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SCIENTIFIC SUMMARY

Definition of Halogenated Very Short-Lived Substances (VSLS)

• Very short-lived substances (VSLS) are defined as trace gases whose local tropospheric lifetimes are comparable to,

or shorter than, tropospheric transport time scales, such that their tropospheric distributions are non-uniform.  In

practice, VSLS are considered to have atmospheric lifetimes of less than 6 months.  We consider only halogenated

VSLS, i.e., those that contain bromine, chlorine, or iodine.  We consider VSLS to include very short-lived (VSL)

source gases (SGs), halogenated organic and inorganic product gases (PGs) arising from SG degradation, and other

sources of tropospheric inorganic halogens.

Importance of VSLS for Stratospheric Halogen and Ozone Trends 

BROMINE

• Our quantitative understanding of how halogenated very short-lived substances  contribute to halogen levels

in the stratosphere has improved significantly since the last Assessment (WMO, 2003), with brominated

VSLS believed to make a significant contribution to total stratospheric bromine and its effect on strato-

spheric ozone.  Various lines of evidence show that brominated VSLS contribute about 5 ppt (with estimates

ranging from 3 to 8 ppt) to total stratospheric inorganic bromine (Bry):

– Estimates of total stratospheric Bry derived from different observations of bromine monoxide (BrO) relevant

to the late 1990s are about 18 to 25 parts per trillion (ppt).  This is greater than the 16 to 17 ppt of bromine

delivered to the stratosphere by “long-lived” brominated source gases (i.e., the halons and methyl bromide,

CH3Br) during this period.

– Measurements of organic brominated very short-lived source gases (VSL SGs) in the tropical upper tropo-

sphere amount to about 3.5 ppt.  Product gases (from SG degradation) and other sources of tropospheric inor-

ganic bromine may also contribute comparable amounts.

• The inclusion of additional stratospheric Bry from VSLS in models leads to larger ozone destruction at mid-

latitudes and polar regions compared with studies including only long-lived bromine source gases. In both

regions, the enhanced ozone loss occurs in the lower stratosphere via interactions of this bromine with anthro-

pogenic chlorine.  Midlatitude ozone loss is most enhanced during periods of high aerosol loading.  Ozone loss

through cycles involving bromine and odd-hydrogen (HOx) is also enhanced at midlatitudes under all conditions,

becoming comparable with ozone loss by HOx cycles alone.  This additional amount of stratospheric bromine has

not, to date, been routinely included in model calculations of midlatitude ozone depletion.

• Levels of stratospheric Bry continue to show evidence for a trend that is consistent with that of tropospheric

total bromine. Further studies are required to determine if the recent decline in tropospheric bromine is reflected in

stratospheric bromine abundance.

IODINE

• It is unlikely that iodine is important for stratospheric ozone loss in the present-day atmosphere. There is

little evidence for inorganic iodine, in the form of iodine monoxide (IO), in the lower stratosphere at concentrations

above about 0.1 ppt.  This difference in behavior compared with bromine may be partly attributed to the short pho-

tochemical lifetime of iodine SGs, their lower abundance, and aerosol uptake of iodine oxides.

CHLORINE

• The sum of the chlorine content from VSL SGs in the tropical upper troposphere is currently estimated to be

about 50 ppt, on the basis of available observations. While a 50 ppt contribution to total inorganic stratospheric

chlorine (Cly) from VSLS represents only 1 to 2% of Cly from long-lived source gases (~3500 ppt), it would repre-

sent a significant contribution compared with the background Cly from methyl chloride of about 550 ppt (Chapter 1). 
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• Phosgene (COCl2), which can be produced from chlorinated VSL SGs as well as long-lived chlorine gases, has

been observed at levels of around 20 to 25 ppt in the tropical upper troposphere. The contribution of this gas to

stratospheric Cly (up to about 40 to 50 ppt) is not currently included in most models.

• Analyses of upper stratospheric hydrogen chloride (HCl) measurements from satellite instruments are gener-

ally consistent with a possible contribution of VSLS to stratospheric Cly. Further improvements in HCl meas-

urement accuracy are required to quantify this contribution.

Sources and Trends of Halogenated Very Short-Lived Source Gases 

BROMINE

• The majority of known brominated VSL SGs are of natural origin.  A few brominated VSLS have almost

exclusively anthropogenic sources, notably n-propyl bromide (n-PB). Some have small contributions from

anthropogenic sources, e.g., certain brominated trihalomethanes.

• Most brominated VSL SGs are emitted from the ocean, with higher emissions in tropical coastal regions. Sea sur-

face supersaturations of some gases, due to production by marine microorganisms, have been found to be elevated in the

tropical open ocean.  High concentrations in air have been observed near coasts over tropical and temperate waters.

• Inorganic tropospheric sources of bromine, such as sea salt and volcanoes, may also contribute to inorganic

bromine in the free troposphere. Some fraction of this contribution could be subsequently transported to the

stratosphere.

• There is no evidence for a trend in the sum of brominated VSL SGs during the latter half of the 20th century.

This is according to trend reconstructions from firn air studies, and reflects their predominantly natural origins.  The

exceptions are some trihalomethane species, which have increased slightly in the Northern Hemisphere, possibly

due to small anthropogenic sources.

IODINE

• Iodinated VSLS are exclusively of natural origin in the present-day atmosphere, although the possibility of

deliberate future anthropogenic use of new SGs exists. A notable example is the proposed use of trifluo-

roiodomethane (CF3I).

• Iodinated VSL SGs are emitted from the ocean, with higher emissions in tropical ocean regions. Emissions in

the marine boundary layer are dominated by iodomethanes such as methyl iodide (CH3I) and chloroiodomethane

(CH2ClI), which are produced both by marine organisms and by abiotic photochemical processes in surface waters.

There is some evidence for enhanced marine emissions of iodinated VSL SGs in the tropics and subtropics, and also

in regions of high productivity in coastal zones.

CHLORINE

• Chlorinated VSL SGs originate largely from anthropogenic emissions, although natural sources also con-

tribute.  Their principal emissions are, therefore, more likely to be located at northern midlatitudes.

• There is evidence for significant recent declines in concentrations of some chlorinated VSL SGs, notably chlo-

roform, dichloromethane, and tetrachloroethene.

Transport, Lifetimes, and Sinks of Halogenated VSLS 

• The predominant pathways for VSLS transport into the upper troposphere are likely to be in tropical convec-

tion regions, co-located with high emissions of VSLS over tropical oceans. The fraction of a halogenated VSL SG

that reaches the stratosphere via the source gas injection (SGI) pathway depends on its local chemical lifetime relative
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to local transport time scales.  Local SG lifetimes depend strongly on distributions of photochemical sinks and emis-

sion patterns and, as such, this limits the value of using a single “global” lifetime, as has often been used previously. 

• The amount of VSL PGs entering the stratosphere depends on the locations of their tropospheric production

and loss processes. The fraction of halogenated organic and inorganic PGs (produced from the decomposition of

VSL SGs) that enters the stratosphere via the product gas injection (PGI) pathway depends on the location in the

troposphere where the “parent” SG decomposes, and on subsequent loss processes such as (possibly irreversible)

uptake of the PG on to aerosol/cirrus, or uptake of soluble species in precipitating clouds.

• Many more data have become available on Henry’s Law constants, uptake coefficients, and heterogeneous

reactivity for a number of relevant surfaces and for a wide range of PGs. Many uncertainties, however, still

remain.  Furthermore, incorporation of this knowledge into large-scale models is often lacking, thus limiting assess-

ment of the location-dependent lifetimes and distributions of VSL PGs. 

• The impact of halogens from VSL SGs on column ozone is likely to be greatest in the extratropics.  The domi-

nant transport pathway is likely to be via quasi-horizontal transport from the tropical upper troposphere

into the extratropical lowermost stratosphere. While transport time scales via this pathway, and back to the tro-

posphere, are relatively short (a few months), the short chemical lifetime of VSL SGs means that they will be fully

degraded into inorganic halogen before they can be transported back into the troposphere.  Quasi-horizontal trans-

port from the tropical upper troposphere is highly seasonal, being much larger in the summer than winter. 

• Recent model simulations continue to suggest that, depending on lifetime and location of emissions, less than

1% of the VSL SG flux emitted at the surface enters the stratosphere via the SGI pathway, and a larger

amount (up to a few percent) enters via the PGI pathway. Studies are limited, however, by the ability of current

global models to accurately simulate deep convection and transport into the lower stratosphere.

Ozone Depletion Potentials (ODPs) of Halogenated VSL SGs 

• There are no new evaluations for the ODP of n-propyl bromide (0.1 for tropical emissions, and 0.02-0.03 for

emissions restricted to northern midlatitudes).

• New analyses suggest ODPs for CF3I ranging from 0.011 to 0.018 for surface emissions at midlatitudes and in the

tropics, respectively, which are higher than found previously (<0.008). The model studies do not include uptake of

iodine on aerosols, the inclusion of which could result in lower calculated values.  If CF3I were to be used for fire

fighting/inhibition on aircraft, then it could be emitted at higher altitudes and the corresponding ODP would be larger. 

• New analyses confirm previous estimates that the ODP of a chlorinated VSL SG with a lifetime of ~25 days,

one chlorine atom, and similar molecular weight to CFC-11, is about 0.003.

Future Considerations for Halogenated VSLS 

• Possible future changes in anthropogenic VSLS. If anthropogenic emissions increased, or if presently unused

halogenated VSL SGs were to come into widespread commercial use, then halogenated VSLS would become of

increased importance in affecting the future behavior of stratospheric ozone.

• Delivery of VSLS to the stratosphere may change in the future in response to circulation changes. The impact

of natural halogenated VSLS might also be influenced by changes in the atmospheric circulation, which could, for

example, increase the rate of delivery of VSL SGs and PGs into the stratosphere.

• Natural VSLS emissions may respond to future changes in climate processes. Natural sources could respond to

changes in, for example, carbon dioxide (CO2), land use, wind speed, and temperature.  Our knowledge about these

potential effects, and many other relevant feedbacks, is very limited at present.





2.1 INTRODUCTION

An important goal of previous Assessments was to

quantify the impact of halogen-containing source gases

on stratospheric ozone (e.g., WMO, 2003, 1999).  In the

last Assessment (WMO, 2003), the possible contribution

of very short-lived substances (VSLS) was examined in

detail in Chapter 2 (Ko and Poulet et al., 2003) and an

approach for determining their Ozone Depletion Potentials

(ODPs) was presented.  VSLS are defined as substances

that have atmospheric lifetimes comparable to, or less than,

average tropospheric transport time scales of about 6

months.  We consider halogenated very short-lived (VSL)

organic source gases (SGs), and the halogenated organic

and inorganic product gases (PGs) arising from the

atmospheric degradation of VSL SGs, and also inorganic

tropospheric halogen sources such as sea salt.  Note that,

in contrast to WMO (2003), sulfur-containing VSLS (e.g.,

dimethyl sulfide (DMS), and sulfur dioxide (SO2)) are

dealt with in Chapter 5 of this Assessment.  Halogen atoms

bound in SGs and intermediate degradation products are

referred to as organic halogen, and the final products are

referred to as inorganic halogen (containing no carbon)

(e.g., hydrogen chloride (HCl), hydrogen bromide (HBr),

chlorine monoxide (ClO), bromine monoxide (BrO), and

iodine monoxide (IO)).  Some important acronyms used

in this chapter are defined in Box 2-1 below.

This chapter assesses the contribution of halo-

genated VSLS to the halogen loading in the stratosphere,

as well as their possible contribution to past, present, and

future stratospheric ozone loss, and considers the ODPs of

substances that are, or might be, released as a result of

human activities.  Table 2-1 provides a list of the VSL SGs

discussed in this chapter, together with an estimation of

their local photochemical lifetimes and an indication of

whether these gases have predominantly natural or anthro-

pogenic origins and/or are proposed for new commercial

applications.  The majority of currently observable VSL

SGs are thought to be partly or wholly of natural origin.

A few halogenated VSLS have predominantly anthro-

pogenic origins (e.g., n-propyl bromide (n-C3H7Br), 1,2-

dibromoethane (CH2BrCH2Br), dichloromethane (CH2Cl2),

tetrachloroethene (C2Cl4), and, to a lesser extent, chloro-

form (CHCl3)).  Currently, among the compounds listed in

Table 2-1, only bromochloromethane (CH2BrCl) is con-

sidered by the Montreal Protocol.  In the light of observed
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Box 2-1.  Definition of Acronyms in Chapter 2

VSLS Very Short-Lived Substances – organic and inorganic gases with lifetimes of less than 0.5 years

VSL Very Short-Lived 

SG/SGI Source Gas / Source Gas Injection – refers to a halogenated organic source gas and its injection into

the stratosphere

PG/PGI Product Gas / Product Gas Injection – refers to the sum of the halogenated organic and inorganic

degradation products for a particular source gas and their injection into the stratosphere

CFC Chlorofluorocarbon

HCFC Hydrochlorofluorocarbon

Brx Inorganic bromine oxides and radicals (e.g., BrO, atomic bromine (Br), bromine nitrate (BrONO2))

Bry Total inorganic bromine (e.g., HBr, Brx) resulting from degradation of bromine-containing organic-

source gases (halons, methyl bromide, VSLS), and natural inorganic bromine sources (e.g., vol-

canoes, sea salt, and other aerosols)

Bry
VSLS The component of stratospheric Bry from the degradation of brominated organic VSL SGs and tropo-

spheric inorganic bromine sources (also called “additional” stratospheric Bry)

Bry
CH3Br+Halons The component of stratospheric Bry from the degradation of methyl bromide (CH3Br) and halons

Cly Total inorganic stratospheric chlorine (e.g., HCl, ClO) resulting from degradation of chlorine-con-

taining source gases (CFCs, HCFCs, VSLS), and natural inorganic chlorine sources (e.g., sea

salt and other aerosols) 

Cly
VSLS The component of stratospheric Cly from the degradation of chlorinated organic VSL SGs and tropo-

spheric inorganic chlorine sources

Iy Total inorganic stratospheric iodine (e.g., IO, iodine dioxide (OIO), hypoiodous acid (HOI)) resulting

from degradation of iodine-containing source gases (VSLS), and natural inorganic sources (e.g.,

sea salt and other aerosols)

ODP Ozone Depletion Potential

EESC Equivalent Effective Stratospheric Chlorine



and predicted decreases in anthropogenic chlorofluoro-

carbons (CFCs), halons, etc., it is important to quantify the

contribution of these VSLS to the natural background

halogen loading in the stratosphere.  Possible changes in

the emissions of naturally occurring compounds, for

example as a result of changing climatic factors, also need

to be assessed. 

In order to quantify the contribution of halogenated

VSLS to halogen loading and ozone loss in the strato-

sphere, it is necessary to quantify the amount of VSLS

entering the stratosphere directly via the SG injection

(SGI) pathway, the degradation of SGs in the troposphere,

transport of organic and inorganic PGs into the strato-

sphere via the PG injection (PGI) pathway, and also injec-

tion of inorganic tropospheric halogen.  The contribution

to, for example, total inorganic bromine (Bry) in the strat-

osphere, which derives from the sum of VSL SGs (via the

SGI and PGI pathways) and tropospheric inorganic

halogen, is denoted Bry
VSLS.  The impact of such VSLS-

derived inorganic halogen on stratospheric ozone loss will

depend on the abundance of different halogen radicals and

their efficiency at destroying ozone.  Note that one atom

of iodine is much more efficient at removing ozone than

bromine, which in turn is more efficient than chlorine, as

expressed by so-called α-factors (see Chapter 8 and

Section 2.6.1 for further discussion).

Figure 2-1 shows a schematic of the processes influ-

encing the transport, degradation, and loss of VSL SGs

and PGs in the troposphere and stratosphere.  It is an

updated version of Figure 2-2 in Chapter 2, WMO (2003).

VERY SHORT-LIVED SUBSTANCES

2.6

Table 2-1.  Halogenated VSL source gases considered in this Assessment. New additions since WMO
(2003) are shown in boldface; other compounds were assessed in WMO (2003).

Source Gas Formula Local Lifetime a Atmospheric

(days) Source b

Bromochloromethane CH2BrCl 150 N

Dibromomethane CH2Br2 120 N

Bromodichloromethane CHBrCl2 78 N(A)

Dibromochloromethane CHBr2Cl 69 N(A)

1,2-Dibromoethane

(ethylene dibromide, EDB) CH2BrCH2Br 55 A

Bromoethane (ethyl bromide) C2H5Br 34 A

Tribromomethane (bromoform) CHBr3 26 N(A)

1-Bromopropane (n-propyl bromide) n-C3H7Br 13 A

Phosphorous tribromide (“PhostrEx”) PBr3 <0.01 Ac

Iodomethane (methyl iodide) CH3I 7 N

Trifluoroiodomethane CF3I 4 Ac

Iodoethane (ethyl iodide) C2H5I 4 N

2-Iodopropane (isopropyl iodide) i-C3H7I 1.2 N

1-Iodopropane (n-propyl iodide) n-C3H7I 0.5 N

Chloroiodomethane CH2ClI 0.1 N

Bromoiodomethane CH2BrI 0.04 N

Diiodomethane CH2I2 0.003 N

Trichloromethane (chloroform) CHCl3 150 AN

Dichloromethane (methylene chloride) CH2Cl2 140 A(N)

Tetrachloroethene (perchloroethylene, PCE) C2Cl4 99 A

1,2-Dichloroethane CH2ClCH2Cl 70 A

Chloroethane (ethyl chloride) C2H5Cl 30 AN

Trichloroethene (trichloroethylene; TCE) C2HCl3 4.6 A
a Local lifetimes are calculated as (τlocal)

-1 = (τOH)-1 + (τJ)
-1, with [OH] = 1 × 106 molec cm-3, T = 275 K, and a globally and seasonally averaged solar

flux for 5 km altitude.  See Section 2.3.2.
b N ; entirely natural atmospheric sources; A; entirely anthropogenic atmospheric sources; AN ; combination of natural and anthropogenic atmos-

pheric sources (a minor component shown in parentheses).
c Proposed application.



In terms of chemical processes affecting VSLS, it is the

degradation and loss of intermediate products, and inor-

ganic multiphase heterogeneous chemistry, that remain

the largest uncertainties in our knowledge about the fate

of VSLS.  The most efficient transport pathway is in the

tropics, where there is rapid transport of air from the sur-

face to the tropical tropopause layer (TTL) by deep con-

vection, followed by transport of a small fraction into the

stratosphere.  Quasi-horizontal transport of air from the

TTL into the lowermost stratosphere (LMS), as well as

direct transport of air from the surface at midlatitudes

either by frontal processes or deep convection, also need

to be considered.

Given that VSL SGs and PGs have, by definition,

shorter photochemical lifetimes than the large-scale trans-

port time constant in the troposphere of roughly 6 months,

mixing ratios (molar fractions) of both SGs and PGs

(unless the latter are long-lived) are not uniform in the tro-

posphere, and significant vertical as well as horizontal gra-

dients can exist.  Therefore, the amount of halogen entering

the stratosphere may be sensitive to, among other factors,

the location and timing of emission of VSL SGs, chemical

degradation to produce organic and inorganic PGs, tropo-

spheric transport processes, and location/altitude of

removal of inorganic degradation products by wet deposi-

tion or other heterogeneous processes.  Measured ratios of

boundary layer (BL) to upper tropospheric (UT) mixing

ratios of VSL SGs can provide an indication of the frac-

tion available to be transported into the stratosphere.  It

has been noted previously that brominated and iodinated

VSL SGs have been observed at mixing ratios of a few

parts per trillion (ppt or pmol mol-1) at the surface (WMO,
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Figure 2-1.  Schematic showing principal chemical and dynamical pathways transporting VSL source gases
(SG) and organic/inorganic product gases (PG).  Stratospheric halogen loading is maintained by transport of
source gases followed by their degradation in the stratosphere (the SGI pathway), and transport of interme-
diate products and inorganic halogens produced in the troposphere (the PGI pathway).  Tropospheric inor-
ganic halogens can derive from degradation of VSL SGs, or from inorganic halogen sources.  This figure is an
update to Figure 2-2 in WMO (2003); courtesy of K.S. Law (Service d’Aéronomie/CNRS, France) and P.H.
Haynes and R.A. Cox (University of Cambridge, U.K.).



2003).  An estimate was also given for the tropospheric

abundance of chlorinated VSL SGs ranging from 50 to 100

ppt.  This value also included phosgene (carbonyl dichlo-

ride, COCl2), produced from the degradation of VSL SGs

and long-lived chlorine gases.  Apart from phosgene, very

few measurements of organic VSL PGs are available in

the free troposphere or stratosphere.  Measurements of

inorganic halogen are available and represent the final

degradation products of halogen-containing sources gases

(e.g., CFCs, halons, VSLS) as well as direct emission of

inorganic halogens (e.g., sea salt, volcanoes). 

The different radical families that are important for

ozone loss in the midlatitude stratosphere are shown in

Figure 2-2.  At the levels of total inorganic iodine used in

these model calculations (Iy = 0.1 ppt), which are repre-

sentative of upper limits based on rather limited observa-
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Figure 2-2. Calculated fractional contribution to odd oxygen (Ox) loss by catalytic cycles involving nitrogen
(NOx), hydrogen (HOx), chlorine (ClOx), bromine (BrOx), and iodine (Iy Fast and Slow; see below) radicals for
March 1995, 32°N.  Jet Propulsion Laboratory (JPL) kinetics (Sander et al., 2006) were used, except for the rate
constant of IO + HO2, for which the expression given by Knight and Crowley (2001) representing all available
data, 1.4 × 10–11exp(554/T), was used (this is the same rate constant as given by the February 2006 International
Union of Pure and Applied Chemistry (IUPAC) evaluation, posted at http://www.iupac-kinetic.ch.cam.ac.uk/).
Total inorganic stratospheric iodine was set equal to 0.1 ppt, the upper limit reported by Bösch et al. (2003) and
Butz (2006).  For the left-hand panel, other model inputs are the same as given in Table 4 of Wennberg et al.
(1997), which assumed stratospheric Bry derived only from the breakdown of CH3Br and halons.  For the right-
hand panel, 5 ppt has been added to Bry at all altitudes, representing Bry

VSLS (see text and Section 2.5).  The
ClOx curve represents loss from the ClO + O and ClO + HO2 cycles, plus other minor cycles that involve ClO, but
not BrO or IO.  The BrOx curve represents loss from the BrO + ClO and BrO + HO2 cycles, plus other minor
cycles that involve BrO, but not IO.  Two model curves are given to represent loss by all cycles that involve IO in
the rate-limiting step.  The “Iy Fast” curve uses the rate constant for IO + BrO given by Rowley et al. (2001) and
assumes all products of this reaction lead to catalytic loss of ozone.  The “Iy Slow” curve uses the JPL rate con-
stant for IO + BrO and assumes that production of OIO results in a null cycle.  These two curves are shown to
illustrate the sensitivity of iodine-induced ozone loss to the rate constant of IO + BrO and to the fate of OIO (e.g.,
photolysis of OIO to O + IO leads to a null cycle, whereas photolysis to I + O2 leads to O3 loss).  If the tempera-
ture-independent rate constant for IO + HO2 given by JPL is used, the fractional contribution to ozone loss by
iodine in the LMS is about a factor of two less than illustrated.  Adapted from Wennberg et al. (1997); see also
the extensive discussion of iodine kinetics in Bösch et al. (2003).



tions in the stratosphere (Bösch et al., 2003; Butz, 2006),

loss of ozone by iodine is unlikely to be a driving factor

for present-day midlatitude ozone loss.  Note that the effi-

ciency of ozone loss by iodine is sensitive to unresolved

details of the photochemical mechanism, regarding the

rate constant of the IO + BrO reaction and different

decomposition products resulting from iodine dioxide

(OIO) photolysis (“Iy Fast” versus “Iy Slow” in Figure 2-

2; see caption).  The likely relatively small contribution

of iodine to stratospheric ozone loss is in contrast to

bromine, which has been observed regularly in the strato-

sphere at levels significantly higher than can be supplied

solely by the longer lived brominated gases (CH3Br and

halons) and at sufficient concentrations in the lower strat-

osphere to make a difference to present-day ozone.

