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Abstract. The global chemistry-climate model CAM-
Chem has been extended to incorporate an expanded
bromine and iodine chemistry scheme that includes nat-
ural oceanic sources of very short-lived (VSL) halocar-
bons, gas-phase photochemistry and heterogeneous reac-
tions on aerosols. Ocean emissions of five VSL bromo-
carbons (CHBr3, CH2Br2, CH2BrCl, CHBrCl2, CHBr2Cl)
and three VSL iodocarbons (CH2ICl, CH2IBr, CH2I2) have
been parameterised by a biogenic chlorophyll-a (chl-a) de-
pendent source in the tropical oceans (20◦ N–20◦ S). Con-
stant oceanic fluxes with 2.5 coast-to-ocean emission ratios
are separately imposed on four different latitudinal bands
in the extratropics (20◦–50◦ and above 50◦ in both hemi-
spheres). Top-down emission estimates of bromocarbons
have been derived using available measurements in the tropo-
sphere and lower stratosphere, while iodocarbons have been
constrained with observations in the marine boundary layer
(MBL). Emissions of CH3I are based on a previous inventory
and the longer lived CH3Br is set to a surface mixing ratio
boundary condition. The global oceanic emissions estimated
for the most abundant VSL bromocarbons – 533 Gg yr−1 for
CHBr3 and 67.3 Gg yr−1 for CH2Br2 – are within the range
of previous estimates. Overall the latitudinal and vertical
distributions of modelled bromocarbons are in good agree-
ment with observations. Nevertheless, we identify some is-
sues such as the reduced number of aircraft observations to
validate models in the Southern Hemisphere, the overesti-
mation of CH2Br2 in the upper troposphere – lower strato-
sphere and the underestimation of CH3I in the same region.
Despite the difficulties involved in the global modelling of
the shortest lived iodocarbons (CH2ICl, CH2IBr, CH2I2),

modelled results are in good agreement with published obser-
vations in the MBL. Finally, sensitivity simulations show that
knowledge of the diurnal emission cycle for these species,
in particular for CH2I2, is key to assess their global source
strength.

1 Introduction

Combined reactive bromine and iodine species can alter the
oxidative capacity of the troposphere through a number of
processes. These include the depletion of ozone through ef-
ficient catalytic cycles (e.g. von Glasow and Crutzen, 2007;
Saiz-Lopez et al., 2007; Read et al., 2008), the alteration of
the partitioning of HOx and NOx (e.g. Bloss et al., 2005),
the oxidation of dimethyl sulphide (DMS) (e.g. Boucher et
al., 2003), and the conversion of elemental mercury (Hg0)

to oxidized mercury (HgII ) (e.g. Schroeder et al., 1998;
Calvert and Lindberg, 2003; Holmes et al., 2010; Obrist et
al., 2011). Bromine compounds with a long enough tropo-
spheric lifetime can also be transported to the stratosphere
where they contribute to ozone depletion (e.g. WMO, 2007,
2011). While Solomon et al. (1994) speculated that iodine
abundances of 1 pptv and/or fast rate constants for the chem-
istry coupling between iodine and bromine-chlorine could
be of substantial importance to stratospheric ozone loss, the
latest Scientific Assessments of Ozone Depletion (WMO,
2007, 2011) indicate that it is unlikely that iodinated gases
are important for stratospheric ozone loss in the present day
atmosphere.
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Well known bromine sources include the long-lived an-
thropogenic halons, methyl bromide (CH3Br), very short-
lived bromocarbons, and release from sea-salt aerosols.
Halons are long-lived organic compounds containing
bromine and other halogen atoms, primarily used as fire ex-
tinguishing agents; because of their long tropospheric life-
time they are transported to the stratosphere where they
cause ozone depletion (e.g. Wamsley et al., 1998; Fraser
et al., 1999; Schauffler et al., 1999). Very short-lived
(VSL) halocarbons are defined as trace gases whose local
lifetimes are comparable to, or shorter than, tropospheric
transport timescales and that have non-uniform tropospheric
abundances; in practice, they are considered to be com-
pounds having atmospheric lifetimes of less than 6 months
(WMO, 2007, 2011). CH3Br is the most abundant bromi-
nated gas in the free troposphere and it has the longest tro-
pospheric lifetime of all bromocarbons (∼0.7 yr), exclud-
ing the halons (WMO, 2007). As a consequence, CH3Br
is one of the most important contributors to the bromine
loading in the lower stratosphere (Schauffler et al., 1993;
Kourtidis et al., 1998; Dvortsov et al., 1999). CH3Br
has sources of both natural and anthropogenic origin, in-
cluding agricultural and industrial fumigation, combustion
of leaded fuel, biomass burning, vegetation and terres-
trial ecosystems, and oceanic production (Warwick et al.,
2006b, and references therein). The most abundant bromi-
nated VSL species are predominantly of natural oceanic
origin: bromoform (CHBr3), dibromomethane (CH2Br2),
bromochloromethane (CH2BrCl), bromodichloromethane
(CH2BrCl2), dibromochloromethane (CHBr2Cl). Identified
sources for these compounds include macroalgae, ice algae
and phytoplankton (e.g. Sturges et al., 1992; Carpenter and
Liss, 2000; Quack and Wallace, 2003). Model studies (e.g.
Dvortsov et al., 1999; Salawitch et al., 2005; Kerkweg et al.,
2008; Brioude et al., 2010; Hossaini et al., 2010; Liang et al.,
2010; Schofield et al., 2011) have highlighted the importance
of bromocarbons for carrying bromine to the stratosphere. In
addition to the photochemical destruction of bromocarbons,
catalytic recycling on sea-salt aerosols also provides a source
of bromine to the atmosphere (Vogt et al., 1996; Sander et al.,
2003a). While sea-salt aerosol may be the main source of re-
active bromine in the marine boundary layer (MBL) (Sander
et al., 2003a), the photochemical breakdown of bromocar-
bons provides the main source of reactive bromine in the up-
per troposphere (Yang et al., 2005; Warwick et al., 2006a).

The oceans also provide the main source of iodine
to the atmosphere through volatilisation of methyl io-
dide (CH3I) and the more reactive but less commonly
reported dihalomethanes – chloroiodomethane (CH2ICl),
bromoiodomethane (CH2IBr) and diiodomethane (CH2I2).
Since numerous field studies found no clear correlation be-
tween iodinated and brominated substances in either air or
seawater, iodine compounds were thought to have a different
marine source to their brominated analogous. As an example,
Moore and Tokarczyk (1993) found higher bromocarbon

concentrations in coastal waters than in the pelagic zone,
consistent with sources of those compounds from macro-
algae, while CH2ICl was elevated in surface open ocean
waters, which can be interpreted as production by phyto-
plankton. However bromocarbons and iodocarbons are co-
produced by many macrophytes and they have been repeat-
edly observed together at elevated concentrations (Carpen-
ter et al., 1999, and references therein). CH3I is likely to
have both biological and non-biological sources in the ocean
(e.g. Yokouchi et al., 2008). While there are indications of
CH3I production by macro- (Moore and Tokarczyk, 1993;
Peters et al., 2005) and micro-algae (Moore et al., 1996),
numerous studies point to photochemical production in the
surface ocean rather than biological production as the domi-
nant source (Moore and Zafiriou, 1994; Happell and Wallace,
1996; Chuck et al., 2005; Yokouchi et al., 2008). Terres-
trial sources including rice paddies, wetlands, biomass burn-
ing, and terrestrial biomes also contribute to the release of
CH3I to the atmosphere (Bell et al., 2002, and references
therein). Other iodocarbons containing two or more halogen
atoms (e.g. the above mentioned CH2I2, CH2IBr, CH2ICl)
have been reported in the MBL at much lower concentrations
than CH3I (e.g. Jones et al., 2010). These three species are
referred to hereafter as CH2IX. Because of the short lifetimes
of iodinated compounds, ranging from a few days (CH3I) to
a few minutes (CH2I2), they are believed to be of impor-
tance mainly for the troposphere (WMO, 2011). However
CH3I, with a local lifetime of∼7 days, can reach the tropical
tropopause layer (TTL, defined as the layer with bottom at
the region of maximum convective outflow at about 12 km
altitude and upper end identical to the tropical cold point
tropopause at about 17 km altitude) if emitted in the vicin-
ity of deep convection cells (WMO, 2011).

