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Abstract

Abstract
This thesis investigated the emission and transport of very short–lived halogens
(VSLS) over the tropics. VSLS are described as organic halogen gases with lifetimes
of less than 6 months. In areas of rapid convective transport they reach the upper
troposphere and lower stratosphere where they contribute to total bromine loading
(∼20 pptv) in the stratosphere that is a cause of ozone (O3 ) depletion. This thesis
investigated speed of transport in the tropics using model age of air (Chapter
3), the strength of VSLS source regions in tropical troposphere (Chapter 4), and
quantification of their monthly emission fluxes (Chapter 5). The two most abundant
VSLS bromoform (CHBr3 ) and CH2 Br2 were focussed on.
A new model age of air calculation was used to describe transport of ocean
emissions in the tropical latitudes. Age of air describes how long an air mass has
been out of contact with the emission source region. The two most rapid convection
regions of the Indian Ocean (InO) and Western Pacific (WPa) showed age of air in
the tropical tropopause layer (TTL) to be 25 days. This is similar to the lifetime of
CHBr3 (24 days). Using age of air estimated from simulations covering 1989–2013,
it was shown how strong El Niño events can increase the age of air over the WPa
by 5–7 days in the mid–troposphere, and up to 12 days in the TTL. This increase
in age was due to a change in the Walker Circulation, weakening convection in the
WPa and increasing convection over the CPa. Over this period, it was shown that
age decreases in the tropical circulation system (the Hadley Cell). Decreasing age
results from increasing convection, and more rapid transport of VSLS to the upper
troposphere, lower stratosphere (UTLS).
To study regional emission sources over the WPa, a tagged CHBr3 and CH2 Br2
model was developed.

It is the first study to quantify how open and coastal
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emissions contribute separately to the vertical profiles of CHBr3 and CH2 Br2 in the
WPa. Variability over the WPa is dominated by an open oceanic emission source,
with enhanced coastal emissions influencing concentrations in the upper troposphere.
Estimations of 3.14 pptv of CHBr3 and CH2 Br2 contribution to TTL Bry were in
agreement with recent observational studies (3.27 pptv, Navarro et al. (2015)) over
the same region. Comparison with aircraft observations showed that the model has a
positive bias and this is attributed to over estimation of model emissions.
Ground–based observations were used in an inverse model to estimate surface
emissions of CHBr3 . This method has not been previously used to estimate CHBr3
emissions. The monthly a posteriori emissions had seasonal cycles in the northern and
southern hemisphere coastal emissions, and reductions over tropical open oceans.
A posteriori emissions were put in to the model and the predicted volume mixing
ratios were able to reproduce ground stations observations over the mid–latitude
and tropical stations, important for convective transport of VSLS. The model still
showed a bias when compared to CAST and CONTRAST aircraft observations over
the Western Pacific, but the mean model minus observed residual was reduced by
around 0.3 pptv and 0.1 pptv for respective CAST and CONTRAST campaigns from
the a priori emissions.
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Lay summary

