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Abstract

Aerosol chemical composition was found to influence nighttime atmospheric chem-
istry during a series of airborne measurements in North-Western Europe in summer
conditions, which has implications for regional air quality and climate. The uptake of
dinitrogen pentoxide, γ(N2O5), to particle surfaces was found to be modulated by the5

amount of water content and ammonium nitrate present in the aerosol. The condi-
tions prevalent in this study suggest that the net uptake rate of N2O5 to atmospheric
aerosols was relatively efficient compared to previous studies, with γ(N2O5) values in
the range 0.01–0.03. This is likely a consequence of the elevated relative humidity in
the region, which promotes greater aerosol water content. Increased nitrate concen-10

trations relative to particulate water were found to suppress N2O5 uptake. The results
presented here contrast with previous ambient studies of N2O5 uptake, which have
generally taken place in low-nitrate environments in the USA. Comparison of the N2O5
uptake derived from the measurements with a parameterised scheme that is based on
the ratio of particulate water to nitrate yielded reasonably good agreement in terms of15

the magnitude and variation in uptake, provided the effect of chloride was neglected.
An additional suppression of the parameterised uptake is likely required to fully capture
the variation in N2O5 uptake, which could be achieved via the known suppression by
organic aerosol. However, existing parameterisations representing the suppression by
organic aerosol were unable to fully represent the variation in N2O5 uptake. These re-20

sults provide important ambient measurement constraint on our ability to predict N2O5
uptake in regional and global aerosol models. N2O5 uptake is a potentially important
source of nitrate aerosol and a sink of the nitrate radical, which is the main nocturnal
oxidant in the atmosphere. The results further highlight the importance of ammonium
nitrate in North-Western Europe as a key component of atmospheric composition in25

the region.
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1 Introduction

Aerosols play an important role in nighttime atmospheric chemistry, as they provide an
effective sink for reactive oxidised nitrogen via the uptake of N2O5 to particle surfaces
(e.g. Chang et al., 2011). During nighttime, N2O5 maintains an equilibrium with the
nitrate radical, NO3 (e.g. Wayne et al., 1991). NO3 serves as one of the most chemically5

important species in the nocturnal atmosphere by acting as the main oxidant (e.g.
Brown and Stutz, 2012). Atmospheric aerosols can serve as an indirect loss of NO3,
via heterogeneous uptake of N2O5 to their surfaces, resulting in its removal from the
gas phase.

NO2 +O3 → NO3 +O2 (R1)10

NO3 +NO2 → N2O5 (R2)

N2O5 → NO2 +NO3 (R3)

N2O5 +H2O(het) → 2HNO3 (R4)

Net: 2NO2 +O3 +H2O(het) → 2HNO3 +O2 (R5)

The hydrolysis reaction between N2O5 and H2O (Reaction R4) is very slow in the gas15

phase, while being far more rapid via heteorogeneous uptake to aerosol particles (e.g.
Dentener and Crutzen, 1993). Consequently, this has implications for the lifetime of re-
active oxidised nitrogen in the nighttime atmosphere, which can impact photochemical
reactions involving ozone the following day. Under low-NOx conditions, heterogeneous
uptake of N2O5 leads to a decrease in ozone production but owing to the non-linear20

relationship in the NOx–O3 system, ozone production increases under high-NOx condi-
tions (Riemer et al., 2003). Furthermore, N2O5 uptake results in the formation of nitric
acid, which can potentially lead to the formation of significant amounts of nitrate aerosol
(e.g. Riemer et al., 2003).

Heterogeneous uptake of N2O5 can therefore influence regional air quality via modifi-25

cation of ozone and aerosol production rates, both of which have deleterious effects on
human health (e.g. Monks et al., 2009). Additionally, these species perturb the radiative
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balance of the climate system (e.g. Boucher et al., 2013). An increase in nitrate aerosol
species has consequences for the aerosol direct effect via additional scattering of in-
coming solar radiation (e.g. Charlson et al., 1992), particularly given its affinity for water
uptake (Morgan et al., 2010a), as well as altering the microphysical properties of clouds
(e.g. Haywood and Boucher, 2000). Such impacts have profound consequences on the5

climate system and greater understanding of how these processes occur is required.
The heterogeneous uptake of N2O5 is known to be highly modulated by aerosol

chemical composition. In order to assess the level of uptake of N2O5 to aerosol parti-
cles, a reaction probability is used that defines the fraction of gas-particle collisions that
results in net-removal of N2O5 from the gas phase (e.g. Bertram and Thornton, 2009).10

Several laboratory and ambient studies have sought to quantify the net N2O5 uptake
rate, γ(N2O5), while attempting to attribute changes in its magnitude with aerosol chem-
ical composition and other atmospheric variables. Acidic sulphate containing particles
have been shown to promote uptake in both the laboratory (e.g. Mozurkewich and
Calvert, 1988) and during airborne measurements in the North-Eastern USA (Brown15

et al., 2006). Chloride containing species have also been shown to enhance uptake,
which results in the formation of ClNO2 (Osthoff et al., 2008; Bertram and Thornton,
2009). Pure water droplets have also been shown to be effective for heterogeneous
reactions, with γ(N2O5) ranging from 0.04–0.06 with an inverse relationship with tem-
perature (Van Doren et al., 1990). Several laboratory studies (e.g. Wahner et al., 1998;20

Mentel et al., 1999; Griffiths et al., 2009; Bertram and Thornton, 2009) have demon-
strated a suppression in γ(N2O5) by nitrate containing aerosols. This “nitrate effect”
was shown to lower uptake by approximately an order of magnitude when compar-
ing reactions involving NaNO3 with NaSO4 (Wahner et al., 1998; Mentel et al., 1999)
and has subsequently received supporting evidence in the ambient atmosphere based25

on measurements in California, USA (Riedel et al., 2012) and Colorado, USA (Wag-
ner et al., 2013). Various laboratory experiments have shown that organic aerosol
species suppress γ(N2O5) (Brown and Stutz, 2012, and references therein), with
a strong reduction by over an order of magnitude, which has also been observed in
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ambient measurements in Seattle where organic aerosol concentrations were 2–12
times greater than sulphate (Bertram et al., 2009). Several laboratory studies (e.g.
Folkers et al., 2003; Thornton and Abbatt, 2005; McNeill et al., 2006) have suggested
that the organic suppression is due to the formation of a layer of organic coating inhibit-
ing the hydrolysis reaction. Uptake to soot has been reported as being very low, while5

experiments on dust have shown a broad range in N2O5 uptake, which is partially a re-
sult of the wide range of chemical components present in different dust types (Brown
and Stutz, 2012, and references therein).