A key question for this chapter, then, is to what

extent brominated VSLS contribute to stratospheric Bry.

The contributions of chlorinated and iodinated VSLS to

stratospheric Cly and Iy budgets are also considered.

Figure 2-3, which is an updated version of Figure 1-8,

Chapter 1, WMO (2003), shows Bry estimated from bal-

loonborne BrO observations adjusted to the time when the

measured air masses were last in the troposphere (see

Figure 2-3 caption for further details).  In the late 1990s,

this amounted to about 18 to 25 ppt of Bry.  Also shown

are observed trends in surface mixing ratios of bromine-

containing halons and methyl bromide (CH3Br) since 1980

(see Chapter 1 for details).  Note that the trends of CH3Br

have not been corrected to account for vertical gradients

in the troposphere, so that this contribution to stratospheric

Bry may be overestimated, and therefore Bry
VSLS underes-

timated.  It can be seen that there is an apparent discrep-

ancy between Bry from halons plus CH3Br, and Bry

inferred from BrO data.  In WMO (2003), this discrep-

ancy, denoted “additional” stratospheric bromine, was

attributed to either direct injection into the stratosphere of

inorganic bromine from the troposphere as well as from

degradation of organic VSLS, or to possible calibration

errors in the measurement of either BrO or the organic

source gases.  Since the last Assessment, there have been

many studies focused on quantification of this “additional”

bromine (Bry
VSLS).  Figure 2-3 shows possible contribu-

tions of Bry
VSLS varying between 3, 5, and 7 ppt, as indi-

cated by the thin blue lines.  If 5 ppt of Bry
VSLS is incorpo-

rated into a photochemical model, then ozone loss in the

lower stratosphere from reactions involving BrO occurs at

a rate approaching that due to the traditionally considered

hydrogen oxide cycles alone (see Figure 2-2). 

The structure of this chapter is as follows.  Section

2.2 discusses the emissions, observations, and trends of

VSL SGs, including vertical distributions at different loca-

tions, and their likely mixing ratios in the upper tropo-

sphere.  Section 2.3 provides an update to our knowledge

about the atmospheric chemistry of halogenated VSL SGs

and PGs (organic and inorganic), wet removal of PGs, and

a discussion about the geographical variability of chem-

ical lifetimes.  The role of heterogeneous chemistry in the

inorganic halogen budget is also discussed.  Section 2.4

revisits our understanding of transport processes that are

important for the transport of VSL SGs and PGs to the

stratosphere via the SGI and PGI pathways in both the

tropics and extratropics.  The ability of current models to

simulate the distributions of short-lived gases is also exam-

ined, since these are the tools used to estimate the impact

of VSLS on stratospheric halogen loading, ozone loss, and

their ODPs.  Section 2.5 presents an assessment of the con-

tribution of VSL SGs and PGs to stratospheric halogen

budgets.  Model estimates of the SGI and PGI fraction

entering the stratosphere are also discussed.  The possible

contribution of VSLS (bromine) to stratospheric ozone

loss, and an update of ODPs for VSLS, are discussed in

Section 2.6.  Finally Section 2.7 summarizes recent evi-

dence for, and speculates on, possible future changes in

halogenated VSLS that could affect future stratospheric

halogen loadings and ozone loss.

2.2 SOURCES, DISTRIBUTIONS, AND TRENDS
OF VSLS

2.2.1 New Observations of the
Distributions and Abundances of VSL
Source Gases

Since the last Assessment (WMO, 2003), a number

of shipboard, atmospheric, firn air, and coastal observa-

tions have provided new information that either adds to or

constrains earlier estimates of atmospheric mixing ratios

of VSL SGs, which are known to exhibit significant geo-

graphical variation.  Table 2-2 provides updated informa-

tion since the last Assessment on VSL SG mixing ratios in

the atmosphere and, in particular, it assesses the subset of

relevant observations required to arrive at an estimated

range of mixing ratios in the tropical marine boundary

layer and tropical upper troposphere for each source gas.

It suggests mean tropical boundary layer mixing ratios of

8.4, 1.2, and 81 ppt for total bromine, iodine, and chlo-

rine, respectively, in VSL SGs; and corresponding mixing

ratios in the tropical upper troposphere of 3.5, 0.08, and

55 ppt.  It is clear from these observations that many of

the chlorinated and brominated compounds are delivered

efficiently from the boundary layer to the upper tropo-

sphere.  Bromoform (CHBr3) and dibromomethane

(CH2Br2) contribute the most VSL organic bromine
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Figure 2-3. Trends (solid lines) of expected total inorganic stratospheric bromine (Bry) due to measured tropo-
spheric abundances of bromine from methyl bromide (CH3Br; thick blue lines), the sum of CH3Br plus halons
(thick purple lines), and this sum together with assumed additional bromine (3, 5, and 7 ppt) derived from
VSLS and/or inorganic tropospheric bromine sources (thin blue lines).  This figure is an update of Figure 1-8
from the last Assessment (WMO, 2003).  The smooth thick blue and purple lines prior to 1995 are based on a
combination of Antarctic firn air reconstructions and ambient air measurements from a number of studies,
adjusted to represent mean global abundances (references in WMO, 2003), and updated here with mean
ambient air measurements (non-smooth blue and purple lines post-1995) from NOAA global monitoring sta-
tions (Montzka et al., 2003; updated).  There may be small calibration differences between the different studies
(see, for example, Fraser et al., 1999).  The points (open and filled squares) are total inorganic bromine derived
from stratospheric balloon measurements of BrO and photochemical modeling to account for BrO/Bry parti-
tioning.  The filled black squares are from the slopes of Langley plot BrO observations above balloon float alti-
tude, while the open squares are lowermost stratospheric BrO measurements (Dorf, 2005, and Dorf et al.,
2006a, and references therein; together with more recent data as described in Section 2.5.2.1).  Bold/faint
error bars correspond to the precision/accuracy of the estimates, respectively (Dorf, 2005).  For stratospheric
data, the date corresponds to the time when that air was last in the troposphere, i.e., sampling date minus
mean age of air in the stratosphere.  No correction has been made for gradients of CH3Br in the troposphere
(see text for discussion).  Preindustrial levels of CH3Br of 5.8 and 5.5 ppt have been inferred by Saltzman et al.
(2004) from Antarctic ice cores and by Trudinger et al. (2004) from Antarctic firn air, respectively, whereas
preindustrial levels of the halons have been reported to all be below detection limits in Arctic and Antarctic firn
air by Reeves et al. (2005).  Adapted from Dorf (2005); see also Dorf et al. (2006b).
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Table 2-2.  Reported mixing ratios of VSL source gases in the troposphere (global and hemispheric
values), at 10 km in the tropics, and best estimates from this Assessment of median mixing ratios in
the tropical marine boundary layer [MBL] (<1 km), and tropical upper troposphere [UT]. All mixing ratio
values are in parts per trillion (ppt). New information since WMO (2003) is indicated in boldface.

Species Reported Reported Estimated Tropical Estimated Estimated

Tropospheric 10-km [MBL] Mixing Ratio Tropical [UT] Ratio of

Mixing Ratio a Tropical and Range Mixing Ratio and Tropical

Mixing Ratio a Range [UT]/[MBL]

CH2BrCl 0.47 (0.38-0.59)c 0.32 (0.26-0.35)c 0.7

CH2Br2 0.8-3.4 0.6-0.9 1.1 (0.7-1.5)b,c,f 0.9 (0.7-1.0)b,c,e 0.8

CHBr2Cl 0.1-0.5 0.04-0.11 0.30 (0.06-0.76)b,g,i 0.08 (0.03-0.12)b,c 0.3

CHBrCl2 0.12-0.6 0.04-0.11 0.33 (0.14-0.91)b,c,g,j 0.12 (0.05-0.15)b,c 0.4

CHBr3 0.6-3.0 0.4-0.6 1.6 (0.5-2.4)b,c,f,g 0.37 (0.13-0.7)b,c,e 0.2

CH3I 0.1-2.0 0.05-0.2 0.8 (0.3-1.9)b,c,f 0.08 (0.02-0.18)b,c 0.1

CH2ClI 0.35g

CH2Cl2 17.5 (9-39)b,c,f 13.2 (9-19)b,c,e 0.75

CHCl3 NH, 10-15

12.4 (9.8-14.5)k

SH, 5-7

8.0 (6.5-9.1)k

C2HCl3 NH, 1-5

SH, 0.01-0.1

C2Cl4 NH, 5-15

5.3 (3.3-7.3)k

SH, 0.7-1.5

1.5 (1.1-1.6)k

C2H5Cl NH, 2.6l

SH, 1.6l

CH2ClCH2Cl NH, 20-40

SH, 5-7

COCl2 22.5 (20-25)m

Total Cl 81 (75-99)n 55 (52-60)n,o

Total Br 8.4 (6.9-9.6)n 3.5 (3.1-4.0)n

Total I 1.2 (0.7-2.3)n 0.08 (0.02-0.18)n

NH = Northern Hemisphere, SH = Southern Hemisphere.
a Kurylo and Rodríguez et al. (1999), except as noted.
b Transport and Chemical Evolution Over the Pacific (TRACE-P), Pacific Exploratory Missions (PEM) “Tropics A”/“Tropics B,” Tropospheric Ozone

Production about the Spring Equinox (TOPSE); Blake et al. (1999a,b, 2001, 2003a,b).
c 10-14 km tropical upper troposphere data from the Biomass Burning and Lightning Experiment-B (BIBLE-B) (Choi et al., 2003; Kondo et al., 2002). 
d TRACE-P data only. 
e 10-17.5 km non-stratospheric data from the Preliminary Aura Validation Experiment (preAVE; ozone < 75 ppt) (ftp://espoarchive.nasa.gov/archive/-

pre_ave/data/wb57).
f Cruise data (Butler et al., 2006). 
g Chuck et al. (2005).
h TRACE-P and PEM-Tropics A only (see above).
i High value from Chuck et al. (2005) increased mean from 0.15 to 0.30. 
j High value from Chuck et al. (2005) increased mean from 0.19 to 0.33.
k 2002-2004 surface (Simpson et al., 2004; Blake, 2005). 
l Low et al. (2003).
m Toon et al. (2001).
n Sum of medians and the root mean square (rms) range determined from data for individual compounds shown in the table.
o COCl2 is not included in Total Cl, as part of it may be derived from long-lived species (see text).

3.1 ±0.7 7.8 (5.2-13.3)b,c,f,k 6.0 (4.8-7.5)b,c,e 0.78

1-3 1.8 (1.2-3.8)b,c,f,k 1.3 (0.9-1.6)b,c,e 0.7

0-0.1 0.5 (0.05-2)b,c,d 0.14 (0.02-0.3)b,c,d,e 0.3

5.0 (2.7-5.9)d 1.5 (1.0-1.8)d 0.3

14.9 ±1.1 3.7 (0.7-14.5)b,c,h 1.8 (0.7-3.3)b,c,e,h 0.5



(>80%) to both the marine boundary layer and the upper

troposphere.  Similarly chloroform (CHCl3) and dichloro-

methane (CH2Cl2) contribute most of the VSL organic

chlorine (~80%) to the marine boundary layer and the

upper troposphere.  There are few observations of meas-

urable iodine source gases in the upper troposphere or

lower stratosphere.

As discussed later in this chapter, many of the com-

pounds listed in Table 2-2 are converted to inorganic

forms, but few of these have been measured in the upper

troposphere.  A notable exception is phosgene (COCl2)

which may account for an additional c. 45 ppt of chlorine

(Cl) in the tropical upper troposphere although, as dis-

cussed in Section 2.3.3, part of the phosgene might be asso-

ciated with the decomposition of long-lived source gases

in either the troposphere or stratosphere.

The abundances, distributions, and sources of these

short-lived, potentially ozone-depleting gases are consid-

ered in more detail below.

2.2.1.1 BROMINE AND IODINE

Atmospheric mixing ratios of many brominated and

iodinated VSLS are typically higher where marine influ-

ence is significant.  They tend to be highest near coastal

areas, oceanic fronts, and in the tropics or subtropics (e.g.,

Quack and Wallace, 2003; Carpenter, 2003; Chuck et al.,

2005; Yokouchi et al., 2005b; Butler et al., 2006).  The

tropics, including coastal areas, are significant in that they

comprise the main region where deep convection occurs,

and are therefore the most likely location for transport of

gases emitted at the surface to be carried to the upper tro-

posphere and lower stratosphere.

Carpenter et al. (2003) compared atmospheric

measurements of a range of reactive organic halogens at

Mace Head, Ireland (September, 1998) and Cape Grim,

Tasmania (January-February, 1999).  Mixing ratios of

methyl iodide (CH3I), chloroiodomethane (CH2ClI),

dibromochloromethane (CHBr2Cl), CHBr3, and CH2Br2

at Cape Grim were on average only 25-50% of those at

Mace Head, Ireland, which is more strongly influenced by

emissions from local macroalgae (seaweeds).  Average

total VSL bromine abundances at Cape Grim and Mace

Head during these campaigns were 18 ppt and 39 ppt as

bromine (Br), respectively.  These amounts are much

higher than the global averages of 2.4-3.5 ppt reported in

the last Assessment, and reflect the intense emissions from

coastal waters. Bromoform contributed 45% and 54% of

the total VSL bromine at these two sites, respectively, and

accounted for most of the variability.  Peters et al. (2005)

noted extremely high values of CH3I, CHBr3, and other

VSLS over seaweed beds in northern Europe.  These

values, as high as 1830 ppt for CH3I and 393 ppt for

CHBr3, have not been reported by any other investigations,

the closest being 40 ppt of CHBr3 reported by Yokouchi

et al. (2005b).  Other iodinated VSLS have been observed

in such coastal environments, including diiodomethane

(CH2I2), bromoiodomethane (CH2BrI), iodoethane

(C2H5I), and 1-iodopropane (n-C3H7I), but at smaller con-

centrations (Carpenter et al., 2003; Peters et al., 2005).

Quack and Wallace (2003), summarizing global air

and seawater mixing ratios of CHBr3 by oceanic region,

showed that background mixing ratios of CHBr3 in marine

boundary layer air are generally in the range 0.5-1.5 ppt.

This is consistent with data in Butler et al. (2006), but it

is about half of the range of 1.3-3.9 ppt reported by Chuck

et al. (2005) for the open ocean.  This difference may have

resulted from natural temporal and spatial variability, but

it may also be due to differences in calibration scales,

which underscores the need for intercalibration of these

gases among laboratories.  Quack and Wallace (2003) and

Butler et al. (2006) showed high and variable coastal

marine boundary layer CHBr3 mixing ratios ranging

between 1 and 8.3 ppt, and levels in the open ocean

ranging between 0.4 and 2.5 ppt.  These levels are con-

sistent with the previous Assessment (WMO, 2003).

Yokouchi et al. (2005b) recently reported over 40 ppt of

CHBr3 (i.e., >120 ppt as Br) in the first study of air over

tropical coastal waters, suggesting that such areas may be

particularly important in delivering halogenated VSLS to

the stratosphere.

Seasonality in mixing ratios of VSLS is evident

over most of the ocean (Butler et al., 2006) and is particu-

larly marked in coastal areas.  Cohan et al. (2003) and Cox

et al. (2005) reported high frequency, in situ observations

at Cape Grim.  Average background levels of CH3I for

1998-2001 were 1.4 ppt (Cox et al., 2005).  Mixing ratios

peaked during the summer (amplitude 0.47 ppt) despite

faster photolytic loss, suggesting that the local oceanic

emissions were a significant source of this gas (Cohan et

al., 2003).  Carpenter et al. (2005) found a strong, broad

seasonal range of CHBr3 (1.8-5.3 ppt) at Mace Head,

noting higher values in the summer, and identifying both

terrestrial and marine sources.

Although organic VSL source gases predominate

in the marine boundary layer, it is possible that small

amounts of inorganic bromine or iodine in the boundary

layer could also be rapidly convected to the lower strato-

sphere.  Recent observations suggest that bromine

monoxide (BrO) in the marine boundary layer, whether

from organic or inorganic sources, is on the order of 0-2

ppt (Leser et al., 2003; Saiz-Lopez et al., 2004a), with

higher values observed locally.  High amounts of iodine

monoxide (IO) are routinely observed in the marine
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boundary layer near macroalgae, with values as high as 7-

8 ppt having been reported along the coasts of Ireland and

France (Saiz-Lopez and Plane, 2004; Saiz-Lopez et al.,

2004b; Peters et al., 2005).  Saiz-Lopez and Plane (2004)

suggest that emission of molecular iodine (I2) from macro-

algae may be the dominant source of IO.  Although VSLS

produced at midlatitudes are not as likely to be convected

into the upper troposphere as are VSLS produced in trop-

ical regions, this still underscores the potential contribu-

tion of VSLS from coastal regions. 

2.2.1.2 CHLORINE

Cox et al. (2005) reported background mixing ratios

of 6.3 ppt for CHCl3 at Cape Grim (1998-2000), and

Simmonds et al. (2006) reported 8.7 ppt for CH2Cl2 also

at Cape Grim (1998-2004).  Observed elevated levels of

CHCl3 (55 ppt) were attributed to local natural sources,

while elevated levels of CH2Cl2 (up to 70 ppt above back-

ground) were attributed to anthropogenic sources.  Data

referenced in Butler et al. (2006) show higher tropical

marine air mixing ratios of CH2Cl2 (18.8 ppt), but similar

tropical mixing ratios of CHCl3 (7.4 ppt) to those observed

at Cape Grim.  Numerous studies (e.g., Prinn et al., 2000;

Thompson et al., 2004; Simmonds et al., 2006) show

higher Northern Hemispheric mixing ratios of both of

these gases, which suggest greater emissions in the

Northern Hemisphere and are consistent with a large

anthropogenic source. 

Low et al. (2003) reported the first calibrated meas-

urements of atmospheric chloroethane (C2H5Cl).  The

median mixing ratios observed at a clean California coastal

site were 3.3 and 0.3 ppt for C2H5Cl and C2H5Br, respec-

tively.  No significant correlation was found between the

atmospheric concentrations of the methyl halides and the

ethyl halides, suggesting different source-sink relation-

ships.  These results, combined with data from the

Transport and Chemical Evolution over the Pacific exper-

iment (TRACE-P), suggest an average global mixing ratio

for C2H5Cl of 2.6 ppt.  Using these data with an average

hydroxyl radical (OH) lifetime of ~1 month, the global

burden and required annual source of C2H5Cl to the atmos-

phere are 25 Gg (1 Gg = 109 g), and 300 Gg yr-1, respec-

tively (Redeker et al., 2003). 

2.2.2 Terrestrial Emissions

Terrestrial emissions of brominated or iodinated

VSLS are generally thought to be smaller than from the

ocean (Table 2-3).  Emissions from many terrestrial

sources, such as rice cultivation, fires, and wastewater

effluents, are anthropogenically influenced.  Several eval-

uations of fluxes from rice paddies, using both new data

and modeling techniques, indicate that rice paddies remain

a significant source of CH3I to the atmosphere.  Lee-Taylor

and Redeker (2005) re-evaluated the global fluxes of CH3I

from rice cultivation, including the effects of temperature,

seasonality, and soil moisture.  Their best estimate was 16

to 29 Gg yr-1 of CH3I.  This range is similar to the previous

estimate of Muramatsu and Yoshida (1995), but is consid-

erably lower than the earlier estimates of Redeker et al.

(2000) and Redeker and Cicerone (2004).  Redeker and

Cicerone (2004) did note that CH3I emissions from pad-

dies were positively correlated with temperature, essen-

tially doubling with an increase of 10 degrees (25-35°C).

The first measurements of emissions of C2H5Cl,

CHBr3, and bromodichloromethane (CHBrCl2) from rice

paddies, or any other terrestrial ecosystem, were reported

by Redeker et al. (2003).  Integrated seasonal emissions

of C2H5Cl were 0.60 ± 0.50 milligrams (1 mg = 10-3 g)

per meter squared (mg m-2), about 25 micrograms (1 µg =

10-6 g) m-2 for CHBr3, and 2.9 µg m-2 for CHBrCl2.

Redeker et al. (2003) extrapolated their findings to the

global coverage of rice and calculated an annual emission

of about 1 Gg of C2H5Cl, which is insignificant compared

with annual global emissions of c. 300 Gg yr-1.

Evidence for direct terrestrial input of inorganic and

organic halogens into the lower troposphere comes from

studies of volcanoes and salt flats.  Bureau et al. (2000)

estimated the bromine yield of recent volcanic eruptions

based on laboratory examination of ejected gases, and

Bobrowski et al. (2003) measured enhanced BrO in a vol-

canic plume.  Both authors suggest that these emissions

could contribute to stratospheric bromine.  Bobrowski et

al. (2003) further estimated that volcanoes might emit c.

30 Gg BrO yr-1 into the lower atmosphere.  Afe et al.

(2004), however, showed that space-based measurements

of column BrO are not correlated with enhancements of

column sulfur dioxide in volcanic plumes, casting some

doubt on the latter hypothesis.  Volcanic perturbation to

stratospheric bromine is not commonly considered in

ozone assessment simulations.

Stutz et al. (2002) recorded elevated levels of BrO

(6 ± 0.4 ppt) and ClO (15 ± 2 ppt) associated with mobi-

lization of halogens from salt near the Great Salt Lake in

the U.S.  However, no flux estimates were provided, and

it is not clear how widespread this phenomenon may be.

Similarly, Zingler and Platt (2005) reported IO abundances

of 0.3-2 ppt, and occasionally more than 10 ppt, over Dead

Sea salt flats, apparently from inorganic sources.  It is

unlikely, however, that these emissions could contribute

significantly to stratospheric halogen loading.
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Table 2-3.  Estimated local lifetimes, burdens, removal rates, and sources for some halogenated VSLS.
New information since WMO (2003) is indicated in boldface.

