

1
𝛾core

+ 1
𝛾coat

)−1

, (7)

where the core of the particle is assumed to be inorganic, and the coating to be organic when both com-
ponents are present in the aerosol mixture. We assume that all organic material (primary and secondary)
contributes to the coating. This parameterization is an extension of the resistor model, where the presence
of the coating limits the dissolution, diffusion and chemical reaction of N2O5 in particles. Evidence for the
liquid-liquid phase separation in atmospheric particles has been documented by You et al. [2012], where
organic and aqueous separations within aerosol particles were observed. This represents an upper limit for
estimating the effect of an organic coating, because not all organic material necessarily contributes to the
coating.

For 𝛾core, we compare two formulations: a statistically derived parametric fit based on a review of past chamber
experiments by Davis et al. [2008], and the method by Bertram and Thornton [2009] that takes into account
the presence of particulate chloride. The parameterization of 𝛾core by Davis et al. [2008] is defined by

𝛾D
core =

∑
i

xi𝛾
∗
i (8)

where i represents the aerosol species NH4HSO4, (NH4)2SO4, and NH4NO3, xi represents the molar concen-
tration of component i normalized by the total concentration of the three components combined, and 𝛾∗i is
the corresponding statistical parameterization of component i constrained to be no greater than the maxi-
mum observed values based on laboratory experiments. For the details of the formulation of 𝛾∗i , please see
Davis et al. [2008]. To summarize briefly, the coefficients 𝛾∗i are generally functions temperature and of relative
humidity (RH). We used the statistical fits without the data by Kane et al. [2001], which means that the 𝛾∗i val-
ues for sulfate particles increase for RHs below 46% and are independent of RH above 46%. It is also important
to note that the statistical fits based on the laboratory data yielded an RH dependence for dry aerosol. Davis
et al. [2008] explained that this counterintuitive result may be due to an increase in surface-adsorbed water.

Since the Davis parameterization uses equation (8) to determine the overall uptake coefficient for a mixed
aerosol, it inherently assumes that the particles are externally mixed with respect to sulfate and nitrate, thus
not permitting as large a nitrate effect as is possible. It also assumes that subsets of the population can retain
water based on different efflorescence RHs between the subpopulations of aerosol that may or may not
reflect reality.
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Table 1. Summary of Scenarios in This Study

Scenario Name Aqueous Core Treatment Organic Coating Treatment Symbol

Base None None -

Davis Davis et al. [2008] None 𝛾D
core

B&T Bertram and Thornton [2009] None 𝛾B
core

Davis+coat Davis et al. [2008] Riemer et al. [2009] 𝛾D

B&T+coat Bertram and Thornton [2009] Riemer et al. [2009] 𝛾B

The parameterization of 𝛾B
core by Bertram and Thornton [2009] is defined as

𝛾B
core = Ak′

⎛⎜⎜⎜⎝
1 − 1(

k3[H2O(l)]
k2b[NO−

3 ]

)
+ 1 +

(
k4[Cl−]

k2b[NO−
3 ]

)
⎞⎟⎟⎟⎠

(9)

where A = 3.2 × 10−8 is an empirical prefactor, H2O(l) is particle liquid water, NO−
3 is particulate nitrate, Cl− is

particulate chloride, k3∕k2b = 6 ×10−2, k4∕k2b = 29, and k′ can be calculated by

k′ = 𝛽 − 𝛽e(−𝛿[H2O](l)). (10)

Here 𝛽 = 1.15 ×106 s−1, and 𝛿 = 1.3 × 10−1 M−1. In contrast to the Davis parameterization, this is inherently
an internally mixed parameterization of the uptake coefficient. The nitrate effect is permitted to decrease the
uptake coefficient at low water concentrations as one would expect based on laboratory results. The aerosol
liquid water content needs to be provided by the aerosol thermodynamics model, which can be a challenging
task as we will see later.

The treatment of organic coating is based on the work by Riemer et al. [2009],

𝛾coat =
4RTHorgDorgRc

cN2O5

⋅ 𝓁 ⋅ Rp (11)

where R is the universal gas constant, T is the temperature, Horg is the Henry’s law constant of N2O5 for the
organic coating, Dorg is the diffusion coefficient of N2O5 in the organic coating, and Rp, Rc, and 𝓁 are the radius
of the particle, the radius of the core, and the thickness of the coating, respectively. As in Riemer et al. [2009],
for the product DorgHorg we use values that are consistent with the analysis presented by Anttila et al. [2006]
who showed that DorgHorg is about 0.03DaqHaq for organic coatings consisting of condensed monoterpene
oxidation products. Here Haq is the Henry’s law constant of N2O5 for the aqueous phase (Haq = 5000 M atm−1)
and Daq is the diffusion coefficient of N2O5 in the aqueous phase (Daq = 10−9 m2 s−1).

For the assessment of the parameterization methods discussed previously, we developed five test scenar-
ios, as summarized in Table 1: “Base”: no hydrolysis; “Davis”: hydrolysis based on Davis et al. [2008]; “B&T”:
hydrolysis based on Bertram and Thornton [2009]; “Davis+coat”: hydrolysis based on Davis et al. [2008], com-
bined with the treatment of organic coating by Riemer et al. [2009]; “B&T+coat”: hydrolysis based on Bertram
and Thornton [2009], combined with the treatment of organic coating by Riemer et al. [2009]. We compare and
contrast the simulated uptake coefficients and N2O5 mixing ratios resulting from these scenarios in section 3.3.

