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Abstract

We evaluate the sensitivity of Bry entering the stratosphere with a simplified model
that allows calculations over a wide parameter range for parameters that are cur-
rently poorly quantified. The model examines the transport process uncertainties in
the source concentrations and lifetimes, in the convective parameterization and in the5

inorganic bromine washout process due to dehydration. Source concentrations at the
surface and lifetimes were found to have a slight effect on the resultant Bry (∼2 ppt),
however this was highly dependent upon, with increasing significance, the degree of ef-
ficiency of convective delivery. Efficiency of convective delivery of boundary layer (BL)
air to the tropical tropopause layer (TTL) along with washout at the CPT were found10

to significantly affect Bry at 400 K – altering the delivered Bry by 3.3 ppt and 2.9 ppt,
respectively. We find that the results critically depend on free tropospheric Bry con-
centrations due to dilution of convective updrafts, and the processes that control free
tropospheric Bry require further attention.

1 Introduction15

Stratospheric measurements of BrO from ground-based, balloon and satellite platforms
can only be explained with an additional 3–8 ppt of total reactive bromine (Bry) to that
provided by the long lived bromine containing halons and CH3Br (Law and Sturges,
2007). The bromine containing very short-lived substances (VSLS), with lifetimes
less than 6 months, have been suggested to bridge this shortfall in the stratospheric20

bromine budget (Sinnhuber et al., 2002, 2005; Schofield et al., 2004, 2006; Salawitch
et al., 2005; Dorf et al., 2006; Livesey et al., 2006; Hendrick et al., 2007; Theys et al.,
2009).

The transport of VSLS from their sources to the stratosphere is complex, and a model
from emission at the surface to stratospheric Bry that captures all intricacies is not yet25

realisable. In particular, the following processes have been identified as main sources
of uncertainty:
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– VSLS source concentrations:
the VSLS have predominantly natural sources, i.e. marine macro-algae. Ques-
tions remain about the conditions under which increased bromine VSLS are pro-
duced, and therefore which seasons and locations are “hot spots” for bromine
VSLS production.5

– VSLS lifetimes:
the lifetimes of the VSLS bromocarbons are determined by OH concentrations
and photolysis. OH concentrations in the TTL are uncertain but likely lower than
in the free troposphere, and consequently VSLS lifetimes may be longer.

– Transport from boundary layer (BL) to the tropical tropopause layer (TTL):10

transport within the BL, and the entrainment of BL air into deep convective cells
is not well constrained. The modelling of deep convective events is challenging:
therefore capturing the timing, location and the proportion of BL air detraining into
the TTL remains uncertain.

– Transport and washout in the TTL:15

the transport time-scale in the TTL is similar to that of the lifetime of VSLS, such
that washout of inorganic product species during dehydration in the TTL may
remove a substantial fraction of Bry prior to entering the stratosphere.

Our study seeks to quantify the relative importance of the (large) uncertainties in
each of these steps. We use a lagrangian model with trajectories based on data from20

the European Centre for Medium-range Weather Forecasts (ECMWF) ERA-Interim
data (Simmons et al., 2007) as representation of the global circulation in combina-
tion with a simplified representation of the processes affecting VSLS concentrations
during transport from troposphere to stratosphere. For each process, the model has a
“tuning knob” that allows evaluation of sensitivities. In Sect. 2 the conceptual model25

setup describing the simplified microphysical and VSLS box model is outlined. In
Sect. 3 we discuss the sensitivities of the resultant stratospheric Bry budget to the
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conceptualized chemical, microphysical and convective processes that control the
stratospheric bromine budget.

2 Conceptual model set-up

We use the following conceptual model to estimate the total bromine concentration
of air entering the stratospheric overworld (i.e. above 380 K potential temperature5

(Hoskins, 1991)). Trajectories based on data from ERA-Interim are used as the rep-
resentation of the large-scale circulation. A simple process “box model” is run along
the trajectory to represent the effect of deep convection detraining in the TTL, and to
calculate the effect of chemical and washout processes on Bry delivery to the strato-
sphere. Trajectories are started on 28/2 (DJF), 31/5 (MAM), 31/8 (JJA) and 30/1110

(SON) for 2000 through 2005 at 400 K on a 2◦ latitude × 2◦ longitude grid between
50◦ N and 50◦ S. They are traced backwards in time using the analysed horizontal wind
fields and the clear-sky radiative heating rates obtained from the ERA-Interim forecast
runs. Trajectories are calculated with a 10 min integration timestep and are saved with
a 30 min timestep. Further details of the trajectory model are given by Wohltmann and15

Rex (2008).
Figure 1 provides a simple pictorial view of the processes controlling the delivery of

bromine to the stratosphere. The thick blue line illustrates a 3 month back-trajectory
started at 400 K that crosses Θ=365 K. Only trajectories that have crossed 365 K during
the 3 months are considered in this study. At t0, the earliest time of the back trajec-20

tory, Br
OrgSL
y (the mixing ratio total of bromine atoms in the organic short lived bromine

substances or source gases (SG) – χSG) is initialized with the WMO 2006 recommen-
dations for the upper troposphere (UT) (Law and Sturges, 2007, table 2-2). As the tra-
jectory ascends the TTL, the SG concentrations making up the Br