Compound Local Estimated Burden Estimated Estimated Source from

Lifetime (Gg) Removal Rate Inventory or Estimate of

(days) (Gg yr-1) Biogeochemical Cycle (Gg yr-1)

CH2BrCl 150a 1.2 (Br), 0.5 (Cl)1 2.9 (Br), 1.3 (Cl)c

CH2Br2 120a 18-22 (Br)b 55-67 (Br)c

19 (Br)1 58 (Br)c

CHBrCl2 78a 1.3-1.5 (Br)b 6.1-7.0 (Br)c 17 (Cl) open ocean15,h

1.2-1.3 (Cl) 5.4-6.2 (Cl) 19 (Br) open ocean15,h

1.2 (Br), 1.1 (Cl)1 5.5 (Br), 4.9 (Cl)c

CHBr2Cl 69a 0.8-2.2 (Br), 0.2-0.5 4.2-12 (Br), 0.9- 5 (Cl) open ocean15,h

(Cl)b 2.7 (Cl)c 23 (Br) open ocean15,h

2.3 (Br), 0.5 (Cl)1 12 (Br), 2.7 (Cl)c

CHBr3 26a 11-18 (Br)b 150-250 (Br)c 209 (47-370) (Br)3

14 (Br)1 200 (Br)c 800 (240-1760) (Br)9

2852, d 28 (20-112) (Br) industry9

CH3I 5e 1.7-2.2 (I)b 120-160 (I)c 90-450 (I)4

6f 4.8 (I)f 214 (I)f 272 (I) total10

191 (I) net ocean (incl. 66 

anthropogenic)10

180 (I) open ocean15,h

C2H5I 4a 0.5 (I) 46 (I)c

CH2ClI 0.1a 95 (I) open ocean15,h

27 (Cl) open ocean15,h

CH2Cl2 140a 83-250 (Cl)b 220-650 (Cl)c 487 (Cl) industrial5

1806, e 250 (Cl)6 650 (Cl)c 160 (Cl) ocean

500 (Cl)6,d 49 (Cl) biomass burning16,i

CHCl3 150a 66-130 (Cl)b 160-320 (Cl)c 564 (Cl)6

1837,e 210 (Cl)7 511 (Cl)c 588 (392-784) (Cl)11

470 (350-600)7,e 320 (240-400) (Cl) seawater11

412 (Cl)6,d 196 (107-285) (Cl) soil11

C2HCl3 4.6a 3.1 (Cl)b 260 (Cl)c 95 (Cl) industry5

5.56,e 5.30 (Cl)6 440 (Cl)c 20 (Cl) ocean6

350 (Cl)6,e 3 (Cl) fossil fuel6

C2Cl4 99a 17-85 (Cl)b 63-310 (Cl)c 313 (Cl) industry5

1336,e 160 (Cl)6 590 (Cl)c 16 (Cl) ocean6

440 (Cl)6,e 2 (Cl) fossil fuel6

222 (210-235) (Cl)12,g

C2H5Cl ~ 3013 14 (Cl)13 165 (Cl)c

~ 2414 4.6-7.3 (Cl)14 70-110 (Cl)c

CH2ClCH2Cl 70a 5-26 (Cl)b 26-130 (Cl)c 7008

References: 1Kurylo and Rodríguez et al. (1999); 2Dvortsov et al. (1999); 3Carpenter and Liss (2000); 4Singh et al. (1983), Liss and Slater (1974),

Moore and Groszko (1999); 5McCulloch et al. (1999); 6Keene et al. (1999); 7Khalil and Rasmussen (1999); 8Khalil (1999); 9Quack and Wallace

(2003); 10Bell et al. (2002); 11McCulloch (2003); 12Simpson et al. (2003); 13Redeker et al. (2003); 14Low et al. (2003); 15Chuck et al. (2005);
16Lobert et al., (1999).

a From Table 2-4 of Ko and Poulet et al. (2003).
b Burden estimated using Equation 2.3 and the median BL mixing ratios from Table 2-7 in Ko and Poulet et al. (2003), and the estimated scale height

from Table 2-10 in Ko and Poulet et al. (2003). 
c From estimated lifetime and estimated burden, i.e., (column 3)/(column 2).  The range reflects the range in the estimated burden. 
d From two-dimensional (2-D) model. 



2.2.3 Oceanic Emissions

Numerous studies evaluating the oceanic produc-

tion, degradation, and emission of VSLS suggest high

spatial and temporal variability, with emissions gener-

ally high in the tropics and near ocean fronts, and highest

in coastal regions (Figure 2-4).  These studies continue

to suggest that oceanic emissions constitute by far the

largest source of brominated and iodinated VSLS to the

atmosphere, making up 90-95% of the total global flux

of these gases.  The potential for spatially and seasonally

dependent variability is shown clearly in the work of

Cohan et al. (2003), where model results indicate that the

mean oceanic flux of CH3I from the Southern Ocean into

the marine boundary layer at 40°S-50°S is 3.1 (1.9-5.2)

µg m-2 day-1 during the summer.  For comparison, the

global annual oceanic flux estimate reported by Moore

and Groszko (1999) corresponds to 1.0 to 2.7 µg m-2 day-

1, and the open ocean range given in Butler et al. (2006)

is 0.6 to 5.7 µg m-2 day-1.

2.2.3.1 BROMINE

Both Butler et al. (2006) and Quack et al. (2004)

show the highest open ocean fluxes of CHBr3 in areas of

upwelling, such as near the equator and at ocean fronts,

and their combined data suggest that tropical fluxes are

highest in the Pacific, where equatorial upwelling is most

intense.  Quack and Wallace (2003) noted that subtrop-

ical coastal and shelf oceans of both hemispheres con-

tribute significantly to global emissions, with 180 (72-

270) Gg Br (CHBr3) yr-1 emitted from their “shore”

regime and 380 (240-940) Gg Br (CHBr3) yr-1 emitted

from their “shelf” regime, representing 23 and 48% of

the entire oceanic CHBr3 flux, respectively.  Extrapo-

lating Atlantic open ocean fluxes to the global ocean

yielded 240 (32-800) Gg Br (CHBr3) yr-1, representing

about one-third of the global oceanic CHBr3 emission of

~800 (240-1800) Gg Br (CHBr3) yr-1.  These estimates

are similar to the 160 and 890 Gg Br yr-1 reported by

Butler et al. (2006) for open ocean and global sources

respectively.  Quack and Wallace (2003) attribute much

of the source to CHBr3 production by phytoplankton,

which they calculated to be ~240 Gg Br yr-1.

The large differences between estimated open

ocean fluxes and global fluxes underscore the impor-

tance of coastal waters as a substantial source of CHBr3.

High fluxes of many polyhalogenated VSLS are attrib-

uted mainly to attached macroalgae (e.g., Laturnus et

al., 1996; Carpenter et al., 2000), and numerous investi-

gators have reported very high mixing ratios in and

above coastal waters (e.g., Carpenter and Liss, 2000).

There have been, however, no systematic investigations

of these gases in tropical coastal regions until recently,

when Yokouchi et al. (2005b) measured atmospheric

concentrations of CHBr3, CH2Br2, and CHBr2Cl over

several areas, including both Arctic and tropical coastal

waters, and the open ocean, finding by far the highest

amounts of these gases in association with tropical

coasts.  Their global estimate of the oceanic CHBr3

source was 820 (± 310) Gg Br yr-1, which is consistent

with the independent estimates of Quack and Wallace

(2003) and Butler et al. (2006). 

Although coastal macroalgae are undoubtedly an

important global source, Quack et al. (2004) and Butler et

al. (2006) also provide evidence that the sources of CHBr3

and CH2Br2 throughout the tropical open ocean are asso-

ciated with the deep chlorophyll maximum near the ther-

mocline.  Transport of these gases to the ocean surface in

association with upwelling and mixing is consistent with

the higher concentrations and fluxes observed at the

equator and near ocean fronts (Chuck et al., 2005; Butler

et al., 2006).  This may be significant because equatorial

upwelling, which carries these gases to the surface where

they are emitted, is influenced by wind speed and direc-

tion, which in turn are affected by climate, weather, and

El Niño-Southern Oscillation (ENSO) events.  This sug-

gests a link between climate, wind-driven upwelling, and

the supply of bromine to the tropical upper troposphere,

where it can be transported to the lower stratosphere (see

Section 2.4).  

Several studies indicate that CHBr3 sources con-

tribute more organic and reactive bromine to the lower

atmosphere than other organobromines.  Carpenter et al.
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Table 2-3, continued.

e Burden estimated from information given in Ko and Poulet et al. (2003): Equation 2.3, Table 2-7 (median BL mixing ratios), Table 2-10 (estimated

scale heights).
f From three-dimensional (3-D) model simulation of Bell et al. (2002). 
g Estimate for 2002. 
h Estimated using data from Chuck et al. (2005).  The surface ocean during the Chuck et al. study was generally a sink for CHBr3. 
i May be a less significant and more uncertain source than estimated here, although no new global emission estimates are available (Simmonds et al.,

2006; Scheeren et al., 2002).
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Figure 2-4. Plots of the oceanic fluxes of CHBr3 and CH2Br2 into the marine boundary layer based upon data
from seven research cruises between 1994 and 2004 (Butler et al., 2006).  Cruise data are color-coded to
match those in the map.  All measurements are on the same calibration scale.



(2003) extrapolated their data to estimate molar source

strengths of CHBr2Cl and CH2Br2, suggesting that the flux

of CHBr2Cl is about 3-6% of that of CHBr3, and that

CH2Br2 emissions would be about 15-25% of the global

CHBr3 flux.  Yokouchi et al. (2005b) suggest somewhat

similar molar emission ratios, with CHBr2Cl amounting

to ~7% and CH2Br2 to ~11% of the flux in coastal waters.

Butler et al. (2006) noted that CH2Br2 fluxes were about

25-35% of CHBr3 fluxes for data collected mostly in the

open ocean.  These values all fall within ranges estimated

independently from concentration and lifetime data.

2.2.3.2 IODINE

Fluxes of iodinated VSLS are driven in part

through photochemistry in the surface waters.  Results of

a study of the production of CH3I in the tropical Atlantic

Ocean support prior inferences that CH3I is produced in

the open ocean by a light-dependent production pathway

that is not directly dependent on biological activity

(Richter and Wallace, 2004).  This assertion is supported

by data from Smythe-Wright et al. (2005) and Chuck et

al. (2005).  Also, photo- or biodegradation of some poly-

halogenated methanes can lead to the production of

others.  For example, Martino et al. (2005) carried out

laboratory studies of aqueous degradation kinetics of

the photolabile compounds CH2I2, CH2BrI, and CH2ClI

in different types of natural and artificial seawater.

Photolysis of CH2I2 in artificial and natural seawater gen-

erated CH2ClI with a yield of 25-30%, suggesting that

this reaction is an important source of marine CH2ClI.

Dark-incubations indicated that photolysis is the main

abiotic degradation mechanism of CH2I2 in seawater and

that CH2I2 originating at depth and transported to the sur-

face would be photolyzed before escaping into the atmos-

phere.  The longer aquatic photolytic lifetime of CH2ClI

allows this compound to vent to the atmosphere and

indeed, although CH2ClI has been detected at very low

levels in the remote marine boundary layer, its sea-air

fluxes appear to be of the same order as those of CH3I

(Carpenter et al., 2003; Chuck et al., 2005).

2.2.3.3 CHLORINE

Although previous studies (e.g., Khalil et al., 1999)

led Keene et al. (1999) to conclude that oceanic emissions

of dichloromethane (CH2Cl2) could account for about 25%

of the total emissions to the atmosphere, recent work by

Moore (2004) suggests that the apparent supersaturation

of this gas in higher latitude waters is an artifact of circu-

lation and mixing.  Moore (2004) interpreted the measure-

ments of CH2Cl2 in waters of the North Atlantic and

Labrador Sea to show that the compound at depth in the

ocean is imprinted with an older atmospheric source, and

appears to persist for years to decades in deeper waters.

In this sense, the observed surface supersaturation of the

gas would likely have resulted from the recent decline of

this gas in the atmosphere (e.g., Simmonds et al., 2006;

Thompson et al., 2004) with the ocean gradually re-equil-

ibrating, and not necessarily the result of production in the

ocean.  Thus, the ocean “source” of 200 Gg Cl yr-1 would

likewise be a matter of re-equilibration, not production. 

2.2.4 Industrial and Other Anthropogenic
Emissions

2.2.4.1 BROMINE

Except for the chlorinated VSLS, anthropogenic

emissions of most halogenated VSLS are presently

dwarfed by natural emissions (Table 2-3).  Emissions of

CHBr3 through water treatment, however, can be locally

significant.  Quack and Wallace (2003) reassessed the

anthropogenic CHBr3 source from water chlorination,

including reactions on saltwater effluents, and suggested

that it would amount to about 28 Gg Br yr-1 (0.20-110 Gg

Br yr-1), which is minor compared with natural sources

(<5% of biogenic CHBr3 emissions).  Zhou et al. (2005)

reported contributions from effluents from the chlorina-

tion of drinking, waste, and recreational waters of ~1-10%

of the CHBr3 emitted from the Great Bay area of New

England, U.S.  In the same region, they determined that

the contribution from coastal power plant cooling efflu-

ents amounted to 15-50% of the CHBr3 measured in the

Great Bay, constituting most, if not all, of the anthro-

pogenic source to the bay.

Because polar firn air provides a natural archive

of “old” (typically from early 20th century) air, long-term

trends of various gaseous species can, with some caveats,

be reasonably reconstructed.  Significant 20th century

trends are often indicative of increasing anthropogenic

emissions.  For example, Worton et al. (2006) reported

firn air measurements of the brominated trihalomethanes

(THMs: CHBr3, CHCl2Br, CHClBr2) and dihalomethanes

(DHMs: CH2Br2 and CH2ClBr) in Greenland.  The bromi-

nated DHMs showed no annual trend over time, sug-

gesting that their sources are almost entirely natural.  The

THMs, however, appeared to increase by 20% from

1950-1990.  This translates to increases of ~16 ± 9, 0.7 ±

0.4, and 0.8 ± 0.3 Gg Br yr-1 for CHBr3, CHBr2Cl, and

CHBrCl2, respectively.  Worton et al. (2006) noted that

similarities in the trends in the deepest sections of the

firn (oldest air) indicate that the three THMs may have

similar sources.  The authors further suggested that
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chlorination of seawater for cooling coastal power plants

may be the largest anthropogenic source of the bromi-

nated THMs.  Emissions of THMs from water chlorina-

tion could potentially increase in the future in response

to increasing demand for water treatment (potable and

waste water) and power generation.

2.2.4.2 CHLORINE

Antarctic firn air measurements from Trudinger et

al. (2004) show CHCl3 and CH2Cl2 increasing in atmos-

pheric mixing ratios from 3.9 ppt to 6.35 ppt and 1.4 ppt

to 8.9 ppt, respectively, between 1940 and 1990.  They

noted that records of anthropogenic emissions of CH2Cl2

were consistent with their results.  Northern Hemisphere

firn air measurements from Worton et al. (2006) also sup-

port an anthropogenic contribution to CHCl3.  Their

model calculations suggest anthropogenic emissions

were ~14-20% of total CHCl3 emissions (270-335 Gg Cl

yr-1) in 1950, and increased to 41-50% of the total (417-

506 Gg Cl yr-1) at the peak in global mixing ratio in about

1990.  Anthropogenic emissions subsequently decreased

to ~19% of total emissions (310 Gg Cl yr-1) in 2001.  This

anthropogenic component was attributed mostly to paper

and pulp manufacture, and the declining emissions since

~1990 to changes in working practices in this industry.

Recent ambient atmospheric data also suggest that

emissions of these two gases are declining.  Prinn et al.

(2000) report data for CHCl3 from 1983-1998 with a trend

ranging from −0.1 to −0.4 ppt yr-1. Simmonds et al. (2006)

noted that measurements from Mace Head, Ireland, and

from the National Oceanic and Atmospheric Adminis-

tration (NOAA) U.S.  global monitoring sites (Thompson

et al., 2004) show a decrease in CH2Cl2 mixing ratios

from 1995-2004 with trends of −0.7 ppt yr-1 (1995-2004)

and −0.3 ppt yr-1 (1998-2004), while an increase of 0.05

ppt yr-1 was observed at Cape Grim, Australia.

Emissions of some chlorinated gases such as tetra-

chloroethene (C2Cl4) have been targeted for reduction

owing to public health concerns.  Levels of tropospheric

C2Cl4, for which sources were estimated in WMO (2003)

to be 95% anthropogenic, declined substantially between

1989 and 2002 (Simpson et al., 2004).  During this period,

annual mean C2Cl4 mixing ratios for the extratropical

Northern Hemisphere dropped from 13.9 ± 0.5 ppt to less

than half this value (6.5 ± 0.2 ppt), and global averages

declined from 6.3 ± 0.6 ppt to 3.5 ± 0.2 ppt (Simpson et

al., 2004).  These values suggest that the global C2Cl4

burden decreased by roughly 820 Gg Cl between 1989-

2002, and is consistent with decreasing anthropogenic

Northern Hemispheric emissions.  Simmonds et al. (2006)

showed continued declines in C2Cl4 from 2000-2004.

They report means (trends in parentheses) for Mace Head,

Ireland, and Cape Grim, Australia, of 4.9 ppt (−0.18 ppt

yr-1) and 0.75 ppt (−0.01 ppt yr-1), respectively.

High regional variability in emissions of anthro-

pogenic VSLS is underscored by the study of Barnes et

al. (2003) who, in contrast to the above, found no uni-

form trend of C2Cl4 between 1996 and 1999 at Harvard

Forest, Massachusetts, U.S., but suggested that urban

and industrial emissions of C2Cl4 for the New York City-

Washington, D.C. corridor were increasing.  Similarly,

estimates from an aircraft study over Sagami Bay, Japan,

suggest high emission rates of CH2Cl2 (61.8 Gg Cl yr-1)

and C2Cl4 (28.0 Gg Cl yr-1) (Yokouchi et al., 2005a).  These

estimates, as well as those for CHCl3 (6.2 Gg Cl yr-1) and

trichloroethene C2HCl3 (39.8 Gg Cl yr-1), are consistent

with the Japanese Pollutant Release and Transfer Register

for 2002 (PRTR, 2004). 

2.2.4.3 NEW VSL GASES

Future emissions of VSLS in the upper troposphere

are potentially problematic.  Trifluoroiodomethane (CF3I)

is being considered as a direct replacement for halon use

in aircraft, and as a replacement for the potent greenhouse

gas, hexafluoroethane (C2F6), currently used in the plasma

etching industry.  No information on its emission is cur-

rently available, although its use on aircraft could poten-

tially lead to emission at altitude.  This species is rapidly

photolyzed (Table 2-1), but emission at altitude could

provide a pathway for future injection of iodine to the

stratosphere (Li et al., 2006).  A new product, “PhostrEx”

(PBr3), has recently won approval from the U.S.

Environmental Protection Agency for in-flight aircraft

engine fire protection, and has passed all Federal Aviation

Administration certification fire testing; future wide-

spread use is possible.  Although this compound is

highly soluble and consequently has a very short lifetime

(<0.1 s at 50% humidity), its release during flight in the

upper troposphere could be of concern because of the

low humidity and hence slower removal rates of the gas

and its degradation products at these altitudes.

2.2.5 Sources and Distributions of
Inorganic Halogens of Marine Origin

Any substance present in the upper troposphere can
potentially be exported to the stratosphere; therefore inor-
ganic halogens in the upper troposphere have to be con-
sidered to quantify the total import of halogens into the
stratosphere.  In the tropics, rapid convective transport
means that VSLS may also be transported from the
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boundary layer into the tropical upper troposphere (see
Section 2.4.1).

BrO has been observed directly in the midlatitude
marine boundary layer (Leser et al., 2003; Saiz-Lopez et
al., 2004a).  The presence of inorganic bromine generally
in the marine boundary layer has also been inferred from
the routinely observed large bromide deficit in sea salt
aerosol (e.g., Sander et al., 2003).  These occurrences are
almost certainly due to halogen activation from sea salt by

heterogeneous reaction chemistry.

Combinations of space-, ground-, and balloon-
based measurements indicate that BrO is widely present
in the free troposphere, with mixing ratios of 0.2-2 ppt
(Harder et al., 1998; Wagner and Platt, 1998; Pundt et al.,
2000; McElroy et al., 1999; Fitzenberger et al., 2000;
Wagner et al., 2001; Van Roozendael et al., 2002; Richter
et al., 2002; Schofield et al., 2004).  The study by Yang et
al. (2005), incorporating a detailed bromine chemistry

scheme of gas-phase and heterogeneous reactions, showed
that monthly mean mixing ratios of 0.1-1.0 ppt of BrO in
the free troposphere can be explained by a combination of
bromine release from sea salt aerosol and the breakdown
of bromomethanes.  Other bromine sources were not con-
sidered in this study, but might contribute (e.g., volcanic
BrO, as noted above, and tropospheric decomposition of
other organic bromine gases).  They suggest that sea salt

might contribute as much as 10% of the total Br in the

upper troposphere.

In contrast to bromine, there is limited evidence for

the presence of inorganic chlorine radicals in the free tro-

posphere.

McFiggans et al. (2004) and Saiz-Lopez et al.

(2006) reported direct coastal boundary layer observations

of molecular iodine, ultrafine particle production, and

iodocarbons.  They demonstrated for the first time that

ultrafine iodine-containing particles are produced by inter-

tidal macroalgae exposed to ambient levels of ozone.

However, the lifetime of inorganic iodine species released

in the boundary layer is short, and they are generally

unlikely to be transported to the stratosphere.

2.3 ATMOSPHERIC CHEMISTRY OF VSLS

The halogenated source compounds considered

here are listed in Table 2-1.  The Table gives the estimated

local lifetimes (τlocal) for these compounds, defined as

(τlocal)
-1 = (τOH)-1 + (τJ)

-1 where (τOH) is the lifetime due to
reactions with hydroxyl radical (OH), and (τJ) is the life-
time due to ultraviolet (UV) photolysis.  It is worth noting

that even within these halogenated VSLS there is a wide

range of local lifetimes, with values ranging from a few

minutes to 150 days.  The atmospheric loss processes for

the source gases (organic halogens) occurs primarily in

the gas phase via reaction with OH and UV photolysis.

Multiphase processing of source gases is not a significant

loss process and is not considered in this chapter.

The removal of inorganic halogenated reservoir
species (e.g., hydrogen chloride, HCl) by wet and dry dep-
osition is the main atmospheric loss process for inorganic
halogens.  Heterogeneous processes that recycle inorganic
bromine and (most probably) iodine to insoluble reactive
forms, may significantly increase the effective lifetime of
Brx and Ix (see boxed text in Section 2.1 for definition of
Brx; Ix is analogously defined) in the troposphere and the
lower stratosphere and, as a result, enhance the efficiency
of halogen transport via the PG pathway into the lower
stratosphere, as discussed in Section 2.5. 