The present study seeks to explore the influence of aerosol chemical composition on
heterogeneous N2O5 uptake in a contrasting chemical environment to previous ambi-10

ent studies. In addition, the airborne nature of the study allows us to assess the role of
heteorogeneous N2O5 uptake throughout the nocturnal boundary layer, which is more
representative than measurements at a fixed ground location. While sulphate is still an
important component of the aerosol burden in North-Western Europe, its contribution
is often comparable to, or even outweighed, by that of ammonium nitrate and organic15

matter (e.g. Putaud et al., 2004; Morgan et al., 2010b). Furthermore, sulphate is often
present in its neutralised form (e.g Morgan et al., 2009, 2010b) due to the abundance of
ammonia sources in the region (e.g. Reis et al., 2009). Airborne measurements were
conducted as part of the RONOCO (ROle of Night-time chemistry in controlling the
Oxidising Capacity of the atmOsphere) project. Science flights were conducted in the20

UK region during July 2010 and January 2011 but only the summer measurements
are presented here as the full suite of instruments required for this analysis were not
fully operational during the winter campaign. The measurements are representative of
a broad range of complex chemical environments, which presents a significant chal-
lenge for our ability to constrain the role of aerosol chemical composition on nighttime25

chemistry in the region.
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2 Method

2.1 Sampling platform

The UK Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 research
aircraft has a typical science speed of approximately 120 m s−1, which equates to a hor-
izontal distance of approximately 7 km for the 1 min sampling time used predominantly5

in this analysis. Vertical profile ascents and descents are made at approximately 150 m
per minute below 1 km and at 300 m per minute above 1 km. Consequently vertical
profiles also include a horizontal gradient within the measurements and instruments
with longer sampling times (> 30s) may not fully account for horizontal variations in
concentration gradients with altitude. As the flights generally took place in darkness,10

the minimum safe altitude was increased compared with usual operating procedures to
approximately 600 m when over open bodies of water.

Aerosol instruments housed within the aircraft cabin sampled via Rosemount inlets
(Foltescu et al., 1995). An experimental study conducted by Trembath et al. (2012) sug-
gests that these inlets enhance aerosol concentrations under certain conditions. The15

level of enhancement has been shown to be dependent upon the mean bulk density of
the aerosol particles sampled, with the effect being strongest in the super-micron size
range (up to a factor of 10 for Saharan desert dust) compared to the smaller enhance-
ments for sub-micron aerosols. For pollution aerosol in NW Europe, which is the dom-
inant aerosol type studied here, the enhancement is negligible for particles below an20

optical diameter of 0.6 µm. According to measured size distributions during this study,
the majority of the sampled particles are below 0.6 µm, thus enhancements due to the
Rosemount inlets are not expected to perturb our measured aerosol concentrations.

2.2 Instrumentation

An Aerodyne compact-Time-of-Flight Aerosol Mass Spectrometer (AMS, Drewnick25

et al., 2005; Canagaratna et al., 2007) measured the chemical composition of
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non-refractory aerosol species. Specific details relating to the operation of the instru-
ment on the BAe-146 can be found in Morgan et al. (2009) and Morgan et al. (2010b).
The AMS ionisation efficiency calibration was performed on a daily basis after each
flight. An error in the size selection by the differential mobility analyser meant that the
standard method was modified, which is detailed in the supplementary material. Fol-5

lowing the studies by Matthew et al. (2008) and Middlebrook et al. (2012), we estimate
the AMS collection efficiency based upon the ammonium nitrate fraction present in
the aerosol. Concentrations are reported at Standard Temperature and Pressure (STP,
273.15 K and 1013.25 hPa respectively), which is denoted as micrograms per standard
cubic metre (µg sm−3). Detection limits were determined based upon zero particle-filter10

sampling periods and calculated as three times the standard deviation of the measured
mass concentrations for a 30 s sampling period. Detection limits were 1 ng sm−3 for
chloride, 2 ng sm−3 for nitrate and sulphate, 10 ng sm−3 for ammonium and 20 ng sm−3

for organics. These values represent maximum detection limits as they are based on
pre-flight filter periods, where the instrument background in the vacuum chamber is15

greater than later in the flight. Aerosols sampled by the AMS are assumed to be dry
due to ram heating as the air sample enters the aircraft and decelerates, coupled with
the cabin temperature of the aircraft exceeding the ambient air temperature.

Aerosol number-size distributions were measured by an inboard Scanning Mobility
Particle Sizer (SMPS, Wang and Flagan, 1990) and a wing-mounted Particle Measure-20

ment Systems (PMS) Passive Cavity Aerosol Spectrometer Probe 100X (PCASP, Liu
et al., 1992; Strapp et al., 1992). The SMPS sizes particles according to their electri-
cal mobility, while continually ramping the classifying voltage of a differential mobility
analyser. Particles in each mobility bin are then counted using a Aerosol Dynamics Inc.
Water-based Condensation Particle Counter (WCPC, Model 3786-LP, which is based25

on the TSI 3786 model, Hering et al., 2005), which is modified for operation at low pres-
sure. Number-size distributions are then provided from 20–350 nm. The SMPS is fitted
within the same aircraft rack as the AMS, so it shares a common inlet. The PCASP is an
optical particle counter, which nominally measures particles over a 0.1–3 µm diameter

19679

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/19673/2014/acpd-14-19673-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/19673/2014/acpd-14-19673-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 19673–19718, 2014

Influence of aerosol
chemical

composition on N2O5

uptake

W. T. Morgan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

range. The electronics of the instrument have been upgraded by Droplet Measurement
Technology, which increases the number of detection channels resulting in an increase
in the size resolution of the instrument. Calibration and operation procedures for the
PCASP on the BAe-146 are provided by Rosenberg et al. (2012). Particle diameters
are given as Polystyrene Latex Sphere (PSL) equivalent size using a refractive index5

of 1.588. Post-campaign, a leak was identified between the optical block and the pump
of the PCASP, which led to the reported absolute concentrations being reduced. Such
a leak would lead to an error in the measured flow rate, which would affect the absolute
number concentration reported but not the relative shape of the size distribution. In
order to correct for this, the PCASP number distribution was scaled to the SMPS num-10

ber distribution over a relatively narrow overlap region (0.15–0.23 µm), which typically
required a scaling factor of 1.19–1.53 across different flights. This allowed the recovery
of the PCASP data, which meant that the SMPS and PCASP data could be combined
to calculate the aerosol surface area and volume concentrations from 0.02–3 µm.

