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Abstract

The formation, abundance and distribution of organic nitrates are relevant for deter-
mining the production efficiency and resident mixing ratios of tropospheric ozone (O3)
at both regional and global scales. Here we investigate the effect of applying the re-
cently measured direct chemical production of methyl nitrate (CH3ONO2) during NOx5

recycling involving the methyl-peroxy radical on the global tropospheric distribution of
CH3ONO2 and the perturbations introduced towards tropospheric NOx and O3 using
the TM5 global chemistry transport model. By comparing against numerous obser-
vations we show that the global surface distribution of CH3ONO2 can be largely ex-
plained by introducing the chemical production mechanism using a branching ratio of10

0.3 %, when assuming a direct oceanic emission source of ∼ 0.29 TgNyr−1. The resi-
dent mixing ratios are found to be highly sensitive towards the dry deposition velocity
of CH3ONO2 that is prescribed, where more than 50 % of the direct oceanic emission
of CH3ONO2 is lost near the source regions thereby mitigating subsequent effects on
tropospheric composition due to long range and convective transport. For the higher15

alkyl nitrates (C2 and above) we find improvements in their simulated distribution in the
tropics in TM5 improves when introducing direct oceanic emissions of ∼ 0.17 TgNyr−1.
For the tropical upper troposphere (UT) a significant low model bias for all alkly nitrates
occurs due to either missing transport pathways or chemical precursors, although mea-
surements show significant variability in resident mixing ratios at high altitudes with20

respect to both latitude and longitude. For total reactive nitrogen (NOy) ∼ 20 % origi-
nates from alkyl nitrates in the tropical and extra-tropical UT, where the introduction of
both direct oceanic emission sources and the chemical production of CH3ONO2 only
increases NOy by ∼ 5 % when compared with aircraft observations. We find that the
increases in tropospheric O3 due to direct oceanic emissions are mitigated by intro-25

ducing the direct chemical production of CH3ONO2 resulting in rather moderate effects
on nitrogen oxides and tropospheric O3.
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1 Introduction

The chemical production of tropospheric ozone (O3) is critically dependent on the re-
cycling efficiency of NO to NO2 involving peroxy-radicals (Atkinson et al., 2000). The
most abundant peroxy-radicals in the troposphere are the hydro-peroxy (HO2) and
methyl-peroxy (CH3O2) radicals, which are predominantly formed during the photolysis5

of chemical precursors such as formaldehyde (HCHO) and the oxidation of methane
(CH4), respectively, as well as through the recycling of OH radicals. Once formed in
Reactions (R1) to (R3) NO2 is rapidly photolysed producing tropospheric O3 by Reac-
tions (R4) and (R5):

NO+HO2 → NO2 +OH (R1)10

NO+CH3O2(+O2) → NO2 +HCHO+HO2 (R2)

NO+RO2 → NO2 +RO (R3)

15
NO2 +hν→ NO+O3P (R4)

O3P+O2 +M → O3 +M (R5)

One competing reaction not directly involving peroxy-radicals is the regeneration of
NO2 via the titration of O3, Reaction (R6), which is especially efficient in high NOx20

environments exhibiting elevated mixing ratios of O3.

NO+O3 → NO2 +O2 (R6)

At global scale Reaction (R1) is the dominant NOx recycling mechanism involving
peroxy-radicals accounting for ∼ 65 % of total regeneration of NO2, with Reactions (R2)
and (R3) also being significant and accounting for ∼ 25 % and ∼ 10 %, respectively (see25
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Sect. 6). Although Reaction (R6) is the major NO to NO2 recycling mechanism, there is
no net contribution towards the production of O3 under steady state NOx–O3 conditions
meaning that it acts as a moderating step.

The chain length of the free-radical reaction cycle described above is determined by
the efficiency of the chain termination steps, mainly Reactions (R7)–(R9) below. These5

lead to the formation of long-lived nitrogen reservoirs: nitric acid (HNO3), peroxy-acetyl
nitrate (PAN) and organic nitrates (ORGNTR), respectively.

NO2 +OH+M → HNO3 +M (R7)

NO2 +CH3(O)O2 +M → PAN+M (R8)10

NO+RO2 +M → ORGNTR+M (R9)

Although other termination reactions such as the self reaction of HO2, the self reaction
of RO2 and the cross termination reaction of HO2 +RO2 maybe important under certain
low NOx conditions, for brevity we only list the dominant termination steps here. The15

competition between these terminating steps towards sequestrating reactive nitrogen
is influenced by sources of Volatile Organic Compounds (VOCs), whose emissions act
as chemical precursors of higher peroxy radicals (RO2).

Although the individual steps of this reaction cycle have been studied extensively
over the last decades there is still some uncertainty related to the possibility of long20

lived nitrogen reservoirs being formed directly during Reactions (R1) and (R2). For in-
stance, recent laboratory measurements using chemical ionization mass spectroscopy
have revealed formation of HNO3 when investigating the product distribution from Re-
action (R1), with the branching ratio being dependent on pressure, temperature and
relative humidity (Butkovskaya et al., 2005, 2007). This has lead to a number of dif-25

ferent global modelling studies associated with studying the impact of this branching
ratio on tropospheric composition (Cariolle et al., 2009; Sovde et al., 2011; Gottschaldt
et al., 2012; Boxe et al., 2012). The most important finding related to oxidative capacity
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is that significant reductions in the production of tropospheric O3 were simulated due
to a reduction in the recycling efficiency of NO, increasing the atmospheric lifetimes
of dominant trace species such as CO and CH4. However, some ambiguity still exists
as to the catalytic effects of water vapour on the branching ratio (Butkovskaya et al.,
2009) meaning that the direct formation of HNO3 is typically not included in chemical5

mechanisms employed in large-scale chemistry transport models (CTMs) nor currently
included in the recommendations (e.g. Sander et al., 2011) due to the lack of an inde-
pendent measurement for this branching ratio.

Using the same technique Butkovskaya et al. (2012) recently detected the direct
formation of methyl nitrate (CH3ONO2) during a study of the products generated from10

Reaction (R2). The branching ratio (Reaction R10) inferred for tropospheric conditions
is 1.0±0.7 % and has a weak temperature and pressure dependence:

NO+CH3O2 +M → CH3ONO2 +M (R10)

Results from a recent conceptual modelling study by Farmer et al. (2011) have sug-
gested that the formation of organic nitrates during the conversion of NO to NO2 by RO215

under urban conditions has the potential to significantly reduce the photo-chemical pro-
duction of O3. Organic nitrates have also been found to be important for the lifetime of
NOx whenever the total NOx mixing ratio is lower than 500 ppt (Browne and Cohen,
2012). Therefore, given the importance of Reaction (R2) in the remote tropical tropo-
sphere in terms of NOx recycling due to efficient CH4 oxidation (Fiore et al., 2006),20

the direct formation of CH3ONO2 can have implications for the global tropospheric O3
burden and, thus, oxidative capacity. Another source of direct chemical production of
CH3ONO2 which has been invoked in the past involves the decomposition of PAN, al-
though this mechanism was later shown to be rather inefficient (Orlando et al., 1992)
and therefore not included in this study.25

Alkyl nitrates contribute significantly to the total reactive nitrogen (NOy) budget of the
troposphere (e.g. Buhr et al., 1990) but their measurement remains difficult. Nonethe-
less they have been measured under a wide range of atmospheric conditions (e.g.
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Flocke et al., 1998a,b; Roberts et al., 1998; Swanson et al., 2003; Jones et al., 2011). In
Tables 1a and b we provide an overview of mixing ratios of CH3ONO2 which have been
measured at both the surface and in the Free Troposphere (FT, between 2–10 km), re-
spectively, where values are grouped in latitudinal zones. Although a large fraction of
alkyl nitrates are formed in the gas phase via Reaction (R9), other direct sources of5

alkyl nitrates are thought to exist from direct oceanic emissions (Atlas et al., 1993;
Chuck et al., 2002; Dahl et al., 2005) and, to a lesser extent, biomass and savannah
burning (Simpson et al., 2002). Measurements of resident mixing ratios made over the
tropical ocean, along with concentration gradients of dissolved organic nitrates mea-
sured in seawater surface, infer aqueous phase production till super-saturation occurs,10

followed by a release into the Marine Boundary Layer (MBL), with a dependency on
the dissolved nitrite concentrations (Dahl et al., 2008). Such oceanic emissions act as
a direct source of additional nitrogen reservoirs into low NOx environments without the
need of long range transport. This biogenic source is likely to exhibit a latitudinal gradi-
ent related to the temperature of the surface waters and biological activity (Chuck et al.,15