Processing of both organic and inorganic halo-
genated degradation products on atmospheric aerosol
and cloud particles is currently not well represented in
atmospheric models, although the knowledge of these
processes continues to improve.  For example, a clearer
picture is evolving regarding the partitioning of trace
gases onto ice surfaces in cirrus clouds (Abbatt, 2003),
and the mechanisms of halogen reactions on ice surfaces
under tropospheric conditions (Fernandez et al., 2005).
In this section, we assess the data needed to represent the

atmospheric processing in both the gas and condensed

phases of halogenated VSLS in atmospheric models.

2.3.1 Removal of Halogen Source Gases

The halogenated VSL SGs listed in Table 2-1,

with the exception of CF3I, C2H5Br, 1,2-dibromoethane

(CH2BrCH2Br), and PBr3 were evaluated in WMO (2003).

The kinetic and photochemical parameters for the previ-

ously assessed VSL source gases have been updated in the

recent evaluations of the International Union of Pure and

Applied Chemistry (IUPAC, Atkinson et al., 2005; http://-

www.iupac-kinetic.ch.cam.ac.uk), and the National Aero-

nautics and Space Administration, (NASA) Jet Propulsion

Laboratory (JPL), U.S. (Sander et al., 2006; http://-

jpldataeval.jpl.nasa.gov), with only minor revisions.

The atmospheric loss of the VSL SGs can be sum-

marized as follows: chlorinated VSL compounds have long

photolysis lifetimes and are predominantly removed in the

troposphere through reaction with OH; the brominated

VSLS are removed by a combination of UV photolysis

and OH reaction depending on the degree of halogen sub-

stitution (for example, increased importance of photolysis

with higher bromine substitution); and iodine-containing

VSLS are removed almost exclusively by photolysis.

Bayes et al. (2003) reported bromine atom quantum yields

for the photolysis of CHBr3 at several wavelengths be-
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tween 303 and 324 nanometers (nm).  Their results imply

that the UV absorption cross section data currently recom-

mended for use in the determination of the atmospheric

photolysis rate of CHBr3 may be systematically high by

as much as 20% over this wavelength region.

The OH rate coefficients and atmospheric photol-

ysis rates for C2H5Br and CH2BrCH2Br are given in Table

2-4.  The photolysis lifetimes are significantly longer than

their respective OH reaction lifetimes, and therefore pho-

tolysis is not an important atmospheric loss process for

these compounds.

2.3.2 Tropospheric Lifetimes of
Halocarbons

The lifetimes given in Tables 2-1 and 2-3 provide

only an approximate estimate of the global mean lifetimes,

because of significant regional variations in the OH rad-

ical concentration, solar flux, and the spatial and seasonal

distributions of the halogen source gases.  The geographic

distribution of VSL SG surface fluxes with respect to these

regional variations in the corresponding sinks is an impor-

tant factor in determining the global mean atmospheric

lifetimes of the VSL SGs.  Warwick et al. (2006) have pro-

vided an estimate of the importance of the geographic flux

distribution on the atmospheric lifetime of CHBr3 by using

a global atmospheric three-dimensional (3-D) model to

calculate the CHBr3 global atmospheric lifetime for a set

of prescribed oceanic CHBr3 emission data.  In their cal-

culations, the CHBr3 atmospheric lifetime, defined as the

global burden divided by the annual global loss, varied

from 37 days in a scenario containing emissions distrib-

uted over the entire open ocean, to 15 days in a scenario in

which CHBr3 was emitted from tropical coastline regions

only (see Table 2-5).  The shorter lifetime in the tropical

emission scenario is due to higher OH concentrations and

UV levels in this region.  This represents an uncertainty of

approximately ±40% in the CHBr3 atmospheric lifetime

that is solely due to changes in the emission distribution.

For halogen source gases with longer atmospheric life-

times and better constrained flux distributions, this uncer-

tainty will be reduced.

The different CHBr3 emission scenarios in the

Warwick et al. (2006) study also showed a significant

variation in the amount of CHBr3 reaching the tropical

upper troposphere.  A scenario based on a uniform ocean

emission distribution of 210 Gg CHBr3 yr-1 (Kurylo and

Rodríguez et al., 1999; Carpenter and Liss, 2000)

showed CHBr3 peak mixing ratios of 0.2 ppt at 110 hPa,

whereas a scenario with larger emissions (587 Gg CHBr3

yr-1) predominantly situated in the oceanic tropics,

which showed better agreement to tropospheric obser-

vations, contained peak CHBr3 mixing ratios of ~1 ppt

at the same altitude.
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Table 2-4.  OH rate coefficient and photochemical parameters for bromoethanes added since the WMO
(2003) Assessment.  Temperatures (T) in Kelvin.

Compound k(OH) k300(OH) Photolysis Rate References

(cm3 molec–1 s–1) (cm3 molec–1 s–1) Constant, J a (s–1)

Bromoethane 2.9 × 10–12exp(−640/T) 3.43 × 10–13 <1 × 10–9 Sander et al. (2006)

(C2H5Br)

1,2-dibromoethane 1.44 × 10–11exp(−1270/T) 2.1 × 10–13 <1 × 10–9 Qiu et al. (1992);

(CH2BrCH2Br) Sander et al. (2006)
a Atmospheric photolysis rate constants are globally and seasonally averaged estimates for 5 km altitude (because different models were used, the

values should be considered approximate).

Table 2-5.  Bromoform emission scenarios used
by Warwick et al. (2006).

Global Flux Geographic Modeled

(Gg CHBr3 Distribution of Atmospheric

yr-1) Emissions Lifetime (days)

210 uniform ocean a 30

235 open ocean b 37

587 global coastlines b 26

400 tropical ocean c 21

587 tropical coastlines c 15

595 tropical ocean and 18

tropical coastlines c

a Kurylo and Rodríguez et al. (1999).
b Quack and Wallace (2003).
c Warwick et al. (2006).



2.3.3 Production and Gas-Phase Removal
of VSL Organic Product Gases

The first generation of stable reaction products

formed following the gas-phase degradation of the halo-

genated VSL SGs was reviewed in WMO (2003).  In gen-

eral, the stable products consist of a variety of organic

carbonyl (RC(O)R′) and peroxide (ROOR′) compounds,

and inorganic halogen species.  Since the last Assessment,

little new evidence for the atmospheric reactivity and

photolysis of these compounds has been reported.  The

recent IUPAC and JPL evaluations include the updates

for these compounds where available.  Detailed degra-

dation mechanisms for halomethanes in general, and

n-propyl bromide (n-C3H7Br) specifically, were given in

WMO (2003). A major uncertainty in the evaluation of

the impact of the degradation products is a lack of experi-

mental data for their reactivity and photolysis.

The atmospheric degradation mechanisms for the

VSL SGs are reasonably well understood, although quan-

tification of the various possible reaction channels and

degradation products is lacking in some cases.  In general,

the atmospheric degradation of the halogenated VSL

source gases leads to the formation of compounds with

atmospheric lifetimes shorter than the lifetime of the

source gas.  A notable exception is the formation of phos-

gene, COCl2, which is a product formed in the degrada-

tion of the VSLS chloroform (CHCl3) and tetra-

chloroethene (C2Cl4).  Phosgene is also formed in the

degradation of longer lived chlorinated compounds such

as carbon tetrachloride (CCl4) and methyl chloroform

(CH3CCl3).  In the stratosphere, COCl2 is removed mainly

by photolysis, since the rate constant for reaction with OH

is relatively small (<5 × 10-15 centimeters cubed per mole-

cule per second).  On the basis of recently published cross

sections (Atkinson et al., 2005; Sander et al., 2006), the

local photolysis lifetime of COCl2 is estimated to be sim-

ilar to that of CFC-11 (trichlorofluoromethane; CCl3F),

and about twice that of CCl4, at altitudes above 18 km at

30°N; thus significant stratospheric loss of COCl2 is to be

expected.  Kindler et al. (1995), using a one-dimensional

(1-D) model, reported a stratospheric lifetime for COCl2

of ~2 years (for COCl2 produced in the stratosphere); less

than lifetimes calculated for long-lived SGs such as CCl4.

Kindler et al. calculated a much longer stratospheric life-

time (>8 years) for COCl2 produced in the troposphere,

which they explain as being due to the requirement for

COCl2 produced in the troposphere to be transported to

higher stratospheric altitudes, where photolysis rates are

greater.  In the troposphere, removal of COCl2 is domi-

nated by aerosol washout (total wet removal lifetime of

~60 days from Kindler et al. (1995) and ~70 days from

WMO, 2003).  Therefore, wet removal of COCl2 may fur-

ther reduce the contribution of chlorinated source gases

(both long-lived and VSLS) to stratospheric chlorine (see

Section 2.3.4.1).

When loss of CHBr3 is initiated by reaction with

OH, the final organic decomposition product is likely to

be carbonyl dibromide (COBr2).  When loss is initiated by

photolysis, then formyl bromide (COHBr) is thought to be

produced (Ko and Poulet et al., 2003).  Present kinetics

(Sander et al., 2006) indicate about two-thirds of the loss

of CHBr3 occurs by photolysis.  There are few kinetic

studies of COBr2 and COHBr and no atmospheric obser-

vations of these species.  Measurements of the UV cross

sections (Libuda, 1992) indicate, however, that these com-

pounds have a shorter lifetime due to photolysis loss than

does CHBr3.  Many other organic intermediates are in-

volved with the decomposition of other VSL SGs (e.g.,

Ko and Poulet et al., 2003).

2.3.4 Multiphase Processes Involving
Inorganic Bromine and Iodine
Compounds

Models used to predict tropospheric amounts of
halocarbons and their degradation products currently use
very simplified algorithms for heterogeneous processes
and physical removal.  Although the multiphase chem-
istry for inorganic bromine, and especially iodine com-
pounds, is still poorly known, there are significant new
data and understanding since the last Assessment, which
are summarized below.  This opens the possibility for a
more realistic treatment of multiphase chemistry and
more quantitative representation of the heterogeneous
recycling of reactive halogens, the potential importance
of which was highlighted in WMO (2003).  In future
model studies, the partitioning of gases on ice should be
described using the suggested Langmuir description.
Uptake on aqueous particles should, especially for very
soluble species (see Yin et al., 2001), be calculated kinet-
ically, i.e., not assuming instant equilibrium between gas
and aqueous phase.  The relevant Henry’s law coeffi-
cients are provided in this section.

2.3.4.1 WET DEPOSITION PROCESSES

The parameters needed to evaluate the rates of the

processes leading to wet deposition are the partition coef-

ficients for gas-phase degradation products into liquid

water (the effective Henry’s constants, Heff), and on to ice

surfaces (the Langmuir equilibrium constants, Keq).

Henry’s constants were given for HOX and XONO2 (X =

Br and I) in the last Assessment.  Subsequently, an exten-
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sive database that covers these and other compounds

including HCl, HBr, HI, ClONO2, HOCl, BrCl, Br2, I2,

ICl, and IBr is available from the National Institute of

Standards and Technology (NIST) webbook (http://-

webbook.nist.gov/chemistry/).  Heff values for these

species and for the organic chlorine reservoir COCl2 are

given in Table 2-6.  The tropospheric removal of this and

similar halogenated carbonyls was considered in depth in

WMO (1995), and the conclusion that these compounds

are relatively rapidly removed by precipitation remains

valid.

A substantial amount of new data for trace gas-ice

interaction at temperatures of the upper troposphere/lower

stratosphere (UTLS; 200-230 K) has been reported from

laboratory and field studies (Abbatt, 2003; Popp et al.,

2004).  Partitioning of HX (X = Cl or nitrate, NO3) to the

ice phase occurs by Langmuir-type adsorption, in which

the amount of material adsorbed is normally limited to

sub-monolayer surface coverage, depending on the partial

pressure of the gas and the Langmuir equilibrium constant,

Keq (= kadsorption/kdesorption).  The surface coverage, � (molec

cm-2), is given in terms of Ns (the maximum coverage in
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Table 2-6.  Henry’s Law constants (H, in units of moles per liter per atmosphere) and uptake coeffi-
cients (γhet) for heterogeneous processing of inorganic halogens.

H298
γ

het

(M atm-1)

H2O(l) H2O ice H2O ice Sulfuric acid, H2SO4 (aq)

HCl/HBr H2SO4 (aq) HCl/HBr doped

doped (X = Cl, Br)

HOCl 260 – γ
0 > 0.2 0.3 time 0.02-0.2 a

saturates a dependent dependent on

HHOX and HHX
HOBr 93-1900 >0.01 0.3 0.004-0.3 >0.01 b 0.1-1

HOI >45 – – 0.05 0.015-0.07 b >0.02

ClONO2 hydrolysis 0.024 c – 0.3-0.6 dependent on dependent on

[H2SO4], HHX
a

H, and T
BrONO2 hydrolysis 0.06 c >0.3 >0.2 b >0.2 c 0.9

(H2SO4(s))

IONO2 hydrolysis >0.1 c – >0.05 b >0.3 c –

Cl2 0.093 – >0.2 – – –

(+HBr(g))

Br2 0.76 – – – – –

I2 3.3 5 × 10-4 – 0.02 – –

(HI doped)

BrCl 0.94 <0.03 – – – –

ICl 110 – 0.02 0.3 – –

IBr 24 – 0.03 0.3 – –

HCl 1.1*(Ka = 107 d) physical uptake only

HBr 0.71* (Ka = 109 d) physical uptake only

HI 2.5* e (Ka = 3.2 × 109 d) physical uptake only

COCl2 0.07 f

* Heff = H298 × exp(−¢Hs /R × (1/T − 1/298)) × (1 + Ka/[H
+]) (Ka = acidity constant)

a http://www.iupac-kinetic.ch.cam.ac.uk/ 
b Protonation followed by reaction to form dihalogens.
c Reaction leading to hydrolysis to form HOX, where X = Br, I.
d The dissociation constants are from Arnaud (1966), or see Schweitzer et al. (2000).
e The physical constant is from Marsh and McElroy (1985).
f Slow hydrolysis occurs; see WMO (1995).



molec cm-2 at saturation), Keq, and the gas partial pressure

of the gas (PHX):

For uptake on ice, the value of Ns is approximately 3 ×
1014 molec cm-2 (Abbatt, 2003).  At UTLS temperatures,

nitric acid (HNO3) and HX (X = Cl, Br, I) are strongly

adsorbed and the process is important.  Weak acids and

organic species are generally weakly adsorbed and do not

partition efficiently to ice.  When formation of long-lived

compounds (e.g., nitric acid trihydrate: NAT) is thermo-

dynamically favored, there is a greater capacity for parti-

tioning, since adsorption is not confined to the surface

layer. 

2.3.4.2 HETEROGENEOUS HALOGEN ACTIVATION

Conversion of stable inorganic halogen reservoirs,

which are removed by deposition, into reactive halogen

radicals potentially lengthens the lifetime of inorganic

halogen because the reactive products remain in the

gaseous phase.  The key heterogeneous reactions (where

X and Y are atoms of Br, Cl, or I) leading to release of

reactive halogens are:

HOX + Y– + H+ → XY + H2O

XONO2 + Y– + H+ → XY + HNO3

XONO2 + H2O (aq) → HOX + HNO3 (aq)

These reactions can occur in aqueous aerosols

(water, sulfuric acid, sea salt) or on ice or solid aerosol,

and XY is partitioned into the gas phase where it is pho-

tolyzed. 

Heterogeneous reaction kinetics are expressed in

terms of dimensionless reactive uptake coefficients, γhet,

which allow the rate to be evaluated on a per-collision

basis for a prescribed surface area of the condensed phase.

Table 2-6 provides a summary, extended since the last

Assessment, of representative γhet values for surfaces rele-

vant for the troposphere and the stratosphere.  These are

based on the updated IUPAC and JPL evaluations, and

other recent literature sources.

The large uptake coefficients of halogen nitrates
(XONO2, where X = Cl or Br) into aqueous droplets
(Deiber et al., 2004) means that uptake in liquid water
clouds will be efficient, and since concentrations of bro-
mide and iodide in precipitating clouds are likely to be
very small, wet deposition will predominate over activa-
tion.  Evaporating cloud droplets, however, will lead to

reactive halogen recycling.  Model calculations have sug-
gested that uptake into cloud droplets can extend reactive
halogen lifetime and lead to a vertical redistribution of
inorganic bromine compounds (von Glasow et al., 2002).
In their global model runs, von Glasow et al. (2004)
showed that heterogeneous reactions can extend the life-
time of Bry from about 6-9 days to about 9-15 days below
500 hPa, with smaller changes in the free troposphere.  A
laboratory study showed the release of labile dibromine
monoxide (Br2O) and molecular bromine (Br2) from sul-
furic acid solutions following exposure to the soluble
species hypobromous acid (HOBr) and hydrogen bromide
(HBr) (Iraci et al., 2005).  These observations suggest that
the PGI of Bry species should be evaluated for various
aerosol and cloud washout lifetimes.

Activation of halogens can also occur on ice sur-
faces, such as those in cirrus clouds.  Laboratory studies
have shown that Cl and Br activation by reaction of chlo-
rine nitrate (ClONO2) and HOBr with hydrogen chloride
(HCl) on ice surfaces at UTLS temperatures scale linearly
with the surface coverage of HCl (Mössinger et al., 2002;
Fernandez et al., 2005).  At typical tropospheric HCl con-
centrations, the rate of activation of bromine on ice clouds
is probably fast, but chlorine activation is less efficient.
Nevertheless recent field observations (Thornton et al.,
2003) suggest that Cl activation is occurring on cirrus
clouds, leading to the local production of ClO. 

2.3.5 Iodine Chemistry

All iodine source gases with significant emissions
fall into the category of halogenated VSLS.  However,
ozone destruction in the lower stratosphere due to catalytic
cycles involving iodine remains poorly understood.  New
information on the chemistry of iodine species relevant
for the atmosphere has been obtained since the WMO
(2003) Assessment.  The new chemical kinetics informa-
tion may have significance for the efficiency of transport
of iodine species to the UTLS and the ozone destruction
efficiency factor for stratospheric Iy.  Relevant multiphase
iodine chemistry is presented in Section 2.3.4 above.

The IUPAC and JPL kinetics evaluations have crit-

ically reviewed all but the most recent kinetic and photo-

chemical studies.  Rate coefficients for the reactions of

atomic iodine (I), IO, and nitric oxide (NO) with OIO

(Joseph et al., 2005; Plane et al., 2006), and IO with methyl

peroxy radicals (CH3O2) (Bale et al., 2005) have since

been reported (in units of cm3 molec-1 s-1) to be 1.1 × 10-10,

1.2 × 10-10, 7.6 × 10-13 exp(607/T), and 6.0 × 10-11, respec-

tively (rates are for room temperature only, except where

noted).  New photolysis quantum yield studies for OIO

have also been reported (Joseph et al., 2005; Tucceri et al.,
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2006).  The OIO quantum yield (Φ) measurements indi-

cate Φ(O(3P)) < 0.007 at 532 nm and between 558 and 578

nm, and Φ(I) < 0.24 at 532 nm and <0.05 between 560 and

580 nm.  Photolysis quantum yields at longer wavelengths

have not yet been reported.

Reactions between halogen monoxide radicals have

several product channels.  The efficiency of ozone (O3)

loss depends on the halogen species and the product yields.

For example, the IO self-reaction produces OIO (~40%)

and iodine oxide dimer IOIO (~55%) at 1000 hPa (Bloss

et al., 2001).  The IOIO product is unstable (Misra and

Marshall, 1998) and most likely rapidly thermally decom-

poses to yield OIO.  Therefore, the effective OIO yield

from the IO self-reaction is high.  The efficiency of O3 loss

is reduced by photolysis of the halogen dioxides formed

in the IO + IO and IO + BrO reactions, if an oxygen atom

is produced.

OIO has a series of strong diffuse absorption bands

in the region between 470 and 610 nm, but only the I atom-

producing channel is energetically possible: 

OIO + hν → I + O2

The alternate channel producing IO + O leading to no net

O3 loss requires wavelengths <470 nm.  Recent laboratory

studies (Joseph et al., 2005) show that OIO absorption at

562 nm leads to internal conversion from the excited state

(OIO*) to the vibrationally excited ground state (OIO#),

rather than dissociation:

OIO + hν → OIO* → OIO#

OIO# + M → OIO + M

Nevertheless, a small probability of photolysis, integrated

over the entire OIO absorption band, could still lead to

significant photochemical conversion of OIO to I and con-

sequent ozone loss.

Studies have shown that higher iodine oxides can

nucleate to form new particles (Hoffmann et al., 2001;

O’Dowd and Hoffmann, 2005).  The formation of OIO in

the gas phase appears to initiate this process.  In the atmos-

phere, the oxidation of OIO by reaction with IO or OIO

may lead to the formation of higher oxides (e.g., I2O3 and

I2O4) that are of low volatility and may condense on pre-

existing particles, providing a sink for reactive iodine.

This is different from the oxidation mechanisms of chlo-

rine and bromine oxides that do not lead to the formation

of unreactive low-volatility oxides.  This mechanism pro-

vides a possible explanation for the absence of detectable

IO concentrations in the UTLS from degradation of

iodocarbons, while the BrO radical derived from the oxi-

dation of bromine source gases is clearly present in this

region (see Sections 2.2.5 and 2.5).

2.4 DYNAMICS AND TRANSPORT IN THE
TROPOPAUSE REGION AND IMPLICA-
TIONS FOR VSLS

The distribution of VSLS is governed by the distri-

bution of surface sources, and by competition between

vertical transport (boundary layer to free troposphere to

stratosphere) and chemical destruction or removal via

washout.  The implication for VSLS-related stratospheric

ozone loss therefore depends crucially on the strength and

spatial distribution of transport processes, and of the chem-

ical, microphysical, or moist processes that remove the

degradation product gases (PGs).  Note in particular (see

following sections) that rapid vertical transport, which

potentially takes VSL SGs and PGs from the boundary

layer to the tropopause region, is usually associated with

moist processes (warm conveyor belts, convective clouds)

that can potentially remove soluble PGs through washout.

Nevertheless, such processes are potentially effective in

the vertical transport of total bromine (or other halogens),

since the time scale for such transport in an individual con-

vection event (hours) is short compared with the time scale

for chemical breakdown of the VSLS.

Given that VSL SGs and PGs reach the upper tro-

posphere through potentially rapid transport mecha-

nisms, it is important to establish how rapidly they are

subsequently transported into the stratosphere via the SGI

and PGI pathways.  A schematic depiction of transport

processes in the upper troposphere and lower stratosphere

relevant to VSLS is shown in Figure 2-1.  There is net

transport across the tropopause from troposphere to strat-

osphere in the tropics and net transport across the

tropopause from stratosphere to troposphere in the extrat-

ropics, with this net transport controlled by global-scale

processes as part of the Brewer-Dobson circulation

(Holton et al., 1995).  However, when considering VSLS,

it is particularly important to note first, that transport

across the tropopause is in fact two-way, especially at mid-

latitudes, with both troposphere-to-stratosphere transport

(TST) and stratosphere-to-troposphere transport (STT),

and second, that the transition from tropospheric chemical

characteristics to stratospheric chemical characteristics

takes place not in a sharp jump across a uniquely defined

tropopause, but across a finite tropopause transition layer,

most notably in the tropics.  In the tropics, it is now con-

ventional to describe the transition layer as the “tropical

tropopause layer” (TTL).  It is now clear that in the extra-

tropics there is a corresponding “extratropical tropopause
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layer” (ExTL).  In both the tropics and the extratropics,

large-scale and small-scale processes together play impor-

tant roles in determining the structure of the tropopause

layers.  Representing these processes correctly poses par-

ticular difficulties for global chemical models.  In the fol-

lowing, the tropics, including the tropical tropopause layer,

and both vertical and quasi-horizontal exchange to the

stratosphere, are discussed in Section 2.4.1.  The extra-

tropics and the extratropical tropopause layer are discussed

in Section 2.4.2, and the representation of relevant

processes in global models is discussed in Section 2.4.3. 