2.3. Uptake Coefficient Calculations Based on Observations
Brown et al. [2003] described how to derive uptake coefficients of N2O5 based on measurements of mixing
ratios of N2O5, NO3, NO2, O3, ambient temperature, and aerosol surface area density [Brown et al., 2006; Aldener
et al., 2006]. An underlying assumption of this analysis is that N2O5, NO3, and NO2 are in steady state. To derive
these “steady state uptake coefficients” (𝛾ss), data sets from flight segments of several minutes duration are
used. The validity of the steady state approximation was checked against a box model calculation using the
derived loss rate coefficients for NO3 and N2O5 together with ambient temperature, average NO2 and O3

mixing ratios for each flight segment.

Steady state lifetimes (𝜏) are defined as the ratio of the concentration (or mixing ratio) of NO3, N2O5, or their
sum (NO3 + N2O5) to their production through the oxidation of NO2 by ozone:

𝜏NO3
=

[NO3]
k[O3][NO2]

(12)
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Figure 1. (a–c) Variation of steady state lifetimes with NO2 and aerosol surface area density (S) together with linear fits
to the data. Slopes and intercepts are given by the values of 𝛾ss and k(NO3)−1 shown in each panel and as described in
the text. (d) Time series of NO3 and N2O5 data used in Figures 1a–1c, together with calculated steady state NO3 and
N2O5 using the parameters derived from the fits in Figures 1a–1c. (e) Variation of S with Keq[NO2].

𝜏N2O5
=

[N2O5]
k[O3][NO2]

(13)

𝜏sum =
[NO3] + [N2O5]

k[O3][NO2]
(14)

Brown et al. [2009] show that the following identities hold:

𝜏−1
NO3

≈ kNO3
+ 1

4
cN2O5

SKeq[NO2]𝛾ss (15)

𝜏−1
N2O5

Keq[NO2] ≈ kNO3
+ 1

4
cN2O5

SKeq[NO2]𝛾ss (16)

𝜏−1
sum

(
1 + Keq[NO2]

)
≈ kNO3

+ 1
4

cN2O5
SKeq[NO2]𝛾ss (17)

Here Keq is the temperature-dependent equilibrium constant of reaction (2), and kNO3
is the first-order loss rate

coefficient for the loss of NO3 to reactions with VOCs. Equations (15)–(17) provide linear relationships with
intercept kNO3

and slope 𝛾ss from measurements of mixing ratios of either NO3, N2O5, or the sum, NO3+N2O5.
The independent variable is the same in each equation (i.e., cN2O5

SKeq[NO2]/4) and explicitly accounts for
covariance between the mixing ratio of NO2 (or alternatively the quantity Keq[NO2]) and aerosol surface area
density. Note that the aerosol surface area density is corrected to account for aerosol water uptake, as, for
example, described in Brown et al. [2009]. Although the three measurements are not independent, fits of the
data from all three equations provide a check on the consistency of the analysis method. For a derivation of
these equations, the reader is referred to Brown et al. [2009].

Figure 1 shows an example set of fits for 𝛾ss from a 5.5 min segment of data acquired on a level cruising leg at
800 m above sea level over the eastern Los Angeles Basin on 3 June. Each data point is derived from a set of
instantaneously derived quantities.
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The three fits in Figures 1a–1c, corresponding to equations (15)–(17), produce individual 𝛾ss values that vary
by less than 10% from the average value, and individual kNO3

that vary by less than 12% from the average. The
derived kNO3

is consistent with the loss rate coefficient determined by summing the product of VOC concen-
trations and NO3 rate coefficients for this flight leg. Figure 1d shows the observed NO3 and N2O5 mixing ratios
for these data, together with the NO3 and N2O5 mixing ratios that are calculated from steady state using the
derived average kNO3

and 𝛾ss. Figure 1e shows the covariance between S and Keq[NO2], as described above.
There were 10 to 21 determinations for each of the three flights on 29–30 May, 30–31 May, and 3 June. There
were no determinations for the 2 June flight because the aerosol size distribution data were not available. We
will use these observationally determined uptake coefficients to evaluate the simulated uptake coefficients
in section 3.4.

2.4. CalNex 2010 Observations
During CalNex 2010, measurements were taken on aircraft, on a ship, and at ground sites. Since vertical vari-
ations in concentration profiles are the focus of this study, model-observation comparisons will mostly use
flight measurements by the NOAA P-3 aircraft. Four night flights took place in the Los Angeles Basin. They
occurred during a 6 day period, on 29–30 May (evening into the night), 30–31 May (night), 2 June (night to
early morning), and 3 June (night to early morning). Measurements on the P-3 relevant to nighttime nitro-
gen oxide chemistry included NO2 and O3 mixing ratios (Chemiluminescence, Ryerson et al. [1999] and Pollack
et al. [2010], and cavity ring down spectroscopy, Dubé et al. [2006] and Wagner et al. [2011]), NO3 and N2O5