OrgSL
y are increased

by convection (see Sect. 2.2 below) which transports a mixture of boundary-layer and25

free-tropospheric air with corresponding VSLS concentrations. The proportion of the
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detrained air of BL origin is given by the efficiency parameter ζ (see Sect. 2.3). ζ is
allowed to vary between 0 (no BL organic bromine containing species in convective
outflow) to 1 (BL organic bromine containing species detrain undiluted). The Br

OrgSL
y

SGs are converted to highly soluble product gases (PGs); Br
Inorg
y , at a rate that is deter-

mined by α. α is derived from the individual SG lifetimes and is suitably adjusted when5

convective injection of “younger air” occurs (see Sect. 2.4). Br
Inorg
y is a catch all for the

product species of bromocarbon breakdown, thought to be dominated by HOBr and
HBr (85%) in the TTL region, the rest made up from Br2 and BrO (Yang et al., 2005).

The highly soluble Br
Inorg
y is accumulated along the trajectory and partly removed from

the system at the time of the last dehydration at the trajectory’s cold point. The pa-10

rameter γ determines the efficiency of this washout, with values between 0 (complete
retention of the PG) to 1 (complete PG removal of Br

Inorg
y at the cold point) as detailed

in Sect. 2.5.

2.1 Bry source budget

The VSLSs bromine species with lifetimes from 3.5 weeks to 5 months, and methyl15

bromide with a longer lifetime of 0.7 yr are all the species that are thought to contribute
to the tropospheric (Yang et al., 2005), hence TTL reactive bromine budget. All of
these bromocarbons, along with the long lived halons and how many bromine atoms
they contribute are listed in Table 1 and make up the known and potential stratospheric
Bry budget. The VSLS bromocarbons have known oceanic sources from ice algae,20

macro-algae and phytoplankton, whereas CH3Br has both natural (oceanic) and an-
thropogenic (fumigation and biomass burning) sources (Yang et al., 2005).

Figure 2 displays the SG contribution of each of the species to the stratospheric
Bry budget (Br

OrgSL
y +BrHalons

y ) as a function of time from the initial time of t0. The rate
of decay shown for each species is driven solely by that species’ lifetime. The UT25

background concentration is given in the top panel, from WMO recommendations (Law
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and Sturges, 2007). The oceanic and coastal concentrations of the Br
OrgSL
y are given

for the Yokouchi et al. (2005) emissions (refer to Table 2). The coastal regions which
display the highest Br

OrgSL
y are defined as 2◦ latitude × 2◦ longitude boxes containing

both land and ocean.
The two slightly different BL concentration scenarios considered in this work are5

listed in Table 2. For the first emission scenario oceanic and coastal boundary layer
concentrations of CH2Br2, CHBr3 and CHBr2Cl are prescribed from the (purposely
selected) high measurements of (Yokouchi et al., 2005). The land values are those
given by WMO (2006). The effect of an alternative BL source scenario based upon
(Kerkweg et al., 2008) makes up scenario 2. This second scenario has 4 times less10

CHBr3 in the coastal BL and slightly less CH2Br2. In this second scenario the level
of the most abundant tropospheric bromine containing species, CH3Br is increased to
10 ppt, typical of 30◦ N with no coastal/oceanic or land differences. Higher elevated
levels up to 60 ppt have been observed and associated with biomass burning (Andreae
et al., 1996).15

2.2 Convective mixing

By construction, the pathways of the trajectories do not include vertical transport from
convection, as no latent heat release is included in the diabatic rates that are used to
derive the vertical transport. Rather, the impact of convection is modeled by explicit
mixing with convective air, for which we use the archived 3 hourly ERA-Interim detrain-20

ment rates (this calculation is performed offline from the trajectory code, and hence
the timestep is given by the trajectory output, i.e. 30 min). Whenever a convective de-
trainment rate larger than zero is encountered, a fraction of the trajectory’s “airmass”
is replaced by air with characteristics of the convective detrainment. The path of the
trajectory prior to this mixing event can then be thought as being the path of the air-25

mass into which the detrainment has occurred. We express this formally as follows.
The fractional change in airmass characteristics, expressed in terms of VSLS source
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gas (SG) mixing ratio χSG, is given by

χSG
i = (dc×∆t)χSG

C
+ (1−dc×∆t)χSG

i−1 (1)

where i denotes the iteration step, ∆t is the model timestep, dc is the normalized
convective detrainment rate (i.e. divergence, see Fig. 3), χSG

i−1 is the mixing ratio of the
SG (organic Bry) on the trajectory prior to the mixing event, and χC is the mixing ratio5

of the convective outflow. Correspondingly, convective dilution of the product gas (PG:
here Br

Inorg
y ) is calculated by replacing SG with PG in the equation above, however, as

no PG is assumed in the convective outflow, χPG
C is set to zero.