2002; Dahl et al., 2007). For instance, measurements made at coastal sites in the US
have found that direct emission from the ocean waters only makes a minor contribu-
tion to resident mixing ratios of CH3ONO2 near the East coast (Russo et al., 2010).
Measurements on the Antarctic around 70–75◦ S have revealed that surprisingly high
resident mixing ratios of between 2–14 ppt of CH3ONO2 exist, indicating a possible20

link to NOx emissions from snow (e.g. Weller et al., 2002; Wang et al., 2007), where
CH3ONO2 is the most abundant of the alkyl nitrates at these southerly latitudes (Jones
et al., 2011). Similar measurements at the South Pole show a maximum of C1-C3 alkyl
nitrates during Austral wintertime (Beyersdorf et al., 2010) who propose the source not
to be direct emissions from the snowpack but rather transport from oceanic regions im-25

plying oceanic emissions. Therefore the actual source of CH3ONO2 at these southerly
latitudes is still the subject of some debate.

To investigate the global impacts on atmospheric composition, Neu et al. (2008) have
used a CTM including the direct emission of alkyl nitrates from oceanic sources and
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shown that they exert an impact on the tropospheric O3 and NOx budgets in the trop-
ics. In their study they adopted apriori emission estimates based on the measurements
presented in Blake et al. (2003a) for both CH3ONO2 and ethyl nitrate (C2H5ONO2).
However, the chemical formation of CH3ONO2 via Reaction (R10) was not consid-
ered. Including Reaction (R10) could go some way to accounting for the observed5

resident mixing ratios in the remote marine troposphere (e.g. Blake et al., 2003a), on
Antarctica and in the FT (Walega et al., 1992; Flocke et al., 1998). This would result
in a lower emission flux estimate being needed to explain ambient air measurements.
Once present, alkyl nitrates are removed by either deposition processes (e.g. Russo
et al., 2010), direct photolytic dissociation or oxidation by OH (Talukdar et al., 1997a,b)10

to release NO2. Thus the potential reduction in the production efficiency of tropospheric
O3 by Reaction (R2) due to the sequestration of reactive nitrogen in Reaction (R10) has
the potential to neutralize the effects due to increased oceanic nitrogen emissions.

In this paper we investigate the global impact that the proposed chemical formation
of CH3ONO2 has on composition of the global troposphere by using the tropospheric15

version of the global 3-D Chemistry Transport Model (CTM) TM5. In Sect. 2 we provide
a description of the version of TM5 used for the study, the emission estimates adopted
for precursor trace gases and the updates made compared to previous versions and
details of the inclusion of CH3ONO2. In Sect. 3 we examine the distribution of both
CH3ONO2 and higher alkyl nitrates in TM5 after including both the direct oceanic emis-20

sion sources and the chemical production from Reaction (R10). In Sect. 4 we compare
the distribution of alkyl nitrates at high latitudes and in the tropics against those mea-
sured during a number of intensive campaigns and we identify the sensitivity of the
vertical and regional distribution towards assumptions in both emissions and chemical
formation. In Sect. 5 we examine how the introduction of extra nitrogen into the tro-25

posphere alters the reactive nitrogen budget and also identify the impact of chemical
formation of CH3ONO2. In Sect. 6 we show the effects on tropospheric NOx, O3 and
OH and discuss implications for the atmospheric lifetimes of greenhouse gases. Finally
in Sect. 7 we present our conclusions.
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2 Model description

2.1 The TM5 model

In this study we use the 3-D global CTM TM5 (Huijnen et al., 2010; Williams et al., 2012)
which employs the modified CB05 chemical scheme. This mechanism has recently
been comprehensively described and validated in Williams et al. (2013) so for brevity5

we do not provide many details here. We perform simulations at a horizontal resolution
of 3◦×2◦ and use 34 vertical levels from the surface up to ∼ 0.5 hPa. TM5 is driven using
meteorological fields taken from the ERA-interim re-analysis (Dee et al., 2011), using
an update frequency of 3 h. The details of which parameters from the meteorological
fields are used in TM5 are given in Huijnen et al. (2010). The chosen simulation year10

is 2008 and all simulations use 2007 as a one year spin-up period to reach chemical
equilibrium.

Some modifications which improve TM5 compared to previous versions have also
been incorporated (e.g. Williams et al., 2013) as described here. As this version of
TM5 only contains tropospheric chemistry observational constraints are applied in the15

stratosphere for species such as CH4 and O3 (Huijnen et al., 2010) are used. We also
adopt new boundary conditions for HNO3 based on the HNO3 /O3 ratios derived using
latitudinal climatologies assembled from measurements by the ODIN instrument be-
tween 2001 and 2009 (Jégou et al., 2008; Urban et al., 2009), where instantaneous
forcing is applied at 10 hPa. This provides a more realistic seasonal evolution of HNO320

in the stratosphere when compared to that simulated when using the UARS climatology
as performed in previous versions (Huijnen et al., 2010; Williams et al., 2012), espe-
cially in the Polar regions. Previous studies have shown that the global dry deposition
flux of carbon monoxide (CO) in TM5 was rather high accounting for the loss of 160–
180 TgCOyr−1 (e.g. Williams et al., 2012). In this study the loss of CO at the surface by25

enzymatic processes in the soil (Yonemura et al., 2000) is parameterized with respect
to the soil moisture content according to Sanderson et al. (2003). The resistive fluxes
are then passed into the dry deposition scheme of Ganzeveld and Lelieveld (1995).
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This reduces the global dry deposition flux by around ∼ 80 TgCOyr−1. Further updates
associated with dry deposition include increasing the surface resistance for CO over
oceans and of O3 over snow and ice.

For this study we have included CH3ONO2 explicitly as an additional transported
tracer species into the modified CB05 chemical mechanism described by Williams5

et al. (2013). The atmospheric lifetime of CH3ONO2 is estimated to range from around
a week to a month depending on atmospheric conditions (Talukdar et al., 1997a,b),
meaning that it can be transported out of the Boundary Layer (BL, the first few kilo-
metres near the surface) into the FT and beyond. This is compared to atmospheric
lifetimes of between several days to weeks for the C2-C5 alkyl nitrates (Clemitshaw10

et al., 1997). Both the photolytic destruction and oxidation of CH3ONO2 by OH are in-
cluded using the chemical reaction data taken from Talukdar et al. (1997a,b) forming
the products NO2 and HCHO. We also include a dry deposition term equal to that used
for the higher alkyl nitrates (ORGNTR) for the majority of the simulations. A small wet
deposition term is also included using the values of Kames and Schurath (1992).15

2.2 Definition of the emission scenarios and sensitivity studies

The emission estimates used here are described Williams et al. (2013) thus only briefly
summarised here. For anthropogenic emissions we use a hybrid complied using the
RETRO inventory (Schultz et al., 2007; http://retro.enes.org) and the REAS inventory
for the Asian region (Ohara et al., 2007) between 60–150◦ E and 10◦ S–50◦ N. The ex-20

ception is for CH4 which we take from EDGARv4.2 (http://edgar.jrc.ec.europa.eu/). For
biomass burning emissions we use the GFEDv3 monthly emission inventory (van der
Werf et al., 2010). For biogenic emissions we use the estimates provided by MEGANv2
(Guenther et al., 2006) except for CH4 which we take from the LPJ-WhyMe inven-
tory (Spahni et al., 2011). For lightning NOx we use the parameterization of Meijer25

et al. (2001). The CH4 distribution in the boundary layer is constrained by nudging
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to a seasonally dependant latitudinal gradient using the method given in Williams
et al. (2013).