mixing ratios (cavity ring down spectroscopy, Dubé et al. [2006] and Wagner et al. [2011]), aerosol size distribu-
tions (laser particle counter, Brock et al. [2003] and Wilson et al. [2004]), from which surface area density can be
derived, nonrefractory aerosol composition (compact time-of-flight aerosol mass spectrometer, C-ToF-AMS
[Canagaratna et al., 2007; Bahreini et al., 2012]) from which submicron aerosol mass concentrations of organic,
sulfate, nitrate, ammonium, and chloride are determined, and mixing ratios of speciated volatile organic com-
pounds (VOCs) (whole air samples analyzed by GC-MS, Schauffler et al. [1999]) to define the reactivity of NO3.
AMS-measured chloride needs to be considered as a lower limit to what is present in the aerosol phase. The
fraction of the reported chloride to total in the sampled plumes was variable; in some plumes, it was as low
as 60% while in most others it was greater than 85%. There were also measurements of HNO3 and ClNO2

mixing ratios, products of heterogeneous N2O5 uptake, using chemical ionization mass spectrometry (CIMS)
[Neuman et al., 2002; Slusher et al., 2004; Kercher et al., 2009]. The ClNO2 measurements have not been used
for the analysis in this paper but have been described elsewhere [Young et al., 2012]. Aerosol size distribu-
tions were measured at low relative humidity and corrected for hygroscopic growth as described previously
[Brown et al., 2009].

At the ground level, the Los Angeles measurement site was located at the California Institute of Technology
in Pasadena (34.140582∘N, 118.122455∘W, 236 m above sea level). Details on the instrumentation and setup
can be found in Tsai et al. [2014]. While the site operated from 15 May to 15 June 2010, this study will focus on
the dates corresponding to the nighttime flights, 30 May to 2 June 2010.

2.5. WRF-Chem Setup
The host meteorological and air quality model in this study is WRF-Chem, version 3.3.1 [Grell et al., 2005; Fast
et al., 2006]. The chosen WRF configuration options for atmospheric processes are listed in Table 1 from Fast
et al. [2012]. The modeling domain consists of SoCAB, as shown by Figure 2. The model was run using a nested
domain with 12 km and 4 km resolution as indicated in Figure 2. The top of the domain vertical coordinate
is set at 300 hPa, with 35 vertical layers. The simulation period is the period of 30 May to 3 June 2010, which
corresponds to the period when the nighttime flights occurred during CalNex 2010.

We used the CBM-Z chemical mechanism for handling gas-phase reactions [Zaveri and Peters, 1999]. This
includes the loss pathways of NO3 due to reaction with a number of VOC species, namely, formaldehyde,
acetaldehyde, methylglyoxal, alkenes, phenols, and isoprene. We used the MOSAIC module with eight size
bins for partitioning and phase state calculations of the inorganic aerosol [Zaveri et al., 2008]. The aerosol water
content, which is an important input parameter for the B&T parameterization, is determined by MOSAIC based
on the inorganic aerosol composition and ambient RH using the Zdanovskii-Stokes-Robinson (ZSR) method
[Zdanovskii, 1948; Stokes and Robinson, 1966]. The treatment for organic aerosol is based on the module imple-
mented in PMCAMx [Gaydos et al., 2007] and modified to handle primary species according to recommenda-
tions by Shrivastava et al. [2008]. The treatment for the N2O5 heterogeneous hydrolysis has been described in
section 2.2. Lateral boundary conditions were generated using mozbc (http://www.acd.ucar.edu/wrf-chem),
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Figure 2. WRF-Chem modeling domain in Southern California, USA.

a preprocessing program that creates time-varying chemical boundary conditions for WRF-Chem from the
global Model for Ozone and Related chemical Tracers, version 4 (MOZART-4) output [Emmons et al., 2010].
Initial conditions were developed using mozbc as well, with an additional 48 h spin-up period.

The California Air Resources Board (CARB) 2008 Inventory was the basis for anthropogenic emissions in the
model. To capture the decreasing trend in emissions from 2008 to 2010 due to the implementation of air
quality regulations and economic downturn, a reduction of 50% was applied to both the gas and aerosol
inventories according to the recommendation by Fast et al. [2014].

3. Results and Discussion
3.1. Evaluation of Simulated Meteorology and Selected Criteria Pollutants
To demonstrate that the model results are consistent with the conditions during the CalNex campaign, we
present comparisons of model results and observations for selected quantities and three locations. The first
location is downtown Los Angeles, characterized by coastal weather patterns and fresh emissions of pol-
lutants; the second is Riverside, characterized by high levels of air pollution due to the accumulation of
secondary species near the base of the San Jacinto and San Bernardino mountain ranges; and the third is the
CalNex ground site in Pasadena.

The comparisons for the meteorological data (wind speed and direction, temperature, and relative humidity)
for the three locations are shown in Figures S1 and S2 in the supporting information. These quantities were
directly measured at the CalNex ground site in Pasadena. Data for downtown Los Angeles and Riverside were
taken from the NOAA National Climatic Data Center (http://www.ncdc.noaa.gov).

For all locations the model captured the diurnal cycles of these quantities well. For the temperature at the
CalNex ground site, the bias was 0.95∘C with a correlation coefficient of 0.98. For the relative humidity, nor-
malized bias was−20.7%, with a correlation coefficient of 0.92; i.e., the model underpredicted the ground site
relative humidity. The model underpredicted relative humidity at nighttime in the inland region such as River-
side as well, with slight overprediction in temperature. The bias for temperature at Los Angeles is −0.05∘C,
and the correlation coefficient is 0.90. For Riverside, the model has a temperature bias of −0.7∘C and the
correlation coefficient of 0.96. For relative humidities, the normalized bias and correlation coefficients at Los
Angeles are 14% and 0.75, and −1.7% and 0.94 for Riverside, respectively. Biases in simulated relative humid-
ity may have important impacts on the values for uptake coefficients, either directly in the case of the Davis
parameterization or indirectly in the case of the B&T parameterization.