2.4.1 Tropical Convection, the TTL, and
Tropical Troposphere-to-
Stratosphere Transport

The lower part of the tropical troposphere is domi-

nated by ascent in convective clouds.  The outflow from

these clouds is concentrated in two distinct layers, a lower

layer from about 2 to 5 km (800-550 hPa), and an upper

layer from about 10 to 15 km (300-150 hPa).  The com-

pensating descent in the regions surrounding the clouds is

associated with evaporative cooling in the lower layer, and

radiative cooling in the upper layer (e.g., Folkins and

Martin, 2005).  In the lower part of the troposphere, moist

convection can efficiently transport chemical species ver-

tically via strong convective updrafts, but at the same time,

the scavenging associated with convective precipitation

can efficiently remove the soluble species (Crutzen and

Lawrence, 2000; Mari et al., 2000; Barth et al., 2001).

Studies using explicit modeling of convection have shown

that scavenging in warm clouds should be considered as a

kinetic rather than an equilibrium process (Yin et al., 2001;

Barth et al., 2001).  Such treatment is not included in the

vast majority of global chemical models.

So far, the observational data on soluble species in

the entrainment and detrainment zones of isolated or

organized convective systems in the tropics that might

better constrain these model results are still very limited.

In cold clouds, as liquid water freezes and riming occurs

around ice, chemical species are also absorbed into ice

crystals by various processes, such as bubble inclusions

within crystals.  A limited number of field laboratory and

theoretical studies have proposed trapping coefficients of

chemicals in ice (e.g., Stuart and Jacobson, 2003; Krämer

et al., 2006; see also Section 2.3.4.1).  The current experi-

mental data are apparently inconsistent, poorly under-

stood, and only available for a limited set of chemical

species (e.g., HCl, HBr).  Parameterization of scavenging

by ice crystals is only now being implemented in global

models (Kärcher and Basko, 2004).  For example, it has

been found that if the gas retention coefficient (the frac-

tion of dissolved gas that is retained as a liquid droplet

freezes) of a highly soluble gas is allowed to vary in a rel-

atively narrow range (0.5-1.0), the corresponding bulk gas

transport within the cloud varies, for maritime clouds, by

as much as a factor of 4 (Yin et al., 2002).  See also Section

2.3 for a discussion of washout and solublities of VSL SGs

and PGs.  In addition, the microphysical structure of con-

vective clouds and ice clouds is highly sensitive to the

boundary layer aerosol concentration and shows varia-

tions between, for example, maritime and continental

clouds (Yin et al., 2002; Kärcher and Lohmann, 2003;

Nober et al., 2003; Ekman et al., 2004).  This has implica-

tions for the concentration of trace gases inside anvil ice

crystals.

The part of the tropical atmosphere above the level

of maximum convective outflow (at about 12 km altitude,

345K potential temperature), and below the cold point

tropopause (at about 17 km altitude, 380K potential tem-

perature), is now commonly described as the TTL (see,

for example, WMO, 2003; Gettelman and Forster, 2002).

This definition of the TTL, equivalent to the “sub-strato-

sphere” of Thuburn and Craig (2002), has it as the region

of the troposphere in which there is a transition between

radiative-convective domination and radiative domination

of the thermal balance.  The TTL acts as a source region

both for the stratospheric overworld and for the extra-

tropical lowermost stratosphere (see Figure 2-1).  Net

exchange from the TTL to the stratospheric overworld in

the tropics, say across the 100 hPa level as an approxima-

tion to the cold point tropopause, is regarded as dominated

by large-scale ascent in the Brewer-Dobson circulation,

with the strength of this circulation controlled by large-

scale dynamical processes (e.g., Holton et al., 1995).

The overall picture of TTL processes is somewhat

updated from WMO (2003), though estimates of transport

time scales between the boundary layer and the lower part

of the TTL are largely unchanged.  A useful recent descrip-

tion of the relevant processes is given, for example, in

Folkins and Martin (2005).  In the “lower TTL” (12-15

km, 345-360K), convective penetration is sufficiently fre-

quent so that most of the air detraining from convection

descends to the lower troposphere.  The upward mass flux

in convective clouds, the magnitude of the radiative

cooling outside the clouds, and hence the magnitude of

the implied descent decays with height.  Küpper et al.

(2004) give estimates of the upward cumulus mass flux as

a function of height from various modeling and data

studies, but note that there are significant difficulties in

estimating this flux.  At a level z0 (the level of zero radia-

tive heating) of about 15 km or 360K, there is a transition

from clear-sky radiative cooling to clear-sky radiative
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heating.  Only above z0 in the “upper TTL” (15-17 km,

360-380K), where the upward cumulus mass flux is com-

parable to or less than the large-scale upward mass flux in

the Brewer-Dobson circulation, does most air detraining

from clouds ascend into the stratosphere. 

Note at this stage that the TTL has been defined by

some authors (e.g., Folkins et al., 1999; Sherwood and

Dessler, 2001; Füeglistaler et al., 2004; Sinnhuber and

Folkins, 2006) to be only this “upper TTL,” i.e., only as

the region above z0.  This definition is based on sound rea-

soning, but for consistency with WMO (2003) it is not

adopted here, and the terms “lower TTL” and “upper TTL”

are used as introduced previously. 

Gettelman et al. (2004) noted that clouds reach the

typical level z0 (in their case identified by cloud brightness

temperature <200K) only in relatively localized geograph-

ical regions, implying that air that is likely to ascend into

the stratosphere is drawn from the surface in similarly local-

ized regions.  An equivalent statement is that the transport

time scale from the surface to the upper TTL is likely to be

significantly less in these localized regions than on average

over the tropics.  Such regions include the Western

Equatorial Pacific during October to March (with a contin-

uing but lesser role in other months) and the Bay of Bengal,

Southeast Asia, and Panama regions during April to

September (e.g., see Gettelman et al., 2004; Figure 9). 

Somewhat similar conclusions to the above follow

from recent trajectory calculations based on European

Centre for Medium-Range Weather Forecasts (ECMWF)

three-dimensional wind fields.  In particular, the trajec-

tory calculations of Füeglistaler et al. (2004) show that air

that ultimately ascends into the tropical lower stratosphere

crosses the lower boundary of the TTL preferentially in

the West Pacific region in Northern Hemisphere winter

and in a region centered on southeast Asia, but extending

toward India and into the West Pacific, in Northern

Hemisphere summer.  The longitudinal variation of trans-

port across the lower boundary of the TTL, according to

the Füeglistaler et al. (2004) calculations, is shown in

Figure 2-5.  It should be noted that the wind datasets on

which such trajectory calculations are based do not resolve

individual convective cells and, therefore, that any results

need cautious interpretation.  Nonetheless, the overall

behavior of the calculated trajectories is broadly as

expected from the schematic picture of the TTL outlined

previously.  For example, the probability of ascent of for-

ward trajectories into the stratosphere rapidly increases

with the height of trajectory initialization.

The Füeglistaler et al. (2004) trajectory calculations

predict a residence time (the time for forward trajectories

to move up or down by 10K in terms of potential tempera-

ture) that is maximum (about 12 days) for trajectories

starting at 360K (corresponding to z0) and decreases to

about 9 days for a layer centered at 370K.  This implies a

residence time for the 360K-380K layer of about 20 days.

This is expected to be an underestimate, since it is expected

that such transport calculations, through their use of ver-

tical winds from meteorological datasets, overestimate

vertical transport rates (both net transport and dispersion).

On the other hand, the time scale of about 80 days to cross

the 360-380K layer that has been inferred from a one-

dimensional tropical-mean model (Folkins and Martin,

2005) is almost certainly an overestimate, since it neglects

the dispersive effects of geographical variation in vertical

velocity.  On the evidence currently available, therefore,

the residence time for air parcels in the 360K-380K layer

is likely to be somewhat greater than 20 days.  New calcu-

lations based on improved meteorological datasets, or

using radiative transfer codes to calculate vertical veloci-

ties, are likely to refine this estimate of residence time in

the near future. Transport time scales for the upper TTL

(20 to 80 days on the basis of the Füeglistaler et al. (2004)

and Folkins and Martin (2005) results mentioned above)

are expected to be significantly longer than those for the

lower TTL, i.e., about 10 days on the basis of typical

cumulus mass fluxes estimated by Küpper et al. (2004).  It

is therefore inappropriate to assign a single transport time

scale to the whole TTL extending from the maximum in

convective outflow to the cold point.  This point was noted

in WMO (2003), but was confused by also giving esti-

mates for a single turnover or replacement time of 10 to

13 days for the 250 hPa-100 hPa layer (i.e., the whole TTL

by the more common definition).

The consequence of the longer timescale in the

upper TTL for injection of VSLS is not yet clear; there

might be more time for conversion from SG to PG, but the

net effect of this on total halogen entering the stratosphere

is likely to be small.  A more important issue is whether

there is significant scavenging of PGs in the upper TTL

associated with uptake on cirrus clouds (see Section 2.3.4),

thus limiting the transport of halogen into the stratosphere

via the PGI pathway. 

As noted previously, upward transport out of the

TTL into the stratosphere is understood to be primarily

controlled by large-scale dynamical processes, and there

has been no reason to revise significantly net flux esti-

mates over those given previously (e.g., Rosenlof, 1995).

However, there have been recent changes in temperatures

of the tropical lower stratosphere (e.g., Randel et al.,

2004), with a significant reduction in temperatures more

recently, i.e., 2000-2004 appears to be 1K cooler than the

period 1995-1999.  Implications for stratospheric water

vapor are discussed in Chapter 5 of this Assessment.

Simple dynamical arguments imply that this may be
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explained by a 10% increase in the upward mass flux out

of the TTL, and that this is driven by changes in large-

scale dynamical processes (Randel et al., 2006).  It is,

however, impossible to predict how long the current

anomalously large upward mass flux will persist.

Exchange between the TTL and the extratrop-

ical lowermost stratosphere is achieved through quasi-

horizontal transport associated with synoptic-scale eddies.

This has been apparent for some time on the basis of obser-

vations of subtropical filaments in midlatitudes (e.g.,

Vaughan and Timmis, 1998; O’Connor et al., 1999), water

vapor observations (e.g., Dessler et al., 1995) and, more

recently, chemical observations in the extratropics (see

Section 2.4.2).  Trajectory and similar transport calcula-

tions based on meteorological data also show the possi-

bility of such transport, particularly above the level of the

subtropical jet (Chen, 1995; Haynes and Shuckburgh,

2000).  Both direct observations of the chemical composi-

tion of the extratropical lowermost stratosphere (e.g.,

Randel et al., 2001; Prados et al., 2003) and transport cal-

culations imply that transport from the TTL to the lower-

most stratosphere is, at least in the Northern Hemisphere,

highly seasonal, with much greater transport in summer

than in winter.  The air in the extratropical lowermost strat-

osphere may be regarded as a mixture of air that has been

transported from the TTL, and air that has descended from

the stratospheric overworld.  The fraction of air from the

TTL has been estimated by Hoor et al. (2005), on the basis

of observed concentrations of carbon monoxide (CO) and

of the carbon dioxide (CO2) seasonal cycle, to be about

one-third in winter, perhaps increasing to about one-half

in summer.  Similar conclusions have been obtained from

other datasets. 

Recent trajectory calculations of Levine et al.

(2006) for Northern Hemisphere winter show that more

than 75% of the air that enters the TTL, and subsequently

reaches the stratosphere, does so through quasi-horizontal

transport into the extratropical stratosphere.  It is likely

that this fraction will be larger in summer than in winter.

It is interesting that, according to the Levine et al. (2006)

calculations, the distribution of the entry locations of such

air through the base of the TTL is spread relatively uni-

formly in longitude, in contrast to the corresponding con-

tribution for air that subsequently reaches the tropical

lower stratosphere.  Note also that while the strength of

this quasi-horizontal exchange with the extratropics is not

VERY SHORT-LIVED SUBSTANCES

2.27

Figure 2-5. Results of 2-month
backward trajectory calculations,
using three-dimensional winds from
ECMWF operational analysis data,
reported by Füeglistaler et al. (2004).
The backward trajectories were to
points distributed evenly over the
400K surface in the tropics.  The con-
tour lines indicate the density of inter-
sections of the backward trajectories
with the 340K surface (correspon-
ding roughly to the lower boundary
of the TTL), relative to the density of
such intersections if spread uniformly
over the globe.  The upper and lower
panels show the density calculated
from trajectories followed over the
periods January-February 2001
(Northern Hemisphere (NH) winter)
and July-August 2001 (NH summer),
respectively. The conclusion is that air parcels reaching the tropical lower stratosphere are in NH winter drawn
preferentially from the lower troposphere in the Western Pacific and, to a lesser extent, the Indian Ocean
region.  In the NH summer, the corresponding regions include the West Pacific, but extending significantly over
Southeast Asia.  (The color scale indicates the average mixing ratio of water vapor determined by the min-
imum saturation mixing ratio along each trajectory and assigned to the point of intersection of that trajectory
with the 340K surface.  See Chapter 5, Sections 5.2.5 and 5.3.5 for further discussion of water vapor and its
implications for ozone.)
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uniform with height, there is little reason to believe that

convective penetration to the level z0 has the same signifi-

cance for such exchange as it does for exchange with the

stratospheric overworld, since the quasi-horizontal

exchange transport is not strongly affected by the direc-

tion of slow vertical motion. 

A final issue concerns the spatial structure of chem-

ical fields within the TTL.  There is no reason to expect

chemical fields to be homogeneous.  Recent in situ obser-

vations have shown complex spatial structure in this region

in chemical species with a whole range of lifetimes (e.g.,

Tuck et al., 2004) apparently resulting from several dif-

ferent mechanisms including different surface source

regions, and transport out of the extratropical stratosphere.

The spatial structure of VSL SGs and PGs are expected to

be correspondingly variable. 

2.4.2 Stratosphere-Troposphere Exchange
in the Extratropics

Transport from the tropical upper troposphere to

the extratropical lower stratosphere has been discussed in

the previous section.  There is also significant transport

directly from the extratropical troposphere to the extra-

tropical lower stratosphere, particularly in summer (e.g.,

Hintsa et al., 1998; Pan et al., 1997).  However, the high

static stability in the lower stratosphere, and the fact that

the average circulation is downward, limit the vertical pen-

etration of tropospheric air.  The result is a finite transition

layer (the ExTL) in which chemical characteristics vary

continuously between the extratropical upper troposphere

and lower stratosphere (see Figure 2-1).  In principle, this

transition layer is a region in which concentrations of VSL

SGs and PGs may be relatively high, and in which sub-

stantial in situ ozone loss due to VSLS may take place.

However, typical ozone mixing ratios in the ExTL are 300

parts per billion (ppb) or less, which limits the possible

impacts on the ozone column. 

Chemical measurements in the ExTL have

increased significantly since WMO (2003).  The location

of the ExTL can be deduced, for example, from ozone,

carbon monoxide (CO), total reactive nitrogen (NOy),

and water vapor (H2O) data collected as part of the

Stratosphere-Troposphere Experiments by Aircraft Mea-

surements (STREAM) and the German Spurenstoff-

transport in der Tropopausenregion (SPURT) programs

(Hoor et al., 2002; Fischer et al., 2000; Hoor et al., 2004;

Krebsbach et al., 2006; Engel et al., 2006), which also

show that the layer is deeper in summer, with a stronger

tropospheric influence, than in winter.  Note that CO has a

short chemical lifetime of 2 to 3 months, making it a useful

proxy for VSLS transport into the lower stratosphere.  The

upper limit of the ExTL has been estimated from enhanced

CO and H2O mixing ratios to be about 25K in potential

temperature above the local tropopause defined by the 2

PVU (potential vorticity unit) surface, corresponding to

about 2 km in height.  Pan et al. (2004) identified the tran-

sition layer using aircraft data and characterized it as cen-

tered on the thermal tropopause, and about 2-3 km thick.

Note that the thermal tropopause is usually above the

tropopause defined by the 2 PVU surface. 

Alongside the new observations of chemical

species in the extratropical tropopause region, many

recent studies have used trajectory calculations based on

winds from large-scale meteorological datasets to inves-

tigate vertical transport processes, such as in the large

body of work coordinated in the STACCATO (Influence

of Stratosphere-Troposphere Exchange in a Changing

Climate on Atmospheric Transport and Oxidation Capac-

ity) project as summarized in Stohl et al. (2003).  An

important conclusion relevant to VSLS has been that

warm conveyor belts associated with synoptic-scale baro-

clinic eddies, and associated frontal zones, play an impor-

tant role in rapid transport from the boundary layer to the

tropopause region.  One consequence is that rapid upward

transport tends to originate from the boundary layer in

preferential longitudinal regions, such as the midlatitude

storm track regions east of Japan and east of the U.S. (e.g.,

Sprenger and Wernli, 2003; see Figure 2-6 for further

details).  Surface emissions (e.g., anthropogenic or coastal

VSLS) in these regions may therefore be more likely to

contribute to the chemical composition of the extra-

tropical tropopause region.  The importance of warm con-

veyor belt transport, and the usefulness of trajectory cal-

culations for studying such transport, have been con-

firmed in various case studies.  For example, Nedelec et

al. (2005) showed very high CO concentrations arising

from Siberian fires observed by MOZAIC (Measurement

of Ozone, Water Vapor, Carbon Monoxide and Nitrogen

Oxides by In-service Airbus Aircraft) aircraft in the lower

stratosphere. 

Trajectory studies have confirmed that many air

parcels moving from the boundary layer to the tropopause

region remain in that region for several days (e.g., Wernli

and Bourqui, 2002; Sprenger and Wernli, 2003), thus

implying that VSL SGs or PGs transported into the very

low stratosphere could have an impact on ozone loss.

Since stretching rates of material surfaces in the extra-

tropical tropopause region (which give an indication of

the rate at which an anomalous air mass is stirred with,

and eventually mixed with, its environment) are of the

order of a few days (e.g., Stohl, 2001), it seems very

unlikely that air masses arriving in the tropopause region
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are predisposed to descend rapidly, but instead are likely

to mix into the background.

Trajectory studies for the SPURT dataset (Hoor et

al., 2004) imply that the composition of the ExTL is influ-

enced by recent transport from the troposphere on time

scales of days to a few weeks.  While trajectory studies

might be expected to capture the effects of warm conveyor

belts, they almost certainly miss the effect of smaller-

scale processes such as deep convection or convection

embedded in frontal systems.  The quantitative effect of

deep convective injection of tropospheric chemical species

into the extratropical lower stratosphere remains relatively

uncertain.  There are some in situ chemical measurements

that point very clearly to such injection (e.g., Poulida et

al., 1996; Fischer et al., 2003), while other measurements

have given no direct evidence of penetration of extra-

tropical convection into the stratosphere (Ridley et al.,

2004).  There are also studies that combine chemical meas-

urements with meteorological or trajectory studies that

argue for such penetration (e.g., Hegglin et al., 2004).

Dessler and Sherwood (2004) argue that convective pene-

tration to the 380K surface in midlatitudes, while much

less frequent than in the tropics, is frequent enough to have

a significant effect on water vapor at these altitudes,

though not on ozone since the relative difference in ozone

concentrations between troposphere and stratosphere is

much smaller than the relative difference in water vapor

concentrations.

Convection might contribute to troposphere to

stratosphere transport (TST) directly by overshooting

the tropopause at the anvil outflow (Mullendore et al.,

2005), or indirectly by exciting gravity waves that break

significantly above the convective clouds (Wang, 2003).

Further, recent evidence for convective transport of

low-altitude air into the lowermost stratosphere in the

extratropics is provided by in situ observations in the

stratosphere that show clear evidence of biomass

burning products such as CO and aerosols, apparently

arising from forest fires over Canada (e.g., Ray et al.,

2004).  Fromm and Servranckx (2003) have suggested

that enhanced convective cells associated with the fires

themselves may be very likely to penetrate the lower

stratosphere; terms such as “pyro-convection” or “pyro-

cumulonimbus” are becoming widely used to describe

this phenomenon (e.g., Fromm et al., 2005).  While the

occasional penetration of pyro-convection events into

the lower stratosphere has been observed, it is not clear

at present that the pyro-convection has a significant

effect on the overall chemical balance of the extra-

tropical lowermost stratosphere.
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Figure 2-6. Geographical distribution of the (a) low tropospheric “destinations” of deep STT and (b) low tropo-
spheric “origins” of deep TST events during winter.  Values are in % and correspond to the probability that a
low tropospheric air parcel (pressure > 700 hPa) was transported downward from the lowermost stratosphere
during the previous four days (deep STT) or will be transported upwards into the lowermost stratosphere
during the next four days (deep TST).  The implication of (b) is that the probability of rapid transport from the
surface to the tropopause region is strongly dependent on geographical location (at the surface).  From
Sprenger and Wernli (2003).



2.4.3 Predictive Modeling of the
Tropopause Region

Predictive modeling of the impact of VSLS on ozone

depends on model representation of the processes discussed

in Sections 2.4.1 and 2.4.2.  In the tropics, the greatest chal-

lenge for models is representing convective processes,

although in the TTL the subtle interplay between different

processes, and the fact that significant changes in dynam-

ical and chemical characteristics take place over 2-3 km,

also present a challenge.  In the extratropics, the transport

characteristics of synoptic-scale eddies, and their interplay

with smaller-scale processes, must be captured.  These

smaller-scale processes include gravity wave breaking,

turbulence in the vicinity of jet streams, and radiative

processes associated with upper level clouds.  From the

chemistry point of view, the representation of soluble

species, as well as aerosols and microphysical processes, is

still poor in global models.  Scaling up the heterogeneous

reactions on ice and aerosols to realistic parameterizations

is still a major challenge for prediction of the tropopause

region.  Uncertainties in surface and lightning emissions

may cause significant biases in simulating the chemical

composition of the upper troposphere.

The parameterization of tropical convective pro-

cesses in global-scale models remains a conceptual chal-

lenge, with different theoretical approaches possible.

Basic thermodynamics are not well characterized, while

transport and scavenging processes are even less well

understood.  One widely used method for parameter-

izing convective transport processes is based on the

mass-flux formulation (Arakawa and Schubert, 1974),

in which transport processes are represented by an

ensemble of vertical mass fluxes at subgrid scales.  This

formulation however was originally developed for rep-

resenting the subgrid-scale thermodynamic effects

(phase changes and fluxes of heat and moisture) of con-

vection, and its generalization to chemical transport

processes is not straightforward (Donner et al., 2001).