A main difficulty for the modelling of bromine and io-
dine chemistry in the atmosphere is the description of the
organic sources from halocarbons as well as the inorganic
sources from sea-salt aerosols. Global emission magni-
tudes and distributions are not well constrained because of
their high geographical and temporal variability. One of the
first attempts to include both organic and inorganic bromine
sources in a chemistry transport model (CTM) is that by
Yang et al. (2005). Several emission scenarios of VSL bro-
mocarbons are found in the literature. Among the most com-
prehensive studies focusing on their sources are those carried
out by Warwick et al. (2006a), Kerkweg et al. (2008), and
Liang et al. (2010). Warwick et al. (2006a) created a number
of bromoform emission data sets, with different geographic
distributions, to test flux predictions against atmospheric
measurements and assess how well these observations con-
strain oceanic and coastal emissions. They scaled the emis-
sion fields of the other bromocarbons to the CHBr3 emis-
sion field. Liang et al. (2010) derived a “top-down” emis-
sion scenario – i.e. an emission inventory based on speci-
fied geographically distributed observed or estimated param-
eters such as measurements of background concentrations –
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of CHBr3 and CH2Br2 using observations from some NASA
aircraft campaigns as constraints. Hossaini et al. (2010) de-
veloped a detailed chemical scheme for the degradation of
these two source gases in a CTM to predict their distribution
and that of their organic product gases. To our knowledge
only Kerkweg et al. (2008) and Hossaini et al. (2012) have
presented a detailed comparison of modelled profiles of other
brominated VSL bromocarbons together with CH3Br against
aircraft measurements in the tropics. Some global modelling
studies have simulated the atmospheric distribution of CH3I,
and used it as a tracer of marine convection (Bell et al., 2002)
or evaluated its effects on stratospheric ozone (Brioude et al.,
2010; Youn et al., 2010). The inclusion of iodine-containing
dihalometanes (CH2IX) in global models is much more prob-
lematic because of the lack of observations and therefore the
very limited knowledge on the magnitude and geographical
location of their sources.

Here we present the first implementation of VSL oceanic
sources and tropospheric chemistry of bromine and iodine in
a chemistry-climate model. We have derived an emission in-
ventory for very short-lived bromocarbons (CHBr3, CH2Br2,
CH2BrCl, CHBrCl2, CHBr2Cl) and iodocarbons (CH2ICl,
CH2IBr, CH2I2) using a compilation of aircraft campaigns
and some observations available in the MBL, respectively.

2 General model description

CAM-Chem is the global three-dimensional Community At-
mosphere Model (CAM) (Gent et al., 2010), modified to
include interactive chemistry and calculate distributions of
gases and aerosols. CAM-Chem has recently been used in
a variety of applications (e.g. Lamarque et al., 2010, 2011;
Lamarque and Solomon, 2010) in the same configuration
as used here, i.e. with a horizontal resolution of 1.9◦ (lati-
tude)× 2.5◦ (longitude) and 26 hybrid vertical levels from
the surface to approximately 40 km, and a model timestep
of 30 min. To successfully simulate the chemistry above
100 hPa, the model includes a representation of stratospheric
chemistry (including polar ozone loss associated with strato-
spheric clouds) from the version 3 of MOZART (MOZART-
3) (Kinnison et al., 2007) while the tropospheric chemistry
mechanism is that of MOZART-4 (Emmons et al., 2010).
For this study, we use a simplified tropospheric chemistry
scheme with a prescribed monthly OH field taken from an in-
tegration for 2004 of a full chemistry version of MOZART-4
(Emmons et al., 2010). The global mean mass weighted OH
concentration in the troposphere calculated for this OH field
following Lawrence et al. (2001) is 1.1× 106 molecule cm−3

and yields an atmospheric methane lifetime of∼8.3 yr. The
scope of CAM-Chem has been extended to include natural
sources of VSL halocarbons from the ocean; reactive chlo-
rine, bromine and iodine species; related photochemical, gas-
phase and heterogeneous reactions, as well as dry and wet
deposition for relevant species (see details in Sect. 3).

In CAM-Chem, sulphate aerosol is formed by the oxida-
tion of SO2 in the gas phase (by reaction with the hydroxyl
radical) and in the aqueous phase (by reaction with ozone
and hydrogen peroxide) (Tie et al., 2001, 2005). The model
includes a representation of ammonium nitrate that is depen-
dent on the amount of sulphate present in the air mass follow-
ing a parameterisation of gas/aerosol partitioning (Metzger
et al., 2002). Since only the bulk mass is calculated, a log-
normal distribution is assumed for all aerosols using differ-
ent mean radii and geometric standard deviations (Liao et al.,
2003). We use a 1.6-day exponential lifetime for the conver-
sion from hydrophobic to hydrophilic carbonaceous aerosols
(organic and black). Mineral dust and sea salt aerosols are
also implemented following Mahowald et al. (2006a, b), and
the sources of these aerosols are derived based on the model-
calculated wind speed and surface conditions.

At the lower boundary, the time-varying (monthly values)
zonally-averaged distributions of CO2, CH4, H2, N2O and
all the long-lived halocarbons treated in the model (CFC-
11, CFC-12, CFC-113, HCFC-22, H-1211, H-1301, CCl4,
CH3CCl3, CH3Cl and CH3Br) are specified following their
observed surface concentration for 2000. For the model sim-
ulations presented here, climatological sea surface temper-
atures and sea-ice extent (Rayner et al., 2003) are set as
boundary conditions. Therefore, CAM-Chem only solves
for the atmospheric and land portions of the climate system
and the simulations do not pertain to any specific year. The
model results shown here correspond to the last 1-yr simula-
tion from a set of sequential simulations where VSL halocar-
bon emission sources were gradually optimised (see Sect. 4).

3 Chemistry of VSL halogen species in CAM-Chem

A comprehensive list of photochemical reactions and phys-
ical processes of the tropospheric halogen mechanism in
CAM-Chem is shown in the Supplement. The mechanism
follows that of the 1-dimensional Tropospheric HAlogen
chemistry MOdel (THAMO) (Saiz-Lopez et al., 2008). In
CAM-Chem, the five most abundant VSL bromocarbons
(CHBr3, CH2Br2, CH2BrCl, CHBrCl2, CHBr2Cl) and CH3I
are atmospherically processed via reaction with OH (see Ta-
ble 1 in the Supplement) and photolysis (see Table 3 in the
Supplement). The three shortest lived iodocarbons included
in the model, i.e. CH2ICl, CH2IBr and CH2I2, with lifetimes
of hours to minutes, are only removed by photolysis. Sim-
ilarly to most modelling studies we rely on the assumption
that bromine from photo-oxidised VSL bromocarbons is im-
mediately transformed to inorganic bromine. Model sim-
ulations with a detailed chemical scheme for the degrada-
tion of CHBr3 and CH2Br2 indicate that such an assumption
seems reasonable (Hossaini et al., 2010). The same applies
to the photochemical breakdown of iodocarbons in CAM-
Chem, with the exception of the removal of CH3I by reaction
with OH. This reaction yields the intermediate product CH2I,
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which does not undergo further oxidation in the model; how-
ever this does not have a significant impact on the chemistry
since this loss is negligible compared to photolysis. Rates of
these and other reactions are calculated using temperature-
dependent expressions from JPL 02-25 (Sander et al., 2003b)
and JPL 06-02 (Sander et al., 2006) when available. To our
knowledge there is not enough data for the reaction ratesk

(CHBrCl2 + OH) andk (CHBr2Cl + OH), and only estimates
at 298 K (k298) are available for the first reaction (Bilde et
al., 1998). For these two species we have adopted the ac-
tivation energy ofk (CHBr3 + OH) and scaled theA factor
in the corresponding Arrhenius temperature-dependent ex-
pression to return the observedk298 (CHBrCl2 + OH) value.
Photolysis rates of VSL halocarbons and other species are
calculated using the absorption cross-sections and quantum
yields reported in Atkinson et al. (2000, 2006) and Sander et
al. (2006). Further detailed information on the tropospheric
halogen chemistry scheme of CAM-Chem is given in the
Supplement.

4 Oceanic emissions of VSL halocarbons in
CAM-Chem

4.1 Background

A number of meridional surveys over the Atlantic and Pacific
oceans have reported atmospheric concentrations of CHBr3
and other bromocarbons. Class and Ballschmiter (1988) re-
vealed maximum concentrations of CHBr3 and to a lesser
extent of CH2Br2 and bromochloromethanes over the trop-
ical East Atlantic near 10◦ N. Atlas et al. (1993) found a
broad maximum of CHBr3 and CH2Br2 near the equator
where maximum chlorophyll was observed during a Pacific
cruise. Similarly, air samples collected during the PEM-
Tropics missions showed larger mixing ratios of CHBr3,
CH2Br2, CHBr2Cl and CHBrCl2 in the tropics relative to
mid-latitudes (Schauffler et al., 1993). These results point
to significant marine biogenic sources of these species over
the tropics. A review on bromoform’s contribution to atmo-
spheric chemistry showed that sea-air exchange is the main
source for atmospheric bromoform, which is produced in the
surface water by highly variable in space and time macroal-
gal sources and by planktonic organisms, while the anthro-
pogenic bromoform sources due to water chlorination consti-
tute a minor contribution of the global total emission (Quack
and Wallace, 2003). They reported a number of studies that
found correlation between chlorophyll-a (chl-a) and water
bromoform in several open oceanic regions, while some stud-
ies in shelf areas did not yield such correlations possibly
because the biotic correlation was masked by local anthro-
pogenic contamination due to water chlorination. More re-
cently, Carpenter et al. (2007) confirmed a widespread and
productive source of CHBr3 in the northwest African coastal
upwelling system between about 10◦ N and 25◦ N, and noted

a potential very strong source of tropical macroalgae. Ele-
vated seawater and air concentrations of CHBr3 and CH2Br2
were found in the high chl-a containing waters of that re-
gion, particularly for 16◦–20◦ N, 16◦–18◦ W (Carpenter et
al., 2009). Yamamoto et al. (2001) also observed depth
profiles of iodocarbons (CH2I2 and CH2ICl) very similar to
those of chl-a in seawater collected from the Bay of Bengal
under tropical stratified conditions, suggesting production by
phytoplankton followed by rapid decay in seawater. The bro-
mocarbons they observed (CHBr3 and CH2Br2) were less lo-
calized in their distributions, suggesting a longer residence
time in seawater after their release from phytoplankton.