Simulated base case concentrations for ozone, NOx , and particulate matter (PM2.5 and PM10) were compared
to observations from the CARB Quality Assurance Air Monitoring Sites for Riverside and Los Angeles (CARB,
http://www.arb.ca.gov/aqd/aqdcd/aqdcddld.htm) and to observations directly made at the CalNex ground
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Figure 3. Horizontal spatial distribution of base case modeled N2O5 (bottom row) near the surface (below 50 m above
ground level (agl)) and (top row) above the stable boundary layer (above 500 m agl) at (left column) 22:00 local solar
time (LST) on 31 May and (right column) 04:00 LST on 1 June.

site for Pasadena. The model qualitatively captured the diurnal trends of both gas-phase and aerosol species
at all locations (Figures S3 and S4). The model tended to overpredict daytime ozone levels. For Los Angeles,
Riverside, and Pasadena the normalized mean biases (NMB) was 58.7%, 20.8%, and 25.0%, respectively. The
base case NOx mixing ratios were also overpredicted at these three locations with NMB of 51.5%, 33.3%, and
98% for Los Angeles, Riverside, and Pasadena, respectively.

It should be noted that the base case simulations did not include the impacts of the heterogeneous hydrolysis
of N2O5. We will quantify the differences that arise from including the hydrolysis in section 3.6. Including this
reaction reduces the average NOx and O3 concentrations over the simulation period by up to 3 ppb, thereby
improving the model simulations.

3.2. Modeled N2O5 Spatial Distributions
This section discusses the simulated distribution of the base case N2O5 mixing ratios and is followed by a
comparison of the simulated uptake coefficients from the different scenarios listed in Table 1 and their impacts
on N2O5 vertical profiles (section 3.3).

The spatial distribution of N2O5 mixing ratios in the urban atmosphere at night is unique due to the develop-
ment of the nocturnal boundary layer that decouples emissions from the chemistry in the residual layer. It is
therefore helpful to consider the nighttime boundary layer and the residual layer separately. Fresh emissions
of NO from mobile sources in SoCAB readily titrate ozone and NO3, both of which are precursors to N2O5.
NO3 also reacts with freshly emitted volatile organic compounds (VOC). Thus, N2O5 concentrations are often
low within close proximities of emission sources, as illustrated in Figure 3.

For the base case simulation (no hydrolysis), isolated maxima of N2O5 mixing ratios developed within the
nocturnal boundary layer (Figure 3, bottom row). Based on the model results, the average nocturnal bound-
ary layer height is approximately 500 m above sea level. The number of these “hot spots” increased as the
night progressed, but their maximum mixing ratios remained similar in magnitude, around 2.5 ppb. Above
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Figure 4. Uptake coefficient in the surface layer for (left column) Davis and (right column) B&T parameterizations
(top row) without organic coating treatment (𝛾core) and (bottom row) absolute differences between uptake coefficients
without and with organic coating at 22:00 LST on 31 May.

the nighttime boundary layer, the spatial distribution of N2O5 mixing ratios was not directly influenced by the
spatial distribution of the emissions as was the case near the surface (Figure 3, top row). Without the constant
removal of N2O5 precursors, N2O5 accumulated in the residual layer (at altitudes greater than 500 m above
sea level) during nighttime to values up to 4 ppb.

3.3. Modeled N2O5 Uptake Coefficients and Impacts of Hydrolysis on N2O5

As described in section 2.2, this study compares and contrasts four different N2O5 heterogeneous hydrolysis
parameterizations. In this section, we will present how the N2O5 uptake coefficients from the four cases listed
in Table 1 compare to one another in both the nocturnal boundary layer and the residual layer and how this
impacts simulated N2O5 mixing ratios.

Figure 4 presents the spatial distribution of 𝛾 in the model surface layer for the two aqueous aerosol treat-
ments (Davis and B&T) and the change in 𝛾 caused by the inclusion of organic coating (bottom row). To
explain the features in the spatial distribution for the individual cases, we discuss this figure in conjunction
with Figures 5 and 6, which show the quantities that determine 𝛾 , i.e., aerosol nitrate content and RH for the
Davis parameterization, aerosol nitrate and water content for the B&T parameterization, and organic aerosol
concentration for the coating parameterization. We show the spatial distributions for these quantities at 22:00
local time, but similar findings hold for other hours throughout the night.

The values for the uptake coefficient 𝛾 in the surface layer varied by an order of magnitude across the air basin
for all cases. The Davis case (Figure 4, top left) showed generally the highest values, with 𝛾D

core approximately
0.06 over the ocean. The values decreased to about 0.005 with increasing distance from the coast. The main
factor that explains this spatial pattern in 𝛾D

core was the distribution of RH. The RH values decreased from 90%
over the southwest part of the domain to 20% over the northeast (Figure 5, left). As noted in section 2.1,
the Davis parameterization includes a RH dependence even for low relative humidity environments with dry
aerosol, which Davis et al. [2008] explained by the fact that this may be due to an increase in surface-adsorbed
water on solid salts as RH increases.
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Figure 5. (left column) Base case relative humidities (RH, %) and (right column) aerosol liquid water content (LWC)
concentrations (μg kg−1-air) in (bottom row) the surface layer and (top row) the residual layer at 22:00 LST on 31 May.