Figure 3 displays the spatial and temporal variability of the detrainment rates for
2000 used in this calculation. Tost et al. (2010) examining uncertainties arising from10

model convection schemes, including that of ECMWF, found while convective activ-
ity within the models studied was often poorly correlated with actual observed events,
over longer timescales good agreement was achieved, that is longer-lived CO and O3
UT concentrations were well modeled but shorter-lived species were not. Conversely,
Folkins et al. (2006) argue for a pronounced annual cycle in deep convective detrain-15

ment based on ozone measurements, which is clearly not observed here. Therefore,
the ERA-Interim detrainment rates provide a convenient, high temporal and spatial
resolution measure of convective detrainment, but it has to be borne in mind, that they
have an inherent uncertainty that is difficult to quantify.

Figure 4 shows the evolution of airmass along an exemplary trajectory. Note how20

each mixing event reduces the importance of the characteristics prior to the mixing
event – i.e. the system “loses memory”. The loss of memory intrinsic to the system
studied here reduces the sensitivity of results to the arguably somewhat ad-hoc initiali-
sation in the upper troposphere. Indeed, results become more sensitive to the charac-
teristics of the in-mixed air, a point we further discuss in Sect. 2.3 below. Generally, we25

find that in our model calculations convective in-mixing occurs prior to the trajectory’s
cold point, with only one or two weak events after the cold point. (The example shown
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in Fig. 4 shows a case of several convective mixing events prior to, and one event after,
the cold point.)

The approach chosen here to include the effect of convective in-mixing along a tra-
jectory may be compared to the method of James et al. (2008). The key difference
is that here, an individual trajectory eventually represents a spectrum of different con-5

vective origin, whereas their approach assigns each trajectory to one single convective
event. We find that typically the spectrum of origin is dominated by the contributions
from one or two convective events, which can be interpreted as the “most likely point
of origin” equivalent to the single event scenario of James et al. (2008). The main dif-
ference for the calculation of Bry of the two approaches arises from the non-linearity of10

the washout (see below) of inorganic product species, but the impact is less important
than, for example, for the modelling of water isotopologues (Dessler et al., 2007) where
the two methods yield quite different results (data not shown).

2.3 Convective dilution of BL air (ζ )

The VSLS concentration of the convective outflow is a function of time and position of15

the convective mixing event. We assume that the convective detrainment represents
a mixture of air directly from the boundary layer and entrained free tropospheric air,
following the study of Romps and Kuang (2010) who found convective outflow only to
comprise of between 10 and 30% of BL air. For the BL, we set the mixing ratio to
the BL mixing ratio given by a model based on emission scenarios for land, coastal20

and oceanic sources either from Yokouchi et al. (2005) or Kerkweg et al. (2008) (see
Table 1). For the free troposphere (FT), (χFT) we use again the values recommended
by Law and Sturges (2007). The dilution of fresh boundary layer air χBL by free tropo-
spheric air χFT in the convective outflow χC is determined by a parameter ζ (ranging
from 0 to 1), such that25

χC = ζχBL(φ,λ)+ (1−ζ )χFT (2)
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Through variations in ζ we can determine the sensitivity to efficiency of convection to
bring BL air directly into the TTL.

The χBL is assigned to be land, oceanic or coastal in nature, depending upon the
location (latitude −φ and longitude λ) of the trajectory for that timestep (see Fig. 4).
Rather than tracking each species contribution, we keep track of the average age of5

air and the fraction that comes from land, ocean, coastal or free tropospheric source
regions. As pointed out before, for the situation where convective in-mixing is strong,
the composition of the airmass eventually entering the stratosphere depends strongly
on the characteristics of the “convective” air mass. Since we use the same “free tro-
pospheric” concentrations for convection over land, coast and ocean, the “free tropo-10

spheric” concentrations approaches 1−ζ in this limit. This is evident in Fig. 4, where we
have used ζ=0.3. Upon reaching a contribution of 1−ζ for free tropospheric air, subse-
quent convection can only change the partitioning between land, coast and ocean for
the fraction ζ .

2.4 Bry chemical lifetime (α)15

In this conceptual model the individual bromine source species are not accounted for
separately, only the total organic short lived SGs:Br

OrgSL
y and their total degradation

PGs (Br
Inorg
y ) are saved along the trajectories, therefore an “overall” lifetime of Br

OrgSL
y

that varies with convection is necessary. The individual species’ lifetimes used in this
work are given in Table 1 (Law and Sturges, 2007), i.e. for bromoform the lifetime is20

26 days, which is in the middle of the range 15 to 37 days given by Warwick et al.
(2006). α is the total weighted effective lifetime controlling the PG formation rate and is
defined here as a concentration weighted lifetime for all the bromine species that have
lifetimes shorter than one year (VSLS+CH3Br). Note that CH3Br is usually treated as
a long lived species within chemistry-climate and transport models and this could lead25

to erroneous results, as there is some loss of CH3Br to inorganic bromine (∼0.5 ppt,
see Fig. 2) after even 15 days (time required for ∼80% of ascending trajectories to
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reach cold point from 365 K). This could lead to the underestimation of the Bry deficit
that needs to be explained by the VSLS.