Numerous studies have reported correlations among the
atmospheric concentrations of VSL bromocarbons in the
MBL at different locations over coastal areas and the open
ocean, and interpreted them in terms of common marine
sources (Carpenter et al., 1999, 2003, 2009; Carpenter and
Liss, 2000; Yokouchi et al., 2005). As an example, Car-
penter and Liss (2000) found that despite considerable vari-
ability in their concentrations, ratios of other bromocarbons
to that of CHBr3 remained reasonably constant in differ-
ent air masses, implying that the source emission ratios of
these compounds are conserved over widespread regions.
Youkuchi et al. (2005) found that the ratios of CH2Br2 and
CHBr2Cl to bromoform showed a clear tendency to decrease
with increasing CHBr3 concentration, which is consistent
with emissions from macroalgae localised to coastal areas
and with the fact that CHBr3 has the shortest lifetime among
these compounds. Some of these analyses used background
concentrations and ratios of bromocarbons, and assumed that
they were globally representative to estimate their global
emission rates (e.g. Yokouchi et al., 2005, and references
therein; Carpenter et al., 2009, and references therein). Other
model studies have estimated global emissions of bromocar-
bons based on top-down methods (e.g. Warwick et al., 2006a;
Liang et al., 2010). They have assumed that bromocarbon
emissions are highest in the tropics – e.g. between 20◦ N and
20◦ S in Scenario 5 of Warwick et al. (2006a) or between
10◦ N and 10◦ S in Liang et al. (2010) – significantly lower in
the mid-latitudes (Warwick et al., 2006a; Liang et al., 2010),
and null (Warwick et al., 2006a) or a small fraction of the
total global amount (Liang et al., 2010) for latitudes over 50◦

in both hemispheres.
Progress has been made in understanding the sources of

iodine to the atmosphere over the last few years, with a fo-
cus primarily on CH3I and secondarily on CH2IX. How-
ever, at present time there is no consensus on the origin,
strength and geographical distribution of their sources. As
discussed earlier, numerous studies point to photochemical
production in the surface ocean as the dominant source of
CH3I. Bell et al. (2002) parameterised the marine produc-
tion of CH3I as a scaled product of the solar radiation flux
at the surface and the dissolved organic carbon (DOC) con-
centration over the ocean. Based on estimates of macroal-
gal iodine sources to the atmosphere by Giese et al. (1999),
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the 2002 Scientific Assessment of Ozone Depletion (WMO,
2003) suggested that polyhalogenated iodine compounds re-
leased from macroalgae (CH2ICl, CH2IBr, CH2I2) make a
very small contribution to the global iodine budget. However
recent observations and 1-D model calculations by Jones et
al. (2010) conclude that the combined ocean-to-atmosphere
flux of these species provides a global iodine source compa-
rable to that of CH3I, and a surface iodine atom source 3–
4 times higher due to their rapid photolysis rates. New lab-
oratory data (Martino et al., 2009) also point to production
of iodocarbons in seawater as the result of a purely chem-
ical process depending on the presence of ozone, dissolved
iodide, and dissolved organic matter (DOM). To our knowl-
edge there have been no attempts to incorporate VSL iodine
sources apart from those of CH3I into global models.

4.2 Implementation of VSL halogenated sources in
CAM-Chem

We have implemented natural oceanic sources of halocar-
bons in CAM-Chem following previous reports on (i) the
enhanced levels of bromocarbons over the tropics, (ii) the
known biological sources of both bromocarbons and iodocar-
bons, (iii) the correlations found among some of these
species, and (iv) their enhanced emissions over coastal areas.
Our methodology is also based on that developed for bro-
mocarbon emissions by previous model studies (e.g. Yang
et al., 2005; Warwick et al., 2006a; Kerkweg et al., 2008;
Sousa Santos, 2008; Liang et al., 2010). The halogenated
VSL species included in CAM-Chem are five bromocar-
bons (CHBr3, CH2Br2, CH2BrCl, CHBrCl2, CHBr2Cl),
three iodine-containing dihalomethanes (CH2ICl, CH2IBr
and CH2I2), and CH3I. Note that CH3Br is also consid-
ered here. To determine the emissions of bromocarbons and
iodocarbons (except for CH3I and CH3Br) we have used a
compilation of measurements from a number of aircraft cam-
paigns (see Table 1 and Fig. 1) and available observations in
the MBL (see Table 2), respectively.

Following the work carried out by Sousa Santos (2008)
to implement oceanic emissions of VSL bromocarbons in
MOZART-4, we have correlated the production of bromo-
form to the biologically active areas in the tropical regions
using a monthly climatology of chl-a provided by the Sea-
WIFS project for 1998–2003. These satellite data show a
strong concentration enhancement in the tropical upwelling
coastal regions that is related to efficient transport of nutri-
ents to the surface waters and consequently to high primary
production. The correlation between high productivity areas
and primary halocarbon production is used to constrain bro-
moform emissions following the geographical distribution of
the chl-a field in the latitude range from 20◦ N to 20◦ S. In
the mid- and high-latitudes for both hemispheres (20◦–50◦

and above 50◦, respectively) we consider a constant oceanic
flux for each of those four latitudinal bands as well as 2.5
higher emission fluxes over the coastal areas to account for

the stronger sources there compared to the open ocean. This
2.5 factor was found to yield a good fit between bromoform
mixing ratios simulated by MOZART-4 and boundary layer
measurements made during PEM-Tropics A and B (Sousa
Santos, 2008). In the current version of CAM-Chem we do
not attempt to represent the emissions associated with ice al-
gae at the ice-water interface (Sturges et al., 1992, 1997),
and therefore set emissions to null over the grid cells with
ice fraction larger than zero.

We assume that the emission of bromoform and other VSL
halocarbons is photosynthetically driven and depends on the
actinic flux, with a diurnal variation described by a Gaus-
sian profile peaking at noon and null at night. In our initial
configuration, 70 % of the total CHBr3 flux was emitted in
the tropics (20◦ S–20◦ N) following the chl-a field, while the
non-chlorophyll-dependent emissions contributed to 25 % in
the mid-latitudes (20◦–50◦), and the remaining 5 % in high
latitudes (above 50◦). This amounts to an initial annual
global CHBr3 flux of ∼480 Gg yr−1, value within the esti-
mates given by Warwick et al. (2006a) and Liang et al. (2010)
shown in Table 3. The geographical distribution of the re-
maining VSL bromocarbon emission fluxes is equivalent to
that used for bromoform, as previously assumed by Warwick
et al. (2006a). To derive the total emission sources we have
initially applied the molar emission ratios of these species to
bromoform according to previous literature reports and com-
parisons between collocated background observations (see
details in Sousa Santos, 2008): 0.25 for CH2Br2, 0.04 for
CH2BrCl, 0.06 for CHBr2Cl and 0.05 for CHBrCl2. This
approach can be summarised with the following formula:

E = 1.127×105
×f ×r ×chl-a (1)

where

– E = emission flux of a given species
(molecule cm−2 s−1)

– f = factor equal to 2 for CHBr3, 0.50 for CH2Br2, 0.08
for CH2BrCl, 0.12 for CHBr2Cl and 0.10 for CHBrCl2.
Note that these are tentative values used so that our bro-
mocarbon emission ratios coincide with those derived
by Sousa Santos (2008). They were initially applied
throughout the global oceans, but they were later modi-
fied separately for each species and latitudinal band dur-
ing the iterative approach discussed below.

– r = factor equal to 2.5 for coastal areas outside the
tropics (i.e. model grid cells outside 20◦ S–20◦ N, with
0< land fraction< 1), and equal to 1 everywhere else
over the global oceans and the tropical coastal areas.

– chl-a = chlorophyll-a 8-bit values (0–255) from a
monthly climatology of SeaWIFS for the 1998–2003
period.

A 1-yr CAM-Chem simulation was conducted using these
emission fluxes, taking initial conditions from the end of a
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Fig. 1. Flight tracks of the aircraft campaigns analysed in this study. The upper and lower plots include the missions that have been used for
the evaluation of halocarbon vertical profiles in the troposphere (1000–200 hPa) and the UTLS region (300–50 hPa), respectively. See more
details in Table 1.