A comparison of the sub-micron volume concentration with the estimated volume15

from the AMS is shown in Fig. 1. The comparison is for SLRs in the boundary layer
only as the one minute sampling time of the SMPS precludes usage of the data during
vertical profiles. Following Bahreini et al. (2009), we assume an uncertainty of 30 %
in total AMS mass combined with a 7 % uncertainty in aerosol density. This yields an
overall uncertainty of 43 % when combined with those from the size distributions. Over-20

all, 94 % of the datapoints fall within the combined uncertainty range with a correlation
coefficient of 0.90 for the whole dataset. The AMS volume estimate is typically less
than the combined value from the SMPS and PCASP, aside from B536 and B537. The
cause of the different bias in these flights is unknown but one likely cause was the en-
hanced ambient temperatures during these flights, which caused the cabin temperature25

of the aircraft to increase relative to the other flights. Consequently, the WCPC had dif-
ficulty reaching its saturator temperature setpoint, which can lead to undercounting of
aerosol particles. The comparison suggests that the recovery of the PCASP data has
been reasonably achieved for all of the flights to within experimental uncertainties. The
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comparison suggests that during B536 and B537 there is a potential underestimate
of the actual size distribution. Only one SLR from B537 is used in the N2O5 uptake
analysis which follows and is included as there was a large contribution from chloride
aerosol.

Mixing ratios of NO3 and N2O5 were measured via a BroadBand Cavity Enhanced5

Absorption Spectroscopy (BBCEAS) instrument. NO3 is measured directly, while N2O5
is detected as NO3 after thermal dissociation. Further details regarding the operation
of the BBCEAS can be found in Kennedy et al. (2011). The mixing ratio of NO2 was
measured via Laser Induced Fluorescence (LIF, Di Carlo et al., 2013). In-flight compar-
isons with a chemiluminescence system using a photolytic converter found that NO210

mixing ratios agreed to within 10 % (Di Carlo et al., 2013). Ozone was measured using
a TECO 49C UV Photometric Ozone Analyser.

A summary of the instrumentation is given in Table 2, including instrumental uncer-
tainties. Only the uncertainty in particle diameter is given for the PCASP given that the
concentration is scaled to the SMPS.15

2.3 Steady-state approximation

In order to calculate the uptake coefficient for N2O5, the reactivity with aerosol particles
is required. Following the work of Brown et al. (2003) and Brown et al. (2006), Eqs. (1)
and (2) show the relationship of the steady-state lifetimes (τss) to the actual first-
order sink rate coefficients for NO3 and N2O5, kNO3

and kN2O5
. Keq is a temperature-20

dependent equilibrium constant.

τss(NO3) ≡
[NO3]

k1[NO2][O3]
= (kNO3

+Keq[NO2]×kN2O5
)−1 (1)

τss(N2O5) ≡
[N2O5]

k1[NO2][O3]
= (kN2O5

+
kNO3

Keq[NO2]
)−1 (2)

19681

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/19673/2014/acpd-14-19673-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/19673/2014/acpd-14-19673-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 19673–19718, 2014

Influence of aerosol
chemical

composition on N2O5

uptake

W. T. Morgan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

For these equations to be valid, the NO3 and N2O5 system has be in steady-state,
where the sources and sinks of these species are balanced and the concentration
of the relevant species is constant. In addition, NO3 and N2O5 should be in chemical
equilibrium. Equilibrium between NO2, NO3 and N2O5 occurs more rapidly than steady-
state is established; a valid steady-state implies that the system is at equilibrium (Brown5

et al., 2003). An aerosol chemical box model (Lowe et al., 2009) was used to explore
this assumption for the conditions specific to this study using standard UK National
Atmospheric Emissions Inventory (NAEI) gaseous emissions and a typical background
aerosol loading. The photolysis rate profile used in the model was typical of clear-sky
conditions in the UK during July. The evolution in the N2O5 : NO3 ratio is compared10

when the expected ratio of the reaction is in equilibrium (Keq[NO2]) and when the ratio
is calculated based on NO3 and N2O5 mixing ratios given by the box model (shown
in Fig. S2 in the Supplement). These can be used as a measure of how strongly the
equilibrium Reaction (R2) governs the N2O5 : NO3 ratio. Once emissions in the model
have ceased and the sun has set, the two converge approximately 1 h after sunset15

(around 21:00 LT or 20:00 UTC), indicating that the system is in near-equilibrium and
the steady-state assumption is valid. Consequently, we assume that when we sampled
away from emission sources and it is an hour past sun set, the air parcels sampled by
the aircraft are suitable for the steady-state analysis.

By calculating the first-order sink rate coefficient for N2O5, the uptake coefficient of20

N2O5 to particle surfaces, γ (N2O5), can be directly determined, via Eq. (3), where A is
the ambient aerosol surface area.

γ(N2O5) ≈
4kN2O5

cgA
(3)

The mean molecular velocity of N2O5 is given by cg, which is calculated via Eq. (4),
where Mw is the molecular weight of N2O5, T is the ambient temperature and k is the25
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Boltzmann constant.

cg =

√
8kT
πMw

(4)

Equation (3) assumes that there is no diffusion limitation to the particle surface and
is approximately correct for small uptake coefficients (γ(N2O5) < 0.1) and particles
smaller than 1 µm (e.g. Brown and Stutz, 2012).5

2.4 Aerosol surface area calculation

An important step in the calculation of the N2O5 uptake coefficient in this study is the
accurate determination of the aerosol surface area. The SMPS and PCASP provide
number-size distributions over a 0.02–3 µm diameter range in a dry condition. The
uptake of N2O5 to an aerosol surface will be strongly governed by the ambient size10

distribution of the particles, thus the addition of water content to the aerosol needs
to be considered when the ambient relative humidity (RH) is enhanced. Hygroscop-
icity measurements were not available during RONOCO, so the aerosol water uptake
is estimated using the Aerosol Diameter Dependent Equilibrium Model (ADDEM, Top-
ping et al., 2005a, b), which uses the combined dry aerosol size distribution from the15

SMPS and PCASP with the chemical composition measurements from the AMS. This
produces an estimate of the hygroscopic growth factor for individual chemical species,
which can be used to calculate the ambient aerosol surface area. Based on inspection
of the organic mass spectra, the organic aerosol sampled during RONOCO resembles
that of aged organic material. The hygroscopicity of such material is typically small but20

not negligible and we assume that it will be similar to that of Suwanee river fulvic acid,
which has similar chemical functionalities to aged organic aerosol (e.g. McFiggans
et al., 2005). The aerosol was assumed to be internally mixed across the size distribu-
tion as aerosol mixing state information was unavailable and the size distributions from
the AMS were generally too noisy to discern whether aerosol chemical composition25
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varied significantly with size. Such an assumption is consistent with previous ground-
based experiments in the UK that demonstrated that away from near-field sources,
pollution aerosol is typically internally mixed (e.g Cubison et al., 2006; Gysel et al.,
2007; Liu et al., 2013). The bulk hygroscopic growth factor was estimated by combin-
ing the individual chemical component growth factors from ADDEM using a ZSR mixing5

rule approach (Zdanovskii–Stokes–Robinson, Stokes and Robinson, 1966; Gysel et al.,
2007). A study by Gysel et al. (2007) used a similar method to estimate the hygroscopic
growth factor and compared it with Hygroscopic Tandem Differential Mobility Analyser
(HTDMA) measurements, yielding agreement to within 5 % once an instrumental arti-
fact associated with ammonium nitrate was accounted for. The ambient surface area10

was estimated for the sub-micron size range only due to the measured super-micron
contribution being negligible (often limited by counting statistics in the largest PCASP
size bins) and the AMS measurements only being representative of the sub-micron
aerosol population.