In total six sensitivity studies are defined and listed in Table 2. In addition to the BASE
simulation, which does not explicitly include CH3ONO2, these are namely: (i) EMISS
which applies a direct apriori oceanic emission for CH3ONO2 of 26.7 mgm−2 s−1

5

(∼ 0.29 Tgyr−1) as taken from Neu et al. (2008) and applied between 10◦ S–10◦ N (ii)
DEMISS which applies a direct apriori oceanic emission flux for CH3ONO2 twice that
of EMISS to represent an upper limit (iii) LOWBR where we adopt a low branching
ratio of 0.3 % for the chemical formation of CH3ONO2 (the lower limit of the experimen-
tal data in Butkovskaya et al., 2012), (iv) HIGHBR with a branching ratio of 1.0 %, (v)10

EMISSPT where we reduce the direct emission by 50 % compared to EMISS and apply
the low branching ratio of 0.3 %, (vi) EMISSDD as EMISSPT except we double the dry
deposition flux of CH3ONO2 and (vii) FLIGHT as EMISSPT except we use a branching
ratio of 0.045 % which is the mean value suggested by Flocke et al. (2008) derived
from measurements in the Upper Troposphere (UT, above 10 km till the tropopause).15

In the EMISS, EMISSPT, EMISSDD and FLIGHT simulations we also include the di-
rect emissions of ORGNTR from the ocean adopting an estimate of 15.62 mgm−2 s−1

(∼ 0.17 TgNyr−1) which is twice the apriori estimate calculated for C2H5ONO2 in Neu
et al. (2008) so as to represent the release of other alkyl nitrates such as e.g. isopropyl
nitrate as measured over the tropical ocean (Dahl et al., 2005). Direct emissions of20

organic nitrates from the oceans are applied out away from coastlines by using the
land-sea mask threshold of 15 % in each grid cell to exclude large freshwater lakes
and land locked bodies of water in the tropics. In our study no oceanic emissions are
applied in the SH like in the Neu et al. (2008) as motivated by the measurements of
Blake et al. (2003a). The emission of alkyl nitrates from the ocean has been linked to25

both the concentration of chlorophyll and sea temperature (Chuck et al., 2002; Dahl
et al., 2008). A strong seasonality exists in the chlorophyll concentrations in the SH
(Myriokefalitakis et al., 2010) resulting in maximal concentrations occurring during the
boreal wintertime, therefore any resulting emission flux is likely to exhibit a similar sea-
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sonality. The small emission of CH3ONO2 measured from biomass and savannah fires
(∼ 18 Ggyr−1, Simpson et al., 2002) is an order of magnitude lower than the ocean
emission flux and thus not included in this study.

2.3 Observational datasets

To investigate to what degree TM5 is able to capture a realistic global distribution of5

alkyl nitrates at global scale we compare co-located model output against independent
measurements made at selected stations and by research aircraft. Relevant details on
these sites and campaigns are given below.

The Halley Bay research station at coastal Antarctica (75.3◦ S, 26.4◦ W) is situated
32 ma.s.l. and located on the Brunt Ice shelf. It is surrounded on three sides by the10

Wedell Sea and can be near ice-free water during the austral summer months. For
our study we use the measurements presented in Jones et al. (2011) taken as part of
the Chemistry of the Antarctic Boundary Layer and the Interface with Snow (CHABLIS)
campaign which took place from February 2004 to January 2005. Measurements were
determined from flasks which were stored, transported and analysed in the UK by Gas15

Chromatography–Mass Spectroscopy.
Neumayer in Antarctica (70.0◦ S, 8.2◦ W) is a well established measurement station.

It is located on an ice-shelf ∼ 10 km away from the Northeast Weddell Sea, and is
considered to be representative of a location with pristine air transported either over
the snow pack on Antarctica or from over the surrounding Ocean and sea ice. Here we20

use the measurement values published by Weller et al. (2002) who analysed air from
flasks by gas chromatography to determine mixing ratios of alkyl nitrates.

The Mauna Loa Observatory is located at ∼ 3.4 km a.s.l. in Hawaii (19.5◦ N,
155.6◦ W) situated in the remote northern Pacific Ocean. It has a long standing his-
tory of measuring atmospheric composition, where we use values observed during the25

Mauna Loa Observatory Photochemistry Experiment (MLOPEX, Ridley and Robinson,
1992). These measurements are representative of FT air and therefore should provide
information regarding background mixing ratios. Again, the measured values published
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in Walega et al. (1992) are derived using gas chromatography with a detection limit of
∼ 0.3 ppt for organic nitrates.

For the extra-tropical NH we use the values provided in Roberts et al. (1998) mea-
sured at Cherbogue Point, Nova Scotia (43.8◦ N, 66.1◦ W) as part of the North Atlantic
Regional Experiment (NARE; Fehsenfeld et al., 1996) during August and September of5

1993. The measurement site is located at the tip of a peninsular about 10 km south of
Yarmouth, Nova Scotia. The location was chosen such that strong anthropogenic NOx
sources towards the south did not impinge significantly on the measurements, although
there was some local ship traffic (Fehsenfeld et al., 1996). Therefore measurements are
thought to be representative of the remote conditions affected by oceanic air masses.10

To assess the vertical distribution of CH3ONO2 and higher alkyl nitrates in the TM5
model in the tropics we use data measured during a number of different flights con-
ducted as part of the second Pacific Exploratory Mission (PEM-tropics B; Raper et al.,
2001) between March and April 1999 in the region 76◦ E–148◦ W and 36◦ S–38◦ N.
Measurement data from both the DC-8 and P-3B aircraft have been used, which use15

different instrumentation for measuring the mixing ratios. For the comparison we inter-
polate 3 hly model data to the altitude and location at where the measurements were
taken. The measurement data are averaged approximately every minute to avoid fluc-
tuations in mixing ratios due to small scale variability. These measurements have been
presented in Blake et al. (2003a) and provide valuable information regarding the tropo-20

spheric distribution of these important NOx reservoirs.
Finally, we use chemical NOy measurements from the second phase of the Civil Air-

craft for Regular Investigation of the Atmosphere Based on an Instrument Container
(CARIBIC) project which started in 2005 and is running up to the present date (Bren-
ninkmeijer et al., 2007). In this instance NOy is defined as the cumulative sum of all25

reactive nitrogen species, namely NO, NO2, PAN, HNO3, HNO4, N2O5 and all alkyl ni-
trates. All trace constituents are reduced to NO during the measurement meaning that
no values are available for individual reservoir species. We use in-situ measurements
made from April till December 2008 made on flights which travelled from Frankfurt,
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Germany (50.0◦ N, 8.5◦ E) to Chennai, India (13.0◦ N, 80.2◦ E). The flights to and from
Chennai take similar routes providing a monthly snapshot of the distribution of NOy at
the cruise altitude of 10–12 km throughout a large fraction of the year. The uncertainty
associated with the CARIBIC NOy measurements is ∼ 8 % for mixing ratios around
450 ppt. We only use measurements which are representative of the upper troposphere5

(UT) restricting us to the latitude range 15–30◦ N.