Table 1. Summary of the airborne observations used to estimate and evaluate VSL bromocarbon (i.e. CHBr3, CH2Br2, CH2BrCl, CHBrCl2,
CHBr2Cl) emissions in CAM-Chem. CH3Br and CH3I measurements were only used for the evaluation of these two species in the model.
See flight tracks in Fig. 1.

Mission Period Species measured Reference

PEM-Tropics A Aug–Oct 1996 CHBr3, CH2Br2, CHBrCl2, CHBr2Cl, CH3Br, CH3I Hoell et al. (1999)
PEM-Tropics B Mar–Apr 1999 CHBr3, CH2Br2, CHBrCl2, CHBr2Cl, CH2BrCl, CH3Br, CH3I Raper et al. (2001)
TRACE-P Feb–Apr 2001 CHBr3, CH2Br2, CHBrCl2, CHBr2Cl, CH2BrCl, CH3Br, CH3I Jacob et al. (2003)
INTEX-A Jul–Aug 2004 CHBr3, CH2Br2, CH3Br, CH3I Singh et al. (2006)
INTEX-B Mar–May 2006 CHBr3, CH2Br2, CH3Br, CH3I Singh et al. (2009)
TC4 Jul–Aug 2007 CHBr3, CH2Br2, CHBrCl2, CHBr2Cl, CH2BrCl, CH3Br, CH3I Toon et al. (2010)
ARCTAS Apr, Jun and Jul 2008 CHBr3, CH2Br2, CH3Br, CH3I Jacob et al. (2010)
STRAT Jan, Feb, Jul, Aug and Dec 1996 CHBr3, CH2Br2, CHBr2Cl, CH3Br Schauffler et al. (1999)
POLARIS Apr–Jul and Sep 1997 CHBr3, CH2Br2, CHBrCl2, CH2BrCl, CH3Br Newman et al. (1999)
SOLVE Dec 1999 and Jan–Mar 2000 CHBr3, CH2Br2, CHBr2Cl, CH3Br Newman et al. (2002)
Pre-AVE Jan–Feb 2004 CHBr3, CH2Br2, CHBr2Cl, CH3Br, CH3I Hagan et al. (2004)
H-AVE II Jun 2005 CHBr3, CH2Br2, CHBr2Cl, CH3Br, CH3I Kroon et al. (2008)
CR-AVE Jan–Feb 2006 CHBr3, CH2Br2, CHBr2Cl, CH3Br, CH3I Kroon et al. (2008)
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C. Ordóñez et al.: Description and evaluation of very short-lived oceanic sources 1429

Table 2. Summary of the observations in the MBL used for the evaluation of iodine-containing dihalomethanes in CAM-Chem.

Location (latitude) Type Species Reference

Southern ocean (49◦–36◦ S) Open ocean CH2ICl Chuck et al. (2005)
Cape Grim, Tasmania (41◦ S) Coast (cliff top) CH2ICl, CH2IBr, CH2I2 Carpenter et al. (2003)
Christmas Island (2◦ N) Open ocean CH2ICl Varner et al. (2008)
Tropical/Subtropical East Atlantic (20◦ S–28◦ N) Open ocean CH2ICl Chuck et al. (2005)
Hawaii (20◦ N) Open ocean CH2ICl Varner et al. (2008)
Tropical East Atlantic (16◦–23◦ N) Upwelling CH2ICl, CH2IBr, CH2I2 Jones et al. (2010), Lee et al. (2010)
Tropical East Atlantic (15◦–25◦ N) Open ocean CH2ICl, CH2IBr, CH2I2 Jones et al. (2010), Lee et al. (2010)
Hateruma Island, Japan (24◦ N) Open ocean CH2ICl, CH2I2 Yokouchi et al. (2011)
Tropical East Atlantic (26◦–36◦ N) Open Ocean CH2ICl, CH2IBr, CH2I2 Jones et al. (2010), Lee et al. (2010)
Thomson Farm, USA (43◦ N) Coast CH2ICl Varner et al. (2008)
Cape Ochiishi, Japan (43◦ N) Coast CH2ICl, CH2I2 Yokouchi et al. (2011)
Roscoff, France (49◦ N) Coast CH2ICl, CH2IBr, CH2I2 Jones et al. (2009)
Mace Head, Ireland (53◦ N) Coast CH2ICl, CH2IBr, CH2I2 Carpenter et al. (1999, 2003)
Norfolk, England (53◦ N) Coast CH2ICl Baker et al. (2001)
Dageb̈ull, North Sea (55◦ N) Coast CH2ICl, CH2IBr Peters et al. (2005)
North East Atlantic (55◦–57◦ N) Shelf CH2ICl, CH2IBr, CH2I2 Jones et al. (2010)

Table 3. Global annual fluxes and global annual average pho-
tochemical lifetime of VSL halogenated source gases of oceanic
origin.

Source gas
Global annual flux (Gg yr−1) Lifetime

This study Literature (this study)

CHBr3 533 400a, 595b, 448d 17 days
CH2Br2 67.3 113c, 62d 130 days
CH2BrCl 10.0 6.8c 145 days
CHBr2Cl 19.7 23c 56 days
CHBrCl2 22.6 16c 46 days
CH3Br∗ climatology 131c 1.6 yrg

CH3I∗∗ 303 304e 5 days
CH2ICl 234 236f 8 h
CH2IBr 87.3 87f 2.5 h
CH2I2 116 116f 7 min

∗ CH3Br has been included here for completeness. However it cannot be considered
as VSL or of only oceanic origin, since its lifetime is longer than 6 months and it has
some non-oceanic sources. The ocean is both a sink and a source for this gas.
∗∗ The emission of CH3I in CAM-Chem comes from the inventory of Bell et al. (2002),
which includes both oceanic and terrestrial fluxes.
a Scenario A from Warwick et al. (2006a). Also used in Yang et al. (2005).
b Scenario B from Warwick et al. (2006a). Also used in Kerkweg et al. (2008).
c Scenario A and B from Warwick et al. (2006a). Also used in Yang et al. (2005) and
Kerkweg et al. (2008).
d Top-down estimate of Liang et al. (2010), referred to as Scenario A in that paper.
e Bell et al. (2002).
f Fluxes estimated from air and sea water measurements and 1-D atmospheric mod-
elling (Jones et al., 2010).
g Atmospheric lifetime due to photochemical reactions. It does not include additional
sinks such as ocean and soil uptake, which would reduce it to around 0.7 yr.

6-yr CAM-Chem simulation that already included VSL halo-
genated sources.

Following a top-down approach similar to that of Liang
et al. (2010), we have carried out a set of sequential 1-yr
model simulations and compared modelled bromocarbon
mixing ratios with aircraft observations mainly within the
troposphere (see Fig. 1, top) to gradually optimise the
emission ratios assumed for these species over each of the
five latitudinal bands. Note that only during PEM-Tropics A
and B there were some flights south of 30◦ S, and not all with
measurements for the different VSL species of interest. In
order to extend the coverage of observations, we have also in-
cluded surface observations for the two most abundant VSL
bromocarbons, i.e. CHBr3 and CH2Br2. We use published
mixing ratios of CHBr3 over open oceans prior to 2003 from
Quack and Wallace (2003). We also include NOAA/CMDL
cruise measurements of CH2Br2 from 1994 to 2004 from
the following missions: BLAST I (January–February 1994,
Eastern Pacific), BLAST II (October–November 1994,
Atlantic), BLAST III (February–April 1996, Antarctic),
GasEx (May–July 1998, North Eastern Pacific and North At-
lantic), BACPAC (September–October 1999, North Pacific),
CLIVAR (November–December 2001, Southern oceans) and
PHASE I (June–July 2004, North Pacific) (data available at:
ftp://ftp.cmdl.noaa.gov/hats/ocean/Ocean%20GCMS%20Da
ta%201994-2004/; Butler et al., 2007). These surface obser-
vations of CHBr3 and CH2Br2 were mainly used to improve
our flux estimates in the southern mid and high-latitudes.
Each iterative simulation starts with initial conditions from
the end of the previous one. A number of simulations were
needed to obtain a reasonably good agreement between
modelled and observed atmospheric mixing ratios in order
to derive the total emission fluxes as well as to ensure that
all VSL halocarbons reached steady state.
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As an example, Fig. 2 illustrates the resulting global dis-
tribution of the CHBr3 emission flux in July. The final
global totals estimated following this approach are reported
in Table 3 together with those from previous model studies.
Our global estimate for CHBr3 (533 Gg yr−1) is within the
range estimated by other global models (400–595 Gg yr−1),
while our estimate for CH2Br2 (67.3 Gg yr−1) is consider-
ably smaller than the 113 Gg yr−1 estimated by Warwick et
al. (2006a) and slightly higher than the more recent value
of 62 Gg yr−1 reported by Liang et al. (2010). There are
more discrepancies in the emission estimates for the least
abundant bromocarbons treated here (CH2BrCl, CHBr2Cl,
CHBrCl2), most probably because of the uncertainties aris-
ing from the lack of measurements for these species; how-
ever the emission estimates are within 30 % agreement with
other reported estimates. Note that the combined mass emis-
sion flux of CHBr3 and CH2Br2 contributes more than 90 %
to the total VSL bromocarbon flux. The global Br mass flux
from VSL halocarbons in CAM-Chem (600 Gg Br yr−1) is
comparable to previous model estimates of 513 Gg Br yr−1

(Yang et al., 2005; Scenario A of Warwick et al., 2006a) and
698 Gg Br yr−1 (Scenario B of Warwick et al., 2006a; Kerk-
weg et al., 2008).