Lay summary
Naturally produced gases (containing chlorine, bromine and iodine) in the ocean
are released in the tropics and rapidly transported through the atmosphere to the
ozone layer. Here they break down ozone, reducing its concentration in the upper
atmosphere. This thesis investigates how the transport in the tropics is changing, and
how this affects these gases.
Important regions for fast vertical transport are the Western Pacific and Indian
Ocean. Atmospheric transport speeds over these regions has been shown to change.
Natural fluctuations in Pacific Ocean temperatures can decrease the rate of transport
over the Western Pacific by around 7 days. These fluctuations occur periodically every
5–8 years. Over the period 1989–2014, it was shown that atmospheric circulation in the
tropics is, on average, speeding up over the Western Pacific and Indian Ocean outside
of these fluctuations. Annual rates of transport are decreasing faster in the Western
Pacific at a rate of 1.2 days per decade, and slightly less over the Indian Ocean at 0.7
days per decade. This has implications for halogen gases with short lifetimes, as more
will be transported faster to the upper atmosphere to deplete the ozone layer before
their atmospheric concentration decreases.
Open ocean sources of these halogen gases were found to dominate their vertical
atmospheric profile over the Western Pacific, when compared to coastal emissions.
Open emissions were being transported to the upper atmosphere within their lifetime,
an concentrations near the ozone layer were less depleted from surface concentrations.
Therefore, open ocean emissions will determine how much of these gases are being
transported to the ozone layer. However, the distribution of where these gases are
produced and emitted in the ocean is still unclear, making it harder to calculate
how the changing transport will change the concentration that is reaching the upper
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atmosphere.
A new method was used to determine an ocean map of halogen gas emissions.
It showed decreased production in the open ocean over the tropics and increased
production in the coastal ocean when compared to previous emission estimates.
This change in emission estimates decreased the concentration near the ozone
layer compared to emission with higher open ocean concentrations. Reductions in
production over the open ocean will lead to less being transported than previously
thought.

Higher coastal ocean concentrations will mean that even with longer

transport times, more will be transported than previously calculated. The calculation
showed that a seasonal cycle in the northern and southern hemisphere are required to
represent measured atmospheric concentrations.
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taken from Ŝ. AP denotes a priori state flux which is the same for each
month. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.4

The same as Figure 5.3 but for the African, Eurasian and Asian
continental regions. Tagged tracer regions are denoted by continent
abbreviation (Afr = Africa, Eur = Eurasia, As = Asia and Aus =
Australia), climate abbreviation (B = Boreal, T = Temperate and Tr =
Tropical), and east (E) and west (W) coast lines. . . . . . . . . . . . . . . . 110

5.5

The same as 5.5 but for open ocean tagged regions, with abbreviations
of tagged regions by ocean (Pa = Pacific, Nor = Northern, Atl = Atlantic,
Sou = Southern and Ind = Indian), direction (N, S, E or W) and climate
codes are the same as previously stated. . . . . . . . . . . . . . . . . . . . 111

5.6

Monthly flux of CHBr3 in 2013 from MAP inversion calculation in kg
m−2 s−1 . Total annual bromine is 425 Gg Br yr−1 . . . . . . . . . . . . . . . 113

5.7

Monthly percentage anomaly of a posteriori emission flux from the a
priori emission flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.8

Frequency distribution of CHBr3 mixing ratios (left) for observed
(black), and corresponding a priori (blue) and a posteriori (red) model
measurements at all station sites, showing mean, σ and median
statistics. Model minus observation residuals are shown for both model
emission fluxes (right). The total number of measurements is given as n. 115

5.9

Monthly mean CHBr3 mixing ratios at each station site for observations
(black) and model values with a priori (blue) and a posteriori (red)
emission fluxes. Bars indicate ±1σ , with observation σ being calculated
from the square root of the sum of the squares of measurement error,
and model σ from the variation of daily measurements over the month.
Block colour denotes the range over minimum to maximum daily
values. Number of days with observations (n) is given at each station
site. Asterisks denoted elevated stations: SUM at 3238 m asl, NWR at
3025 m asl, MLO at 3397 m asl and SPO at 2810. . . . . . . . . . . . . . . 117

xviii

List of Figures
5.10 Comparison of a priori (blue) and a posteriori (red) emission scenarios
against observations during the CAST (top) and CONTRAST (bottom)
campaigns. Comparisons of mean mixing ratios with observations (left
column) over every 0.5 km altitude for CAST and 1 km for CONTRAST,
of model minus observed residuals over the same altitudes, and
frequency distribution of all model-minus observed residuals (right
column). For absolute mixing ratios, bars denote 1σ of all of the data
and the block colour represent minimum.maximum extremes. . . . . . . 118
5.11 Maps
showing
mean seasonal surface (left) and TTL (right) concentrations of CHBr3
(pptv) in GEOS-Chem during the year 2013 using a posteriori emission
fluxes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

xix

List of Tables

List of Tables
1.1

Summary of total global source strength of each gas (Gg gas yr−1 ) from
CHBr3 and CH2 Br2 from current emission flux estimates. Total bromine
source (Gg Br yr−1) is written in brackets. . . . . . . . . . . . . . . . . . .