The effective age of air upon the trajectory (t′) is altered over an iteration as:

t′i = t′i−1

(
1−

(dc∆t)χ
SG
C

χSG
i

)
+t′

C

(
(dc∆t)χ

SG
C

χSG
i

)
+∆t (3)

where t′C is the age of the convectively introduced air (i.e. is zero), therefore the sec-5

ond term is zero. The fractional term in the above equation represents the proportion
of VSLS in the trajectory air parcel that was newly introduced by convection. When
no convection occurs (i.e. χSG

C =0) then t′i=t
′
i−1+∆t and the air parcel simply ages as

expected by the model timestep.
The fraction of air (f ) from each source region (land, ocean, coastal and free tropo-10

sphere) is altered with each convective event and the cumulative lifetime is generated
using the age of air and these fractions:

αi =
n∑

j=1

fj ×αj (t
′) (4)

where n is the number of source regions (here 4) and α(t′) is the cumulative lifetime
for the age of air of the air parcel.15

The lifetimes used in this work are for mid-troposphere, so the TTL lifetimes are very
likely to be different from these. We expect that lower OH concentrations in the TTL will
outweigh the increased photolysis and thereby increase the lifetimes (especially that of
CH2Br2 which undergoes little photolytic loss (Hossaini et al., 2010)). We explore the
effect of increasing the lifetime of CH3Br as this is the most abundant SG in the 2nd20

emission scenario run.
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α can be viewed as the e-folding lifetime (Gettelman et al., 2009) determining the
PG formation rate via SG loss. The formation of PG is given over a timestep by:

χPG
i = χPG

i−1+
χSG
i−1

αi
∆t (5)

where ∆t=ti−ti−1 is the model timestep. The second term of the right hand side of
Eq. (5) represents the loss of the SG to PG; thereby the complementary equation for5

the degradation of the SG is given as:

χSG
i = χSG

i−1−
χSG
i−1

αi
∆t (6)

α changes (following Eq. 4) as the contributions from different sources via convection,
alters the individual species’ concentrations, as demonstrated in Fig. 5 by the exem-
plary trajectories. Convective injection tends to decrease the cumulative lifetime, after10

40 days the initial UT Bry cumulative lifetime would remain at 0.4 yr (∼150 days), this is
shown to be reduced down to 0.2 yr (∼73 days) through convection with the BL convec-
tive efficiency parameter set to 30% (see Sect. 2.3).

2.5 Washout of inorganic product species (γ)

Br
Inorg
y PG washout within the TTL is accounted for by introducing a parameter γ. As15

air ascends through the tropical tropopause almost all of the water condenses and is
removed. Wet deposition of Br

Inorg
y is the largest removal mechanism for bromine con-

taining substances. The question of how the soluble Br
Inorg
y interacts with the ice par-

ticles is a topic of current research, very relevant for both convective delivery/washout
and advective ascent washout. The heterogeneous recycling of Br

Inorg
y into insoluble20

reactive forms has been demonstrated to increase the aerosol/cloud washout times
from 6–9 days to 9–15 days at altitudes above 500 hPa (von Glasow et al., 2004). To
investigate the relative importance of microphysics within the TTL the term γ varies
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between 0 and 1 to represent the fraction of soluble PG (Br
Inorg
y ) that is simply removed

at the CPT:

χTot
CPT

= χSG
CPT

+ (1−γ)×χPG
CPT

(7)

where χTot
CPT is the total bromine (Bry) that survives washout at the CPT, thereby is guar-

anteed to enter the stratosphere, with only convective input above the CPT increasing5

this amount. Therefore, γ captures both the uptake efficiency of the aerosol/cloud
particles and the heterogeneous recycling to insoluble bromine substances through
the TTL. When γ=0 then there is no removal with ice sedimentation at the CPT and
the total Bry (Inorg+Org) that reaches 400 K is just the initialization value altered by
convectively introduced Bry.10

3 Discussion

In the following section the effective age of air reaching the CPT, the residence times
(Fig. 6) and general properties of TTL transport provided by the back trajectories initi-
ated at 400 K for the four seasons in 2000 are discussed. This is followed by a discus-
sion of the Bry transport sensitivity tests that look at the role of the sources, convection15

and washout upon the Bry arriving at 400 K.
Figure 7 displays the spatial distribution of Bry arriving at 400 K for year 2000 using

ERA-Interim detrainment rates as the convection proxy, BL concentrations defined by
Yokouchi et al. (2005), a BL to outflow efficiency of 30% and complete CPT washout.
Figure 8 provides the distribution of Bry over all trajectories that ascend through the TTL20

365–400 K, and arrive between 50◦ N and 50◦ S, at different stages of transport through
the TTL. All of the seasons DJF, MAM, JJA and SON and increasing the convective
efficiencies of BL to outflow of ζ=10%, 30% and 50% are displayed.