3 Results15

3.1 Air mass overview

The BAe-146 operated out of East-Midlands Airport (52◦49′52′′ N, 01◦19′41′′ W) during
RONOCO, with the majority of flights occurring over the Eastern and Southern regions
of the UK. B538 was the exception with a transect along the whole of the English
Channel and into the Bristol Channel to the west. The flight tracks of the aircraft are20

shown in Fig. 2. Generally the in-situ measurements occurred over open water due
to nighttime air traffic restrictions. The only significant in-situ measurements over land
took place around the Greater London area, which roughly followed the M25 motor-
way during B536 and B542. In-situ measurements were mainly performed between
500–1000 m, with some higher level measurements conducted to investigate elevated25

pollution layers.
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A variety of air mass types were encountered during the two weeks of flying during
the July RONOCO period, with the key synoptic meteorological features highlighted in
Fig. S3 in the Supplement. A summary of the particle and gas phase composition is
shown in Fig. 3. The beginning of the campaign was marked by generally zonal flow
from the west, which typically brings cleaner pollution conditions into the UK (e.g Abdal-5

mogith and Harrison, 2005; Morgan et al., 2009). This is reflected in the measurements
from the AMS, which showed much reduced concentratons that were typically below
2 µg sm−3 for organics and sulphate, while nitrate was below 0.5 µg sm−3. Mixing ratios
of NO2 were typically between 0.5–2 ppb, with some larger mixing ratios observed in
plumes from point sources along the coast. O3 was generally between 30–40 ppb.10

From 20 July onwards, high pressure began to influence the UK region as an anti-
cyclone established itself over the region. This resulted in air from continental Europe
advecting over the UK, with temperatures being elevated and wind speeds reduc-
ing. Such air masses typically result in elevated pollution conditions in the UK region
(e.g. Morgan et al., 2009, 2010b; McMeeking et al., 2012). In particular, the organic15

aerosol concentration increased over this period, with measured peak values exceed-
ing 15 µg sm−3 during B537. Ammonium nitrate and ammonium sulphate were also en-
hanced compared to earlier in the campaign. O3 was significantly enhanced during this
period, with peak mixing ratios above 80 ppb, while median mixing ratios were above
70 ppb. NO2 mixing ratios were reduced compared to B535, which was likely a result20

of dilution and chemical processing as the air mass transit time from the major sources
in continental Europe was longer than when operating close to the UK coastline.

Following B537 on the 20/21 July, a precipitating frontal system passed over the UK
region, which led to washout of the significant pollution concentrations that had built up
over the preceding days. Aerosol concentrations were duly depressed although they25

were still greater than at the beginning of the campaign during B535. The following
week saw a procession of frontal systems pass over the UK, with less intensive flying
taking place. A low pressure system over Scandanavia to the east of the UK and a high
pressure system to the south-east, led to north-westerly air flow across the UK during
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the last flight of the July campaign. This led to relatively enhanced aerosol concentra-
tions, with the ammonium nitrate contribution being greater compared with B538. NO2
was also enhanced relative to the rest of the campaign, as a number of plumes were
sampled originating from the UK. O3 mixing ratios were typically between 20–40 ppb.

3.2 Calculated N2O5 uptake coefficients5

Figure 3 outlines that there is substantial variability in the mixing ratios of NO3 and
N2O5, which suggests that the sources and sinks for these species differ across the
different air masses sampled. Following the methods outlined in Brown et al. (2006),
we calculate the first-order rate coefficients, kNO3

and kN2O5
, for these species using

Eqs. (1) and (2). Examples based on B537 and B542 are shown in Fig. 4, where10

two extremes in steady-state lifetimes are shown. Using Eq. (1), kNO3
and kN2O5

are
calculated as the intercept and slope respectively of the line of best fit. Conversely,
Eq. (2) yields the same parameters but the values for the slope and intercept of the
gradients are reversed. In Fig. 4a, the example with the steepest slope is from B537,
where the steady-state lifetime for N2O5 was very short (15±4 min), suggesting a rapid15

sink for N2O5. The much shallower slope in Fig. 4a, indicates a much longer lifetime
(120±28 min) and a close to negligible sink for N2O5, which was observed during B542.

The other case studies included in this analysis fall within these two extremes. Case
studies were selected during portions of the flight when the aircraft was sampling rel-
atively homogeneous pollution conditions at a constant altitude below 1500 m, which20

was typically within the planetary boundary layer. Instances where the slopes and inter-
cepts calculated from the steady-state gradient plots were negative were excluded as
these are deemed unphysical, which was the case for all of B536 and B541. B540 was
not included as the flight was concluded earlier than planned, which limited the number
of measurements after dusk. The chemical box model indicated that the steady-state25

assumption was valid for measurements more than 1 h after sunset, so only these
measurements were used. Values for kN2O5

were calculated using both Eqs. (1) and
(2), with the average of these two values being taken to derive the final value.
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Once kN2O5
has been calculated, Eq. (3) can be used to calculate the uptake co-

efficient of N2O5 to particle surfaces, γ(N2O5). Values for γ(N2O5) were obtained on
a point-by-point basis, taking into account the variation in aerosol surface area dur-
ing the measurements. The mean value and standard deviation was then calculated
and used for further analysis. The uncertainty in γ(N2O5) was estimated as approx-5

imately 36 %. The mean values ranged from 0.0076–0.030. γ(N2O5) and the N2O5

steady-state lifetime shows a strong negative correlation (R2 = 0.64), which would be
expected if uptake by aerosol is a dominant sink for N2O5 in these cases.

The ambient aerosol surface area ranged from approximately 100–400 µm2 cm−3,
aside from B537 where the ambient surface area was close to 800 µm2 cm−3. Within10

this general range, there is no obvious trend between γ(N2O5) and aerosol surface
area. This suggests that uptake is not purely driven by the physical properties of the
aerosol; the aerosol chemical composition likely plays a defining role in controlling
uptake.

Figure 5 shows the relationship between γ(N2O5) and aerosol chemical composition15

expressed as mass fractions based on the measurements from the AMS. The organic
mass fraction exhibits a very weak relationship (R2 = 0.004) with γ(N2O5), as does the
chloride mass fraction (R2 = 0.05, not shown). The nitrate mass fraction (R2 = 0.35)
and sulphate mass fraction (R2 = 0.30) show stronger negative and positive relation-
ships respectively with γ(N2O5). Identifying whether this is a result of either a suppres-20

sive effect by nitrate or an enhancement by sulphate is complicated by the strong neg-
ative correlation between nitrate and sulphate mass fractions (r = −0.77). The points
are also coloured by the ambient RH, which had a very weak relationship (R2 = 0.05)
with γ(N2O5).
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3.3 Parameterised N2O5 uptake coefficients

In order to study the potential controls on γ(N2O5), a range of parameterisations for
γ(N2O5) from the existing literature are employed and compared with the calculated
values.