9

2.1

Comparison of meteorological fields used within this study . . . . . . . 23

2.2

Vertical grid levels in GEOS–Chem for a standard atmosphere
described in terms of pressure (hPa) and altitude (km). . . . . . . . . . . 24

2.3

Summary of theoretical tracers used in a tagged–VSLS model run. Each
of the tracers are subject to chemistry loss processes as detailed in the
text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1

Location of ground stations for combined flask and in situ SF6
observations. Start year of data collection at each site is stated. . . . . . . 37

3.2

Description of the age of air tracers used in the TransCom experiments
including boundary conditions and atmospheric lifetime of each. Taken
from the AoA protocol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3

Seasonal gradient change of HCM and TM age over over a Global, WPa,
and InO region, averaged up to 13 km. The changing gradient change
of TM median age within the TTL (13–16.5 km) are shown in italics . . . 54

4.1

Mean measurement statistics for CHBr3 and CH2 Br2 mole fraction data
as a function of altitude for CAST and CONTRAST aircraft campaigns.
x, σ , and n denote the mean value, the standard deviation, and the
number of data points used to determine the statistics. . . . . . . . . . . 65

4.2

Location and code of NOAA/ESRL ground-based stations. All located
at the surface with exceptions of SUM (3210 m), MLO (3397 m) and SPO
(2810 m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3

Seasonal break down of statistics for NOAA ground station
sites (Table 4.2) showing r2 correlations between observed and
climatological monthly mean CHBr3 and CH2 Br2 mole fraction data
and corresponding model bias values. . . . . . . . . . . . . . . . . . . . . 73

5.1

A description of each of the monthly tagged model tracers (r) in terms of
monthly emission (E) and atmospheric loss (L) as used in the inversion
model. The dashed line (–) denotes that there is no monthly tagged
tracer for that month of the model run. Each of the 33 tagged tracer
regions follow this monthly tracer profile. Total and background tracers
have no monthly variation so are described in terms of model E and L
over the length of the model run. . . . . . . . . . . . . . . . . . . . . . . . 100

xxi

List of Tables
5.2

xxii

Total annual bromine contributions to the atmosphere from a priori
and 5 inversion model estimations. Sa refers to state vector covariance
error, Sε refers to assumed observation error, and y3129 and y3215 are
observations excluding δ ±3 pptv, and including all data, respectively.
Relative percentage contributions of coastal, open, and tropical (20◦ S
– 20◦ N) regions, and comparisons with other CHBr3 flux emission
estimates of Ziska et al. (2013) and Ordóñez et al. (2012) are shown. . . . 107

List of Abbrevations

List of Abbreviations
AoA
ATTREX
Bry
CAST
CFC
CONTRAST
CPT
DJF
DMS
EPa
HCM
HCFC
HFC
InO
JJA
LMS
LZRH
MAM
MAP
MBL
NCAR
NH
NSF
PGI
SON
SSA
SGI
SH
TM
TST
TTL
TWP
UTLS
VOC
VSLS
WAS
WPa