The highest 𝛾B
core values (Figure 4, top right) of 0.04 were also found over the ocean. The spatial distribu-

tion of 𝛾B
core followed closely the aerosol water content distribution (Figure 5, right). Values of zero for 𝛾B

core

over the northeastern parts of the domain reflected the absence of water in the aerosol phase at these loca-
tions. As mentioned in section 2.5, the thermodynamic model used in WRF-Chem determines the aerosol
water content based on the inorganic aerosol composition, and the presence of organic aerosol does not
affect the simulated aerosol water content. We also know from section 3.1 that our predictions for ambient
RH are biased low. It is therefore likely that our predictions of aerosol water content are biased low, espe-
cially at low relative humidity. This, in turn, leads a chemically based parameterization of N2O5 uptake such as
the B&T parameterization to underestimate the uptake coefficient and highlights that the aerosol thermody-
namic models may not accurately capture aerosol liquid water at low RH, rather than a problem with the B&T
parameterization itself.

Both 𝛾D
core and 𝛾B

core also account for uptake inhibition by particulate nitrate. The impact of nitrate suppression
can be seen at locations where particulate nitrate dominated over particulate sulfate, such as in the area of
east Orange County, southwest of Riverside by the coast (Figure 6, left column).

The organic component in the aerosol also reduces N2O5 uptake. The simulated organic coating thicknesses
vary with location and time of the day and also for the different size bins. A spatially and temporally aver-
aged value for the organic coating thickness is 3.2 nm. Figure 4 (bottom row) shows the absolute differences
between the uptake coefficients without and with coating. A positive value means that the uptake coefficient
decreases with coating. Peak values of 𝛾 in both the Davis and the B&T cases decreased by a factor of 2, down
to 0.03 and 0.02, respectively. The largest reductions in 𝛾 due to organic coatings were not necessarily found
at locations with the highest concentrations of organics (Figure 6, middle column), but rather at locations
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Figure 6. (left column) Particulate nitrate-to-nitrate+sulfate fractions (0 = no nitrates and only sulfates are present; 1 = only nitrates and no sulfates are present);
(middle column) organic aerosol concentrations (μg kg−1-air); (right column) aerosol surface area density (S, cm2 kg−1-air) in (bottom row) the surface layer and
(top row) the residual layer for the base case at 22:00 LST on 31 May.

where 𝛾core was high, such as in the marine boundary layer and in areas with low nitrate concentrations. This
is consistent with Riemer et al. [2009] who found that 𝛾 is most sensitive to organic coatings when the aerosol
nitrate content is low, as shown in their Figure 13.

In the residual layer, 𝛾 values are generally lower compared to the surface layer. At altitude 900 m in the model
output (Figure 7), 𝛾D

core reached maximum values of 0.04 (Figure 7, top left). Lower temperature and lower
relative humidities in the residual layer are the causes of the decreasing trend in 𝛾D

core with increasing altitude.
The Davis parameterization shows a reduction in the N2O5 uptake coefficient across the basin where organic
material is present in the aerosol phase. For the B&T cases, 𝛾B

core reached maximum values of 0.03. The lack of
aerosol water again is reflected by near-zero 𝛾B

core values, similar to the findings within the nocturnal boundary
layer. Given such low value for 𝛾B

core, the effects of organic coating are hardly noticeable, as seen in Figure 7
(bottom right).

The reaction rate of N2O5 heterogeneous uptake on particles is not only dependent on 𝛾 but also on the
aerosol surface area density, S (equation (6)). Figure 6 (right column) contrasts the spatial distribution of S
in the surface layer and in the residual layer. The maximum values of S were generally found at the surface
and were reduced by more than 50% in the residual layer. The highest values of S were located near emission
sources (Los Angeles) and inland where secondary aerosol forms and accumulates (Riverside). A similar trend
and magnitude for the available surface were observed in the aircraft measurements.

Figure 8 shows simulated vertical profiles at 22:00 local time on 31 May over Riverside and Los Angeles.
Black lines represent the base case results for N2O5 mixing ratios (left) and aerosol surface area density
(right); orange and red lines represent the Davis cases with and without organic coating, respectively; green
and blue lines represent the B&T cases with and without organic coating, respectively. The base case ver-
tical profile of N2O5 mixing ratios has the prominent structure that shows the effects of boundary layer
structure that is directly proportional to NO3 production and reaction rates with VOC. Maximum 𝛾 and S
values are both found within the nocturnal boundary layer, albeit not at the same altitude. Hence, the condi-
tions within the nocturnal boundary layer were more favorable for N2O5 heterogeneous uptake than in the
residual layer.
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Figure 7. Uptake coefficient in the residual layer for (left column) Davis and (right column) B&T parameterizations
(top row) without organic coating treatment (𝛾core) and (bottom row) changes in 𝛾 from Figure 7 (top row) by Riemer
organic treatment (𝛾core − 𝛾) at 22:00 LST on 31 May.