Bertram and Thornton (2009) identified the H2O : NO−
3 molar ratio as a controlling5

factor on N2O5 uptake using Eq. (5), which is based on laboratory data:

γ(N2O5) = Ak′
2f

1− 1(
k3[H2O(l)]

k2b[NO−
3 ]

)
+1+

(
k4[Cl−]

k2b[NO−
3 ]

)
 (5)

The fit coefficients used are taken from Bertram and Thornton (2009). Bertram and
Thornton (2009) also identified that the presence of chloride aerosol enhanced up-
take and included this is their parameterisation. This approach is compared with the10

γ(N2O5) calculated from the steady-state approach in Fig. 6. The parameterisation
uses the measured nitrate from the AMS coupled with the estimated water content from
the measured size distributions. The mean values are shown along with the standard
deviation in the γ(N2O5) values, which reflects the variability in the ambient aerosol
surface area and aerosol composition over the duration of the run. The uncertainty in15

the parameterised γ(N2O5) is estimated as approximately 43 %.
The majority of the datapoints fall within the uncertainty range with a tendency

towards overprediction of γ(N2O5) by the parameterisation (slope= 1.09, R2 = 0.52,
RMSE= 0.0057). Generally, the variation in uptake follows the H2O : NO−

3 molar ratio
with some outliers, particularly when the ratio is low. Inclusion of the chloride pathway in20

the parameterisation leads to much poorer agreement, with a greater tendency towards
overprediction by the parameterisation (slope= 1.44, R2 = 0.48, RMSE= 0.012). The
impact is largest when the H2O : NO−

3 molar ratio is less, as the sensitivity of the

19688

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/19673/2014/acpd-14-19673-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/19673/2014/acpd-14-19673-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 19673–19718, 2014

Influence of aerosol
chemical

composition on N2O5

uptake

W. T. Morgan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

parameterisation to chloride leads to a substantial increase in the predicted uptake
as large as a factor of 2.

Given the major contribution of organic aerosol, several parameterisations which
include suppression by organic aerosol are tested and summarised in Table 3. Anttila
et al. (2006) developed a formulation for the N2O5 uptake due to a coating of organics,5

which was applied within a regional-scale model simulation over Europe by Riemer
et al. (2009). The formulation based on Riemer et al. (2009) is given by Eq. (6):

γ(N2O5)coat =
4RTHorgDorgRc

cglRp

(6)

The universal gas constant is given by R, Horg is the Henry’s Law constant of N2O5 for
the organic coating and Dorg is the diffusion coefficient of N2O5 in the organic coating.10

The radius of the particle is given by Rp, the radius of the core is Rc and the thickness
of the organic coating is given by l . For application to this dataset, the particle radius
is estimated as the geometric mean size of the measured surface area distribution.
Following the method applied by Riemer et al. (2009), the thickness of the organic
coating is then estimated based on the volume ratio of inorganics to the total volume15

ratio (organics plus inorganics) denoted as β. The thickness is calculated via Eq. (7):

l = Rp

(
1−β

1
3

)
(7)

From this the particle core radius is calculated by subtracting the coating thickness
from the total particle radius.

Gaston et al. (2014) adapted the work of Anttila et al. (2006) based on laboratory20

experiments identifying that the suppression of γ(N2O5) by organic coatings was de-
pendent upon a range of factors including the O : C ratio, the organic mass fraction and
the RH. They suggested polyethylene glycol (PEG) as a potential surrogate for ambient
organic aerosol given its similar O : C ratio to the average organic aerosol O : C based
on the AMS database described in Ng et al. (2010). Based on the approximation for25
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predicting O : C from unit mass resolution AMS data from Aiken et al. (2008), the O : C
ranges from 0.43–0.58 in this study, which is below the “high” O : C regime defined in
Gaston et al. (2014).

In general, including the suppressive effect of organic aerosol in the uptake param-
eterisation leads to significant underprediction of γ(N2O5) values as summarised in5

Table 3 and Fig. 6 (only a selection of the parameterisations are shown in Fig. 6 due
to the similararity between the results for several of the schemes). Furthermore, the
correlation is significantly weaker and the RMSE is greater than those using only the
Bertram and Thornton (2009) schemes.

Combining the Anttila et al. (2006) and Riemer et al. (2009) resistor model approach10

with the Bertram and Thornton (2009) parameterisation for the inorganic core reduces
the parameterised uptake by more than an order of magnitude. In comparison, com-
bining the Bertram and Thornton (2009) parameterisation with the organic suppression
scheme and coefficients from Gaston et al. (2014) yields a weaker overall impact on
the parameterised uptake coefficient (slope= 0.90, R2 = 0.19, RMSE= 0.0067 for the15

case without chloride). However, the addition of organic suppression increases the
scatter in the comparison between the parameterised and calculated γ(N2O5), which
weakens the correlation between them. Given that Gaston et al. (2014) suggest that
the organic suppression is partially mediated by the mass fraction of organic aerosol,
the Riemer et al. (2009) parameterisation is combined with the Bertram and Thornton20

(2009) scheme using linear mixing rather than the resistor approach to test this as-
sumption. This yields an improved comparison with the calculated values (slope= 0.31,
R2 = 0.017, RMSE= 0.0014 for the case without chloride) but the parameterisation still
significantly underpredicts γ(N2O5).

Using the core parameterisation based on the nitrate and sulphate mass fractions25

from Riemer et al. (2003) yields a reasonable comparison with the calculated values
(slope= 0.72, R2 = 0.32, RMSE= 0.007). However, the parameterised uptake encom-
passes a relatively narrow range from approximately 0.01–0.02 and does not represent
the larger uptake values (> 0.02), which are captured by the Bertram and Thornton
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(2009) scheme. Similarly to when combining the suppressive effect of organic aerosol
using the Riemer et al. (2009) parameterisation with the Bertram and Thornton (2009)
scheme, the addition of an organic coating strongly underpredicts γ(N2O5) when com-
bined with the Riemer et al. (2003) core parameterisation. Using the parameterisa-
tion from Evans and Jacob (2005), which is based on the organic and sulphate con-5

tent of the aerosol results in a substantial overprediction (slope= 1.79, R2 = 0.084,
RMSE= 0.022). The parameterisation from Evans and Jacob (2005) includes a cor-
rection for a typographical error in their Table 1, which meant a negative sign was
omitted in the publication (Mathew Evans, personal communication).

Overall, the variation and magnitude of the calculated N2O5 uptake coefficient is10

best represented by the Bertram and Thornton (2009) parameterisation when only the
influence of nitrate and aerosol water content is included.