Age of air
Airborne Tropical TRopopause EXperiment
Total inorganic bromine; BrO + HOBr + BrONO2 + HBr + Br
Coordinated Airborne Studies in the Tropics
Chloroflourocarbon
CONvective TRansport of Active Species in the Tropics
Cold point tropopause
December, January, February; winter
Dimethyl sulfide
Eastern Pacific
Hadley cell centre mean
Hydrochlorofluorocarbon
Hydrofluorocarbon
Indian ocean
June, July August; summer
Level of minimum stability
Level of zero radiative heating
March, April, May; spring
Maximum a posteriori
Marine boundary layer
National Center for Atmospheric Research
Northern hemisphere
National Science Foundation
Product gas injection
September, October, November; SON
Sea salt aerosol
Source gas injection
Southern hemisphere
Tropical median
Troposphere–to–stratosphere transport
Tropical tropopause layer
Tropical warm pool
Upper troposphere, lower stratosphere
Volatile Organic Carbon
Very short live substances
Whole air sampler
Western Pacific

1

Chapter 1. Introduction

CHAPTER

Introduction
1.1

Atmospheric Halogens

This section provides a general background of halogen gases in the atmosphere.
Before focussing on the naturally produced short–lived organic species discussed
in this thesis, the general background is needed to show the effect of halogens
on atmospheric chemistry, and why short–lived natural sources are becoming an
important factor in understanding the global halogen budget.

1.1.1

History of Atmospheric Halogens

Halogens play an important role in both tropospheric and stratospheric ozone (O3 )
chemistry. Stratospheric O3 absorbs different wavelengths of incoming solar radiation
that govern the thermal structure of the stratosphere (Andrews et al., 1987), and also
the ecological framework for life on the Earth’s surface (Solomon, 1999). Reduction
in O3 results in increased ultraviolet transmission, that can have detrimental effects
on the health of humans, animals and plants. Increased solar radiation can lead to
increased risk of skin cancer, respiratory illnesses and eye damage in humans (Norval
et al., 2007), it can reduce crop yields in plants (Searles et al., 2001), and reduce fish
harvests (Van der Leun et al., 1994).
Molina and Rowland (1974) discovered the importance of halogens in the
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stratosphere by discovering a link between industrially produced chlorofluorocarbons
(CFCs) and the catalytic destruction of stratospheric O3 via reactions R1 and R2 where
X = chlorine (Cl), bromine (Br) or iodine:

X + O3 −−→ XO + O2

(R1)

XO + O −−→ X + O2

(R2)

Net: O3 + O → 2O2
These reactions are prominent for Cl in the upper stratosphere as they are driven by
availability of atomic oxygen, which becomes more abundant with increasing altitude.
This was later confirmed by the discovery of the stratospheric Antarctic O3 hole
during spring time (Farman et al., 1985). The Antarctic O3 Hole is caused by formation
of active radical compounds (Cl and ClO) on the surface of polar stratospheric clouds
that are present due to the extreme cold temperatures over winter. Spring provides
the sunlight required for photochemical reactions that release these reservoirs causing
rapid O3 depletion. CFCs released at the Earth surface and transported to the poles
was the major source of this build up over the Antarctic region. They were classified as
O3 depleting substances (ODSs) and included as restricted substances in the Montreal
Protocol, 1987.
Lower stratospheric chemistry is dominated by reactions R3 to R5 involving Br
(McConnell and Jin, 2008):

Cl + O3 −−→ ClO + O2

(R3)

Br + O3 −−→ BrO + O2

(R4)

ClO + BrO −−→ Br + Cl + O2

(R5)

Net: 2O3 → 3O2
In the troposphere, halogens can also affect the partitioning of HOx and NOx (Bloss
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et al., 2010), influence the formation of sulfate aerosols by oxidising dimethyl sulfide
(DMS) (Glasow and Crutzen, 2004), transfer gaseous elemental mercury to its reactive
state (Hg0 → HgII ) (Steffen et al., 2008), affect the oxidation of VOCs (Jobson et al.,
1994), and reduce the lifetime of methane (CH4 ) (Lary and Toumi, 1997).

Inorganic or organic compounds that contain a fluorine (F), Cl, Br and/or
iodine atom that break down to release active halogen atoms that are involved
in chemical reactions R3-R5.