Simulated N2O5 mixing ratios are higher in the residual layer than in the nocturnal boundary layer. While the
conditions in the residual layer are less favorable for heterogeneous hydrolysis, N2O5 mixing ratios are still
significantly altered by the uptake process. In the residual layer, relative to the base case, the maximum N2O5

mixing ratio is reduced by as much as 90% for the Davis case and 85% for the Davis+coat case. The two B&T
cases show a 77% reduction of N2O5 due to the heterogeneous hydrolysis reaction relative to the base case.
Since 𝛾B

core is already low in the residual layer, the addition of organic coating treatment does not suppress the
uptake coefficient by the same magnitude as for the Davis case.

At Riverside, the influence of organic coating on 𝛾D
core is smaller in magnitude than in Los Angeles. Neverthe-

less, the overall impact of the heterogeneous reaction reduces maximum N2O5 mixing ratios by as much as
85% for the Davis case and up to 75% for the Davis+coat case relative to the base case. Values for 𝛾 for the two
B&T cases (with and without organic coating) are zero for the entire profile (Figure 8, bottom left), preventing
hydrolysis to occur for all heights at this location. As discussed previously, this is the result of predicting zero
liquid aerosol water content. Although the B&T parameterization does not predict hydrolysis locally, decreases
in N2O5 mixing ratios from the base case profile are still observed because the heterogeneous hydrolysis
impacts at locations upwind from Riverside are propagated by transport.

3.4. Evaluating Closure for Observed and Simulated Uptake Coefficients
Section 2.3 described how N2O5 uptake coefficients can be derived based on the steady state analysis intro-
duced by Brown et al. [2003]. Here we evaluate closure between 𝛾ss and 𝛾 values determined using the
parameterizations from section 2.2. As input data for the latter we use (1) aircraft observations, including mea-
surements of aerosol composition with the C-ToF-AMS (Figure 9), and (2) model data from the simulations
presented in section 3.3 (Figure 10).

As described in section 2.3, steady state uptake coefficients were derived from observations of the variation
of NO3 and N2O5 lifetimes with NO2 mixing ratio and aerosol surface area density over individual flight seg-
ments of 0.5–8 min in duration. Flight segments are numbered sequentially as shown on the x axis in Figure 9,
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Figure 8. Vertical profiles of (left column) N2O5, aerosol surface area density (S, right in black), and (right column) 𝛾 at
(top row) Los Angeles and (bottom row) Riverside at 22:00 LST on 31 May.

and Figure 9 (left column) shows observed relative humidity and aerosol concentrations of nitrate, sulfate,
ammonium, chloride, and organics for the night flights from 30 May and 3 June, averaged over the individual
flight segments. We used the same approach as in Davis et al. [2008] to determine the amount of ammonium
sulfate versus ammonium bisulfate, i.e., we assumed that all of the NO−

3 is present as NH4NO3, and the leftover
NH+

4 is distributed between (NH4)2SO4 and NH4HSO4 according to their equation (11).

These parameters are then used as inputs for the four parameterization cases for 𝛾 : Davis, B&T, Davis+coat,
and B&T+coat. These same observations are also utilized to estimate the corresponding liquid water content
by the E-AIM model (http://www.aim.env.uea.ac.uk/aim/aim.php). We used the E-AIM “Model IV” to predict
aerosol water content, which considers the system of H+, NH4+, Na+, SO2−

4 , NO−
3 , Cl−, and H2O [Friese and Ebel,

2010], comparable to MOSAIC in WRF-Chem. While it is possible that at least a monolayer of water could persist
below the efflorescence point, thereby providing a medium on which N2O5 can hydrolyze, we do not account
for these effects. Further, to be consistent with the current treatment of aerosol water uptake in WRF-Chem,
we do not consider the influence of organics on water uptake.

The results are shown in Figure 9 (right column), together with the uptake coefficients 𝛾ss, which are indepen-
dently calculated based on steady state analysis for the same flight segments. The relative humidities for the
30 May flight are below 30%, which is below the efflorescence point of the inorganic species mixture present
in the aerosol. Hence, E-AIM predicts particles as dry solids for the selected flight segments, resulting in uptake
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Figure 9. (left column) Averaged ascending/descending flight segment aerosol concentrations and relative humidities.
(right column) Uptake coefficients from steady state analysis (𝛾ss), and from Davis, B&T, Davis+coat, and B&T+coat
parameterization methods using aircraft data from (top row) 30 May and (bottom row) 3 June flights as inputs.

coefficients of zero for the B&T parameterization. Again, this is a shortcoming of the method to determine
aerosol liquid water content, not of the B&T parameterization itself. The 𝛾 values for the Davis and Davis+coat
cases for the 30 May flight segments (Figure 9, top row) also underpredict 𝛾ss, by about an factor of 3 without
organic coating and by up to an order of magnitude when the organic coating effect is included. This high-
lights again that low relative humidity environments pose a challenge for aerosol thermodynamic models
that are currently used to predict aerosol liquid water content, and this introduces errors in the treatment of
the N2O5 heterogeneous hydrolysis.