Regarding the geographical emission distribution, the per-
centages of CHBr3 and CH2Br2 emitted for each latitudinal
band are shown in Table 4. The contribution of CHBr3 emis-
sions in the northern mid- and high latitudes is higher than
that within the corresponding latitude bands in the Southern
Hemisphere (SH). Although a similar result was previously
found by Liang et al. (2010) (see their Table 1), there is no
clear explanation for the higher fluxes in the Northern Hemi-
sphere (NH) apart from the larger extent of coastal areas
there. The inter-hemispheric differences found by this top-
down analysis for CH2Br2 emission fluxes are even larger,
with fluxes in the NH doubling those in the SH. It is possible
that these estimates are too low in the SH as a consequence
of the lack of aircraft observations there. The use of the
rather sparse surface observations of CHBr3 and CH2Br2 in
the flux calculation only yields a slight increase in the emis-
sion fluxes initially estimated from aircraft observations over
the SH. This will be further discussed in Sect. 5.1.

To derive the total emission fluxes for CH2ICl, CH2IBr
and CH2I2, we followed a similar approach to that of the VSL
bromocarbons, i.e. the CH2IX emission fluxes consist of a
chlorophyll-based source in the tropics (20◦ N–20◦ S) as well
as constant oceanic fluxes with a coast-to-ocean emission ra-
tio of 2.5 for each of the other four latitudinal bands. The
initial ratios to the chl-a field were set to match the global
totals of Jones et al. (2010), which amount to∼440 Gg yr−1

of CH2IX (see Table 3). This results inf factors in Eq. (1)
of 1.41 for CH2ICl, 0.42 for CH2IBr and 0.46 for CH2I2.
With the iterative 1-yr model simulations conducted to opti-
mise bromocarbon emissions we have also tested the impact
of the diurnal profile of emissions and the coast-to-ocean
emission ratio on the CH2IX flux strength. The modelled

Fig. 2. Global emission distribution of CHBr3 estimated for July.

CH2IX mixing ratios were compared with surface observa-
tions available in the literature (see Table 2). However the
very limited number of measurements available for these
species makes it difficult to determine the magnitude and dis-
tribution of the iodine sources. A configuration with global
totals matching those of Jones et al. (2010), a latitudinal dis-
tribution with strong sources in the tropics gradually decreas-
ing towards the high-latitudes (∼66 % of the total flux within
20◦ N–20◦ S, 15 % for 20◦–50◦ N, 15 % for 20◦–50◦ S, and
4 % above 50◦), a coast-to-ocean emission ratio of 2.5 out-
side the tropics, and a Gaussian diurnal emission profile
is finally used. The global totals of the CH2IX emission
fluxes are indicated in Table 3. Results from the compari-
son between observations and modelled fields are presented
in Sect. 5.3, which also includes some analyses of the diurnal
cycle of emissions.

The emissions of CH3I in CAM-Chem are taken from the
emission inventory of Bell et al. (2002). They include a ma-
jor oceanic source (213 Gg yr−1) as well as some land-based
sources that may be regionally important. CH3I fluxes from
rice paddies (71 Gg yr−1) are stronger than the other land-
based sources – wetlands, biofuel and biomass burning –
which amount to around 20 Gg yr−1, yielding a global CH3I
flux of 304 Gg yr−1. CH3Br has a sufficiently long lifetime
to be well-mixed in the troposphere and we impose a surface
air concentration of 9 ppt based on observations for 2000.
Available aircraft measurements of CH3I and CH3Br are also
used to evaluate the atmospheric mixing ratios of these two
species in CAM-Chem.

The global annually integrated atmospheric lifetimes due
to photochemical loss for the halocarbon species considered
here are reported in Table 3. The atmospheric lifetime of a
given halocarbon is calculated as the ratio of its global atmo-
spheric burden to the total removal rate from the atmosphere
by photolysis and reaction with OH as simulated by CAM-
Chem. Overall, the lifetimes of the most abundant VLS bro-
mocarbons (CHBr3, CH2Br2) and iodocarbons (CH3I) sim-
ulated by CAM-Chem are in good agreement with recent
literature estimates, though in some cases close to the lower
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Table 4. Emission distribution of CHBr3 and CH2Br2 in
CAM-Chem.

Emission distribution (%)

CHBr3 CH2Br2

50◦–90◦ N 2.8 2.6
20◦–50◦ N 22.5 22.1
20◦ N –20◦ S 55.6 63.1
20◦–50◦ S 17.6 10.6
50◦–90◦ S 1.5 1.6

limits: 17 days for CHBr3 compared to 20 days in Kerk-
weg et al. (2008) and Liang et al. (2010), and 15–37 days
depending on the geographical distribution of emissions in
Warwick et al. (2006a); 130 days for CH2Br2 compared to
100 days in Kerkweg et al. (2008) and 140 days in Liang et
al. (2010), and 5 days for CH3I, somewhat shorter than the
6 days reported in Bell et al. (2002) and less than half the
value (11 days) calculated in Youn et al. (2010). The life-
time reported here for CH3Br (1.6 yr) is in line with pre-
vious estimates inferred from measurements (e.g. 1.7 yr in
Yvon-Lewis and Butler, 1997, and references therein) and
is also within the 1.5–1.8 yr (depending on the meteorologi-
cal fields) simulated by Kinnison et al. (2007); note that this
lifetime does not include additional sinks (e.g. ocean and soil
uptake), which would reduce it to around 0.7 yr as estimated
by Warwick et al. (2006b). CHBr3 and CH3I are removed
mostly by photolysis; reaction with OH controls the lifetimes
of CH2Br2 and CH3Br in the troposphere, while both loss
terms are comparable to each other in the stratosphere.

5 Comparison with observations and discussion

In this section the simulated bromocarbons and CH3I mix-
ing ratios are compared with a composite of atmospheric ob-
servations from a number of aircraft campaigns. Additional
surface data are also employed for comparison with modelled
CHBr3 and CH2Br2. The simulated CH2IX mixing ratios are
evaluated with published observations in the MBL.

5.1 Latitudinal distribution of bromocarbons

We compare modelled and observed bromocarbon mixing ra-
tios within the following tropospheric layers: 1000–800 hPa,
800–600 hPa and 600–400 hPa. Note that the number of
available measurements tends to be somewhat higher for
600–400 hPa than for 1000–800 hPa. This comparison was
done on a monthly and seasonal basis, merging observations
for the same month or season from aircraft campaigns that
took place on different years. As a consequence, a 1-yr
simulation cannot account for year-to-year variability in the
atmospheric mixing ratios of halocarbons caused by differ-
ences in physical processes (e.g. convection, mixing of MBL

air, horizontal advection, solar irradiance) or the influence of
various natural and even anthropogenic sources during each
campaign. In the following, for all analyses shown here,
modelled fields are sampled at the same locations and during
the same months as the observations. As an example, Figs. 3
and 4 show seasonal composites for CHBr3 and CH2Br2 in
the boreal spring and summer within 1000–800 hPa as well
as scatter-plots of modelled vs. observed fields for the three
tropospheric layers mentioned above. Correlations between
model and observations are generally higher for well-mixed
air masses in the mid- to upper troposphere compared to
those in the lower troposphere as well as for the relatively
long-lived CH2Br2 compared to CHBr3, which is more af-
fected by local sources. Such sources are evident from the
underestimation of some observations in the model, in par-
ticular during summer when the aircraft flew over the North
American continent as well as in a region over the Gulf
of Mexico, and the tropical Eastern Pacific in the case of
CH2Br2. With the exception of CHBr3 during summer, most
data points fall within the 1:2 and 2:1 lines. Despite the rea-
sonably good agreement between observations and model,
note the limited observational data sets, with a lack of air-
borne measurements over the Atlantic and Indian oceans, in
the southern extratropics, and during the boreal autumn and
winter. In particular, observations for latitudes between 40◦ S
and 90◦ S are very sparse, and they were collected during the
boreal autumn (not shown). Thus, for the estimation of VSL
halocarbon emission fluxes, there is not enough data to cor-
rect for the effect of seasonality over some areas.