4 Discussion

4.1 Controls on N2O5 uptake

The results presented are consistent with ammonium nitrate being a significant sup-15

pressant of N2O5 uptake, when compared to the amount of water content in the aerosol.
The broad features in the uptake of N2O5 generally follow the parameterisation devel-
oped by Bertram and Thornton (2009), with the greatest level of agreement across the
whole dataset achieved when the effect of chloride is neglected. This observation is
consistent with the work of Riedel et al. (2012), who also found that the inclusion of20

the chloride pathway led to an overestimate of N2O5 uptake. Chloride concentrations
were generally very low with median concentrations ranging from 0.01–0.04 µg sm−3

and a peak concentration of 0.4 µg sm−3 during B537. When chloride was included it
had a large impact on the predicted uptake at low H2O : NO−

3 molar ratios, resulting
in poorer agreement with the γ(N2O5) estimated using the steady-state method. How-25

ever, the chloride that was measured by the AMS was sub-micron and based on the
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ion balance with sulphate, nitrate and ammonium, it was in the form of ammonium
chloride. Substantial sodium chloride concentrations were not expected to be sampled
as the measurements presented here were made on an aircraft outside of the marine
mixed layer and wind speeds during the project were generally low. The coarse mode
contribution to aerosol surface area was typically only 1–2 % for particles below 3 µm,5

although without measurements above this size range we cannot eliminate the possi-
bility of particles larger than 3 µm acting as a sink for N2O5. Possibly the applicability of
the chloride pathway may be questioned in this environment and without greater mea-
surement constraint, it is difficult to assess the role played by chloride in N2O5 uptake. If
the coarse mode contribution to the aerosol surface area is indeed negligible, then the10

data implies that the chloride enhancement is not as large in the ambient environment
as it is in laboratory studies. Future measurements of this type should include nitryl
chloride so that comparisons with the abundances observed in the coastal studies off
the USA by Osthoff et al. (2008) and Thornton et al. (2010) can be conducted. Bannan
et al. (2014) report nitryl chloride peak mean night-time concentrations of 127 ppt from15

ground-based measurements in London, which potentially points to the importance of
chloride aerosol in N2O5 uptake in this region.

Sulphate mass fraction displayed a positive correlation with N2O5 uptake but dis-
cerning the influence of sulphate is complicated by its strong negative correlation with
nitrate. The apparent influence of sulphate could purely be driven by the absence or20

presence of nitrate in the aerosol. The parameterisations which included sulphate gen-
erally failed to replicate the variation and magnitude of the calculated γ(N2O5), which
points to sulphate playing a lesser role, which is in contrast to Brown et al. (2006).
However, sulphate was typically observed in its neutralised form rather than the acidic
form it took in the northeast USA in the Brown et al. (2006) study. Acidic sulphate was25

only observed when sampling a small number of discrete close to source power plant
and ship plumes, which were encountered infrequently and were not representative
of the general regional aerosol burden observed during the study. This combined with
the prevalence of nitrate and organics in the aerosol may mask any potential sulphate
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enhancement of γ(N2O5). Sulphate may have played an indirect role in the variation in
γ(N2O5), given the hygroscopic nature of ammonium sulphate, which would alter the
aerosol water content and thus perturb γ(N2O5).

Overall, there was a tendency towards overprediction of γ(N2O5) by the Bertram and
Thornton (2009) parameterisation compared with those calculated from the steady-5

state method, although the tendency overall was small (9 %) and the uncertainties are
relatively large. The overprediction was particularly evident when the water to nitrate
ratio was lower, which could point towards a suppression in uptake by additional fac-
tors such as organic aerosol. Inclusion of various parameterisations of this suppression
typically led to substantial underprediction of the calculated γ(N2O5). Furthermore, the10

variation in the calculated γ(N2O5) was not captured and a greater bias between the
parameterisation and calculated values was introduced. Using the resistor model ap-
proach detailed in Anttila et al. (2006) led to strong suppression of γ(N2O5), whereas
assuming linear mixing based on the proportion of organic aerosol yielded an improved
comparison with the calculated values. Combining the Bertram and Thornton (2009)15

with chloride excluded and the organic suppression scheme outlined by Gaston et al.
(2014) resulted in good agreement in terms of overall magnitude between the param-
eterisation and calculated γ(N2O5), but relative to the Bertram and Thornton (2009)
alone, the variation was not as well captured.

The parameterisations including organics result in a poorer representation of the20

calculated γ(N2O5), although the results do suggest that additional suppression is re-
quired at lower water-to-nitrate ratios. While the correlation between organic aerosol
content and γ(N2O5) is low, organic aerosol usually represents more than 20 % of the
sub-micron mass measured by the AMS, which may represent a broad suppressive
effect on uptake. As such, organics may still exert a significant impact on uptake. An25

additional consideration relevant to low water-to-nitrate ratios is that nitrate may be
underestimated by the AMS measurements due to heating of the aerosol sample as it
enters the cabin, which would introduce a negative artefact. We also neglect the poten-
tial suppression due to black carbon, although its contribution to the sub-micron aerosol
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mass is typically less than 5 % based on previous regional measurements around the
UK (e.g. McMeeking et al., 2012).

Overall, the best agreement between the calculated and parameterised γ(N2O5) is
when only the influence of water and nitrate is included. Including either the suppres-
sive impact of organics or enhancing effect of chloride leads to poorer agreement with5

the calculated values. Given that the influence of these species is well established in
the laboratory environment, this suggests that there is a fundamental gap in our knowl-
edge of how these species interact in the ambient environment and how this modifies
N2O5 uptake. Laboratory studies have typically focussed on relatively simple systems
that often do not reflect the complexity of ambient aerosol, particularly compared to10

our measurements here. The inability to extrapolate from these simple laboratory con-
ditions to the ambient environment may be a result of the complexity and competing
factors prevalent in ambient aerosol. Future laboratory studies should attempt to repli-
cate more complex aerosol types and link these to past and future ambient studies of
N2O5 uptake.15

4.2 Comparison with previous ambient studies

The observed values from the steady-state approach are compared with previous stud-
ies that have taken place in the USA in Table 4. The observations during RONOCO fall
within the range of values previously published, with the most comparable studies be-
ing those in Seattle (Bertram et al., 2009), on the Californian coast (Riedel et al., 2012)20

and in Weld County, Colorado (Wagner et al., 2013). A key similar feature between
those studies and RONOCO is the elevated RH conditions, which leads to greater hy-
groscopic growth of the aerosol in these regions, which results in enhanced aerosol
water content. The chemical compostion of the aerosol in California and Colorado was
also highly comparable with this study as a mixture of organics, ammonium sulphate25

and ammonium nitrate was measured.
In general, locations in Table 4 where the N2O5 uptake is suppressed (γ(N2O5) <

0.01) are coincident with drier air mass environments. Furthermore, at the coastal site
19694
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in California described in Riedel et al. (2012), reduced γ(N2O5) values were observed
when continental air flow brought reduced RH compared to the more typically observed
values around 70 %. In this study, there is no obvious trend with RH although the lowest
average RH value for the uptake analysis was 53 % with the range typically from 60–
90 %, which represents relatively moist conditions. These observations point to RH5

being a major first-order effect on γ(N2O5), due to its association with the aerosol water
content, although the number of studies here is relatively limited and biased towards
the continental USA.