Anthropogenic sources include halons (man-

made bromine containing halocarbons commonly used in fire extinguishers) and
hydrochlorofluorocarbons (HCFCs) which were brought in to replace the use of CFCs,
and which are now being phased out and replaced by hydrofluorocarbons (HFCs)
(Carpenter et al., 2014; Lunt et al., 2015). With these substances now becoming limited
in their use, natural sources are becoming increasingly important for understanding
the atmospheric halogen budget. These sources included sea salt aerosol (SSA),
biological activity within the ocean, volcanic plumes, and sea ice (Smith et al., 1993;
De Haan et al., 1999; Sander et al., 2003). F atoms are so reactive that they quickly
form HF on release and are removed from the system, so not important for O3 . Both
Cl and Br atoms are important in understanding stratospheric O3 depletion. The
reactive species of Cl (ClOx ) form reservoir such as HCl and ClONO2 (McConnell
and Jin, 2008). This temporarily stores them and so they do not partake in catalytic
O3 destruction. Br mainly reacts with O3 meaning that despite its lower abundance, it
is very efficient at O3 depletion (Saiz-Lopez and Glasow, 2012). Figure 1.1 shows the
source gas contribution to Cl and Br gases in the stratosphere. It shows the decrease
since their respective peak concentrations in 1993 and 1998, and the Montreal Protocol.
There is also an influence of naturally sourced halogen gases in the stratosphere in
addition to the controlled anthropogenic sources. It is a smaller contribution to total
Cl (∼14%) compared to total Br (up to 50%), still making it an important factor when
investigating stratospheric O3 depletion. Iodine reacts mainly with O3 , predominantly
in the troposphere (Saiz-Lopez and Glasow, 2012; Saiz-Lopez et al., 2014), however
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recent studies have shown elevated reactive iodine in the tropical lower stratosphere
(LS) in addition to Cl and Br (Saiz-Lopez et al., 2015).

Figure 1.1: Stratospheric chlorine and bromine source gases entering the stratosphere, and
how this has changed in 2012 from their respective peaks in 1993 and 1998. Ozone–depleting
substances (ODSs) and human–activity sources that are controlled by the protocol are shown
(orange range), along with contributions form natural sources (green range). Taken from
Hegglin et al. (2015).

Naturally produced halogens are therefore important for understanding the total
stratospheric halogen budget, especially for Br (Bry ). Uncertainty still remains about
the contribution of shorter lived halogen species from their emission sources, vertical
transport and injection in to the stratosphere (Hossaini et al., 2013; Hossaini et al.,
2016). This thesis focusses on naturally produced very short–lived halogen substances
(VSLS) which are discussed in the following section (1.1.2).

1.1.2

Very Short–Lived Halogens

Very short–lived halogens (VSLS) are halogen–containing gases that have a lifetime
of less than 6 months, which is shorter than the characteristic time scale for cross–
tropopause transport.