3 The annual mean distribution of CH3ONO2 and ORGNTR

Figure 1 shows both the annual zonal and horizontal mean distributions of CH3ONO2
for EMISS, along with the corresponding absolute differences in mixing ratios relative
to EMISSPT given in ppt, thus differentiating the impact of Reaction (R10). For the10

annual horizontal mean distribution mixing ratios are averaged between the surface
and 800 hPa so as to give a representative mean of the first few kilometres of the
troposphere. The total cumulative emission of CH3ONO2 in EMISS is equivalent to
∼ 0.3 TgNyr−1 and results in a global tropospheric burden of 0.015 Tg N. The highest
mixing ratios of between 40–60 ppt occur in the tropical MBL directly above the emis-15

sion sources, where CH3ONO2 is lifted out of the MBL reaching the UT. Long range
transport towards higher latitudes then occurs by the large-scale atmospheric circula-
tion. Unlike the vertical distribution shown in Neu et al. (2008), which exhibits maximal
mixing ratios both in the BL and higher up in the UT, we do not get any increases in
mixing ratios above 10 km in EMISS but rather a continuous decrease as determined20

by the increasing efficiency of photolytic destruction with altitude and that the only
source in EMISS is emission at the surface. We also do not have high mixing ratios
in the SH as we only introduce oceanic emissions in the tropics. There appears to be
a large variability in the vertical profile of CH3ONO2 from the available measurements
when comparing campaigns. For instance the measurements of Flocke et al. (1998a)25

indicate that the mixing ratio of CH3ONO2 should be between 1–3 ppt around 11 km at
tropical latitudes almost matching the zonal mean values shown for EMISS. However,
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the profiles shown in Blake et al. (2003a) show higher mixing ratios in the tropical UT
of between 10–15 ppt. This is possibly related to a significant longitudinal variability
in emission sources. Without the chemical production of CH3ONO2 from a chemical
precursor any profile should have a negative gradient if photolytically active in the tro-
posphere. The long range transport of CH3ONO2 out of the tropics below 800 hPa at5

higher latitudes is shown to be negligible. The global tropospheric lifetime of CH3ONO2
in EMISS is ∼ 31 days, at the high end of the estimates of between 7 days to a month
(Butkovskaya et al., 2012). Destruction predominantly occurs in the tropics, where dry
deposition accounts for ∼ 80 % of the total sink term. However, in these simulations
we did not employ a specific deposition flux for CH3ONO2 but use that of higher alkyl10

nitrates as a proxy, which is assumed to be equal to that of PAN (Huijnen et al., 2010).
This sink value is probably too low because CH3ONO2 has a higher solubility than
other higher alkyl nitrates (Russo et al., 2010). We discuss another simulation where
the deposition velocity of CH3ONO2 is increased later on (cf. Table 2).

When introducing Reaction (R10) absolute differences in CH3ONO2 mixing ratios of15

between 40–80 ppt occur. The largest increases occur over continental regions in the
NH around the sub-tropics and tropics in the FT where most NOx is emitted. It should
be noted that these increases occur in spite of the direct oceanic emission term of
CH3ONO2 being decreased by 50 % between simulations to account for the introduc-
tion of a mixed source (see Table 2), resulting in the direct emission of CH3ONO2 be-20

ing equivalent to ∼ 0.13 TgNyr−1 in EMISSPT. This is smaller than the total CH3ONO2
formed in Reaction (R10), where a discussion regarding the annually integrated chem-
ical budget terms is provided later on in Sect. 5. Examining the corresponding changes
in the distribution of the CH3O2 radical (not shown) in EMISSPT reveals that increases
of ∼ 5–10 % in the resident mixing ratios occur in both the BL and FT around the25

equator, showing a positive feedback of Reaction (R10) with respect to CH4 oxida-
tion (see Sect. 6 for further discussion on oxidative capacity). This enhanced yield of
CH3ONO2 is somewhat moderated by the associated decrease in NO (not shown) from
the enhanced sequestration of nitrogen to CH3ONO2. The global tropospheric burden
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of CH3ONO2 increases significantly to 0.08 Tg N (∼ five times that found in EMISS).
This increases the resulting global lifetime to 42 days, again with dry deposition being
the dominant loss term (∼ 76 %). When performing a similar comparison with HIGHBR
(not shown) increases in the CH3ONO2 mixing ratios of hundreds of ppt occur through-
out the troposphere, which is too high when compared with available measurements5

(see Sect. 4). For this reason the HIGHBR is not further considered.
When analysing the horizontal distribution in the absolute changes in the mixing ra-

tios it follows that the highest differences are situated in the NH between 10–30◦ N over
North Africa, the Middle East and India. Part of this variability can be related to the
regional differences in the deposition terms for CH3ONO2 as shown in Fig. 2. Here the10

regional variability in annual deposition terms from EMISSPT is given, where the inte-
grated annual deposition varies by an order of magnitude depending on surface type.
The highest annual deposition occurs over the tropical oceans near regions close to
where direct oceanic emissions are prescribed. The lowest deposition occurs over arid
regions such as the Sahara and Antarctica. Examining the chemical budget terms for15

EMISS (Sect. 5) shows that half of the CH3ONO2 released from tropical emissions is
lost by local deposition. This rapid turnover highlights the importance of placing con-
straints on deposition velocities by measurements, especially over the ocean whose
surface area in the tropics exceeds that of the continents. Such information would help
the modelling community in being able to gauge the ability of atmospheric models to-20

wards capturing this important physical sink process.
Figure 3 shows the corresponding global distribution of ORGNTR in the BASE sim-

ulation. In the modified CB05 mechanism ORGNTR is predominantly formed via the
conversion of NO with the NOx operator species XO2N (Gery et al., 1989 and Sect. 5)
and the oxidation of isoprene with the nitrate radical. It can be seen that the highest25

mixing ratios occur in regions where both anthropogenic and biogenic emissions domi-
nate (e.g. East Asia and over Amazonia). Analysing the annual zonal mean shows that
in the FT mixing ratios are higher in the NH. When examining the absolute differences
in ORGNTR between BASE and EMISS reveals the highest increases in resident mix-
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ing ratios occur directly over the emission source regions. In our simulations we double
the emission flux used in Neu et al. (2008) so as to be representative of a number of
different C2–C4 alkyl nitrates that have been measured in the tropical Marine Bound-
ary Layer (MBL), which typically have individual mixing ratios of between 3–6 ppt (Dahl
et al., 2005). This results in ∼ 0.17 TgNyr−1 being emitted directly into the remote5

tropical MBL, where analysing the differences shows that there is ∼ 100 % increase
in resident mixing ratios. The global tropospheric burden in the EMISS simulation is
0.93 Tg N giving a global tropospheric lifetime of 30.1 days, which is comparable to the
estimates given in the literature (Clemitshaw et al., 1997).

4 Comparisons against surface and aircraft measurements10

Over the last few decades there have been a number of measurement campaigns
and initiatives that have observed CH3ONO2 mixing ratios at pristine locations provid-
ing some information regarding background mixing ratios found in the troposphere. In
Table 1a and b we have summarised the resident mean mixing ratios of CH3ONO2
available in the literature as observed over the last few decades showing the vertical15

and latitudinal variability which exists at global scale. For our purpose we subsequently
select some of the surface sites and the also measurements of Blake et al. (2003a, b)
to validate the global distribution of CH3ONO2 simulated in TM5.