Lawrence and Rasch (2005) have shown that, for a single

convection parameterization, differences in the imple-

mentation of detrainment and entrainment fluxes can

result in significant differences in the upper tropospheric

mixing ratios of short-lived tracers (lifetimes of a few

days or less).  In particular, the bulk formulation of con-

vection, widely used in global models, in which entrain-

ment and detrainment are each assumed to occur at

a single level, may lead to underestimation of up to 30%

in zonal and monthly mean concentrations of such

tracers, relative to, for example, a more sophisticated

formulation in which a distribution of entrainment and

detrainment levels is assumed.  One implication of the

above is that VSLS could play an even more important

role in the upper troposphere than previously thought.

Detailed evaluation of cumulus parameterizations,

in comparison with observations and cloud resolving

models, have recently taken place both with respect to

thermodynamics (Yano et al., 2004) and with respect to

tracers (Bell et al., 2002; Collins et al., 2002).  More accu-

rate estimates of mass fluxes, based on high-resolution

data from either observations or modeling, could lead to

improved parameterizations of these convective trans-

ports.  Evaluation of the mass flux formulation against

high-resolution spatial data obtained from explicit numer-

ical models reveals that, in its standard form, it substan-

tially underestimates vertical transport of heat, moisture,

and momentum by deep convection (Yano et al., 2004),

with improvement possible through nonlinear averaging

of the large-scale variables.  Similar issues will almost cer-

tainly arise in the convective transport of chemical tracers. 

Notwithstanding these recent results on convective

transport and scavenging effects (see Section 2.4.1), cur-

rent global models necessarily make significant simpli-

fications in their representation of convective transport and

scavenging processes.  In some models the two are linked

(e.g., Considine et al., 2005), whereas in others the two are

completely separate.  Lack of relevant observations and

model simulations means that there has been no systematic

validation of model representation of convective processes

acting on halogenated VSLS against observations.  His-

torically, model representations of such processes have

been validated against observations of radon and lead

mixing ratios.  Lead-210 (210Pb) is produced in the atmos-

phere by radioactive decay of radon-222 (222Rn), which

has a radioactive half-life of 3.8 days.  Lead-210, which

has a radioactive half-life of about 22 years and can there-

fore be considered radioactively stable for this purpose, is

removed by attachment to aerosols and washout.  Most

recently, building on the large amount of previous work on

this subject, Considine et al. (2005) have presented an inter-

comparison of 222Rn and 210Pb calculated by the NASA

Goddard GMI (Global Modeling Initiative) model using

meteorological fields from three different general circula-

tion models (GCMs)/data assimilation systems, and com-

parison with observations.  The three different simulations

show some common discrepancies relative to observations

and the authors deduce, in particular, that midlatitude con-

vective transport may represent detrainment at too great an

altitude, and that cloud scavenging frequency in midlati-

tudes may be too great.  Convective transport is confirmed

to play a very important role in setting upper troposphere

and lower stratosphere concentrations that are in good

agreement with observations, though part of this role may
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be indirect, for example, in bringing species from the

boundary layer to the upper troposphere, from which they

can be transported effectively by the larger-scale circula-

tions.  These findings are all potentially relevant to model

simulations of halogenated VSLS, though it is difficult to

extrapolate results directly to model skill for predicting

VSLS, since the chemical properties and the location and

time of emissions of the VSLS will be different from these

radioactive tracers. 

In the extratropics, the role of convection is not as

great as in the tropics, and the fact that many of the rele-

vant processes are relatively large scale might seem to

make this region more accessible to global chemical trans-

port models and global chemistry-climate models.  The

success of trajectory studies based on meteorological wind

fields in reproducing chemical distributions observed in

field experiments is encouraging in this regard.  However,

“operational” resolutions used for global chemical models

are still relatively coarse.  Comparison between global

models and chemical data (e.g., Brunner et al., 2003) has

revealed the limitations of such models that, for example,

overestimate the two-way transport in the tropopause

region, resulting in excessive ozone in the upper tropo-

sphere and excessive CO in the lower stratosphere.  This

is an indication that, for current models, useful quantita-

tive prediction of the effect of halogens from VSLS pene-

trating the lower stratosphere in the extratropics remains

difficult.

2.5 CONTRIBUTION OF HALOGENATED VSLS
TO STRATOSPHERIC HALOGEN LOADING

2.5.1 Source Gas Injection (SGI) and
Product Gas Injection (PGI)

The concept of source gas injection (SGI) and

product gas injection (PGI) into the stratosphere was

described in Chapter 2 of the last Assessment (Ko and

Poulet et al., 2003) as well as the introduction to this

chapter.  For SGI, the VSL source gas (SG) is transported

to the stratosphere and then reacts to release halogen

atoms.  Supply to the stratosphere depends on emission

location and time, as well as details of the tropospheric

transport (e.g., convection) and troposphere-to-strato-

sphere exchange.  For PGI, either intermediate (i.e.,

organic) products or final (i.e., inorganic) products are

produced in the troposphere, and these species are trans-

ported to the stratosphere.  The details of PGI depend on

the same factors as SGI, plus factors such as the photo-

chemistry of the source species, intermediate products,

and final products.  The gas-phase partitioning between

radical and longer lived inorganic reservoirs, as well as

the solubility and heterogeneous reactivity of all species,

are critical for assessing the efficiency of PGI (see Section

2.3).  Indeed, differences in the efficiency of stratospheric

supply of chlorine, bromine, and iodine from VSL organics

might be due to differences in the photochemical proper-

ties of the respective inorganic products.  Another impor-

tant consequence of PGI is that measurements of the

organic VSL SGs alone are not sufficient to determine the

efficiency of stratospheric injection.

Injection of tropospheric particles into the strato-

sphere is another mechanism for cross-tropopause trans-

port of halogens, depending on the chemical composition

of the particles.  The substantial organic content of many

aerosol particles just above the tropopause suggests injec-

tion of tropospheric particles into the stratosphere, and the

presence of Br on these particles suggests that cross-

tropopause transport of bromine, in both directions, can

occur by aerosols (Murphy et al., 1998; Murphy and

Thomson, 2000).  However, observations of this process

are limited and, as a consequence, quantification of cross-

tropopause halogen transport by aerosols is a consider-

able gap in our present state of knowledge.  Most model

simulations do not include cross-tropopause transport of

halogens by aerosols in their estimates of PGI.

2.5.1.1 OBSERVATIONAL EVIDENCE FOR SGI 

Bromine

Bromoform (CHBr3) is thought to be the most

abundant bromine-bearing VSL compound near the sur-

face (Table 2-2).  As noted previously in this chapter,

CHBr3 levels can reach or exceed 40 ppt near sea level

(Yokouchi et al., 2005b).  Observations reveal between

~0.2 ppt (Schauffler et al., 1998) and 1 ppt (Sturges et al.,

2000) of CHBr3 in the tropical free troposphere (see also

Table 2-2).  Measurements in the upper troposphere and

tropopause region by Sturges et al. (2000) indicated

CHBr3 abundances of 0.5 ± 0.2 ppt for data collected

during three flights (June and August 1998 and March

1999).  Schauffler et al. (1998) measured 0.1 ppt of CHBr3

at the tropical tropopause during February 1996.  How-

ever, CHBr3 was only detected at the tropical tropopause

for one of three flight series that sampled this region.

Bromoform exhibits similar variability near the midlati-

tude tropopause, ranging from near zero to a maximum

abundance of ~0.7 ppt (Schauffler et al., 1999).  The cross-

tropopause transport of CHBr3 is difficult to quantify from

observations because of atmospheric variability and lim-

ited sampling.  However, there are indications that, on
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occasions, values of CHBr3 are high enough near the

tropical tropopause for SGI of CHBr3 to be important for

the bromine budget of the lowermost stratosphere.

Specifically, if the approximately 0.5 ppt of CHBr3 meas-

ured near the tropical tropopause by Sturges et al. (2000)

turns out to be representative of the average mixing ratio

in the TTL, it would provide an SGI flux that could main-

tain an additional 1.5 ppt of Bry.

The VSL species CH2Br2 and CH2BrCl are less

abundant near the surface than CHBr3, but are longer lived

and therefore more likely to enter the stratosphere via SGI

(Tables 2-1 and 2-3).  Wamsley et al. (1998) showed that

CH2Br2 and CH2BrCl cross the tropopause, supplying ~2.3

ppt of Bry by the SGI pathway.  The total bromine content

of the VSL species CH2Br2, CH2ClBr, CHCl2Br, CHClBr2,

and CHBr3 was measured to be 2.2 ppt at the tropical

tropopause during February 1996 (Schauffler et al., 1998)

(see also the compilation in Table 2-2, which concludes a

higher value of 3.5 ppt of bromine from these species).

Plots of CH2BrCl versus CFC-11, and CH2Br2 versus CFC-

11, in the Wamsley study show that bromine from these

compounds is released in the lowermost stratosphere

(LMS), prior to the release of the majority of bromine from

CH3Br and halons.  Bromine release in the LMS has impor-

tant consequences for the photochemistry of this region.

Significant supply of inorganic bromine (Bry) leads to

much faster ozone loss by two catalytic cycles represented

by the rate-limiting steps defined by the BrO plus ClO,

and BrO plus hydroperoxy radical (HO2) reactions, com-

pared with calculations that consider supply of bromine

only from CH3Br plus halons (Salawitch et al., 2005).  A

significant role for SGI injection of CH2BrCl and CH2Br2

at all times, and lack thereof for CHBr3 under some condi-

tions, is consistent with their lifetimes for photochemical

removal in the troposphere of 150, 120, and 26 days,

respectively (Table 2-1).

Chlorine

Contributions to stratospheric inorganic chlorine

(Cly) from VSL SGs are dominated by the species CHCl3,

CH2ClCH2Cl, CH2Cl2, C2H5Cl, and C2Cl4 and can poten-

tially supply about 55 ppt of chlorine to the stratosphere

(Table 2-2).  These gases have natural and anthropogenic

sources, as described in Section 2.2.  The tropospheric life-

times of these gases (30 to 150 days) are comparable to

those for some of the brominated VSL SGs (see Table 2-

1), so if SGI is important for bromine, it may also play a

role for chlorine.  Although the overall perturbation of Cly

by VSLS is small (because the chlorine content of longer

lived gases is much larger than that of the VSLS), this per-

turbation could be significant for the LMS, where the VSL

SGs are more likely to release their chlorine content.  This

could lead to significantly higher levels of ClO in the LMS

than would be present in models that only consider supply

of Cly from long-lived gases.

Iodine

The supply of stratospheric iodine presently appears

to be dominated by methyl iodide (CH3I) (e.g., Davis et

al., 1996; Table 2-2).  Abundances of CH3I range from

~0.8 ppt in the marine boundary layer to ~0.08 ppt in the

tropical upper troposphere (Table 2-2).  Higher values of

CH3I, occasionally reaching ~1.0 ppt, were reported in the

subtropical upper troposphere (Davis et al., 1996).  The

much shorter lifetimes of iodinated VSLS compared with

most brominated VSLS (Table 2-1) suggests, in general,

less efficient SGI of iodine to the stratosphere.

2.5.1.2 OBSERVATIONAL EVIDENCE FOR PGI

Bromine

PGI refers to cross-tropopause transport of degra-

dation products of VSL source gases, as well as final

inorganic products.  For bromine, the discussion of

observational evidence for PGI begins with the sugges-

tion of a global, ubiquitous background abundance of 1

to 2 ppt of bromine monoxide (BrO) distributed

throughout the troposphere (Harder et al., 1998; Müller

et al., 2002; Richter et al., 2002; Van Roozendael et al.,

2002).  Model simulations indicate that Bry levels of 4

to 8 ppt are needed in the middle troposphere to sustain

this much BrO (Yang et al., 2005).  If 4 to 8 ppt of Bry is

present in the global troposphere, then cross-tropopause

transport of these species could dominate the bromine

budget of the LMS (Ko et al., 1997; Pfeilsticker et al.,

2000).  As explained below, it is unclear whether BrO is

present at this level in the whole troposphere.  There is

no evidence of enough inorganic chlorine or iodine in

the global troposphere to perturb stratospheric Cly or Iy

in a manner comparable to the potential perturbation to

stratospheric Bry by tropospheric, inorganic bromine.

The presence of 1 to 2 ppt of BrO in the troposphere

was first suggested based on comparison of total column

BrO from the Global Ozone Monitoring Experiment

(GOME) to stratospheric columns inferred from balloon

measurements of BrO profiles (Harder et al., 1998).

Observations of the solar zenith angle (SZA) variation of

differential slant column density of GOME BrO also indi-

cated that much of the column measured by GOME lies

below the tropopause, perhaps due to the presence of 2 to

3 ppt of BrO between the tropopause and the surface
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(Müller et al., 2002; Van Roozendael et al., 2002).

Measurements of BrO and O4 (the O2-dimer) columns over

the Pacific suggest 0.5 to 2.0 ppt of BrO uniformly dis-

tributed throughout the troposphere (Richter et al., 2002).

Aglobal, ubiquitous distribution of 2 to 3 ppt of BrO would

account nearly completely for the “additional” strato-

spheric bromine reported by GOME (Van Roozendael et

al., 2002; Salawitch et al., 2005).  The fact that excess BrO

is seen year round by GOME, at all latitudes (e.g., Chance,

1998; Hegels et al., 1998), argues against the springtime

release of bromine from sea-ice and frost flowers (the so-

called bromine explosion; see, for example McElroy et

al., 1999) being the primary source of tropospheric back-

ground BrO.

Other observations, however, contradict the notion

of a global, background level of BrO at an abundance of 2

to 3 ppt.  Ground-based observations of direct and scat-

tered sunlight reveal mean abundances of BrO in the

troposphere over Lauder, New Zealand (45°S), of ~0.2

ppt and an upper limit of 0.9 ppt over this site (Schofield

et al., 2004).  Low values of tropospheric BrO are also

observed over Arrival Heights, Antarctica (78°S), except

for bromine explosion events (Schofield et al., 2006).

Balloon profiles of tropospheric BrO indicate levels that

peak at ~2.3 ppt, but more commonly lie between ~0.4 and

0.6 ppt (Fitzenberger et al., 2000).  If BrO levels in the

global free troposphere are less than 1 ppt, then the GOME

observations of total BrO columns imply larger strato-

spheric BrO columns than can be accounted for by that

supplied by CH3Br and halons (Salawitch et al., 2005).

The role of VSLS in maintaining the global tropo-

spheric background levels of BrO and total Bry is a sub-

ject of active research.  Von Glasow et al. (2004) showed

that the stratosphere-to-troposphere flux of inorganic

bromine combined with the tropospheric decomposition

of CH3Br was insufficient to maintain tropospheric levels

of BrO approaching ~2 ppt.  They examined the sensitivity

of tropospheric BrO to various latitudinal distributions of

surface emissions of VSL SGs.  Although the resulting dis-

tributions of BrO and Bry differed, the available data were

too sparse and uncertain to place strong constraints on the

geographic distribution of surface emissions.  Yang et al.

(2005) presented model results indicating that sea salt

sources dominate the supply of bromine to the lower tro-

posphere, and that VSL SGs are responsible for the

majority of bromine in the upper troposphere.  Warwick et

al. (2006) suggested, based on a comparison of modeled

and measured CHBr3, that a large portion of CHBr3 emis-

sions occurs in the tropics.  They also showed that emis-

sions of VSL SGs (i.e., CHBr3, CH2Br2, CH2BrCl,

CHBrCl2), together with CH3Br, could maintain ~2 ppt of

Bry in the tropical free troposphere, and between 0 and 2

ppt of Bry in the rest of the troposphere.  Levels of Bry

were lower in the rest of the troposphere in this simula-

tion, which involved only VSL SGs, because of aerosol

washout of product gas and the co-location of surface

emissions and convection in the tropics.

There have been no atmospheric observations of

organic degradation products of VSL SG decomposition

to date, such as COBr2 and COHBr from decomposition

of CHBr3 (Section 2.3).  Most modeling studies have

assumed direct conversion to inorganic bromine upon the

decomposition of CHBr3 and other VSL SGs.  Field obser-

vations to assess the accuracy of this assumption repre-

sent another gap in our present knowledge.

Chlorine

In contrast to the situation for bromine and iodine,

the tropospheric abundance of Cly is likely dominated by

hydrogen chloride (HCl).  The reason for the different

behavior of the halogen families is that production of HCl

from Cl plus methane (CH4) is exothermic, while produc-

tion of hydrogen bromide and hydrogen iodide (HBr and

HI) by reactions involving CH4 is endothermic.  As a result,

PGI for chlorine should be defined by the troposphere-to-

stratosphere transport of HCl.  Efficient scavenging of HCl

by clouds and aerosols is generally considered to lead to

negligible PGI of inorganic chlorine species.  Measure-

ments of HCl in the subtropical upper troposphere reveal

abundances between 0 and 80 ppt, but simultaneous

observations of other species indicate these levels of HCl

are maintained by stratosphere-to-troposphere transport

of Cly, rather than tropospheric degradation of VSL SGs

(Marcy et al., 2004).

There are many organic decomposition products

of chlorinated VSLS, most of which have not been meas-

ured in the atmosphere to date.  An important exception

is phosgene (COCl2), produced by the decomposition of

chlorinated organic gases (see Section 2.3.3).  COCl2

has a significant abundance in the upper tropical tro-

posphere (on average 22.5 ppt, or 45 ppt as chlorine,

Table 2-2), and a longer photochemical lifetime than

some of its VSLS parent compounds (Section 2.3.3).

There are no known surface sources of COCl2.  If COCl2

were present in the TTL, where its removal processes

are inefficient, it could potentially play a role in the PGI

of chlorinated VSLS.

In this Assessment we have not, however, included

phosgene in our evaluation of the contribution of VSLS

to stratospheric Cly.  One reason for COCl2 not being

included is that tropospheric COCl2 is evidently produced

by the decomposition of both long-lived and VSL source

gases (Section 2.3.3).  In the case of degradation of long-

VERY SHORT-LIVED SUBSTANCES

2.33



lived gases that decompose primarily in the stratosphere,

the majority of the tropospheric COCl2 contribution is

transported from the stratosphere (Kindler et al., 1995).

Consequently, upper tropospheric measurements of COCl2

do not necessarily define the contribution from degrada-

tion of VSL source gases alone to its abundance.  The pos-

sibility exists for some degree of “double-counting” of Cly

if COCl2 is included in a summation of chlorine derived

from the tropospheric abundances of all source gases.  In

addition, Kindler et al. (1995), based on a 1-D model,

stated that only about 0.4% of COCl2 produced in the tro-

posphere is transported to, and decomposes in, the strato-

sphere.  Measured stratospheric profiles of COCl2 pre-

sented by Toon et al. (2001), however, appear to contra-

dict this conclusion, since they show a much larger decline

in mixing ratio with altitude than the model profiles of

Kindler et al. (1995), and are instead consistent with the

expected stratospheric loss of this compound discussed in

Section 2.3.3.  More detailed modeling and measurement

studies of COCl2 are needed to quantify whether or not it

represents a significant route for PGI of stratospheric chlo-

rine from VSL source gases.  For the present we conclude

that the contribution of COCl2 to “additional” stratospheric

Cly may range from a negligible amount (based on Kindler

et al., 1995) to an upper limit of 40-50 ppt based on

observed upper tropospheric abundances (Table 2-2 and

Section 2.2.1).

Iodine

Both I2 and IO have been observed in the marine

boundary layer (Section 2.2.1).  The tropospheric photo-

chemical lifetimes of I2 and IO are very short (Saiz-Lopez

and Plane, 2004), and iodine oxides may self-nucleate,

leading to efficient atmospheric removal by aerosols

(Hoffmann et al., 2001).  As a result, ozone depletion

models do not typically consider transfer of inorganic

iodine species across the tropopause, even though these

species are abundant in parts of the boundary layer.

Product gas injection of decomposition products of

CH3I could be important, particularly if rapid convection

lofts air parcels containing CH3I into the TTL, where

aerosol and cloud washout may be inefficient.  In the

future, decomposition products of CF3I may also have to

be considered (Section 2.2.4.3).  However, no field obser-

vations of CH3I and CF3I decomposition products are

available.  The present state of knowledge for iodine is

focused on defining stratospheric levels of Iy, rather than

quantification of PGI sources.

2.5.1.3 MODEL ESTIMATES OF SGI AND PGI

The SGI and PGI fluxes can be calculated from

global model simulations of a single source gas and their

products by tagging and keeping separate the degradation

products produced in the stratosphere from those produced

in the troposphere.  The lack of atmospheric observations

of the organic intermediate species, combined with lim-

ited knowledge of the kinetics of these intermediates and

the recycling of inorganic halogen compounds, means esti-

mates of PGI injection presently rely on parameterizations

of these processes that are untested against observations.

The studies described below, updating progress since the

last Assessment, consider SGI and PGI of bromine. 

Prior to this Assessment, calculations involving

two-dimensional (2-D) (Dvortsov et al., 1999) and 3-D

(Nielsen and Douglass, 2001) models showed that oceanic

release of CHBr3 could maintain about 1 ppt of bromine

to the stratosphere.  These calculations assumed a 10-day

lifetime due to “washout” by aerosols and clouds for the

inorganic products produced following the decomposition

of CHBr3. 

Sinnhuber and Folkins (2006) used a one-

dimensional mechanistic model of the tropical tropo-

sphere to quantify stratospheric supply of Bry from

CHBr3 as a function of aerosol and cloud washout life-

time.  In the model, Bry reaching the stratosphere is

determined by the detrainment from convection of

CHBr3 above the level of zero radiative heating (z0, see

Section 2.4.1).  Convective mass fluxes are constrained

by observed temperature and humidity.  Rapid washout

of Bry in the convective cloud was assumed, resulting in

no detrainment of Bry (i.e., product gas).  Product gas is

therefore formed from degradation of source gas fol-

lowing detrainment.  A first order, uniform washout life-

time for Bry in the clear-sky atmosphere below 17 km

was treated as an adjustable parameter.  By assuming

rapid washout for Bry in a particular simulation, they

showed that injection of Bry from the SGI pathway main-

tains about 0.5 ppt of Bry per ppt of surface CHBr3, gen-

erally consistent with the results of Dvortsov et al.

(1999) and Nielsen and Douglass (2001).  They also

examined the sensitivity of PGI to washout lifetime.  The

PGI of Bry was 0.3 ppt, 0.8 ppt, and 1.6 ppt, per ppt of

surface CHBr3, for lifetimes of 10, 30, and 100 days,

respectively (Figure 2-7).  They discussed how the

washout of soluble species from the TTL depends on

details of ice microphysics and could, in principle, be

inefficient if air detraining from deep convection is dry.
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The delivery of total Bry via both SGI and PGI routes

varied from 0.8 to 2.1 ppt, per ppt of surface CHBr3, as

the washout lifetime increased from 10 to 100 days. 