For the flight segments on 3 June, the relative humidities are approximately 70%, and both the Davis and
B&T parameterizations yield similar results. The cases without organic coating represent an upper bound,

Figure 10. Modeled 𝛾 versus calculated 𝛾ss using aircraft observations from the 31 May flight. (left) Davis and B&T
parameterization; (right) Davis+coat.
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Figure 11. Time series of N2O5 DOAS ground site measurements (open circle) from 30 May to 2 June 2010, and
corresponding model simulation with no hydrolysis (black) and Davis+coat parameterization (orange). The DOAS
measurements are from the layer closest to the surface (33–78 m). The corresponding model results are interpolated to
the same average height.

nearly always overpredicting 𝛾ss. Including the organic coating reduces the uptake coefficients by an order of
magnitude and results in good closure with 𝛾ss.

Figure 10 shows a comparison 𝛾ss and 𝛾 values as determined by the WRF/Chem model simulations. When the
impact of organic coatings is not included, 𝛾D

core mostly overpredicts observations, while 𝛾B
core underpredicts

observations (Figure 10, left). The discrepancies between modeled 𝛾B
core and 𝛾ss again originate from the same

problem of estimating the liquid water content by the model.

When the organic coating treatment is included, the extent of overprediction in 𝛾D
coat decreases (Figure 10,

note the differences in the scaling of the ordinate between Figure 10 (left) and Figure 10 (right)). While the
tendency of overprediction persists even when the organic coating is included, it is a significant improvement
from previous works [Brown et al., 2009]. Thus, including the organic coating treatment appears to be essential
to achieve closure between modeled and observed uptake coefficient. The current WRF-Chem setup under-
predicts the organic component in the aerosol phase, which contributes to the overprediction in 𝛾 . At the
Pasadena site, observed maximum daily organic aerosol concentrations during the modeling period average
around 20 μgm−3 [Hayes et al., 2013], while modeled organic aerosol concentrations peak at 5 μgm−3.

3.5. Comparison of Simulated and Observed N2O5 Mixing Ratios
Based on the analysis in section 3.4, the Davis+coat parameterization represents best the conditions encoun-
tered during the modeling period. For the comparison of modeled N2O5 mixing ratios to observations, the
focus will therefore be on the Davis+coat case. Figure 11 shows the comparison of simulated diurnal profiles
of N2O5 mixing ratios at the CalNex 2010 Pasadena ground site for the period of 30 May to 2 June 2010. The
observations were taken with differential optical absorption spectroscopy (DOAS) at four height intervals,
which were 33–78 m above ground level (agl) for the lowest interval, 78–121 m agl for the middle interval,
121–255 m agl for the upper interval, and 255–556 m agl for the highest intervals. Figure 11 includes the
observations from the layer closest to the surface. Corresponding model results are interpolated to the same
average height. On 30 May, observed N2O5 mixing ratios in the highest interval of up to 1600 ppt (open circle)
are greater than even the base case predictions (black triangles, no hydrolysis) that have corresponding low
ozone level. On the evenings of 31 May and 1 June, on the other hand, the base case consistently overesti-
mates the observed values while the Davis+coat case (orange triangles) matches the ambient measurements
extremely well.

For the assessment of N2O5 vertical profiles, measurements from CalNex night flights are compared to model
results. Missed approaches were performed during these night flights to capture trace gases throughout the
basin. Then, observed concentrations are mapped to the average concentration of the modeling cell that
contains the corresponding altitude of the measurement. Figure 12 shows overlays of N2O5 flight measure-
ments (purple line), model base case (black line), and model Davis+coat case (orange line) time series for the
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Figure 12. Time series of N2O5 flight measurements (purple) from 31 May to (top) 1 June 2010 and (bottom) 2 June
2010 flights, overlaid with the corresponding base case model simulation values, i.e., no inclusion of N2O5
heterogeneous hydrolysis (black) and the Davis+coat case (orange).

evening of 31 May to 1 June and early morning on 2 June. Time series of corresponding flight altitudes
are also included (green line). For both flights, the model qualitatively captured the major N2O5 plumes in
the basin. Quantitatively, the base case mostly overpredicted observed N2O5 levels, especially for the early
morning flight on 2 June.

Looking more closely into individual vertical profiles, two samples of such profiles are shown in Figure 13.
Without consideration for heterogeneous hydrolysis (base case), the model consistently overpredicted N2O5

mixing ratios by a factor of 2 or more. This confirms the necessity of including the heterogeneous hydrolysis to
model N2O5. When the Davis+coat heterogeneous hydrolysis parameterization was included, modeled N2O5

levels agreed with observations higher up in the residual layer where N2O5 concentrations were low (above
1200 m in Chino and above 800 m in El Monte). Just above the nocturnal boundary, however, higher levels of
N2O5 were observed than the model predicted. Two issues can contribute to this. First, as shown in Figure 10,
𝛾D

coat values are higher than the observed 𝛾 values; hence, the underprediction of N2O5 is expected. Second,
the vertical resolution decreases with increasing altitude in WRF-Chem leading to a lower spatial resolution
in the residual layer (where most of the flight measurements were taken) compared to the surface layer. The
larger cell volume in model layers at a high altitude may lead to artificial averaging of N2O5. Also, the effects of
diminished N2O5 levels through averaging can propagate throughout the whole domain, making it difficult
to distinguish local contributions from domain-wide trends.