Figure 4 shows the daily variability in CH3ONO2 for DEMISS, HIGHBR, EMISSPT
and EMISSDD at Cherborge point, Nova Scotia (44◦ N, 66◦ W), Mauna Loa, Hawaii20

(20◦ N, 156◦ W) and Neumayer (70◦ S, 8◦ W) and Halley (75◦ S, 26◦ W) stations in
Antarctica. We exclude EMISS as the transport to the measurement sites is negligi-
ble and therefore cannot explain the observed mixing ratios. For these comparisons
3 hourly model output is averaged into daily means to partially account for the impact
of any diurnal cycle on resident mixing ratios due to photolytic destruction. The mea-25

surement data derived at these sites have been published in Roberts et al. (1998),
Walagu et al. (1992), Weller et al. (2002) and Jones et al. (2011), respectively, where
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measurements are shown in Fig. 4 whenever the scale allows. The comparison clearly
shows that HIGHBR results in an excess of CH3ONO2, with mixing ratios approxi-
mately an order of magnitude too high at the NH sites shown and a factor of 2 too
high on Antarctica. Assuming that there is not an important sink process missing from
the simulations, these comparisons suggest that the lower limit of the branching ratio5

measured by Butkovskaya et al. (2012) seems the most plausible value provided.
At Cherborge Point (where a mean value of ∼ 2 ppt has been observed in the sum-

mertime) DEMISS provides the best agreement with mixing ratios of between 2–5 ppt
solely due to the long range transport of CH3ONO2 from the tropics. However, at a mea-
surement site on the East Coast of the US more southerly than Cherborge Point, Russo10

et al. (2010) found that higher CH3ONO2 measurements correlated with continental air
masses influenced by anthropogenic emissions and therefore could not be explained
by oceanic sources. In these simulations EMISSPT, which accounts for the chemical
production of CH3ONO2in polluted air masses, overestimates observed mixing ratios
by an order of magnitude implying the need for either a larger sink term via dry de-15

position (Russo et al., 2010) or lower regional NOx emissions from e.g. soil. Although
the correlation with the observations is moderately better for EMISSDD than EMISSPT
we still employ a dry deposition term with the ratio against O3 of ∼ 0.6 compared with
unity as suggested in Russo et al. (2010) based on observations. However deposition
velocities are related to the type of terrain as shown in Fig. 2 meaning measurements20

at local scale cannot typically be adopted across wide areas showing the necessity for
more measurements of deposition fluxes of alkyl nitrates at diverse locations.

At Mauna Loa (having a mean value of 3.6±1.8 ppt throughout May; Walega et al.,
1992) the air is sampled in the remote FT and thus dominated by the long range trans-
port of CH3ONO2 from other source regions as shown for other trace species by Jaffe25

et al. (1997) during spring. An example of this in our simulations is the increase in
CH3ONO2 which can be seen around day 180 in both HIGHBR and EMISSPT but not
DEMISS, where DEMISS shows a signature of northerly transport from the tropics.
DEMISS overestimates mixing ratios by around 5–10 ppt, with EMISSPT enhancing
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this overestimation suggesting the atmospheric lifetime of CH3ONO2 is too long what-
ever the source. Conversely, EMISSDD underestimates observed mixing ratios again,
showing the sensitivity of the comparisons to the prescribed emission and deposition
fluxes.

At Neumayer and Halley (with mean values of 8–10 ppt and 6–14 ppt, respec-5

tively) EMISSPT catures realistic mixing ratios compared with the measurements,
with EMISSDD being much too low. Comparing DEMISS shows that the transport of
CH3ONO2 to the high latitudes of the SH becomes visible during the Austral winter
when no photolytic destruction occurs. This variability in photolysic activity imposes
a seasonal cycle in the model simulations, with mixing ratios of CH3ONO2 during the10

austral wintertime being approximately double those during the austral summertime
due to the longer lifetime. One missing potential source of NOx in this study is the
emission of NO from the snowpack, which has been found to affect the local nitro-
gen reservoirs in the gas phase such as HNO3 (Wang et al., 2007). However, mixing
ratios of CH3O2 are of the order of a few ppt at the high latitudes therefore, consid-15

ering the low branching ratio, this would only act as a minor additional source during
austral summer. In the study of Neu et al. (2008) mixing ratios of between 35–40 ppt
of CH3ONO2 are shown in the BL for latitudes below 60◦ S as a result of prescribing
emissions in the SH. These are too high when compared to the measurements (see
Table 1a and b), similar to HIGHBR. Previous studies have shown that the observed20

variability in CH3ONO2 at Neumayer does not show any correlation with the origin of air
masses suggesting a rather ubiquitous or local source (Weller et al., 2002). Looking at
the lack of any significant seasonal cycle in EMISSPT shows that long range transport
of CH3ONO2 from other regions contributes a dominant fraction to the simulated rather
than local chemical production. Unfortunately there are no measurements available at25

these measurement sites over the months July and August to show whether higher
mixing ratios of CH3ONO2 occur during Austral summertime.

Next we compare the tropical distribution of CH3ONO2 and ORGNTR in TM5 with
those observed in the measurement data from the PEM-tropics B campaign during
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March 1999. The PEM-tropics B data is scaled up 2.13 times as instructed by the data
providers (D. Blake, personal communication, 2013). The routes of the flights which are
used in this study are presented in Fig. 5, with flights from the DC-8 and P-3B being
shown as separate colours. It can be seen that measurements taken over a wide area
are used for our comparison. Although our simulation is for 2008 rather than 1999,5

the emissions employed are not dependent on wind speed, chlorophyll distributions
or sea-surface temperature. However, the transport in the troposphere could be af-
fected by inter-annual variability in the wind fields rather than e.g. precipitation fields,
with wet deposition of CH3ONO2 via precipitation being a minor loss route. Given the
weak temperature and pressure dependence of Reaction (R10) the chemical produc-10

tion term should also not be influenced to any significant extent. The measurement
data is binned at a resolution of 100 m altitude in order to aid interpretation of the com-
parisons. The variability in the measurements can be significant in any one altitude bin
(not shown) as measurements used for any particular altitude bin are sampled over
a wide range of longitudes as shown in Fig. 5.15

Figure 6 shows the comparisons of five different simulations against measured
CH3ONO2 distributions using data which is sorted between the latitudinal limits of 10–
20◦ N, 10◦ S–10◦ N and 10–20◦ S. Data taken from both of the aircraft involved in the
campaign are shown on the same comparison, although the number of measurements
in each latitudinal bin is not equal, where less weight should be put on the northern20

comparisons (see Fig. 5). Interpolated model output from EMISS, DEMISS, LOWBR,
EMISSPT and EMISSDD is compared directly against the measurements. The mea-
surements show that the vertical distribution in CH3ONO2 exhibits the steepest gradi-
ent in the tropics (10◦ S–10◦ N) implying a stronger oceanic emission source than the
other latitudinal regions thus agreeing with the other independent observations (Dahl25

et al., 2005). For the other latitudinal regions the vertical gradient is either rather shal-
low (NH) or appears concave (SH) implying that long range transport plays a significant
role between 9–10 km.
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The distribution of CH3ONO2 in EMISS and DEMISS at 10–20◦ S and 10–20◦ N
shows the extent of transport out of the tropics during March. Although the model
profiles look quite similar in both latitudinal bands, the differences in the vertical dis-
tribution of CH3ONO2 in the the measurements result in neither simulation being able
to capture the correct distribution throughout. Focussing on the SH, EMISS appears5

low whereas DEMISS captures the distribution more accurately in the FT. Significant
overestimations can be seen for LOWBR and EMISSPT, although mixing ratios in the
MBL agree quite well unlike in EMISS and DEMISS. In part this is due to the applica-
tion of strict latitudinal constraints on where the emissions occur. To improve on this
future studies could exploit chlorophyll maps from satellites such as MODIS as demon-10

strated by Myriokefalitakis et al. (2010) for marine organic aerosol formation. However,
our study is more focussed on the influence of the chemical production term therefore
such a step is beyond the scope of this study.