Figure 9 displays boxplots of the distributions highlighting the sensitivity of the results
to season, washout, BL to outflow efficiency, convection after the CPT and source25
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concentrations/lifetimes. Figure 10 displays the seasonal and interannual variation in
the Bry distribution being delivered to 400 K from 2000–2005. For these multiyear runs
the UT initialization of Halons and CH3Br decrease as prescribed in (WMO, 2006),
otherwise the emissions of Yokouchi et al. (2005), ERA-Interim detrainment rates, ζ of
30%, and complete washout of Br

Inorg
y at the CPT, are used.5

3.1 Residence times

The role of chemical conversion into soluble Br
Inorg
y and hence the role of washout on

the water soluble Br
Inorg
y entering the stratosphere is critically dependent upon the time

spent ascending through the TTL and the time since the last convective event. Follow-
ing Eq. 3, the left panels of Fig. 6 display the effective convection corrected age of air10

reaching the CPT for each season. The effect of recent convective activity in reduc-
ing the effective age is clear. In the boreal winter greater air ages are associated with
CPTs north of 10◦ N and conversely in boreal summer with CPTs south of 10◦ S. These
patterns are anticipated following the seasonal shift of the convective inter-tropical con-
vergence zone (ITCZ) (Fueglistaler et al., 2009).15

The right-hand panels of Fig. 6 display the total transit time (residence time) from 365
to 400 K for each season in 2000. Also shown is the trajectory location at 355 K (open
circles – nominal TTL “entry point”) for all trajectories that reach 400 K with residence
times less than 30 days. The TTL entry points for the fastest TTL transport cluster over
the Western Pacific/Indonesia region, but a significant proportion also originate from20

the Indian Ocean and East Africa. This general picture holds for all years from 2000 to
2005.

The total transport times from 365 K to 400 K (Fig. 6 show a seasonal dependence
with mean values of 45 days in DJF increasing to ∼60 days in JJA, this is in qualitative
agreement with the age of air at 17 km reported by Folkins et al. (2006) of 40 days for25

boreal winter (DJF) and 70 days for boreal summer (JJA). These residence times are
significantly longer than trajectory study of Fueglistaler et al. (2004) using the too rapid
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vertical winds of ERA-40 which gave a seasonally independent transport time between
340 K and 400 K of about 30 days.

A quarter of all the back-trajectories started at 400 K between 50◦ N and 50◦ S fail to
run back to 365 K after 3 months. Few of the trajectories reaching 400 K originate at
365 K north of 30◦ N in DJF and similarly few south of 30◦ S in JJA – following the inter-5

tropical convergence zone (ITCZ) latitudinal TTL entry shift with season (Fueglistaler
et al., 2009). CPTs are limited between 20◦ N and 20◦ S irrespective of season. Fig-
ure 7 displays the distinctive hourglass nature of the TTL transport with the neck being
defined at the CPT.

3.2 The role of organic bromine emissions10

The effect of altering the underlying concentrations of the SLS detrained into the TTL
with convection from the two scenarios supplied in Table 2 is displayed in Fig. 9. Emis-
sions from Kerkweg et al. (2008) increase CH3Br and reduce the concentrations of the
shorter-lived CHBr3 and CH2Br2 from coastal and oceanic sources relative to those of
Yokouchi et al. (2005). The lifetime of CH3Br is also increased from 0.7 to 1.0 yr con-15

sistent with the work of Montzka et al. (2003) and Kerkweg et al. (2008); which suggest
a lifetime of �0.8 and 1 yr, respectively. Such a shift to longer lived species reduces
the importance of convection and reduces the magnitude of the seasonality (though it
is still evident). The median Bry arriving at 400 K, is reduced from 21.3 ppt to 20.3 ppt
(VSLS 4.8 to 3.8 ppt) and the distribution is considerably narrowed by changing the20

underlying emission sources and lifetime. However, the drastically different BL emis-
sion scenarios have a much smaller impact on stratospheric Bry than one might have
expected. This is because the FT convectively entrains with a factor of 0.7 and more
(Romps and Kuang, 2010) and a constant VSLS concentration independent of the lo-
cation of convection, thereby strongly attenuating the impact of BL source strength and25

geographical patterns. No claim is made here that the assumption of a single typ-
ical free tropospheric VSLS concentration is valid. Rather, the assumption is made
only because of lack of measurements of the global distribution of VSLS in the free
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troposphere. Our result highlights the need for more measurements and to focus fu-
ture model studies on the FT mixing component of the system, to better constrain how
FT VSLS is influenced by BL emissions.

Recent modelling combined with measurements studies have investigated the con-
tribution of the bromine VSLS of bromoform (CHBr3) and dibromomethane (CH2Br2)5

(Sinnhuber and Folkins, 2006; Laube et al., 2008; Aschmann et al., 2009; Gettelman
et al., 2009; Hossaini et al., 2010; Liang et al., 2010) upon the stratospheric Bry bud-
get. As Fig. 2 shows these two species are the dominant among the bromine VSLSs,
but CHBr2Cl may also be important. The most abundant substance – CH3Br, due to
its relative rapid decay and source fluctuations, also needs to be taken into account in10

SLS studies attempting to reconcile the stratospheric Bry budget.