3.6. Impacts of the Heterogeneous Hydrolysis of N2O5 on Ozone and NOx

Lastly, we quantified the impact of Davis+coat heterogeneous N2O5 hydrolysis parameterization on mixing
ratios of criteria pollutant levels over the simulation period (31 May to 2 June 2010) at three particular moni-
toring sites (Los Angeles, Pomona, and Riverside) (Table 2). Los Angeles is closest to the coastline, Riverside is
inland near the edge of the air basin, and Pomona is in between the two. Pollutant emissions rates are high
in Los Angeles, so primary pollutants are expected to dominate the species composition, especially when
onshore winds are present. Hence, the highest mixing ratios of NOx and low ozone levels were found in Los
Angeles. When moving eastward from Los Angeles to inland toward Riverside, the shift from fresh to aged
pollutants was evident in the decrease in NOx levels and the increase in ozone mixing ratios. At Riverside,
pollutants accumulated near the base of the mountain ranges, and some of the highest levels of secondary
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Figure 13. Vertical profiles of N2O5 at (top) Chino and (bottom) El Monte from CalNex observations (purple) and
predictions by the base case (black) and the Davis+coat case (orange).

pollutants (e.g., ozone) across the basin were found here. As shown in Table 2, the model was able to capture
these NOx and ozone trends for Los Angeles, Pomona, and Riverside with positive correlation values, with
the performance improving going inland. The base case model results consistently overpredicted NOx mix-
ing ratios across the air basin, and including the N2O5 heterogeneous hydrolysis process improved the model
performance by reducing the NOx budget at night that can be carried over into the daytime. Tsai et al. [2014]
drew similar conclusions on the importance of nighttime NOx loss mechanisms in polluted environments.
Quantitatively, the inclusion of the heterogeneous hydrolysis improved predicted average ozone and NOx

mixing ratios by up to 10% and 33%, respectively.

Table 2. Model Evaluation Metrics Over the Simulation Period, 31 May to 2 June 2010: Modeled and Observed Values
Show Averages (Range) in ppb, Normalized Mean Bias (NMB) and Normalized Mean Error (NME) are in Percentage, and
Root-Mean-Square Error (RMSE) is in ppb

Case Species Site Modeled (ppb) Observed (ppb) NMB NME RMSE r n

Base Ozone Los Angeles 61 (1.5–84) 38 (20–66) 58.7 65.7 28 0.49 31

Davis+coat Ozone Los Angeles 58 (1.2–81) 38 (20–66) 51.1 58.9 25 0.54 31

Base Ozone Pomona 64 (37–88) 45 (13–73) 44.5 48.3 25 0.61 28

Davis+coat Ozone Pomona 63 (35–87) 45 (13–73) 40.9 44.8 23 0.65 28

Base Ozone Riverside 64 (26–88) 53 (12–86) 20.8 30.6 19 0.67 30

Davis+coat Ozone Riverside 63 (23–87) 53 (12–86) 18.4 28.5 18 0.70 30

Base NOx Los Angeles 24 (14–68) 15 (7–41) 51.5 58.0 13 0.49 31

Davis+coat NOx Los Angeles 22 (14–64) 15 (7–41) 38.9 52.0 12 0.38 31

Base NOx Pomona 13 (5–29) 15 (7–61) −11.2 55.1 11 0.39 28

Davis+coat NOx Pomona 11 (5–22) 15 (7–61) −25.9 51.3 12 0.30 28

Base NOx Riverside 13 (4–38) 10 (4–35) 33.3 50.0 7 0.74 30

Davis+coat NOx Riverside 10 (4–30) 10 (4–35) 5.4 44.8 6 0.70 30
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4. Conclusions

We implemented the N2O5 heterogeneous hydrolysis parameterizations according to Davis et al. [2008]
(“Davis”), Bertram and Thornton [2009] (“B&T”), and Riemer et al. [2009] (“+coat”) into the WRF-Chem model.
Four test scenarios were developed: Davis, Davis+coat, B&T, and B&T+coat. In general, for all cases modeled
N2O5 uptake coefficients on particles, 𝛾 , were higher near the surface, especially over marine and coastal areas
where relative humidities were high.

The model predicted little or no aerosol water content in the residual layer, leading to a significant low bias in
the B&T parameterization, which is based on liquid water content, rather than relative humidity. In this study,
uptake coefficients calculated using the B&T parameterization tended to be nearly zero in the residual layer.
This contradicts the observations, which documented heterogeneous hydrolysis to occur everywhere across
the air basin during CalNex. We emphasize that this should not be interpreted as a failure of the B&T param-
eterization. Rather, the results highlight the need for better thermodynamic models to predict aerosol water
uptake, in particular at low ambient RH. Similar issues with the B&T parameterization sensitivity to relative
humidity predictions were also suggested by Lowe et al. [2014].

Overall, the Davis+coat case best captured observed 𝛾 values, and improved the comparison to observed
N2O5 mixing ratios, as it was evident from comparison with observations made at the CalNex ground site.
Including the impacts of organic coating was crucial to reduce the overprediction of simulated 𝛾 values.
However, even after taking the coating into account, the model still overestimated 𝛾 values. This may be
attributed to the underprediction of the organic aerosol budget by the model. It should also be noted that
the organic coating treatment is rather simple as it does not take into account any dependence on relative
humidity as suggested by Grzinic et al. [2015]. Despite these shortcomings, the Davis+coat parameterization
improved the model performance in predicting surface mixing ratios of ozone and NOx , through the reduction
of the tropospheric NOx budget buildup at night carried into the daytime.
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