It is also useful to use model results to diagnose the

SGI and PGI flux as a percentage of the flux of VSLS

emitted at the surface, as opposed to relating it to mixing

ratios as in the above study.  Warwick et al. (2006) con-

ducted a 3-D model simulation considering surface fluxes

of CHBr3 and other VSL SGs.  Convection in this model

was parameterized using the mass flux scheme of Tiedtke

(1989) and included convective updrafts and large-scale

subsidence associated with deep and shallow convection.

An average tropospheric lifetime of 10 days relative to

rainout was assumed for inorganic bromine.  Among the

scenarios were two cases where the CHBr3 emission flux

was either uniform in the open ocean or was limited to the

tropical coastlines.  As discussed in Section 2.3.2, the cal-

culated lifetimes for the open ocean case are 30-37 days,

compared with 15 days for the tropical coastline case.  The

SGI fluxes in the two simulations were practically the

same at about 0.7% of the total surface emission flux.  The

PGI fluxes were 4% and 5% respectively.  The Warwick

et al. study also showed that CHBr3, together with the

VSLS CH2Br2, CH2BrCl, CHBr2Cl, and CHBrCl2, could

together maintain 3 to 4 ppt Bry in the tropical lower

stratosphere.

The Atmospheric and Environmental Research, Inc.

(AER) 2-D model (Rinsland et al., 2003) was also used to

simulate CHBr3.  The model used the convection parame-

terization from Dvortsov et al. (1998).  Washout in the

model was parameterized by a first-order removal rate that

was constant in time.  For a fixed uniform surface mixing

ratio boundary condition, the SGI flux was 0.3% of the

surface emission flux and the residence time of SGI Bry in

the stratosphere was 1.4 years.  Assuming the same resi-

dence time, the PGI flux was 0.6%, about twice the SGI

value.  Note that in the Dvortsov et al. (1999) and the

Nielsen and Douglass (2001) studies, the PGI flux was

three times and twice the SGI flux, respectively.  These

studies confirm the suggestion that the sum of the two (PGI

+ SGI fluxes) could be as large as a few percent of surface

emissions.  As discussed in Section 2.4.3, the calculated

mixing ratio of the product gas in the stratosphere is related

to the SGI and PGI fluxes through the residence time in

the model stratosphere.  It is important to note that the

larger fluxes calculated in Warwick et al. (2006) (a few

percent versus less than 1%) were accompanied by smaller

residence times for the stratosphere (0.2 years versus about

1.4 years).  This may be related to whether diagnosed

fluxes represent the net fluxes across the tropopause. 

Finally it should be noted that the aforementioned

model studies do not include possible heterogeneous reac-

tions (Platt and Hönninger, 2003) that liberate inorganic

bromine back to the gas phase (Section 2.3.4), which might

result in more efficient PGI of Bry from CHBr3 than was

considered in past Assessments.

2.5.2 Estimates of VSLS Contributions to
Stratospheric Halogens Based on
Measurements of Inorganic Species

This section focuses on the contributions of VSL

halocarbons to the stratospheric budgets of bromine, chlo-

rine, and iodine, based on measurements of inorganic

species.  For chlorine and bromine, the material is focused

mainly on studies that compare the total halogen content

of inorganic species with the halogen content of organics.

Typically the difference between the inorganic and organic

budgets is computed for an organic budget containing just

long-lived SGs.  The resulting difference is then inter-

preted as being the contribution to the stratospheric
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Figure 2-7. Calculated profile of total bromine from
bromoform present as both product gas (Bry) and
source gas (CHBr3), defined as Bry + 3 · CHBr3, for
different values of the lifetime of Bry in days (num-
bers given in graph), based on a one-dimensional
model of the tropical atmosphere.  The calculations
assume 1 ppt of CHBr3 in the boundary layer and that
no Bry is detrained from convection (i.e., model
assumes efficient uptake and removal of Bry in
clouds).  Locations of the level of zero radiative
heating and the cold point tropopause in the model
are indicated.  From Sinnhuber and Folkins (2006).



halogen loading by VSLS.  This method is unable to dis-

tinguish between SGI and PGI, and would also include

contributions from product gases that do not originate from

VSLS.  For bromine the long-lived SG budget is defined

by the total bromine content of CH3Br and the three or four

halons that are commonly used to define baseline halogen

scenarios for this and previous Assessments.  For chlorine

species the long-lived SG budget is defined by the 12

species (CFC-11, CFC-12, CFC-113, CFC-114, CFC-115,

CCl4, CH3CCl3, HCFC-22, HCFC-141b, HCFC-142b,

halon-1211, and CH3Cl; see Chapter 1) used to define the

baseline halogen loading scenarios in this and prior

Assessments.  As defined in the introduction, the terms

Bry
VSLS and Cly

VSLS refer to the component of stratospheric

Bry and Cly, respectively, due to SGI and PGI of sources

other than these long-lived SGs.  For iodine, the discus-

sion is focused on quantification of total stratospheric inor-

ganic iodine (Iy) based on measurements of IO, since

supply is thought to be exclusively from VSL SGs.  These

approaches represent the present state of knowledge

regarding quantification of the contribution of VSLS on

the stratospheric halogen loadings.

2.5.2.1 BROMINE

Prior to this Assessment, balloonborne observations

of BrO in the middle stratosphere at midlatitudes were

shown to be consistent with stratospheric Bry of 21.5 ± 3

ppt (Pfeilsticker et al., 2000).  The total amount of organic

bromine in the upper troposphere reported in this study

was 18.4 (+1.8 / −1.5) ppt, based on measurements of

CH3Br, four halons, and a variety of VSL SGs.  The higher

levels of Bry inferred from BrO, compared with Bry

inferred from the suite of organics, suggested either direct

transport of VSL PGs or inorganic bromine across the

tropopause, or perhaps larger abundances of VSL SGs in

the tropics compared with midlatitudes where the balloon

observations were obtained.  Ground-based observations

of column BrO from many stations were shown to be con-

sistent with a total stratospheric bromine abundance of

20 ± 4 ppt, reflecting a ~5 ppt contribution from VSLS

(Sinnhuber et al., 2002).  Also in the last Assessment, a

time series of Bry inferred from BrO measurements in the

middle stratosphere over several years was shown to

exceed Bry from CH3Br + halons by an amount consistent

with supply of 4 to 5 ppt of Bry from VSLS (Figure 1-8,

WMO, 2003).  However, the interpretation of these data

in the last Assessment was tentative, with the possibility

of “calibration errors either in the measurements of BrO

or the organic source gases” being noted as a possible

explanation of the observations.

Since the last Assessment, there have been many

studies, described below, that quantify Bry
VSLS.  Most

of these studies, based on measurements of BrO by

many techniques, conclude that stratospheric Bry exceeds

the amount of bromine that can be supplied solely by

CH3Br and halons.  Therefore, since the last Assessment,

we have gained greater confidence that the stratospheric

bromine budget is affected by cross-tropopause transport

of brominated VSLS, by either the SGI and/or PGI routes,

and that the difference noted in the last Assessment is not

due to “calibration errors.”

Figure 2-3 updates the time series of stratospheric

and tropospheric bromine shown in the last Assessment

(Figure 1-8, WMO, 2003).  Observations of BrO using

balloonborne differential optical absorption spectroscopy

(DOAS) have been used to estimate stratospheric Bry

(Dorf, 2005; Dorf et al., 2006a).  The most accurate

analysis is based on estimating the mixing ratio of BrO for

the middle stratosphere from the slope of BrO slant column

versus air column above the balloon float altitude (the

“Langley” method) and then using a photochemical model

to deduce Bry from measured BrO.  Results for five flights,

from 1996 to 2005, are illustrated (points labeled “DOAS

BrO Langley obs.”) in Figure 2-3.  Numerical values are

also given in Table 2-7.  Estimates of Bry
VSLS are based on

the difference between Bry inferred from BrO and the

bromine content of CH3Br and halons (Bry
CH3Br+Halons).

The estimate of Bry
CH3Br+Halons considers age of air, inferred

from measured tracers, and neglects tropospheric gradi-

ents (i.e., it assumes that the sum of bromine from source

and associated product gases at the tropical tropopause,

notably in the case of CH3Br, is represented by the mean

of observed global surface mixing ratios).  The difference

between Bry inferred from BrO and Bry
CH3Br+Halons yields

the estimated value for Bry
VSLS (bottom row, Table 2-7).

The mean and standard deviation for Bry
VSLS, considering

all five flights, is 4.1 ± 1 ppt.  The overall uncertainty of

this estimate, which is dominated by the accuracy of the

BrO measurements and by the kinetics used to estimate

Bry from BrO, is ±2.5 ppt (see Table 2-7 for discussion of

uncertainties).  Values of Bry
VSLS are illustrated in Figure

2-3 by the difference between the time series of Bry

inferred from BrO and Bry
CH3Br+Halons.

Other DOAS-based estimates of Bry are also

shown in Figure 2-3.  These estimates, labeled “DOAS

BrO profiles,” are derived from model interpretation of

BrO profiles in the lower stratosphere.  The DOAS BrO

profile estimate is considered to be a less reliable method

for inferring Bry
VSLS compared with the Langley method

(Dorf, 2005).  It is reassuring that the two methods give

good agreement, since this shows an overall level of con-
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sistency between the two methods that sample different

parts of the atmosphere.  DOAS BrO profile estimates are

also available for more fights than the estimates based on

the Langley method, resulting in a more complete time

series for stratospheric Bry.  The fact that values of Bry in

the lower and middle stratosphere are similar lends cre-

dence to the notion that VSLS contribute significantly to

stratospheric Bry.

The values of Bry inferred from the balloon obser-

vations of BrO shown in Figure 2-3 imply, by an amount

that is larger than the overall uncertainty, a significant con-

tribution to stratospheric Bry from VSLS.  In addition, the

values of Bry observed during the past few years indicate

a “leveling off” that appears to be consistent with the

behavior of Bry
CH3Br+Halons (Dorf et al., 2006b).  This sug-

gests that Bry
VSLS has not changed dramatically between

1996 and 2005, the time period of the stratospheric obser-

vations, and that changes in the surface emissions of

CH3Br and halons are being reflected in the stratospheric

abundance of Bry.

As noted above, Figure 2-3 neglects tropospheric

gradients of CH3Br that may, at least partly, result from its

tropospheric degradation.  The mixing ratios of CH3Br in

the TTL may be about 7% smaller than the globally aver-

aged surface value (Schauffler et al., 1999; Montzka et al.,

2003).  If the bromine compounds resulting from tropo-

spheric decomposition of CH3Br do not reach the strato-

sphere, then estimates of Bry
VSLS that rely on surface

mixing ratios of CH3Br may consequently be too low by

up to 0.6 ppt.

Salawitch et al. (2005) examined GOME column

BrO as well as measurements of BrO from aircraft and

balloons.  Their study suggested Bry
VSLS between 4 and 10

ppt; best agreement with aircraft data was achieved for a

value of 6.9 ppt, while a balloon profile of BrO in the

summer tropics (Pundt et al., 2002) suggested a value

closer to 10 ppt.  Sinnhuber et al. (2002, 2005) showed

that the gas-phase reaction of bromine nitrate (BrONO2)

with oxygen atom triplet (O(3P)) proceeds quickly enough

(Soller et al., 2001) to affect the partitioning of Bry species.

Nearly all of the studies presented here consider this reac-

tion, even though it is not included in any of the past JPL

or IUPAC evaluations.  The exception is the study of

Salawitch et al. (2005), who relied solely on JPL kinetics.

Had they included this reaction, their values of Bry
VSLS

from the aircraft and balloon data would have been ~6 ppt

and ~8 ppt, respectively.  The Salawitch et al. (2005) values

of Bry
VSLS are a little higher than those derived from the

DOAS measurements, but are generally consistent with

the picture presented in Figure 2-3.

Since the last Assessment, attention has also

focused on the interpretation of satellite observations of

BrO.  As noted previously, observations of column BrO

from GOME reveal abundances of total column BrO,

throughout the global atmosphere, that are much larger

than expected based on simulations that assume supply of

atmospheric bromine from only CH3Br and halons (Figure

2-8, top panel).  Measurements of column BrO from the

Scanning Imaging Absorption Spectrometer for Atmos-

pheric Cartography (SCIAMACHY) satellite instrument

confirm the accuracy of the GOME observations of

column BrO (Sinnhuber et al., 2005; Sioris et al., 2006).

Recent scientific studies have focused on quantifying

whether the much higher than expected levels of BrO

reported by GOME reside in the stratosphere, the tropo-

sphere, or perhaps in both layers at levels important for

the photochemical environment.  Evidence for and against

a global, background tropospheric level of BrO large
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Table 2-7.  Contribution to stratospheric Bry
VSLS based on DOAS balloon BrO profiles.

Leon, Kiruna, Aire sur Kiruna, Teresina,

Spain Sweden l’Adour, France Sweden Brazil

1996 1999 2003 2003 2005

Bry from BrO (ppt)a 17.8 19.9 20.1 20.4 21.5

Age (yrs) 5 6 5 5 5

CH3Br (ppt)b 9.2 9.3 9.6 9.5 8.8

Halons (ppt)b 5.2 5.8 7.2 7.2 7.5

Bry
VSLS (ppt)c 3.4 4.8 3.3 3.7 5.2

a The 1σ precision of Bry estimated using the Langley method is about 0.7 ppt.  The total uncertainty is 2.5 ppt, which represents the precision as well

as uncertainties in the BrO cross section (±8%) and the photochemical correction used to convert BrO to Bry (±8%).
b Estimates of Bry

CH3Br+Halons are obtained from Montzka et al. (2003), assuming no tropospheric gradient of CH3Br.
c The mean and standard deviation of the 5 estimates of Bry

VSLS are 4.1 ± 1 ppt.  The standard deviation is consistent with the estimated precision in Bry.

Considering the overall uncertainty in Bry from BrO, and assuming that Bry
CH3Br+Halons is well known, leads to a range for Bry

VSLS of 4.1 ± 2.5 ppt,

which is the value for DOAS given in Table 2-8.  From Dorf (2005).



enough to account for excess BrO revealed by GOME and

SCIAMACHY are described in Section 2.5.1.2.  Clearly, a

better definition of tropospheric BrO would clarify the

stratospheric implications of the column BrO measure-

ments, from both satellite and ground-based instruments.

Measurements of BrO profiles from SCIAMACHY

provide new insight on the global stratospheric distribu-

tion of BrO.  However, retrievals of BrO have been con-

ducted by two groups and the scientific interpretations

differ considerably.  Retrievals by Sioris et al. (2006) show

large abundances in the tropical tropopause layer and low-

ermost stratosphere, consistent with large abundances of

stratospheric Bry, ~24 to 25 ppt, and Bry
VSLS = 8.4 ± 2 ppt

(Sioris et al., 2006) (Figure 2-8, middle and bottom

panels).  Retrievals of SCIAMACHY BrO by Sinnhuber

et al. (2005) suggest stratospheric Bry = 18 ± 3 ppt,

implying a smaller value for Bry
VSLS of 3 ± 3 ppt (Figure

2-9).  The BrO retrievals of Sinnhuber et al. (2005) show

a deficit in the tropical lower stratosphere compared with

calculations, particularly for model simulations that

include Bry from VSLS (Figure 2-9, panel labeled “18.5

km”).  This deficit is contrary to the expectation of a sig-

nificant perturbation to stratospheric Bry from VSLS.

Conversely, partial BrO columns retrieved by Sioris et al.

(2006) show large abundances in the tropical LMS, con-

sistent with supply of Bry from VSLS (Figure 2-8, middle).

The retrievals of BrO in these two studies also offer

different views on tropospheric BrO.  Comparison of the

Sinnhuber et al. (2005) stratospheric BrO profiles (based

on limb radiances) and total column BrO measurements

(based on nadir radiances) suggests the presence of 1 ±

0.5 ppt of tropospheric BrO (Figure 2-9, bottom).  On the

other hand, the consistency of BrO columns integrated

above 12 km (limb) from SCIAMACHY and total column

BrO from GOME (nadir) shown by Sioris et al. (2006)

suggests a much smaller level of global tropospheric BrO

(Figure 2-8, middle).  The reason for these alternate inter-

pretations of SCIAMACHY radiances is due to differences

in the BrO retrievals computed by the two groups and does

not appear to be related to either the methods used to infer
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Figure 2-8. Top panel: Comparison of estimated strat-
ospheric column BrO from GOME, October 1997,
assuming a uniform 1 ppt distribution of BrO in the tro-
posphere (close to the upper limit of 0.9 reported by
Schofield et al., 2004) with stratospheric column BrO
from the AER 2-D model, for the WMO (2003) “best
guess” scenario Ab (labeled WMO Bry) and for simu-
lations assuming Bry

VSLS of 4 and 8 ppt, respectively.
Plotted points show mean, standard deviation (thick
error bars) and extreme values (thin error bars) of
GOME data in 5°-wide latitude bins.  The reasonably
good agreement between the 8 ppt curve and the data
suggest the BrO signal measured by GOME may be
due to the presence of higher amounts of BrO in both
the stratosphere and troposphere than is assumed in
most models.  After Chance (1998) and Salawitch et
al. (2005).  Middle panel: Comparison of total column
BrO measured by GOME (March, 2003) vs. latitude
and partial column BrO above various altitudes, based
on BrO profiles from SCIAMACHY limb radiances.
The comparison suggests a large component of the
GOME total column resides between ~12 and 21 km.
Bottom panel: Comparison of total column BrO above
15 km from SCIAMACHY with BrO partial columns
from the AER 2-D model, found for the WMO Bry and
for model simulations assuming Bry

VSLS of 4 and 8 ppt.
Model simulations from Salawitch et al. (2005);
SCIAMACHY BrO from Sioris et al. (2006).
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Figure 2-9.  SCIAMACHY BrO observations.  Panels A-E: Comparison between BrO volume mixing ratios (VMR)
retrieved from SCIAMACHY limb radiances and model calculations for different altitudes.  SCIAMACHY error
bars are derived from the standard deviation of BrO measurements within each latitude bin.  The modeled BrO
was calculated from an estimate of Bry derived from Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) measurements of CFC-11 and the Wamsley et al. (1998) relation between Bry and CFC-11 (scaled to the
time of observation) and a photochemical model estimate of BrO/Bry. Three model runs are shown: Bry from only
CH3Br and halons (i.e., WMO Bry) (red line), and using Bry

VSLS of 3 ppt of Bry (green line) and 6 ppt (blue line).
Panel F: Total BrO column from SCIAMACHY nadir measurements compared with the integrated vertical BrO
column above 15 km from SCIAMACHY limb observations.  The difference between the integrated limb and the
nadir column implies the presence of a significant amount of BrO below 15 km, corresponding to an average BrO
mixing ratio of about 1.0 ± 0.5 ppt between the surface and 15 km.  Adapted from Sinnhuber et al. (2005).



Bry from BrO, or to assumptions regarding Bry
CH3Br+Halons.

The SCIAMACHY BrO retrievals are sensitive to the

determination of the tangent height of the limb radiances

and methods used to account for spectral residuals (Sioris

et al., 2006).  Efforts are underway to compare balloon

profiles of BrO with the SCIAMACHY retrievals (Dorf et

al., 2006a).  However, much work remains to understand

the differences between the various retrievals of BrO and

to reduce the uncertainty in the global distribution of BrO

retrieved from SCIAMACHY radiances, which is perhaps

best reflected by the contrasting results of Sinnhuber et

al. (2005) and Sioris et al. (2006).

Measurements of BrO from the Microwave Limb

Sounder (MLS) have also been used to quantify Bry
VSLS

(Livesey et al., 2006).  These observations, shown in Figure

2-10, imply a value for Bry of 18.6 ± 5.5 ppt for the upper

stratosphere (~30 to 42 km), between 55°S and 55°N, from

September 2004 to August 2005.  The uncertainty reflects

the accuracy of the MLS measurements of BrO and pos-

sible errors in kinetic parameters used to infer Bry from

BrO.  Livesey et al. (2006) inferred Bry from BrO using

two modeling approaches, but place greater confidence in

the approach that uses a model constrained by MLS meas-

urements of O3 and nitrous oxide (N2O) (PSS results in

Figure 2-10).  Their value of Bry
VSLS is 3.0 ± 5.5 ppt.

Observations of BrO in the polar vortices provide

an opportunity to examine the bromine budget in an envi-

ronment where all of the organic precursors have decom-

posed, and where the low levels of reactive nitrogen oxides

(NO + NO2 = NOx) imply that nearly all of Bry is contained

in the two species BrO and bromine chloride (BrCl).  These

observations, discussed in Chapter 4, also support a sig-

nificant, non-zero value for Bry
VSLS.  As discussed in

Chapter 4, the 6 to 8 ppt enhancement of BrOx (BrO+BrCl)

in the Arctic vortex (Frieler et al., 2006), presumably from

VSLS, relative to standard models (see Figure 4-16 in

Chapter 4) may account for the discrepancy between meas-

ured and modeled chemical loss rates for Arctic ozone that

was noted in the last Assessment.

Table 2-8 shows estimates of Bry
VSLS from nine

studies.  The central value from each study is given, as

well as a range.  For most studies, the uncertainty of

Bry
VSLS was explicitly calculated while, for a few, it has

been estimated by this Assessment based on information

in each paper (see Table 2-8).  The range was estimated

using different methods by the various studies; the orig-

inal papers should be consulted for details.  Estimates of

Bry
VSLS from ground-based studies are included.  The

Sinnhuber et al. (2002) study, discussed in the last

Assessment, has been described above.  Schofield et al.

(2004, 2006) examined direct and scattered sunlight to
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Figure 2-10. Measure-
ment of BrO from Aura
MLS versus pressure, for
limb scans covering 55°S
to 55°N, September 2004
to August 2005, and
values of Bry inferred from
MLS BrO using estimates
of BrO/Bry from the
SLIMCAT model (blue)
and from a photochemical
steady state (PSS) model
(red) constrained by MLS
BrO, O3, and H2O, and
values of NOy and CH4

derived from MLS N2O.
The value of Bry due to
CH3Br and halons during
the time of measurement
is shown by the dotted
line.  Error bars reflect the accuracy of MLS BrO and uncertainties in the model estimate of Bry.  The analysis
using the PSS simulation was considered to be a more reliable estimate for stratospheric Bry because this
model is constrained by measured O3 and exhibits a profile for NO2 that agrees well with Halogen Occultation
Experiment (HALOE) satellite measurements.  The stratospheric bromine loading is estimated to be 18.6 ± 5.5
ppt, implying Bry

VSLS = 3.0 ± 5.5 ppt.  From Livesey et al. (2006).
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retrieve BrO profiles over Lauder, New Zealand (45°S),

and Arrival Heights, Antarctica (78°S).  They conclud-

ed that stratospheric column BrO was consistent with

Bry
VSLS of 6 ± 3 ppt at both locations. 