4.3 Implications

The predominance of organic aerosol in this and other polluted regions requires that10

a thorough understanding of its ability to suppress N2O5 uptake is required. Current pa-
rameterisations developed in the laboratory that were tested in this study were unable
to accurately represent the variation in γ(N2O5). A particular challenge relates to how
it interacts with other aerosol components that may enhance or suppress uptake. Such
mixtures of aerosol components are typical of ambient environments but these are not15

usually recreated in the laboratory environment. Further ambient studies in a range of
environments utilising the ability to directly measure γ(N2O5) using the technique de-
scribed in Bertram et al. (2009) in combination with detailed measurements of aerosol
chemical composition, physical and hygroscopic properties would likely greatly facili-
tate our understanding of how different chemical mixtures influence N2O5 uptake.20

Compared with other environments, the conditions prevalent in this study suggest
that uptake of N2O5 to atmospheric aerosols is relatively efficient. This has implica-
tions for aerosol formation in NW Europe as N2O5 uptake represents a potential source
of HNO3, which combined with the large emissions of ammonia in this region (e.g.
Reis et al., 2009), could result in significant ammonium nitrate aerosol formation. This25

has major implications for regional air quality and climate in NW Europe. Regional
(e.g. Riemer et al., 2003) and global (e.g. Bauer et al., 2007; Feng and Penner, 2007)
aerosol modelling studies have included the influence of N2O5 hydrolysis on production
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of nitrate aerosol. The regional study over south-western Germany and on the larger
European scale showed significant increases in nitrate aerosol throughout the noc-
turnal boundary layer, dramatically increasing the overall burden in the atmopsheric
column as a result of N2O5 uptake.

If ammonium nitrate is the principal aerosol chemical component (aside from the5

aerosol water content) that controls N2O5 uptake, then there is potential for additional
feedbacks within this system due to hygroscopic growth associated with ammonium
nitrate. Given the semi-volatile properties of ammonium nitrate, whereby it partitions
more favourably to the particle phase at reduced temperature and enhanced relative
humidity, diurnal and vertical variations in atmospheric temperature can result in in-10

creased ammonium nitrate concentrations at nighttime irrespective of N2O5 uptake.
Semi-volatile partitioning of ammonium nitrate has been demonstrated to have a sub-
stantial impact on the aerosol direct radiative effect during the daytime (Morgan et al.,
2010a; Langridge et al., 2012). A coincident enhancement via N2O5 uptake during
nighttime could amplify such impacts the following day. How such processes combine15

to impact nitric acid formation and thus the potential for further nitrate aerosol would be
an interesting avenue for future research, as nitrate aerosol could serve as a negative
feedback on its own formation via the N2O5 uptake pathway. Such a cycle has implica-
tions for assessing the relative proportion of daytime vs. nighttime nitrate formation and
its subsequent impacts. In addition, suppression of N2O5 uptake to aerosol particles20

would lead to an increase in the lifetime of nitrogen dioxide, which can perturb ozone
formation via their associated reactions.

Future potential increases in ammonium nitrate content that result from the ongoing
significant reductions in SO2 emissions in NW Europe (e.g. Monks et al., 2009) could
lead to ammonium nitrate impacting upon atmospheric chemistry via suppression of25

N2O5 uptake. Such a suppression perturbs the nighttime nitrogen cycle, which has
implications for regional air quality and climate via ozone and aerosol formation, as
well as nitrogen deposition in the region. Macintyre and Evans (2010) demonstrated
using a global atmospheric model that the strongest sensitivity for NOx removal in the
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northern extra-tropics, such as NW Europe, was when γ(N2O5) ranged from 0.001–
0.02. Given the observations in this study falls on the upper range of these intermediate
values for γ(N2O5), suppression in uptake has the potential for significant perturbation
of the nitrogen cycle in the region. Emissions of SO2 have also been decreasing in
North America (e.g. Monks et al., 2009), while the emissions landscape in Asia is less5

clear with a recent decrease in China contrasting with increasing emissions in India,
which are the two largest emitters in the region (Klimont et al., 2013). Greater reduc-
tions are liable to occur in future in these regions (e.g. Pinder et al., 2007; Klimont et al.,
2013). The significant sources of NOx in these regions, combined with the increased
availability of ammonia, may lead to an increase in ammonium nitrate content in many10

polluted environments. As a result, the role that ammonium nitrate plays in nighttime
chemistry could increase in importance in these global pollution hot-spots. Conse-
quently, accurate representation of ammonium nitrate in regional and global aerosol
models is required in order to assess the impact of atmospheric aerosols on atmo-
spheric chemistry, air quality and climate.15

5 Conclusions

The influence of aerosol chemical composition on N2O5 uptake has been studied based
on airborne measurements during nighttime conditions in NW Europe. Aerosol water
content and ammonium nitrate were found to be the major controls on N2O5, with a sup-
pression of γ(N2O5) in regions containing elevated nitrate concentrations. This study20

contrasts with previous ambient measurements of N2O5 uptake, which have generally
taken place in low-nitrate environments in the USA. A comparison between γ(N2O5)
values derived using the steady-state method developed by Brown and coworkers
(Brown et al., 2003, 2006) and a parameterised N2O5 uptake scheme by Bertram and
Thornton (2009) yielded reasonably good agreement in terms of the magnitude and25

variation in uptake, provided the effect of chloride was neglected. An additional sup-
pression of the parameterised uptake is likely required to fully capture the variation in
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N2O5 uptake, which could be achieved via the known suppression by organic aerosol.
However, existing parameterisations representing the suppression by organic aerosol
were unable to fully represent the variation in N2O5 uptake. This study represents im-
portant ambient measurement constraint upon laboratory derived parameterisations
that are intended for regional and global chemical transport models. Application of5

such schemes requires accurate representation of ammonium nitrate formation and
the hygroscopic properties of the aerosol, which governs the aerosol water content.
Inclusion of such processes in numerical models is required as they have the ability to
significantly perturb regional air quality and climate.

Data availability10

Processed data are available through the RONOCO project archive at the British
Atmospheric Data Centre (http://badc.nerc.ac.uk/browse/badc/ronoco). Raw data are
archived at the University of Manchester and are available on request.