Here, I focus on the VSLS gases of bromoform (CHBr3 ),

dibromomethane (CH2 Br2 ), but there are many others including methyl iodide (CH3 I),
bromochloromethane (CH2 BrCl), chloroiodomethane (CH2 ClI), and more not listed
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here (Montzka et al., 2011b). CHBr3 and CH2 Br2 account for > 80% of VSLS in the
marine boundary layer (MBL) (Montzka et al., 2011b). They are emitted primarily
from global oceanic sources, and are produced in and released from species such as
phytoplankton and macroalgae (Carpenter and Liss, 2000; Quack and Wallace, 2003),
with a small portion originating from anthropogenic industrial source (Hossaini et
al., 2012a). Tropical, subtropical and coastal shelf waters are indicated as important
sources of CHBr3 and CH2 Br2 , and also coincide with nutrient–rich upwelling regions
(Quack et al., 2007; Ziska et al., 2013). These emission locations become important in
areas of strong atmospheric convective upwelling as this leads to rapid transport of
gases from the boundary layer to the upper troposphere/lower stratosphere (UTLS)
(section 1.2) (Liang et al., 2014). CHBr3 and CH2 Br2 are broken down by photolysis
and oxidation with hydroxyl radicals (OH), releasing halogen atoms into the catalytic
O3 destruction cycles. CHBr3 is lost primarily through its breakdown via photolysis
and has a tropospheric lifetime of around 24 days, although this can be up to 25%
shorter in the tropics, releasing 3 Br atoms into chemical cycles (Papanastasiou et al.,
2014; Montzka et al., 2011b). CH2 Br2 has a longer lifetime compared to CHBr3 , around
123 days, which is dependent upon its oxidation with OH, releasing 2 Br atoms.
Uncertainties still remain about the spatial distribution and magnitude of VSLS
emissions, which has subsequent implications for estimates of contributions to
stratospheric halogen loading (Hossaini et al., 2013). These current estimates of source
strength are poorly constrained ranging between 430–1400 Gg Br yr−1 for CHBr3 , and
57–280 Gg Br yr−1 for CH3 Br2 (Montzka et al., 2011b), with inconsistencies associated
with their magnitude and spatial distribution of emissions. Emission estimates are
calculated via two main methods:
1) Top–down estimates. This method uses idealised emission scenarios based
on assumptions available from aircraft observations (of magnitude and spatial
distribution), being scaled to match atmospheric observations (Warwick et al., 2006;
Liang et al., 2010; Ordóñez et al., 2012). Multiple model simulations are completed
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Figure 1.2: Distribution of CHBr3 (left 2 columns) and CH2 Br2 (right 2 columns) emissions
for Liang et al. (2010) (a), Warwick (2011) (b), Ordóñez et al. (2012) (c), and Ziska et al.
(2013) (d) over the Global (left) and Western Pacific (right) regions. Taken from Hossaini et al.
(2013).

with the idealised emission scenarios and compared with observations. The resultant
field is a ’best estimate’ from the idealised emission scenarios, and include scaling
to agree with observational comparisons. Warwick et al. (2006), Liang et al. (2010)
and Ordóñez et al. (2012) derive emission estimates using aircraft observations, and
Ordóñez et al. (2012) includes a weighting over the tropical latitudes according to
climatological fields of chlorophyll a concentrations (a marker for oceanic biological
activity). Warwick et al. (2006) now includes downscaling of South East Asian CHBr3
emissions in accordance with surface observations as described in Pyle et al. (2011).
2) Bottom–up estimates.

This method uses local flux calculations that are

extrapolated over large scale ocean regions (Carpenter and Liss, 2000; Quack and
Wallace, 2003; Butler et al., 2007; Ziska et al., 2013). Ziska et al. (2013) used global
surface marine and atmospheric concentration maps of CHBr3 and CH2 Br2 to derive
their global climatological sea–to–air flux estimates.
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Table 1.1: Summary of total global source strength of
each gas (Gg gas yr−1 ) from CHBr3 and CH2 Br2 from
current emission flux estimates. Total bromine source
(Gg Br yr−1) is written in brackets.

Emissions Scenario

CHBr3

CH2 Br2

Warwick
Liang
Ordóñez
Ziska

380 (360)
450 (425)
533 (505)
183 (174)

113 (104)
62 (57)
67 (61)
64 (58)