Analysing the comparison in the tropics shows that DEMISS captures the observed
gradient rather well, especially the range of values observed in the MBL. Comparing15

EMISS shows that the emission flux calculated by Neu et al. (2008) leads to under-
predictions throughout the tropopsheric column. For FLIGHT (not shown), which adopts
the branching ratio derived in Flocke et al. (1998a) (i.e. 4.5×10−3) the contribution due
to chemical production is far too small to improve on EMISS. The contribution from Re-
action (R10) is shown in LOWBR, demonstrating the importance of chemical production20

in the UT as concluded by Flocke et al. (1998a), albeit at a more efficient rate. Although
Reaction (R10) improves the comparison in the FT, the low model bias persists across
simulations. Given that the atmospheric lifetime of CH3ONO2 is rather long compared
to literature estimates further implies that the mixing ratios in the UT are heavily influ-
enced by long range transport into thr tropics, which is currently missing in the model.25

An improvement on LOWBR occurs in the MBL when adding an emission term as in
EMISSDD showing that a mixture of direct emissions and chemical production provides
the optimal comparison, although again affected by the prescribed deposition velocity.
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To provide some assessment as to the ability of TM5 towards capturing the correct
vertical distribution of ORGNTR, Figure 7 shows the corresponding comparison against
combined measurement data for BASE and EMISS. Here the measurement data rep-
resents the sum of different higher alkyl nitrates, namely: C2H5ONO2, i -C3H7ONO2,
n-C3H7ONO2 and 2-C4H9ONO2. For discussion regarding the chemical production of5

ORGNTR in TM5 the reader is referred to Sect. 5. As for CH3ONO2, the introduction
of oceanic emissions of ORGNTR has little effect away from the source region but im-
proves the quality of the comparison in the tropics between 10◦ S–10◦ N up to ∼ 5 km.
Again a significant fraction is lost to the surface (see discussion on global chemical
budgets in next section) and, again, there is a low model bias in the UT again due10

to a missing contribution due to long range transport. Although chemical production
mechanisms for the higher alkyl nitrates have been measured involving higher peroxy-
radicals, they are thought to be more relevant in polluted plumes due to high VOC
mixing ratios (e.g. Butkovskaya et al., 2010) and NOx. The horizontal resolution of the
simulations does not allow chemical processes in plumes to be captured potentially15

leading to an underprediction from the anthropogenic emissions. One other influence
could be that in TM5 the photolysis rate for ORGNTR is calculated using the absorp-
tion characteristics of 2-C4H9ONO2 due to the lack of experimental data for the other
higher alkyl nitrates (Williams et al., 2012), although the effects on the atmospheric
lifetime are unknown.20

Finally, Fig. 8 shows comparisons of co-located model output with chemical mea-
surements taken at ∼ 250 hPa in the northern tropics and sub-tropics at selected lat-
itudes from the CARIBIC observatory. We use measurements taken over most of the
year during 2008. Although no direct measurements of alkyl nitrates are available from
CARIBIC due to the measurement technique employed these measurements do allow25

an assessment of the impact of Reaction (R10) on the seasonal variability of NOy near
the tropopause, unlike the other measurements which are typically limited to a few
months of the year. The measurement data is binned using 2◦ latitudinal intervals,
with both the outward and return flight data used for the CARIBIC averages which are
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shown. The 1-σ deviation from the observed mean is also shown (dashed lines) which
quantifies the variability in the measurement data. We compare directly against BASE
, DEMISS and EMISSPT. Examining the seasonal trend in the observations shows that
between 15–25◦ N there is a maximum in NOy mixing ratios during springtime, which
generally decreases by ∼ 30–50 % towards December. Previous studies have shown5

that emissions directly below the flight path have an impact on composition of the UT
over India (Schuck et al., 2010). This reduction in NOy through the year maybe partially
explained by the occurrence of the Indian Monsoon, where a larger fraction of NOy is
lost via wet deposition, but also by the change in the location of the tropopause. To
a large degree TM5 manages to capture the seasonal variability in NOy, although the10

total NOy is typically too low across all selected latitudes by ∼ 10–30 %. To investigate
what fraction of the modelled NOy is due to total alkyl nitrates we show comparisons of
BASE where the mixing ratios of these trace constituents are omitted. It can be seen
that they contribute ∼ 20 % of the total model NOy, therefore being less important than
either HNO3 or PAN.15

The fractional increase in UT NOy in DEMISS is limited to a few percent even at
latitudes nearer the source region. From the PEM-tropics data comparisons shown in
Figs. 5 and 6 it can be concluded that the model underestimates CH3ONO2 in the UT
across the tropics, although the contribution of the missing alkyl nitrates towards the
missing NOy is constrained to less than 100 ppt thus not sufficient to entirely account20

for the underestimation of NOy in TM5. Comparing DEMISS and EMISSPT shows that
including Reaction (R10) only makes a marginal contribution to the observed seasonal
dependence in the UT. For EMISSDD and FLIGHT (not shown) there is little difference
from DEMISS. One reason for the low bias in the model is the impact of stratospheric
intrusions which contain substantial mixing ratios of HNO3 which the model fails to25

capture even with the new constraints applied from the ODIN instrument. This can
be potentially improved by constraining lower down in the stratosphere rather than
restricting the fixing application of constraints at 10Hpa. In summary, accounting for
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the direct emission and chemical formation of alkyl nitrates improves the distribution of
NOy in the UT in TM5.

5 The influence on global annual chemical budgets of alkyl nitrates

In this section we decompose the global chemical budget terms of selected simulations
from Table 2 to examine whether the increase in tropospheric O3 formation due to the5

direct oceanic emissions of CH3ONO2 (Neu et al., 2008) is mitigated by the enhanced
sequestration of reactive nitrogen via Reaction (R10). Table 3 provides the global tro-
pospheric chemical budget terms for CH3ONO2 as derived from EMISS, DEMISS,
EMISSPT, EMISSDD and FLIGHT, respectively. Here we define the troposphere as
the 150 ppb contour as described in Stevenson et al. (2006). Analysing EMISS shows10

that an additional ∼ 0.3 TgNyr−1 is introduced into the troposphere when adopting the
apriori emission estimates. However, only ∼ 47 % (equivalent to ∼ 0.13 TgNyr−1) is ox-
idized with the rest being lost by deposition to the surface. For the fraction oxidised,
photolytic destruction accounts for > 90 % of the total loss term, although this maybe
too high as concluded from the comparisons shown in Fig. 5. The similar fractional loss15

for DEMISS shows that this result seems to scale rather linearly with the oceanic emis-
sion flux term. Therefore, the impact of the direct oceanic emissions is much lower than
for other NOx sources such as lightning NOx or aircraft emissions in the FT, where sur-
face deposition does not act as a major loss route. Analysing EMISSDD shows Reac-
tion (R10) converts ∼ 1.0 TgNyr−1 of reactive nitrogen in the form of NO into CH3ONO220

during 2008. This exceeds the additional N released by direct oceanic emissions. The
subsequent increase in the dry deposition term results in a net loss of ∼ 0.5 TgNyr−1

from the troposphere as CH3ONO2. Thus Reaction (R10) significantly reduces the im-
pact on tropospheric O3 formation from the direct oceanic emissions (see Sect. 6) by
enhancing the loss of nitrogen to the surface (see below). Comparing the budget terms25

for the EMISS and FLIGHT simulations provides further evidence that introducing Re-
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action (R10), albeit with a very low branching ratio, enhances the dry deposition of
CH3ONO2 by ∼ 58 %.

Table 4 provides the corresponding tropospheric budget terms for the higher alkyl
nitrates in the form of ORGNTR. Here we limit the comparison to between the BASE
and EMISSDD simulations, with Reaction (R10) being negligible for the ORGNTR bud-5

get (see below). At global scale, ORGNTR is formed from reactions involving NO and
the NOx operator species XO2N (Gery et al., 1989) or oxidation involving the nitrate
radical (from night-time chemistry). As for CH3ONO2 chemical formation dominates
that arising from oceanic emissions (14.5 TgNyr−1 compared to 0.2 TgNyr−1). Once
converted into ORGNTR only ∼ 40 % of NOx is regenerated by photolysis or oxidation10

by OH. Thus ∼ 9 TgNyr−1 of the total globally emitted nitrogen is lost by deposition to
the surface when adopting the current emission estimates. Comparing both produc-
tion and destruction terms for ORGNTR between BASE and EMISSDD shows they are
approximately equal meaning Reaction (R10) introduces no significant feedback. The
resulting global burden of ORGNTR increases by a few percent. We also show the total15

summed N deposition terms for NO2, HNO3, PAN and ORGNTR. Here N deposition
increases by ∼ 0.15 TgNyr−1 (also for EMISS, not shown) thus ultimately the additional
N introduced by direct emission is almost entirely lost via deposition.