Figure 5 illustrates the latitudinal distribution of mod-
elled and observed bromocarbons for two tropospheric lay-
ers arbitrarily chosen to reflect the lower (1000–800 hPa)
and mid-troposphere (600–400 hPa). The latitudinal distri-
butions of CHBr3 and CH2Br2 are generally well captured
by the model, with elevated mixing ratios in the tropics
and at high latitudes resulting from the enhanced emissions
and the longer lifetime of these species in those regions,
respectively. Observations of bromocarbons generally in-
dicate higher mixing ratios for 0◦–20◦ N compared to 0◦–
20◦ S, while the chl-a parameterisation used here tends to
overestimate them over 0◦–20◦ S. For example, CHBr3 is
over-predicted by∼18 % within 1000–800 hPa and by less
than 4 % within 600–400 hPa for this latitudinal range. The
model also seems to overestimate the aircraft observations of
CHBr3 for 20◦–50◦ S by 25–30 %, although note again the
reduced number of observations for those latitudes. The in-
clusion of surface observations over open ocean from Quack
and Wallace (2003), with a larger number of observational
points in the SH, results in a contribution to the total global
flux of 17.6 % for 20◦–50◦ S, compared to the 22.5 % es-
timated for 20◦–50◦ N (Table 4). Figure 6 shows that the
CHBr3 field from CAM-Chem, zonally averaged over the
ocean and therefore not exactly collocated with observations,
agrees reasonably well with the measurements considering
their range of variability.
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Fig. 3. Composite of (left) aircraft observations of CHBr3 and (centre) simulated CHBr3 in the lower-troposphere (1000–800 hPa) during
(top) March–May and (bottom) June–August. The corresponding scatter-plots of simulated vs. observed CHBr3 during the same periods
are shown on the right-hand side for 1000–800 hPa (red) as well as for two additional tropospheric layers (800–600 hPa, blue; 600–400 hPa,
green);R represents the Pearson correlation coefficient for those layers. The 1:2, 1:1 and 2:1 lines are illustrated by dots. Model output was
sampled at the same location and month as the observations, which in turn are averaged over the 1.9◦ (lat)× 2.5◦ (lon) horizontal grid cells
of CAM-Chem.

In the case of CH2Br2, the estimated flux results from the
compromise between reproducing the sparse aircraft obser-
vations in the SH and the 1994–2004 NOAA/CMDL cruise
measurements over 40◦–60◦ S (see Fig. 5). Hence, consid-
ering the good agreement with aircraft observations in the
NH, the limited aircraft data available over southern latitudes
where our estimate of the CH2Br2 flux is small (10.6 % of
the total for 20◦–50◦ S compared to 22.1 % for 20◦–50◦ N,
see Table 4), and that our global total flux estimated for
CH2Br2 (67.3 Gg yr−1) is similar to the 62 Gg yr−1 recently
reported by Liang et al. (2010), we conclude that further
observations in the southern latitudes are necessary to im-
prove these estimates. Data from on-going and future air-
craft campaigns such as the HIAPER Pole-to-Pole Obser-
vations (HIPPO) programme (Wofsy et al., 2011), which is

measuring atmospheric mixing ratios of trace gases with a
pole-to-pole coverage within the troposphere and during all
seasons, will be very valuable to improve the current emis-
sion estimates of VSL bromocarbons, in particular over the
SH. Since data from the same aircraft campaigns have been
exploited both to estimate and to evaluate VSL bromocar-
bon emission fluxes in this study, new observational datasets
could also be used for an independent validation of the emis-
sion parameterisation presented here.

Overall, there is good agreement between modelled and
observed mixing ratios of CHBr2Cl and CHBrCl2. Modelled
CH2BrCl remains low although within the range of variabil-
ity of the observations for 600–400 hPa. Nevertheless, we
calculate a global total flux of 10 Gg yr−1, which is higher
than the 6.8 Gg yr−1 reported by Warwick et al. (2006a) and
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Fig. 4. Same as Fig. 3 but for CH2Br2.

Kerkweg et al. (2008) (Table 3). The latitudinal distribution
shown in Fig. 5 and the comparisons with vertical profiles
from the very few campaigns with CH2BrCl data available
(not shown) suggest a closer match between model and ob-
servations for the mid-troposphere (e.g. 600–400 hPa) than
for the lower troposphere (e.g. 1000–800 hPa). This indicates
that the model cannot reproduce the shape of the vertical pro-
file for CH2BrCl. Finally, with the lower boundary condition
of 9 ppt imposed to CH3Br the model results are within the
uncertainty of the observations in the NH but slightly over-
estimate the more sparse observations in the SH. A more
detailed analysis of CH3Br vertical profiles is included in
Sect. 5.2.

We have shown that the use of the same chl-a depen-
dent parameterisation for all VSL halocarbons, with ele-
vated emission fluxes within 20◦ N–20◦ S, enables the model
to capture the maximum atmospheric mixing ratios of bro-
mocarbons observed in the tropics. However the observed
maximum is shifted towards the northern tropics while it is
centred on the Equator in the model. This parameterisation is

an attempt to represent the known biogenic sources of halo-
carbons from micro and macroalgae, but the different VSL
halocarbon species might not have exactly the same sources
(e.g. different types of macroalgae and phytoplankton as well
as different chemical processes). In addition, other environ-
mental factors such as the content of DOM in water, the so-
lar radiation flux at the surface or the wind speed are not
considered here. The zonal emission approach adopted out-
side the tropics is an even more simplified representation that
obviously leads to the under- and overestimation of the at-
mospheric mixing ratios of VSL halocarbons over different
regions within the same latitudinal bands, which tend to com-
pensate each other. The 2.5 emission ratio between coastal
and oceanic areas in the extratropics has been adopted to
account for the high coastal emission sources in a simple
way, but this will not necessarily reproduce the real regional
patterns of halocarbon emissions. A comprehensive param-
eterisation of processes at the sea-ice interface would also
be required for the representation of emissions in the polar
areas.

www.atmos-chem-phys.net/12/1423/2012/ Atmos. Chem. Phys., 12, 1423–1447, 2012
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Fig. 5. Latitudinal dependence of the observed and modelled bromocarbons CHBr3, CH2Br2, CHBr2Cl, CHBrCl2, CH2BrCl and CH3Br
averaged for each 2.5◦ latitudinal band within 1000–800 hPa and 600–400 hPa. When at least two data points are available for a given
latitudinal band, shaded areas and vertical bars indicate standard deviations of the aircraft observations for 1000–800 hPa and 600–400 hPa,
respectively. Model output corresponds to the location and month of the aircraft observations when available, otherwise all CAM-Chem
output for that latitude is used. In the case of CH2Br2, observations from NOAA/CMDL vessels from 1994 to 2004 are also shown in green
colour.

5.2 Vertical profiles of selected species: CHBr3,
CH2Br2, CH3Br and CH3I

Figures 7, 8, 9 and 10 illustrate the observed and modelled
vertical profiles for the major VSL bromocarbons (CHBr3
and CH2Br2), the most abundant brominated gas in the free
troposphere (CH3Br) and CH3I. Profiles are shown for inde-
pendent aircraft missions and separately for the troposphere

(surface–200 hPa) and the upper troposphere – lower strato-
sphere (UTLS, 300–50 hPa) region, where convection could
deliver some portion of these gases and their breakdown
products.

There is a good agreement between observed and simu-
lated CHBr3 throughout the troposphere for all campaigns
(Fig. 7). The mean simulated field underestimates the ob-
servations from TRACE-P and INTEX-A, but lies within the
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Fig. 6. Latitudinal dependence of observed and simulated bromo-
form atmospheric mixing ratios at the surface. Black circles and
vertical bars represent mean and standard deviations of measure-
ments over the open ocean in Table 2 of Quack and Wallace (2003).
Green circles depict zonally averaged CAM-Chem output at the
lowest model level for grid cells over ocean.

range of variability of the measurements. The variability in
the model (given by horizontal bars) is somewhat small com-
pared to that of the measurements (indicated by the shaded
area) in the case of some aircraft campaigns. This is expected
for a relatively short-lived compound such as CHBr3, consid-
ering the constant oceanic emission fields implemented for
those latitudinal bands outside the tropics, and the fact that
the coarse grid cell of the model cannot capture the variabil-
ity of the observations. Another reason could be the use of a
single 1-yr model simulation with climatological SSTs. The
model matches the average mixing ratios and the shape of
the CHBr3 profiles observed in the UTLS region, with the
exception of the overestimation of the measurements from
the oldest aircraft campaign used here (STRAT, 1996).