Estimates of the Bry
VSLS given in Table 2-8 range

from lows of 3.0 ± 5.5 ppt (MLS data: Livesey et al., 2006)

and 3 ± 3 ppt (SCIAMACHY retrievals: Sinnhuber et al.,

2005) to highs of 4 to 10 ppt (aircraft and balloon data:

Salawitch et al., 2005) and 8.4 ± 2 ppt (SCIAMACHY

retrievals: Sioris et al., 2006).  Dorf (2005) report a value

of 4.1 ± 2.5 ppt from many years of balloon observations.

Sheode et al. (2006) report a value of 3.5 ± 4 ppt, based on

analysis of two years of SCIAMACHY data.  This study

is an update to Sinnhuber et al. (2005), who considered

SCIAMACHY data over a 10-day period; the slightly

larger uncertainty given by Sheode et al. (2006) is due to

increased atmospheric variability over the longer time

period.

The mean of the central values of Bry
VSLS given in

Table 2-8 is 5 ppt.  This is the “ensemble” value reported

at the bottom of the table.  It is difficult to ascribe a true

uncertainty to this ensemble value, given that uncertain-

ties in Bry
VSLS were determined using different methods,

and in some cases were estimated by this Assessment.  As

a result, we place greater confidence in the range of cen-

tral values in the Table (3 to 8 ppt) as an estimate of the

uncertainty in Bry
VSLS.  While three of the studies could

not rule out a zero contribution from VSLS, the majority

of studies pointed to a positive value for Bry
VSLS large

enough to affect ozone photochemistry in the LMS

(Section 2.6).

2.5.2.2 CHLORINE

Measurements of HCl in the subtropics typically

exceed 50 ppt (Marcy et al., 2004).  As noted above, these
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Table 2-8.  Contribution to stratospheric Bry
VSLS.

Bry
VSLS Bry

VSLS

Data Source Central Value (ppt) Range (ppt) Reference

Ground-based BrO 5 1-9 a Sinnhuber et al. (2002)

11 sites, 78°S-79°N

Ground-based BrO 6 3-9 Schofield et al. (2004)

Lauder, New Zealand, 45°S

Ground-based BrO 6 3-9 Schofield et al. (2006)

Arrival Heights, Antarctica, 78°S

DOAS Balloon BrO Profiles 4.1 1.6-6.6 Dorf, 2005

5°S-68°N, 0-35 km

Aircraft & Balloon BrO Profiles, 7 4-10 a Salawitch et al. (2005)

22°S-35°N, 17-32 km and

GOME Satellite Column BrO,

60°S-60°N

SCIAMACHY Satellite BrO Profiles 8.4 6.4-10.4 Sioris et al. (2006)

80°S-80°N, 15-28 km

SCIAMACHY Satellite BrO Profiles 3 0-6 Sinnhuber et al. (2005)

80°S-80°N, 15-28 km 

SCIAMACHY Satellite BrO Profiles 3.5 0-7.5 Sheode et al. (2006)

80°S-80°N, 15-28 km 

MLS Satellite BrO Profiles 3.0 0-8.5 Livesey et al. (2006)

55°S-55°N, 30-42 km

Ensemble 5 (3-8) b

DOAS, Differential Optical Absorption Spectroscopy; GOME, Global Ozone Monitoring Experiment; SCIAMACHY, Scanning Imaging Absorption

Spectrometer for Atmospheric Cartography; MLS, Microwave Limb Sounder.
a Range estimated by this Assessment, based on the uncertainty in stratospheric Bry inferred from BrO that was stated in the reference.
b Average and range of the central values of the 8 estimates of Bry

VSLS.



data have been interpreted as being evidence for supply

of HCl from the stratosphere, rather than being due to

the decomposition of VSL SGs.  There have been no

studies, since the last Assessment, quantifying the influ-

ence of VSL SGs on measured HCl in the tropical TTL

or LMS.  Such a study would require accurate and pre-

cise measurement of HCl and a suite of organic chlorine

species, including long-lived SGs and VSL SGs, plus

either detailed model analysis and/or observations of

dynamical tracers to be able to isolate the effects on chlo-

rine of transport from above (where the longer lived SGs

decompose) and from below (where VSL SGs potentially

contribute).

Another avenue for assessing the role of VSL com-

pounds on stratospheric chlorine, which has received some

attention since the last Assessment, is quantification of

stratospheric chlorine either by measurements of a suite

of compounds in the middle stratosphere or by measure-

ment of HCl in the upper stratosphere.  Nassar et al. (2006)

quantified total stratospheric chlorine (ClTOT, the sum of

simultaneous measurements of organic and inorganic

species; see Figure 1-12 of Chapter 1) based primarily on

data from the Atmospheric Chemistry Experiment Fourier

Transform Spectrometer (ACE-FTS).  They report a value

of ClTOT of 3.65 ppb over the period February 2004 to

January 2005, for both Southern and Northern Hemisphere

midlatitudes.  The 1σ precision of ClTOT is 0.09 ppb and

the estimated accuracy is 0.13 ppb.  The estimated contri-

bution of just long-lived species to Cly during this time

period is 3.41 ppb (this estimate is based on a mean age

for stratospheric air of 5 years and an age of air spectrum

width of 3 years, applied to the WMO 2002 baseline sce-

nario Ab (see Chapters 1 and 3 of this Assessment) for the

12 long-lived chlorine species).  The fact that the ACE-

FTS value of ClTOT exceeds this value of Cly could be

indicative of a contribution from VSLS.  On the other hand,

the combined uncertainty of the ACE-FTS value of ClTOT

(accuracy + precision) nearly overlaps with the expected

value of Cly from just long-lived species.

Time series of HCl near 55 km from the ATMOS

(Atmospheric Trace Molecule Spectroscopy experiment),

HALOE (Halogen Occultation Experiment), MLS, and

ACE-FTS instruments are shown in Figure 1-12 of Chapter

1, where it is discussed in terms of trends of Cly in the strat-

osphere.  In the Figure these measurements are compared

with modeled stratospheric abundances of HCl due to

long-lived chlorinated gases alone (dashed line), and

enhanced by the addition of 100 ppt of chlorine to repre-

sent a possible contribution from VSLS and phosgene

(solid lines).  Because of the level of uncertainty in the

respective satellite measurements (note the error bars in

Figure 1-12, which represent 2-sigma uncertainty), it is

difficult to discriminate between the model runs with and

without enhanced chlorine.  The model run based on long-

lived source gases alone appears closer to the HALOE

measurements of HCl, which are lower than those obtained

by the other instruments (although within their reported

error limits).  The MLS, ATMOS, and ACE-FTS measure-

ments are suggestive of a contribution of chlorine from

VSLS.  The contribution of VSLS to stratospheric Cly

cannot be quantified definitively given the current level of

accuracy of the satellite HCl measurements.

2.5.2.3 IODINE

Solomon et al. (1994) suggested that if stratospheric

inorganic iodine (Iy) levels were close to 1.0 ppt, catalytic

cycles involving IO + BrO and IO + ClO could be respon-

sible for a significant component of midlatitude ozone

trends.  That suggestion has led to considerable effort to

better understand the photochemistry of inorganic iodine

species (e.g., Bösch et al., 2003, and references therein)

and to define the stratospheric iodine budget.

Wennberg et al. (1997), based on analysis of

ground-based spectra, reported an upper limit for Iy of 0.2

ppt.  Pundt et al. (1998) reported a similar upper limit,

based on analysis of balloonborne spectra.  Both studies

were summarized in the last Assessment.  Since the last

Assessment, several additional studies of the Iy budget

have appeared.  Bösch et al. (2003), based on balloonborne

solar occultation spectra in the UV/visible region from

flights at middle and high latitudes, report an upper limit

for Iy of 0.1 ppt.  Recent measurements of IO in the tropics,

using the same technique, also show very low levels of IO

(Butz, 2006) (Figure 2-11).  These observations suggest

that either much less iodine enters the stratosphere than

expected based on levels of CH3I near the surface, or that

stratospheric iodine resides either in gaseous species

besides IO or perhaps in particulate form (see Section

2.3.5).  As noted above, the tropospheric lifetime of the

dominant iodine VSL SGs is much smaller (i.e., ~5 days)

than the tropospheric lifetime of many brominated VSLS

(>100 days).  This could account for SGI of bromine and

little or no SGI of iodine.  Furthermore, observations of

self-nucleation of iodine oxides (Hoffmann et al., 2001)

and iodine uptake on tropospheric aerosols (Murphy and

Thomson, 2000) could account for inefficient transfer of

Iy to the stratosphere via PGI. 

The only evidence of significant levels of strato-

spheric iodine is provided by ground-based observations

of spectra recorded at 79°N that show, on some days, signs

of elevated column IO (Wittrock et al., 2000).  The SZA

variation of slant column density of IO was used to sug-

gest that the elevated IO lies in the stratosphere, with an
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abundance of Iy as high as 0.8 ppt.  The considerable varia-

tion in Iy for different days is difficult to reconcile in terms

of a large stratospheric contribution, particularly for high-

latitude air masses that should lack any residual CH3I.

Higher levels of IO were seen in February 1997 compared

with March 1997, associated with lower levels of NOx in

February.  Similar observations of the SZA variation of

slant column IO in the Antarctic have been used to argue

for a burden located primarily in the troposphere (Frieß et

al., 2001).  The observation of highly elevated IO on some

days by Wittrock et al. (2000) is presently the only piece of

observational evidence supporting a large source of Iy from

VSLS.  It should be recalled, however, that the ozone

destruction efficiency of iodine is large compared with that

of both bromine and chlorine, and IO abundances in the

stratosphere of several tenths of 1 ppt could be potentially

significant (Figure 2-2).

2.6 POTENTIAL IMPACT OF VSLS ON OZONE

In WMO (2003) the focus of this topic was on (1)

the theoretical basis for estimating the change in column

ozone from emissions of organic VSL SGs, and (2) the the-

oretical basis for estimating Ozone Depletion Potentials

(ODPs), including the differences (Wuebbles and Ko, 1999;

Wuebbles et al., 2001) from the standard ODP definition,

and initial analyses of location-dependent ODPs for one

VSL SG, n-propyl bromide.  WMO (2003) gave a compre-

hensive evaluation of the theoretical basis and procedures

for estimating ozone column effects and ODPs of VSL SGs;

the discussion here is intended to update that evaluation.

2.6.1 Effects of Halogenated VSLS on
Column Ozone

Halogens supplied by the decomposition of VSLS

have the potential to significantly alter the photochemistry

of ozone in the upper troposphere (UT) and lowermost

stratosphere (LMS).  Within models that consider supply

of bromine solely from CH3Br plus halons, pure odd-

hydrogen radical (HOx) photochemistry is the dominant

loss process for odd oxygen in the LMS (Salawitch et al.,

2005; see Figure 2-2).  As discussed in Section 2.5, Bry
VSLS

in the LMS, maintained by the SGI and PGI pathways, can

potentially cause significant local perturbation to the Bry

budget.  Inorganic tropospheric bromine may also be

transported in the LMS and contribute to additional

Bry
VSLS (as discussed in Section 2.5).  Enhanced levels of

bromine lead to greater efficiency for ozone loss by the

BrO + ClO catalytic cycle, particularly during times of

high aerosol loading following major volcanic eruptions

(Salawitch et al., 2005; Sinnhuber et al., 2006).  Because

of this cycle, Bry
VSLS enhances ozone depletion due to

CFCs and other chlorocarbons.  If Bry
VSLS is 5 ppt, as sug-

gested by the assessment presented in Section 2.5, and

if the majority of this bromine is present in the LMS, then

ozone loss by the BrO + HO2 cycle becomes greatly

enhanced (Salawitch et al., 2005).  Indeed, at Bry
VSLS

between 4 to 8 ppt, ozone loss by bromine cycles through-
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Figure 2-11.  Comparison of
measured and expected IO
absorption by balloonborne
UV/visible solar occultation spec-
troscopy at high and low latitudes
(black line: measured IO +
residual absorption; red line:
inferred IO absorption: blue line:
the expected IO absorption
assuming [IO] = 0.5 ppt for the 0
to 20 km altitude range).  Panels
(a) and (b) are for observations
within the lowermost strato-
sphere, and panels (c) and (d) for
observations within the tropical
tropopause layer.  TH = tangent
height.  Panel (a) is adopted from
Bösch et al. (2003), and panels
(b) to (d) are from Butz (2006).



out the lowermost stratosphere can approach ozone loss

by HOx cycles alone (Figure 2-2). 

In the last Assessment, a value of 45 was given for

the relative effectiveness of stratospheric ozone depletion

by bromine; the so-called α parameter (Section 1.4.4,

WMO, 2003).  This value has been reassessed in Chapter

8 of this Assessment (Section 8.2.2), and the recommen-

dation made that the value of α be increased to 60 (65 for

the Antarctic stratosphere).  As a consequence, the semi-

empirically determined values of ODPs for all brominated

source gases have now increased.  Some models that also

include VSLS in their calculations suggest even larger

values for α.  For example, Sinnhuber et al. (2006), using

the University of Bremen two-dimensional model

(Chipperfield and Feng, 2003), derive values for α of 66

without Bry
VSLS and 69 including Bry

VSLS, suggesting an

impact on α from halogenated VSLS.  Updated versions

of the Atmospheric and Environmental Research, Inc.,

(AER) (U.S.) and University of Illinois at Urbana-

Champaign (UIUC) (U.S.) models that include Bry
VSLS

from gases discussed earlier in this chapter (i.e., CH2Cl2,

CHCl3, C2HCl3, C2Cl4, CH2BrCl, CH2Br2, CHBr2Cl,

CHBrCl2, and CHBr3) both derive an α of 61.  More work

is needed to assess the importance of Bry
VSLS on α.

There was no attempt in WMO (2003) to quantify

the effects of halogenated VSLS on past trends, or on

future changes in stratospheric ozone or ozone columns.

Since then, there has been increasing awareness that VSLS

have a potentially important effect on chlorine and

bromine in the lower stratosphere.  As discussed in Section

2.5 of this report, halogenated VSLS appear to add about

5 ppt, on average, of reactive bromine (Bry) to the lower

stratosphere.  Although significant uncertainties remain,

analyses with the AER 2-D chemical transport model in

Salawitch et al. (2005) suggest that this constant amount

of Bry added to the lower stratosphere has a noticeable

impact on past trends in column ozone, as shown in Figure

2-12.  Similar results were found using the University of

Bremen 2-D model (Sinnhuber et al., 2006).  Indeed, the

inclusion of additional Bry
VSLS may lead to better agree-

ment between modeled and observed stratospheric ozone

trends, particularly during times of perturbed aerosol

loading, especially in the Northern Hemisphere (Salawitch

et al., 2005; Sinnhuber et al., 2006).  (Similar findings are

discussed in Chapter 3, Section 3.4.3.2, and shown in

Figure 3-25.)  Both of these simulations assumed that

Bry
VSLS was constant over time, due to primarily natural

sources.  Increased ozone depletion due to Bry
VSLS was

caused by the ability of bromine to enhance ozone loss by

ClO derived from CFCs, as outlined above (Chapter 3 also

discusses impacts of Bry
VSLS on ozone trends).  The effect

of anthropogenic emissions of Bry
VSLS or possible long-

term changes in Bry
VSLS due to climate change or natural

variability, have yet to be studied (see Section 2.7).

Several recent studies (e.g., von Glasow et al., 2004;

Yang et al., 2005) suggest that inorganic bromine from

halogenated VSLS could lead to reductions in tropospheric

ozone.  The effect on tropospheric ozone should largely

be regional in nature, but may have implications on global-

scale ozone concentrations.  Reductions in ozone occur

due to a direct effect (increased loss by the BrO + HO2

cycle) and an indirect effect (reduced production due to

decreased levels of NO) that is ultimately driven by

increased efficiency of the BrONO2 hydrolysis sink of NOx

(Lary, 2005).  More accurate evaluations will be dependent

on improved knowledge about the bromine budget in the

troposphere.  If anthropogenic production of brominated

VSLS becomes important in the future, the effect of inor-

ganic product gas on tropospheric ozone will have to be

evaluated to quantify the impact of these compounds on

total column ozone.
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Figure 2-12.  Calculated change in column ozone
relative to 1980 levels using the AER 2-D model for
stratospheric Bry

VSLS of 0 (red), 4 (green), and 8 (blue)
ppt for 35°N-60°N (top) and for 35°S-60°S (bottom),
compared with observed trends in total ozone (black
line).  Based on Salawitch et al. (2005).



2.6.2 ODPs for Halogenated VSLS

There have been only a few new reported studies of

the ODPs for VSL SGs since the last Assessment.  The

additional model estimates of SGI and PGI fluxes provide

an opportunity to update the estimates for ODP using

Equation 2.15 from Ko and Poulet et al. (2003).  Using the

results discussed in Section 2.5.1 as a guideline, it is rea-

sonable to assume that for a source gas with a local tropo-

spheric lifetime of about 25 days and uniform landmass

emissions, 1% of the emitted flux enters the stratosphere

via the SGI and PGI pathways.  We make the additional

assumption that the residence time of the Bry introduced

by either pathway is similar to that of the Bry produced by

long-lived SGs.  The order of magnitude estimate for the

ODP of a species with molecular weight comparable to

that of CFC-11, and a local lifetime of about 25 days, can

be determined to be c. 0.003 if it contains 1 chlorine atom,

and c. 0.18 if it contains 1 bromine atom (assuming an

alpha factor of 60 for bromine).  A simple scaling for iodi-

nated compounds is not possible because of their shorter

lifetimes and the uncertainty of the alpha factor for iodine.

The resulting ODP for any given compound with the above

characteristics would be linearly dependent on the number

of chlorine or bromine atoms.

Using the UIUC zonally averaged 2-D model, Li et

al. (2006) have re-evaluated the ODPs for surface emis-

sions of trifluoroiodomethane (CF3I), a compound that is

proposed as a replacement for bromotrifluoromethane

(halon-1301, CBrF3) in firefighting and inhibition appli-

cations.  The model used an updated representation of

iodine chemistry relative to an earlier study of the ODP of

CF3I (Solomon et al., 1994).  They found an ODP of 0.013

for emissions evenly distributed over the Northern

Hemisphere (compared with <0.008 from Solomon et al.

(1994)), 0.011 for emissions distributed over 30°N to

60°N, and 0.018 for emissions distributed over 5°S to

30°N.  Li et al. (2006) also consider the effects of poten-

tially using CF3I in aircraft.  The resulting ODPs depend

heavily on the altitude and latitude of the emissions.  For

example, emissions peaking at 6-9 km were calculated to

give an ODP of 0.084 for emissions occurring at 30°N-

40°N and 0.25 for emissions occurring at 0-10°N.  Another

proposed replacement for halon-1301 in aircraft engine

fire applications, phosphorus tribromide (PBr3), has not

been evaluated, but should also have non-zero ODPs.

The ODP of n-propyl bromide was considered at

length in WMO (2003), but there have been no new eval-

uations since that date.

2.7 POTENTIAL FUTURE CONSIDERATIONS

The impact of halogenated VSLS on stratospheric

halogen loading and ozone depletion is, as discussed in

Sections 2.5.1 and 2.6.1, currently thought to be rela-

tively small (but significant) compared with that from

the long-lived halocarbons.  The present-day impact

arises principally from the brominated VSLS, whereas

the contributions from chlorinated and iodinated gases

(for instance, to EESC) are small.

This situation could potentially change in the future.

Small anthropogenic emissions of halogenated VSLS

already exist (e.g., n-C3H7Br, CHCl3, CH2Cl2, C2Cl4, etc.;

see Section 2.2.4).  These could increase in the future

(although several of these have evidently decreased in the

last decade, as previously discussed), or new products

could enter commercial use (e.g., CF3I; Sections 2.2.4.3

and 2.6.2).  However, as noted previously, the majority of

halogenated VSLS have partly or wholly natural origins,

and therefore contribute to the natural background halogen

loading of the stratosphere.  This is set against a future

trend of declining concentrations of long-lived anthro-

pogenic halogenated gases, and hence a potentially larger

relative impact from halogenated VSLS.

The exact sources and intensities of natural VSLS

emissions are largely linked to biogenic activity in both

the marine and terrestrial biospheres (there is also evi-

dence of some abiotic marine emissions; see Section

2.2.3.2).  It is conceivable that biogenic emissions could

change in response to, for example, changing global

temperatures, atmospheric CO2, rainfall, land use, vegeta-

tive cover, and oceanic productivity.  Evidence for this is

presently sparse (Section 2.2).  In one study (Butler et al.,

2006), positive correlations between open ocean flux rates

of CHBr3 and CH3I with sea surface temperature (SST)

were reported.  The authors noted, however, that SST

might simply be a proxy for some other driver (e.g., inci-

dent radiation, latitude, etc.).  They further noted that while

SST (and also wind speed) largely dictate sea-air flux rates,

other significant parameters, such as nutrient supply and

stratification of surface waters, are also affected by SST

and wind speed, and may have important modifying effects

(both positive and negative) on overall emission rates.

Another study, reported in Section 2.2.2, showed that

measurements of organo-halogen emissions from rice pad-

dies indicate an apparent positive correlation between tem-

perature and CH3I emissions (Redeker and Cicerone,

2004).  On the other hand, firn records of the atmospheric

abundance of several halogenated VSLS suggest minimal
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long-term changes throughout the second half of the 20th

century, other than small changes in the Northern Hemi-

sphere atmosphere for a few gases with evident anthro-

pogenic sources (Worton et al., 2006; Sturges et al., 2001).

It is noted that inorganic VSLS in the boundary

layer, notably BrO from halogen activation reactions

(Sections 2.2.5 and 2.5.1.2), might be sensitive to climatic

changes.  Hollwedel et al. (2004), for instance, suggest a

link between observed increases in springtime BrO column

density with increased annual sea ice coverage, but we do

not consider it likely that boundary layer VSLS from high

latitudes will be transported to the stratosphere.  There

might, however, be a potential link between inorganic

halogen released from sea salt in the free troposphere and

wind speed-dependent generation of marine aerosol (see

also Section 2.2.5).

It is significant that several of the limited studies to

date point toward maximum flux rates of halogenated

VSLS in the tropics (Section 2.2).  This coincides with the

region where strong convection can most effectively and

quickly transport VSLS to the tropopause region (Section

2.4).  Changes in circulation and meteorology in the tropics

might also exert a powerful modifying influence on the

contribution of VSLS to stratospheric halogen loading.

These effects could be either positive or negative.  For

example, a stronger future Brewer-Dobson circulation

(as suggested by Butchart et al., 2006) could increase the

rate of vertical transport of VSLS from the TTL into the

stratosphere, whereas enhanced precipitation could de-

crease the efficiency of the PGI route (Section 2.3.4.1).

Changes in the latitudes of the subtropical jets, or equiv-

alently the extent of the tropospheric Hadley circulation

(Fu et al., 2006), might be associated with changes in

quasi-horizontal transport of VSLS from the TTL into

the lowermost stratosphere.

Future changes in the chemical processing of VSLS

and their product gases could also influence their atmos-

pheric concentrations (Section 2.3), for example, through

changes in OH abundance.

Our understanding of these many processes is

presently too poor to allow any quantitative prediction of

possible future halogenated VSLS trends.
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