6 The Impact on global oxidative capacity

Finally in this section we examine the impact of Reaction (R10) on the distribution of20

tropospheric NOx, O3 and the subsequent changes towards the oxidizing capacity of
the troposphere via perturbations in OH. In TM5, the transported tracer species NOx
represents the sum of short-lived nitrogen radicals and radical reservoirs namely NO,
NO2, NO3, HNO4 and N2O5. Table 5 provides the annual global production efficiency of
O3 by NOx recycling due to Reactions (R1), (R2) and (R8) for BASE, EMISS, EMISSPT25

and EMISSDD, along with deposition totals and the global tropospheric burdens of
O3. In Figs. 9a–c we show the global annual mean distribution of NOx, O3 and OH
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in the LT for BASE, respectively. Also shown are the relative percentage differences
between BASE, EMISS and EMISSDD as integrated in the lower few kilometres of the
atmosphere (below ∼ 800 hPa) for 2008.

Figure 9a shows that the highest annual mean mixing ratios of NOx occur near re-
gions which have high anthropogenic activity, including visible signatures along ship-5

ping tracks. For the remote tropical MBL NOx mixing ratios are of the order 0–50 ppt,
where Roberts et al. (2012) have shown that alkyl nitrates play an important role to-
wards tropospheric O3 formation under such chemical regimes. In EMISS an increase
in NOx mixing ratios of up to ∼ 10 % occurs around the emission sources. The limited
transport and efficient deposition of CH3ONO2 in the BL mean that for the subtropics10

and extra-tropics effects are limited to around ± 0.2 %. For EMISSDD, decreases in
NOx mixing ratios of between 0–5 % occur at all latitudes with the exception of the
tropical Pacific where the emissions are the highest and thus dominate over the se-
questration of additional nitrogen. A more marked effect is seen in the SH away from
direct NOx sources, where the termination steps (6) to (8) are less efficient due to lower15

radical mixing ratios.
Figure 9b shows that the largest increases in tropospheric O3 of between ∼ 1–5 %

are located around the tropics (20◦ S–20◦ N) in EMISS directly near the oceanic sources
(see Figs. 1 and 3). Here O3 mixing ratios in TM5 are of the order of 20–30 ppb. For the
other latitudinal zones there is a more muted increase in tropospheric O3 associated20

with the small changes in NOx (middle panel of Fig. 9a). Table 5 shows that integrating
globally this equates to a Tg of O3 (< 0.5 %) in the global tropospheric burden due to an
increase in the turnover of Reactions (R1) and (R2) from the additional NOx and HO2
(from enhanced CO oxidation). For EMISDD Reaction (R10) suppresses O3 formation
by increasing the fraction of nitrogen lost to the surface and by decreasing the chain25

length of the NOx recycling mechanism. Figure 9c shows the associated perturbations
in OH in both simulations. A large fraction of chemical oxidation occurs in the tropical
BL (Fiore et al., 2006) thus the increases in resident OH have a more marked effect
on global atmospheric lifetimes than similar perturbations at higher latitudes. At other
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latitudes changes in resident OH are in line with the changes in O3 shown in Fig. 9b.
The effect on tropospheric lifetimes is rather small as shown by the variability shown
for both CO and CH4 in Table 5. In summary the introduction of Reaction (R10) with
a branching ratio of 0.3 % completely negates the increase in global oxidative capacity
from ocean emissions of alkyl nitrates.5

7 Conclusions

In this study we have examined the impact of introducing direct chemical formation
of methyl nitrate (CH3ONO2) during NOx recycling involving the methyl-peroxy radical
on the global distribution of CH3ONO2, NOx and tropospheric ozone. We compare
this against the changes introduced from direct oceanic emission of CH3ONO2 and10

the higher alkyl nitrates in the tropics (10◦ S–10◦ N) based on a set of independent
observations. It is found that the global surface distribution of CH3ONO2 is sensitive
to the variability in the dry deposition velocity. Analysing the chemical budget reveals
than ∼ 50 % of nitrogen introduced via direct oceanic emission is lost by deposition
processes close to the source regions which scales with the emission term, even when15

adopting conservative estimates for the dry deposition term. Given the lack of adequate
chemical precursors in pristine locations, introducing a direct oceanic emission term for
higher (C2 and above) alkyl nitrates improves their distribution in the TM5 3-D global
model when compared to independent aircraft measurements.

Using measurements taken at a variety of surface sites we show that applying the20

measured branching ratio of 1.0 % results in tropospheric mixing ratio of CH3ONO2
which are an order of magnitude too high. A previous estimate of the branching ratio
(4.5×10−3) derived from analysing chemical observations in the upper troposphere
is also too low to be able to capture observed mixing ratios at the surface. However,
adopting the lower limit for the branching ratio of 0.3 % allows the model to capture25

observed mixing ratios in the Southern Hemisphere without the need of any direct re-
gional oceanic source term, as well as contributing to the observed mixing ratios in the
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tropics resulting in a lower emission flux compared to that derived from observations
alone. For the tropical upper troposphere a significant low model bias exists across
a host of different sensitivity studies suggesting an as yet unknown missing chemical
precursor source. For the upper troposphere in the northern sub-tropics, the seasonal
and latitudinal distribution of NOy is generally improved when including a mixture of di-5

rect emissions and chemical production, although similar improvements are also simu-
lated when using a high oceanic emission term showing the need for tighter constraints
on the strength of the emission source. In general alkyl nitrates account for between
5–10 % of the observed NOy in the upper troposphere, being less important than either
PAN or HNO3.10

Finally, in terms of tropospheric O3, the increases which result from the additional
nitrogen introduced by the direct emission of alkyl nitrates are essentially reversed at
global scale when accounting for the sequestration of nitrogen due to the chemical
formation of CH3ONO2.

From this study we recommend that in order to improve the understanding and mod-15

elling of alkyl nitrates in the future three main uncertainties are addressed. Firstly, fur-
ther laboratory experiments should be performed to verify the chemical production of
CH3ONO2 and provide an independent branching ratio, which can then lead to more
concrete recommendations for atmospheric modellers. Secondly chemical measure-
ments in the remote Southern Hemisphere above open water should be made to es-20

tablish whether the direct oceanic flux only exists in the tropics. Thirdly the deposition
of a range of alkyl nitrates should be determined to better constraint the efficiency of
physical loss processes.

In terms of global modelling we suggest to include an oceanic flux for higher alkyl
nitrates where we have shown that this improves the distribution of these important25

nitrogen reservoirs in the remote tropics. Ideally a future study could derive a param-
eterization for oceanic emissions related to the distribution of phykto-plancton blooms
as measured from space and local wind speeds.
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Table 1a. Mixing ratios of CH3ONO2 measured at the surface over the last few decades.

Region Latitude Lat/Lon Mixing Reference
ratios (ppt)

NH 73◦ N 38◦ W ∼ 4 Swanson et al. (2003)
44◦ N 66◦ W ∼ 2 Roberts et al. (1998)

Tropics 20◦ N 156◦ W ∼ 4 Walega et al. (1992)
0–17◦ N 150◦ E–150◦ W 2–50 Dahl et al. (2005)

18◦ S–30◦ N 50◦ W–5◦ E 4–40 Chuck et al. (2002)
16–24◦ S 133–145◦ E ∼ 5 Simpson et al. (2002)

SH 70◦ S 8◦ W 8–10 Weller et al. (2002)
75.4◦ S 26.4◦ W 2–14 Jones et al. (2011)

88–90◦ S ALL ∼ 3–11 Swanson et al. (2004)
88–90◦ S ALL ∼ 4–13 Beyersdorf et al. (2010)
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Table 1b. The range of CH3ONO2 mixing ratios measured in the FT (between 2 and 10 km)
during research flights over the last few decades from various measurement campaigns.