Similarly to CHBr3, modelled CH2Br2 is very close to
the observations throughout most of the troposphere. How-
ever the model starts to deviate from the observations in
the mid- to upper-troposphere, and consistently overesti-
mates them in the UTLS region (Fig. 8). In particular, the
model over-predicts CH2Br2 by ∼70 % within 150–50 hPa.
A similar behaviour is found for CH2BrCl (not shown),
which is the most long-lived of the VSL halocarbons (at-
mospheric lifetime of∼145 days, compared to∼130 days
for CH2Br2); however the number of measured vertical pro-
files for CH2BrCl is much smaller. A high bias for CH2Br2
within 150–50 hPa has also been found in the GEOS Cli-
mate Chemistry Model (GEOS CCM) by Liang et al. (2010),
who attributed it to a possibly low OH field in the model.
In addition, a simulation of the atmospheric chemistry gen-
eral circulation model ECHAM5/MESSy overestimated the
amount of CH2Br2 measured at cruise altitude (9–11 km)

within CARIBIC1 by a factor of approximately 1.5 (Kerk-
weg et al., 2008). The coincidence in the overestimation of
CH2Br2 in the proximity of the UTLS for the three models
needs further investigation. Hossaini et al. (2010) showed
that the loss of CH2Br2 throughout the troposphere is domi-
nated by reaction with OH, with photolysis being slow, while
the two loss channels are roughly equal at∼100 hPa, and
photolysis is the dominant loss process above. In CAM-
Chem, CH2Br2 is larger than the observations at∼150 hPa
for most campaigns, which indicates that other mechanisms
than photolysis should be responsible for the overestimation
in the model. Sensitivity simulations conducted by Hossaini
et al. (2010) suggest that CH2Br2 injection in the TTL is
not very sensitive to model parameterised convection, while
they found the impact of the modelled OH field to be sig-
nificant. We have compared the prescribed OH field used in
the simulation presented here with that from a full chemistry
CAM-Chem simulation. On average for the periods and ar-
eas shown in Fig. 8, the prescribed OH field is around 85 %
of the modelled value within 300–100 hPa, which could only
partly explain the overestimation of CH2Br2. Another plau-
sible source of error in the model might be the rate constant
estimated for the reaction CH2Br2 + OH. The activation en-
ergy recommended by Sander et al. (2006) for this reaction
has been determined with an uncertainty of±12 % for 243–
380 K (Mellouki et al., 1992; Atkinson et al., 2008), while at-
mospheric temperatures for altitudes above 250 hPa are well
below 240 K. Rate constants are usually known with mini-
mum uncertainty at room temperature while the overall un-
certainty normally increases at lower temperatures. The ap-
plication of the uncertainty estimates derived by Sander et
al. (2006) reveals a considerable uncertainty in the rate con-
stant for CH2Br2 (e.g.∼30 % at around 240 K), somewhat
higher than that for CH3Br and CH2BrCl (∼20 %). Hossaini
et al. (2010) also highlighted the strong impact of the verti-
cal transport calculation in the lower stratosphere region on
the residence times and predicted mixing ratios of CH2Br2
in the TTL. They concluded that vertical transport calculated
from diagnosed heating rates above 350 K in aθ -coordinate
model (SLIMCAT) is more realistic than that calculated from
ECMWF analysed divergence fields in a p-coordinate model
(TOMCAT) since the latter one exhibits too rapid vertical
motion. CAM-Chem does not use analysed meteorological
fields, but it is quite likely that the residence times of air
masses in the UTLS will have an impact on the CH2Br2 field
predicted by the model for that region of the atmosphere;
however this could also affect other species for which we
found a better agreement with observations in that region.

The CH3Br field simulated by CAM-Chem is close to
the observations from all aircraft missions in the tropo-
sphere (Fig. 9), with the exception of some overestima-
tion for INTEX-A and INTEX-B. However the variability
in the model is small compared to that of the observations.
The lower boundary condition imposed for this species in
the model may not fully capture the regional and temporal
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Fig. 7. Comparison of observed and simulated vertical profiles of CHBr3 for a number aircraft missions in the UTLS region and the
troposphere. Black lines and grey shaded areas indicate the mean and one standard deviation of the observations. Blue (red) lines and
horizontal bars show the mean and one standard deviation of the simulated CHBr3 field at the same locations and during the same months as
the observations in the UTLS (troposphere).
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Fig. 8. As Fig. 7 but for CH2Br2.
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Fig. 9. As Fig. 7 but for CH3Br.
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Fig. 10. As Fig. 7 but for CH3I. In the case of the UTLS plots, the position of the tropical tropopause layer (TTL), between around 12 and
17 km altitude, is illustrated by red lines for those aircraft missions with sufficient data over the tropics.

variability found in the observations. Some of the deviations
between model and observations might also be related to the
use of climatological SSTs and to the fact that the model
simulation does not intend to reproduce the meteorological
years when the campaigns were conducted. The model gen-
erally matches the shape of the vertical profile and the overall
mixing ratios observed in the UTLS region, with deviations
within 20 % of the observations. Unlike CH2Br2, no consis-
tent bias of either positive or negative sign is found for any
vertical level in this region, providing some confidence in the
transport and the OH field prescribed in the model. Notice-
ably, CAM-Chem underestimates the observations between

300 and 100 hPa only for the campaigns that were conducted
in the late 1990s (STRAT, in 1996; POLARIS, in 1997, and
SOLVE, in late 1999–early 2000), where an average mixing
ratio of ∼10 pptv was observed at 300 hPa, while the model
overestimates observations since 2004. These results may be
due to the fact that CH3Br is specified in the model to repro-
duce the observed surface concentrations for 2000 (9 pptv),
while there is evidence that CH3Br has declined as a result
of reduced industrial production since the peak levels mea-
sured during 1996–1998 (WMO, 2011). Some deviations
might also be related to the geographical region and time of
year covered by each campaign. As an example, emissions
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and atmospheric mixing ratios of CH3Br are higher in the
northern than in the Southern Hemisphere, particularly be-
fore they started to decline (WMO, 2011), while we have
imposed the same lower boundary condition everywhere on
the globe. Ideally, this boundary condition should be time-
dependent to account for the observed decline in atmospheric
mixing ratios and also possibly meridionally-varying in order
to reproduce the observed inter-hemispheric differences.

Modelled CH3I mixing ratios lie within the range of vari-
ability of the observations in the troposphere for most cam-
paigns (Fig. 10), although on the low side for some of them
(e.g. PEM Tropics-B and INTEX-A) and considerably lower
during TC4. This aircraft campaign covered a region around
Central America, including the most northern part of South
America, the south of North America and the surrounding
Atlantic and Pacific coasts. The average CH3I mixing ra-
tios observed during TC4 are around 0.6–0.8 pptv in the
lower troposphere and close to 0.3 pptv at around 300 hPa,
larger than in the other flights that took place in the trop-
ics. It is possible that there are strong local sources of ei-
ther oceanic or terrestrial origin influencing measurements
during this campaign that cannot be accounted for by the
emission inventory of Bell et al. (2002). However the zonal
approach used here to estimate bromocarbon emissions also
presents difficulties to reproduce the levels of some species
such as CH2Br2 (see Fig. 8), CHBrCl2 and CHBr2Cl (not
shown) in the troposphere during TC4. Note that TC4 oc-
curred during an incipient La Niña event, with cooler sea
surface temperatures than normal as well as with convective
activity less intense and with a distribution different from
the mean climatology (Pfister et al., 2010). Therefore it is
possible that the untypical meteorological conditions during
that campaign are partly responsible for the discrepancies be-
tween modelled and observed CH3I. Despite the underesti-
mation of CH3I throughout most of the troposphere for the
above-mentioned campaigns, CAM-Chem tends to overesti-
mate aircraft observations in the lower troposphere.

Finally, it is worth noting that the modelled CH3I mix-
ing ratios are considerably lower than the observations for all
campaigns in the UTLS. Due to its relatively short lifetime,
methyl iodide is unlikely to reach the TTL, unless emitted
directly into deep convection cells. Interestingly, observa-
tions indicate the unambiguous presence of CH3I in the TTL,
with average mixing ratios of around 0.1 ppt in the lowermost
part of this layer, while the modelled CH3I field is consis-
tently lower than the observations. The modelling of CH3I in
the UTLS requires a good characterisation of the emissions
over tropical areas where it can be transported to the TTL by
deep convection. Field data from seven cruises across the At-
lantic, Pacific, and Southern Oceans suggest a global oceanic
source of∼610 Gg yr−1 (Butler et al., 2007), around double
than the global CH3I flux used here. This illustrates the sig-
nificant uncertainty in the emission sources. Over the last
years changes have been made to the deep convection scheme
of the model (Zhang and McFarlane, 1995) by including

the effects of deep convection in the momentum equation
(Richter and Rasch, 2008) and using a dilute approximation
in the plume calculation (Neale et al., 2008). They result
in a much improved representation of deep convection that
occurs considerably less frequently, but is much more in-
tense compared to older versions of the model (Gent et al.,
2011). No strong biases in the tropical upper-troposphere
that would indicate a lack of deep convection have been re-
ported for CAM-Chem (e.g. Lamarque et al., 2011). It is also
worth noting that the model includes UV absorption cross
sections of CH3I at 298 K. If the temperature dependence of
such absorption cross sections was considered this would re-
duce the photodissociation rate constants and therefore in-
crease the lifetime of this species (Roehl et al., 1997). Ongo-
ing work will address the impact of the emission strength and
distribution as well as of the parameterisations of convection
and photochemistry on the modelling of CH3I. CH2Br2 and
CH3I are, respectively, the most abundant VSL bromocarbon
and iodocarbon in the stratosphere. The discrepancies be-
tween modelled and observed fields of these two species in
the UTLS need further investigation, together with a detailed
analysis of inorganic bromine and iodine species, before the
impact of VSL halogen sources on stratospheric ozone can
be properly quantified with CAM-Chem. Such analyses are
out of the scope of this paper.