The Supplement related to this article is available online at
doi:10.5194/acpd-14-19673-2014-supplement.15
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Table 1. Flight summary of the operations included in this study. All flights were conducted
during 2010. Flight times and sunset given in local time, which is UTC minus one hour.

Flight Date Take-off (LT) Land (LT) Sunset (LT) Operating region

B534 16 July 21:56 01:52 21:10 North Sea
B535 17 July 22:11 02:17 21:09 North Sea
B536 19 July 22:06 02:21 21:07 M25/Greater London
B537 20 July 21:49 02:07 21:06 Southern North Sea
B538 22 July 21:57 02:25 21:03 English Channel and North Sea
B539 24 July 21:58 02:25 21:00 North Sea
B540 26 July 20:39 00:11 20:57 English Channel
B541 29 July 00:03 04:33 20:57 English Channel
B542 29 July 23:34 04:03 20:53 M25/Greater London and English Channel
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Table 2. Summary of instrumentation used in this study. Acronyms used are as follows: cToF-
AMS (compact Time-of-Flight Aerosol Mass Spectrometer), PCASP (Passive Cavity Aerosol
Spectrometer Probe), SMPS (Scanning Mobility Particle Sizer), BBCEAS (BroadBand Cavity
Enhanced Absorption Spectrometer) and LIF (Laser Induced-Fluorsecence). The size ranges
applicable to the aerosol measurements are given in brackets.

Measurement Instrument Accuracy or Uncertainty

Aerosol composition cToF-AMS (0.05–0.8 µm) 30 % (see Bahreini et al., 2009)
Aerosol size PCASP (0.2–3 µm) 5 % (diameter) (Rosenberg et al., 2012)

SMPS (0.02–0.35 µm) 30 % (see Wiedensohler et al., 2012)
N2O5 BBCEAS 15 % (Kennedy et al., 2011)
NO3 BBCEAS 11 % (Kennedy et al., 2011)
NO2 LIF 10 % (Di Carlo et al., 2013)
O3 Ozone Analyser 3 ppb for mixing ratios below 100 ppb
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Table 3. Summary statistics comparing the parameterised γ(N2O5) with values calculated from
the steady-state analysis. Core parameterisation refers to the study used to estimate the uptake
due to the assumed core of the particle, while the shell parameterisation (where applicable)
refers to the uptake by the assumed coating by organic aerosol. BT09 refers to Bertram and
Thornton (2009), GTN13 refers to Gaston et al. (2014), R03 refers to Riemer et al. (2003), R09
refers to Riemer et al. (2009) using the resistor model, R09+ refers to Riemer et al. (2009) using
linear mixing and EJ05 refers to Evans and Jacob (2005). Regression slope refers to the line
of best fit from an ordinary least squares linear regression between the parameterised uptake
and the steady-state based uptake calculation when the intercept is forced through zero. RMSE

refers to the Root Mean Squared Error:
√∑

(Pi−Ci )2

N where P is the parameterised value and C
is the calculated value for datapoint i .

Core Shell Regression R2 RMSE
parameterisation parameterisation slope

BT09 wo/chloride None 1.09 0.52 0.0057
BT09 w/chloride None 1.44 0.48 0.012
BT09 wo/chloride GTN13 0.90 0.19 0.0067
BT09 w/chloride GTN13 1.09 0.05 0.0093
BT09 wo/chloride R09 0.056 0.0004 0.019
BT09 w/chloride R09 0.057 0.000004 0.018
BT09 wo/chloride R09+ 0.31 0.017 0.014
BT09 w/chloride R09+ 0.33 0.0015 0.014
R03 None 0.72 0.32 0.007
R03 R09 0.058 0.036 0.018
R03 R09+ 0.27 0.096 0.014
EJ05 N/A 1.79 0.084 0.022
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Table 4. Comparison with other studies.

Location γ(N2O5) Description Reference

NE USA 0.017 Elevated sulphate region. Brown et al. (2006)
NE USA < 0.0016 Sulphate/organic mix. Brown et al. (2006)
Texas, USA 0.0005–0.006 Houston pollution plumes. Brown et al. (2009)
Seattle, USA 0.01–0.04 Sulphate/organic mix. Bertram et al. (2009)

Elevated RH.
Boulder, USA < 0.01 Sulphate/organic mix. Bertram et al. (2009)

Reduced RH.
California, USA < 0.001–0.029 Polluted coastal site. Riedel et al. (2012)

Sulphate/organic/nitrate mix.
Weld County, Colorado, USA 0.002–0.1 Denver pollution plumes. Wagner et al. (2013)

Sulphate/organic/nitrate mix.
NW Europe/UK 0.0076–0.030 Clean &polluted conditions. This study

Sulphate/organic/nitrate mix.
Elevated RH (50–90 %)
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Figure 1. Histogram of the ratio between the estimated AMS volume and the combined volume
derived from the PCASP and SMPS. Only SLRs are included due to the time resolution of the
SMPS making it unsuitable for vertical profiles. The grey area represents the area covered by
the ±43 % uncertainty bounds for the ratio. The red histogram represents the data from B536
and B537 which is skewed to larger ratios compared to the full dataset.
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Figure 3. Summary of particle and gas phase composition for the flights considered by this
study. Chloride refers to non-sea salt chloride, in the form of ammonium chloride in this case
and is multiplied by a factor of 10.
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Figure 4. Plots of τss(NO3)−1 against Keq[NO2] (a) and τss(N2O5)−1 against (Keq[NO2])−1 (b),
which allows calculation of the first-order rate coefficients kNO3

and kN2O5
. The two plumes

show the extremes in N2O5 lifetimes observed for the steady-state analysis. Points are coloured
according to the N2O5 lifetime. The slopes with a short lifetime (darker colours) are from B537,
while the slopes with a longer lifetime (lighter colours) are from B542. The solid grey lines are
the linear fits to the data, with the inverse values for each slope given on the plots in units of
time i.e. min or hours.
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Figure 5. Relationship between γ(N2O5) and aerosol chemical composition. The markers are
coloured by the ambient relative humidity.
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the standard deviation. Grey dashed lines denote the 1:1 line. BT09 refers to Bertram and Thornton (2009),

GTN13 refers to Gaston et al. (2014), R03 refers to Riemer et al. (2003), R09 refers to Riemer et al. (2009)

using the resistor model and R09+ refers to Riemer et al. (2009) using linear mixing.
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Figure 6. Comparison between γ(N2O5) from selected parameterisations and the steady-state
analysis. Points are coloured by the H2O : NO−

3 molar ratio. Points represent the mean value
for a plume, while the bars give the standard deviation. Grey dashed lines denote the 1 : 1 line.
BT09 refers to Bertram and Thornton (2009), GTN13 refers to Gaston et al. (2014), R03 refers
to Riemer et al. (2003), R09 refers to Riemer et al. (2009) using the resistor model and R09+
refers to Riemer et al. (2009) using linear mixing.
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