3.3 The role of convection

Bry transport across the TTL for all seasons is displayed spatially in Fig. 7 for a con-
vective efficiency ζ=30% and quantitatively in Figs. 8–10.

The difference between the blue and green curves of Fig. 8 illustrates the effect of15

convection above 365 K on Bry (no washout) – shifting the distribution peak by 1–2 ppt
(note: loss of the initialization peak at 21 ppt). The convective influence after the CPT
is given by the difference between red and teal curves in Fig. 8 and is small (0.4 ppt
difference in median values). This finding is in line with the findings of Aschmann et al.
(2009), who found negligible change when convection above 380 K was switched off.20

Figure 9 shows that for a convective efficiency ζ of 30% in DJF, Bry reaching 400 K
has a median value of an additional 4.8 ppt. This is lower than the 6–7 ppt tropical
maximum of Bry modelled by Warwick et al. (2006) with a complexer emission pattern
than the simple high source concentrations for ocean and coastal areas used here.

Changing the BL to outflow convection efficiency from 10% to 50% shows a broaden-25

ing of the Bry distribution reaching 400 K and increasing the median value from 19.6 ppt
to 22.9 ppt (VSLS 3.1 ppt to 6.4 ppt), with a distribution spanning the higher end of the
required +8 ppt inferred from BrO measurements (Law and Sturges, 2007) – indicated
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by the grey shading in Fig. 9. A 50% BL component of the convective outflow, however,
is not supported by the study of Romps and Kuang (2010), rather the difference be-
tween 10 and 30%: Bry increasing from 19.6 ppt to 21.3 ppt (VSLS 3.1 ppt to 4.8 ppt),
shows this is a key sensitivity.

3.4 Role of CPT washout5

Br
Inorg
y available for washout is displayed in the middle panels of Fig. 7. In Fig. 8 the

role of washout is seen as the difference between the green and teal curves. From
Fig. 9 washout reduces the Bry that would arrive at 400 K from 24.2 to 21.3 ppt (VSLS
7.7 ppt to 4.8 ppt). Thus washout removes 38% of the Bry at the CPT, this is (not
surprisingly) lower than the 50% found by Aschmann et al. (2009) considering only the10

most short-lived substance CHBr3.
Complete non-washout results in a stratospheric Bry concentration distribution

marginally consistent only with observations at the higher end of the range of strato-
spheric BrO (Sinnhuber et al., 2002, 2005; Schofield et al., 2004, 2006; Salawitch et al.,
2005; Dorf et al., 2006; Livesey et al., 2006; Hendrick et al., 2007; Theys et al., 2009).15

We expect that washout is effective – with HOBr and HBr being very soluble species
constituting 85% of the Br

Inorg
y in the TTL (Yang et al., 2005). We can therefore elim-

inate the possibility that no washout occurs, but 15% retention would result in 0.5 ppt
more Bry arriving at 400 K, this would be indistinguishable from increased source con-
centrations or a slight increase in BL to TTL convective efficiency.20

As there is little seasonality in the ERA-Interim detrainment rates and no seasonality
in the sources in this study, the seasonality seen in Fig. 9 arises from washout timing
(residence times) and ITCZ seasonal shift in the TTL transport (as found also in the
study of Liang et al., 2010). Washout is most effective in DJF with a mean loss of
2.9 ppt, and least effective in JJA with only 2.4 ppt lost, (MAM and SON having mean25

losses 2.4 and 2.5, respectively). Under no washout (i.e. purely ITCZ driven), DJF
and MAM receive mean Bry concentrations of 24.2 ppt, this is followed by SON with
24.1 ppt and JJA with 23.8 ppt. Therefore, the resultant seasonality is complicated:
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DJF, while receiving more convective injection of Bry succumbs to higher washout,
exactly opposite to JJA where less convective injection of Bry occurs and less washout.
Thereby washout at the CPT acts to dampen any convectively introduced seasonality.
The seasonality in Figs. 9 and 10 displays this complicated, almost flat behavior. The
tape-recorder seasonality seen by Aschmann et al. (2009) in soluble Bry above the5

CPT with a maxima in boreal summer is not therefore supported by this work. Figure 8
shows that a mean value of 3.1 ppt: 15% of the Bry at 400 K exists in the inorganic form

for all seasons except SON where Br
Inorg
y at 400 K is only 2.3 ppt (11%) of the total,

resulting from the fast upper TTL transport times in this season.

4 Conclusions10

With this conceptual study, we have been able to explore the sensitivity of Bry arriving
at 400 K due to emission sources, convection and washout. We conclude:

– When the emissions convected are longer lived, the resultant distributions are
narrower, with a lower mean value. Determining the TTL OH field will be vital in
constraining the TTL lifetimes of the SLS, and therefore determining the source15

importance.