5.3 Iodine-containing dihalomethanes (CH2IX)

The three shortest lived iodocarbons explicitly implemented
in CAM-Chem (CH2ICl, CH2IBr, CH2I2) have very short
lifetimes of hours to minutes and are therefore relevant as
sources of reactive halogens in the MBL. As described in
Sect. 4, their total emission fluxes have been determined fol-
lowing previous reports and comparisons with available ob-
servations in the MBL (see Table 2). Such measurements
are very sparse, in particular for CH2IBr and CH2I2. The
results of these comparisons are shown in Fig. 11. Overall,
the agreement is good for CH2ICl (atmospheric lifetime of
∼8 h) since the modelled field is within the variability of the
observations for most locations. Similar results are found for
CH2IBr (lifetime of ∼2.5 h), except for the strong underesti-
mation at the coastal and shelf locations in northern mid- and
high-latitudes. Possible explanations for the underestimation
of the mixing ratios over areas with strong sources are some
of the simplifications used in our approach, such as the ex-
trapolation of the results of Jones et al. (2010), which are
reported with a high degree of uncertainty, and more likely
the assumption of a constant 2.5 larger flux over coast com-
pared to open ocean. A sensitivity simulation with a coast-
to-ocean emission ratio of 5 for all CH2IX species brings the
modelled CH2IBr mixing ratios closer to observations, but
it also results in an overall overestimation of CH2ICl. This
shows the difficulties involved in simulating the spatial fea-
tures of such short-lived compounds by using global models
of coarse horizontal and vertical resolution.
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Fig. 11. Comparison of observed (black) and modelled (orange) mixing ratios of CH2ICl (top), CH2IBr (middle) and CH2I2 (bottom). The
observations, which are also summarised in Table 2, have been ordered along the x-axis according to their latitude from South to North. The
range of latitudes is shown in brackets if the observations cover a region instead of a single point (this is sometimes indicated by stars in the
case of CH2ICl due to reasons of space). They have been classified as open ocean (O), upwelling (U), shelf (S), and coast (C). The full black
circles represent the average of the observed values and the black bars correspond to their range, given by the minimum–maximum or by
the 10th–90th percentiles depending on the dataset. The minimum observed value is indicated by an open triangle when it corresponds to an
upper limit, while some very low observations on a cliff-top location (expected to be lower estimates) are depicted by an open circle. Orange
circles represent the average modelled fields for the location and month(s) of the observations. When observations cover a geographical
region the minimum and maximum monthly modelled values over that area are also depicted by orange bars; otherwise the mean, minimum
and maximum of the monthly modelled fields on the 9 model grid cells closest to the location of the measurements are plotted. In the case
of CH2I2, results from an additional model simulation are shown in blue to reflect the importance of the daily cycle of emissions for these
species (see details in text).
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For the emission of CH2IX species we follow a solar diur-
nal profile, with emissions peak in the early afternoon and
null emissions at night. Following this emission profile,
the model largely underestimates the observations of CH2I2
(lifetime of ∼7 min) since most of the CH2I2 emitted in the
model at daytime is lost by photolysis in only a few minutes,
resulting in very low modelled CH2I2 mixing ratios (Fig. 11,
bottom). As a sensitivity test we injected the same CH2I2
flux using a weaker emission cycle, with a nighttime emis-
sion flux half of that during daytime. As a consequence of the
injection of moderately small amounts of CH2I2 at night, the
monthly average concentrations considerably increase, lead-
ing to an overall better agreement with observations (Fig. 11,
bottom). This illustrates that a good knowledge of the shape
of the diurnal emission profile is necessary to estimate the
source strength of the shortest lived iodocarbons.

Further field campaigns focusing on the simultaneous ob-
servation of these iodocarbons in air and water are needed
to gain a better understanding of the strength and spatio-
temporal distribution of their sources, and therefore improve
their representation in atmospheric models.

6 Summary and conclusions

We have implemented natural oceanic sources of VSL halo-
carbons and a detailed chemical scheme of bromine and io-
dine in a global chemistry-climate model. The same parame-
terisation of emissions has been used for all VSL bromocar-
bons and iodocarbons treated in the model, with the excep-
tion of CH3I and CH3Br. This consists of a biogenic chl-a

dependent source in the tropical oceans (20◦ N–20◦ S), con-
stant oceanic fluxes for four latitudinal bands in the extra-
tropics (90◦–50◦ S, 50◦–20◦ S, 20◦–50◦ N, and 50◦ –90◦ N)
with coastal emission fluxes 2.5 times higher than over the
ocean, and no emissions at the sea-ice interface in the high
latitudes. Halocarbon measurements from a number of air-
craft campaigns and some available observations in the MBL
have been used to derive the emission fluxes of bromocar-
bons and iodocarbons. The limitations of this approach have
been discussed. The model also includes emissions of CH3I
from the inventory of Bell et al. (2002), which accounts for
both oceanic sources of photochemical origin and terrestrial
sources, while the longer lived CH3Br is relaxed to a constant
lower boundary condition to simplify the source optimisation
of halocarbons.

The global total emission fluxes of CHBr3 (533 Gg yr−1)

and CH2Br2 (67.3 Gg yr−1) estimated with CAM-Chem are
within the range of values given by previous modelling stud-
ies (Yang et al., 2005; Warwick et al., 2006a; Kerkweg et
al., 2008; Liang et al., 2010). The emission estimates for
the other three VSL bromocarbons included in the model
(CH2BrCl, CHBr2Cl and CHBrCl2) are within 30 % agree-
ment with previously reported estimates. The global total
fluxes of iodocarbons in this study are equivalent to those of

Bell et al. (2002) for CH3I and Jones et al. (2010) for CH2ICl,
CH2IBr and CH2I2.

In general, the latitudinal distributions of the observed and
simulated atmospheric mixing ratios of VSL bromocarbons
agree within the range of variability of the measurements.
The use a chl-a dependent parameterisation for all VSL halo-
carbons, with elevated emission fluxes within 20◦ N–20◦ S,
enables the model to capture the maximum atmospheric mix-
ing ratios of bromocarbons observed in the tropics. How-
ever, we have identified that the geographical coverage of
the available aircraft observations is insufficient to correctly
characterise the emission fluxes in the southern extratrop-
ics. Surface observations from Quack and Wallace (2003)
for CHBr3 and NOAA/CMDL vessel data for CH2Br2 have
proven to be useful to fill in some observational data gaps,
but the use of these data has also reflected the difficulties in
reconciling observations of VSL halocarbons from different
sources.

Overall the vertical profiles of bromocarbons and CH3I
simulated by CAM-Chem are in good agreement with ob-
servations in the troposphere and the UTLS region, in par-
ticular for the most relevant VSL bromocarbon in the tro-
posphere, i.e. CHBr3. However there are some remaining
issues such as the overestimation of CH2Br2 in the UTLS,
and the underestimation of CH3I for the same region and to
a lesser extent for some campaigns in the troposphere. We
have discussed a number of factors – mainly the rate con-
stants estimated for the reaction of CH2Br2 with OH, but
also the prescribed OH field used and the residence times
of air masses in the UTLS inside the model – that might im-
pact on the CH2Br2 field simulated in the UTLS. A detailed
evaluation of the emission inventory used for CH3I, of con-
vection and photochemistry in the model, and of the meteo-
rological conditions for the individual field campaigns may
be needed to understand the deviations between observed
and simulated CH3I. The constant lower boundary condi-
tion used for the longer-lived CH3Br is sufficient to reason-
ably reproduce the observed mixing ratios, but it would be
necessary to run the model for a multiannual period with
time-varying lower boundary conditions to account for the
known decline in the anthropogenic sources of this species.
Despite the difficulties involved in the global modelling of
the shortest lived iodocarbons (CH2ICl, CH2IBr, CH2I2),
whose sea-to-air fluxes and atmospheric abundances are not
well constrained, results from comparisons of the modelled
fields with published observations in the MBL are reason-
able. Some sensitivity simulations have proven that the di-
urnal cycle of emissions for these species, in particular for
CH2I2, is key when assessing the total amounts released to
the atmosphere.

This study presents the first implementation of bromine
and iodine oceanic sources from VSL halocarbons in a global
chemistry-climate model. The companion paper by Saiz-
Lopez et al. (2011) uses CAM-Chem and radiative trans-
fer calculations to estimate the radiative impact resulting
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from halogen-driven tropospheric ozone loss over the trop-
ical oceans. Future work will investigate the importance of
the bromine release from sea salt aerosol as well as the po-
tential of VSL bromine and iodine species to influence the
oxidation power of the atmosphere by modifying the atmo-
spheric burden of trace gases and aerosols.

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/12/1423/2012/
acp-12-1423-2012-supplement.pdf.
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