Region Latitude Longitude Mixing Reference
ratios (ppt)

NH 40–85◦ N 60–110◦ W ∼ 2–4 Blake et al. (2003b)
30–40◦ N 20–40◦ W ∼ 2–3 Reeves et al. (2007)

Tropics/Mid Lat 2◦ S–60◦ N 115–155◦ W ∼ 3–4 Flocke et al. (1998a)
40◦ S–40◦ N 150◦ E-140◦ W 1–27 Blake et al. (2003a)

Global 60◦ S–80◦ N 160◦ E–150◦ W ∼ 3–40 Blake et al. (1999)
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Table 2. An overview of the sensitivity studies performed with TM5 to investigate the impact of
the chemical production of CH3ONO2 on global tropospheric composition.

Model Direct Branching Comments
simulation oceanic ratio

emissions

BASE NO N/A Default modified CB05 chemistry without CH3ONO2
and no oceanic emissions

EMISS YES N/A Adopting the emission estimates for CH3ONO2 from
Neu et al. (2008) between 10◦ S–10◦ N

DEMISS YES N/A Adopting an emission twice that of Neu et al. (2008)
between 10◦ S–10◦ N

LOWBR NO 0.3 % Lower uncertainty range from Butkovskaya et al. (2012)

HIGHBR NO 1.0 % Branching ratio measured by Butkovskaya et al. (2012)

EMISSPT YES 0.3 % Combined emissions and direct production

EMISSDD YES 0.3 % As EMISSPT except the dry deposition flux is
increased by 100 %

FLIGHT YES 0.045 % As LOWBR except adopting the branching ratio suggested in
Flocke et al. (2008) derived from measurements
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Table 3. The annual tropospheric chemical budget terms for CH3ONO2 for 2008 given in
TgNyr−1 for selected simulations.

EMISS DEMISS EMISSPT EMISSDD FLIGHT

Emission 0.286 0.573 0.143 0.143 0.143

NO+CH3O2 N/A N/A 0.995 0.993 0.074

OH+CH3ONO2 0.011 0.022 0.053 0.042 0.009
CH3ONO2 +hν 0.122 0.243 0.532 0.429 0.097

Dry Deposition 0.143 0.285 0.511 0.632 0.106
Wet Deposition 0.008 0.017 0.035 0.027 0.007
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Table 4. The annual tropospheric chemical budget terms for ORGNTR for 2008 as calculated
in the modified CB05 chemical mechanism as given in TgNyr−1 for selected TM5 simulations.
The term for total nitrogen deposition is defined as the sum of dry and wet deposition of NO2,
HNO3, ORGNTR and PAN.

BASE EMISSDD

Emission N/A 0.168

NO+XO2N 11.261 11.251
NO3 +C3H6 0.054 0.054
NO3 + ISOP 2.256 2.243
NO3 +TERP 0.981 0.978

OH+ORGNTR 1.258 1.286
ORGNTR+hν 4.380 4.490

Dry deposition 3.021 3.100
Wet deposition 6.175 6.317

Global burden 0.168 0.172

Total N deposition 48.418 48.590
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Table 5. The annual global chemical budget terms for tropospheric O3 given in TgO3 yr−1 for
selected simulations.

BASE EMISS EMISSPT EMISSDD

NO+HO2 2929.9 2941.0 2924.7 2919.6
NO+CH3O2 1130.6 1137.0 1125.7 1122.9
NO+XO2 458.7 459.0 458.1 458.0

Total 4518.7 4537.0 4508.5 4500.5

Dry Deposition 846.9 848.3 845.3 844.6

Trop. Burden 328.6 329.6 328.9 328.4

Trop. CO lifetime (days) 51.07 50.76 51.03 51.13
Trop. CH4 lifetime (yr) 8.15 8.11 8.17 8.18
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 746 

 747 

Figure 1: The annual mean distribution in CH3ONO2 during 2008. Both the zonal and 748 

horizontal means are shown (top and bottom, respectively) for EMISS. The right panels show 749 

the absolute differences for EMISSPT-EMISS given in ppt. 750 

 751 

Fig. 1. The annual mean distribution in CH3ONO2 during 2008. Both the zonal and horizontal
means are shown (top and bottom, respectively) for EMISS. The right panels show the absolute
differences for EMISSPT-EMISS given in ppt.
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Figure 2: The annually integrated global deposition flux of CH3ONO2 during 2008 from 758 

EMISSPT. The values are given in 106 mg N m-2 yr-1. 759 
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 761 

 762 

Fig. 2. The annually integrated global deposition flux of CH3ONO2 during 2008 from EMISSPT.
The values are given in 106 mgNm−2 yr−1.
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 764 

Figure 3: The annual global distribution in ORGNTR during 2008 given in ppb. Both the 765 

zonal and horizontal (< 800hPa) means are shown (top and bottom, respectively) for the 766 

BASE simulation. The absolute differences when compared against the EMISSPT simulation 767 

are also given, with differences being in the ppt range. 768 

 769 

 770 

 771 

 772 

Fig. 3. The annual global distribution in ORGNTR during 2008 given in ppb. Both the zonal and
horizontal (< 800 hPa) means are shown (top and bottom, respectively) for the BASE simula-
tion. The absolute differences when compared against the EMISSPT simulation are also given,
with differences being in the ppt range.
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Fig. 4. Daily mean mixing ratios of CH3ONO2 in the DEMISS, HIGHBR, EMISSPT and
EMISSDD simulations extracted at Cherborge (45◦ N, top), Mauna Loa (20◦ N, top middle),
Neumayer (70◦ S, bottom middle) and Halley Bay (75◦ S, bottom). When the scale allows we
also show the observed mixing ratios of CH3ONO2 available in the literature (green, see text for
details). The simulations shown are EMISS (black), HIGHBR (red), EMISSPT (dark blue) and
EMISSDD (cyan).
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Fig. 5. The flight routes of taken by the DC-8 (cyan) and P-3B (Green) during March 1999 as
part of the PEM-B Tropics campaign.
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Fig. 6. A comparison of the distribution of CH3ONO2 around the tropical Pacific Ocean as
measured during March 1999 in the PEM-Tropics B measurement campaign and simulated
in TM5. Comparisons are shown for EMISS (orange), DEMISS (blue), P_T_pt03 (dark blue),
EMISSPT (red) and EMISSDD (azure green). The reader should note the different scales on
the x-axis between latitudinal regions.
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Figure 7: A comparison of the distribution of higher alkyl nitrates as measured during March 802 

in the PEM-Tropics B measurement campaign and that simulated in the TM5 global CTM. 803 

The simulations shown are for BASE (blue) and EMISS (orange). 804 

 805 

Fig. 7. A comparison of the distribution of higher alkyl nitrates as measured during March in
the PEM-Tropics B measurement campaign and that simulated in the TM5 global CTM. The
simulations shown are for BASE (blue) and EMISS (orange).
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Fig. 8. A comparison of CARIBIC NOy measurement data (black) sampled in selected latitudinal
bins with corresponding model output for the BASE (yellow triangles), DEMISS (green) and
EMISSPT (blue). Also show is BASE NOy without the contribution from alkyl nitrates (red). The
1-σ variability in the observations is indicated by the dashed blue line.
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Figure 9a: The annual surface distribution of NOx integrated below 800hPa (top), along with 818 

the percentage differences introduced in the EMISS (middle) and EMISSDD (bottom) 819 

simulations with TM5. The percentage differences are calculated according to (BASE-820 

SENS/BASE)*100. In TM5 NOx is defined as the sum of NO, NO2, HNO4, N2O5 and  821 

 822 

Fig. 9a. The annual surface distribution of NOx integrated below 800 hPa (top), along
with the percentage differences introduced in the EMISS (middle) and EMISSDD (bot-
tom) simulations with TM5. The percentage differences are calculated according to
(BASE−SENS/BASE) ·100. In TM5 NOx is defined as the sum of NO, NO2, NO3, HNO4
and N2O5
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 825 

Figure 9b: As for Fig 9a except for tropospheric ozone. 826 

 827 

Fig. 9b. As for Fig. 9a except for tropospheric ozone.
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 831 

Figure 9c: As for Fig. 9a except for tropospheric OH. 832 

Fig. 9c. As for Fig. 9a except for tropospheric OH.
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