– The efficiency with which BL organic Bry source gases are delivered to the con-
vective outflow is very important – 1.7 ppt additional Bry results as the efficiency
is increased from 10 to 30% (the expected range from Romps and Kuang, 2010).

– With the chemical composition of the convective outflow being dominated by that20

of in-mixed free tropospheric air, the stratospheric Bry budget is critically affected
by the processes that control the free tropospheric VSLS, in particular to what
extent the geographic distributions of free tropospheric VSLS are controlled by
large-scale transport versus local emissions.
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– We find that the seasonal migration of the ITCZ and the seasonal cycle in resi-
dence time both produce a corresponding seasonality in Bry delivery to the strato-
sphere, but that the two cycles are out of phase and hence largely cancel. A larger
seasonality of stratospheric Bry may be expected if deep convective outflow would
have a substantial seasonality. This seasonality however would be expected to5

be dampened if the washout displays a higher efficiency at colder temperatures.

– Convection after the cold point plays a minor role (0.4 ppt), though higher sensi-
tivities are achieved with high convective efficiencies and higher BL VSLS con-
centrations.

– No washout of Br
Inorg
y at the CPT results in a distribution that is at the higher end10

of inferences of Bry from stratospheric BrO measurements.

Convective dilution has an extreme influence upon the significance of BL emissions,
therefore obtaining of accurate free tropospheric SG concentrations is vital in future
studies. Another source of uncertainty is the assumption that FT delivers 0 PG: is this
a reasonable assumption given the well-mixed nature and high moisture situation, or15

could PGs be expected to be delivered with convective ice lofting?
Despite the simplistic nature and coarse assumptions made in this study, the widths

of the Bry distributions arriving 400 K are narrower than the VSLS contribution to the
stratospheric Bry budget range of 3–8 ppt suggested from BrO measurements (Law
and Sturges, 2007). Establishing emission sources, their TTL lifetimes, the amount of20

BL air within the convective outflow and the efficiency of the washout process are the
areas which require better constraints in reconciling the Bry budget with BrO measure-
ments. The convective detrainment rates provide an vital component of this system, we
require an improvement in our understanding of the expected depths and seasonality.
Improvement in our observational knowledge of the total stratospheric Bry (i.e. reduc-25

ing the current VSLS 3–8 ppt uncertainty range) will also significantly aid in the process
of understanding stratospheric Bry, hence our ability to make long term stratospheric
ozone projections.
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Table 1. Bry contributing organic source gases initialized for the base of the TTL Θ=365 K.
Halons and CH3Br as prescribed from table 8-5 WMO (2006) for year 2000 and VSLS species
as given by the upper limit of the observed range table 2-2 WMO (2006).

Species UT Conc Lifetime Number Br atoms
[ppt] [yr (days)]

Halon1301 2.71 65 1
Halon1211 4.01 16 1
Halon2402 0.41 20 2
Halon1202 0.05 2.9 2
CH3Br 8.90 0.7 (256) 1
CH2Br2 1.0 0.33 (121) 2
CHBr3 0.7 0.07 (26) 3
CHBr2Cl 0.12 0.19 (69) 2
CH2BrCl 0.35 0.41 (150) 1
CHBrCl2 0.15 0.21 (77) 1
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Table 2. Bry contributed by the SLS in convective outflow. Scenario 1 is based on Yokouchi
et al. (2005) and scenario 2 upon Kerkweg et al. (2008).

Yokouchi et al. (2005) Kerkweg et al. (2008)
Land Coast Ocean τ Land Coast Ocean τ
[ppt] [ppt] [ppt] [yr] [ppt] [ppt] [ppt] [yr]

CH3Br 8.90 8.90 8.90 0.7 10.0 10.0 10.0 1.0
CH2Br2 0.9 3.2 2.0 0.33 1.0 2.2 1.8 0.33
CHBr3 0.37 16.5 3.0 0.07 0.6 4.0 2.0 0.07
CHBr2Cl 0.08 1.6 0.5 0.19 0.08 1.6 0.5 0.19
CH2BrCl 0.32 0.32 0.32 0.41 0.32 0.32 0.32 0.41
CHBrCl2 0.12 0.12 0.12 0.21 0.12 0.12 0.12 0.21
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Θ=365 K

Cold point tropopause

Θ=400 K

Br y
Inorg

removal
γ

Proportion of boundary layer 
air in total air detraining - ζ

Bry
Org -> Bry

Inorg at rate α(t)

Br
y

Org - Initialization using
WMO Upper troposphere values

Bry
Org from Yokouchi et al. 2005

and Kerkweg et al. 2008

Boundry Layer Concentrations

Convective detrainment 
              given by dC

Sedimentation:

Fig. 1. Schematic illustration of the conceptualised model. The blue line is a single trajec-
tory depicting a “typical” air parcel traversing 365–400 K. Each air parcel trajectory may be
subjected to convective injection of organic bromine, delivered from the BL with an efficiency
ζ (between 0 and 1). From t0 inorganic bromine forms via the loss of VSL organic bromine
species at an overall rate given by α, determined cumulatively from all of VSL bromine species’
lifetimes. As the air parcel dehydrates (forming cirrus) at cold temperatures, the available in-
organic bromine washes out with an efficiency γ (between 0 and 1). After the CPT is crossed
possible additional convectively injected organic bromine contributes to the total amount of
bromine reaching 400 K.
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Fig. 2. The source gas contribution of bromine containing substances to the stratospheric Bry
budget from t0 (entrance time in the TTL). The upper panel provides VSLS concentrations for
the upper troposphere as provided in the WMO report (Law and Sturges, 2007). The mid-
dle panel and the lower panel give feasible oceanic and coastal concentrations for the VSLS,
respectively.
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Fig. 3. Spatial and altitude distribution of ERA-Interim detrainment rates. 1st row: Seasonal
mean of the detrainment rates at 370 K for December 1999 to February 2000, March to May
2000, June to August 2000 and September to November 2000, 2nd row: same for 390 K. 3rd
row gives examples of the detrainment rates at Θ=370 for the 1 January and the 1 July. 4th row
shows the temporal variation of the zonal mean between 20◦ S–20◦ N for 2000 with altitude.
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Fig. 4. How convection alters the airmass of an exemplary trajectory for DJF, 2000 is displayed
in the upper panel, broken-down into the origin of the replacement air (ζ , the BL component
of convective outflow is set at 30%). Where Θ=365 K and the CPT occur are indicated with
the dashed and solid lines, respectively. The lower panel displays the trajectory path, with the
colour designating the potential temperature of the trajectory.
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Fig. 5. The cumulative lifetime (α) in years of the short-lived bromine substances for the WMO
upper troposphere (green), oceanic (blue) and coastal (magneta) regions from the concen-
tration curves displayed in Fig. 2. In light grey 50 exemplary trajectory changing cumulative
lifetimes are displayed – showing how convection from different source regions changes the α
values (as the VSLS composition changes).
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Fig. 6. Map of effective age of the air reaching the CPT at the CPT (left panels) for trajecto-
ries traversing the TTL in 2000 for all seasons. The right hand panels display the residence
times from 365 K to 400 K at 400 K. The black open circles in the right-hand panels display the
trajectory locations at 355 K if the residence times 365–400 K are shorter than 30 days.
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Fig. 7. Bry transport across the TTL for all seasons. Top row of panels give the spatial dis-

tribution of the total Bry (BrInorg
y +BrOrgSL

y ) at Θ=365 K – i.e. the convective influence before this
level. The second row of panels provides the spatial distribution of the amount of Bry that is in
an inorganic form at the cold point. The third row of panels give the spatial distribution of the
total Bry at Θ=400 K.
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Fig. 8. The distribution over all trajectories of Bry (% of total trajectories) at Θ=365 K (blue) and
at Θ=400 K with γ=1 (teal), and the resultant distributions at 400 K when no washout (γ=0) at
the CPT is assumed (green), and at the CPT when γ=1, which is the same as the distribution
at Θ=400 K when no convection above the CPT is assumed (red). The total BrInorg

y at 400 K
is also provided (magneta). The dashed line provides the Halons+CH3Br contribution, and
the grey shaded region the WMO recommendation for Halons+CH3Br+VSLS substances of
3–8 ppt WMO (2006). The top row is for a convective efficiency of 10%, middle row 30% and
bottom row 50% over all 4 seasons.
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Fig. 9. Boxplots illustrating the different distributions arising for Bry arriving at 400 K from all
trajectories traversing the TTL. The boxes illustrate the 25th to 75th percentiles, the whiskers
1.5× the interquartile range and the crosses outliers. Unless otherwise stated the distributions
are for DJF, using Yokouchi et al. (2005) boundary layer concentrations, ζ (boundary layer
to outflow) efficiency of 30%, and washout at the CPT of 100%. The lowermost bar is this
standard case, and all other bars show the sensitivity to the resultant Bry for the given indicated
change. The dashed line provides the Halons+CH3Br contribution, and the grey shaded region
the WMO recommendation for Halons+CH3Br+VSLS substances of 3–8 ppt (WMO, 2006).
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Fig. 10. Boxplots displaying the interannual variability of the distributions of Bry arriving at
400 K from all trajectories traversing the TTL. The boxes illustrate the 25th to 75th percentiles,
the whiskers 1.5× the interquartile range and the crosses outliers. All seasons from 2000
to 2005 are displayed using Yokouchi et al. (2005) boundary layer concentrations, ζ (boundary
layer to outflow) efficiency of 30%, and washout at the CPT of 100%. The mean values for each
year are given by the solid black line. The dashed line provides the Halons+CH3Br contribution
(with the prescribed decreasing trend), and the grey shaded region the WMO recommendation
for Halons+CH3Br+VSLS substances of 3–8 ppt (WMO, 2006).

24204

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/24171/2010/acpd-10-24171-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/24171/2010/acpd-10-24171-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