Figure 1.2 shows the magnitude and distribution of these CHBr3 and CH2 Br2
emission estimates, and are summarised in Table 1.1. The spatial distribution of each
emission scenario varies, with particular reference to the Western Pacific which is
an important region for strong atmospheric convection to the UTLS. Each emission
set shows elevated emissions around coastal sites, but these fluxes range from 0.3–
1.0 × 10−13 kg m−2 s−1 CHBr3 , and 1.0-2. × 10−14 kg m−2 s−1 CH2 Br2 in the
Western Pacific. Top–down estimates of Liang et al. (2010), Warwick et al. (2006), and
Ordóñez et al. (2012) have elevated open ocean emissions in the tropical latitudes. In
comparison, Ziska et al. (2013) have close to zero flux from open ocean emissions
of CHBr3 over these latitudes in the Western Pacific. Given this region’s locality
to deep convective transport systems over the open ocean of the Western Pacific,
this disparity will have implications on model concentrations of UTLS CHBr3 and
CH2 Br2 . This leads to a wide range of estimates of their contribution to Bry budgets
(Figure 1.3). Recent studies have investigated how these different emission scenarios
compare to observations and found that no single emission inventory describes them
best (Hossaini et al., 2013; Hossaini et al., 2016). Hossaini et al. (2013) concluded that
CHBr3 with reduced emission estimates over the open and tropical oceans (Ziska et al.,
2013), and CH2 Br2 with enhanced tropical ocean emissions (Liang et al., 2010) gave the
optimised solution for modelled estimates of VSLS from current emission inventories.
There is a discrepancy in estimates of stratospheric Bry concentration from well
known anthropogenic and inorganic sources, to the observed total, thought to be

9

1.1 Atmospheric Halogens

Figure 1.3: Modelled tropical (±30◦ ) mean profile of total inorganic bromine (ppt) from
CHBr3 , CH2 Br2 , CHBr2 Cl, CH2 BrCl and CHBrCl2 (Bry (VSLS)) in the stratosphere. Profiles
are shown for the four emission estimates of Liang (green), Warwick (orange), Ordonez (blue),
and Ziska (red). An optimised estimate, calculated by combining CHBr3 from Ziska and
CH2 Br2 from Liang, is also shown. Taken from Hossaini et al. (2013).

explained by contributions from VSLS (Montzka et al., 2011b). Balloon–borne and
satellite observations estimate that VSLS and their degradation products contribute
2–8 ppt to Bry (Dorf et al., 2008; McLinden et al., 2010; Salawitch et al., 2010; Sioris
et al., 2006; Sinnhuber et al., 2002; Sinnhuber et al., 2005). Model estimates range from
2–7 ppt originating in regions of strong convectional upwelling of the Western Pacific,
Indian Ocean and off the coast of Mexico (Fueglistaler et al., 2004; Gettelman and
Forster, 2002; Aschmann et al., 2009; Hossaini et al., 2010; Liang et al., 2010; Hossaini
et al., 2012a; Ordóñez et al., 2012; Fernandez et al., 2014a). One major source of
model uncertainty is from emission source estimates, discussed previously. Another
is from the balance of the two delivery methods to the stratosphere: 1) Source gas
injection (SGI) where the source gas is directly transported in to the lower stratosphere
and broken down to release halogen radicals, and 2) Product gas injection (PGI)
where VSLS are transported to the upper troposphere, broken down and product
gases (halogen atoms) are then transported in to the lower stratosphere (Figure 1.4)
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Figure 1.4: Schematic showing SGI and PGI. Product gases are formed through reaction of a
photochemical break down, and oxidation with OH. PGI of halogen gases in to the stratosphere
is determined by the balance between transport of product gases, and wash out through wet
scavenging. Horizontal dashed line denotes the tropopause.
(Aschmann et al., 2011). Convection affects these two processes in different ways. SGI
is governed by the efficiency and frequency of deep convection coinciding with high
emission regions, transporting source gases in to the UTLS. PGI is determined by the
amount of source gases transported to the TTL, and how much of the product gases
are transported in to the LS compared to wet scavenging and being washed out of the
system (Liang et al., 2014). Considering these gases play such an important role in
the halogen budget, we need to find better estimations of global contributions to fully
understand stratospheric O3 chemistry.
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1.2

Convective Transport and the Tropical
Tropopause Layer

VSLS are transported to the UTLS by deep convective systems that show seasonal
and global variability over the tropical latitudes (Fueglistaler et al., 2004; Ashfold
et al., 2012). During boreal winter, maximum convection occurs over the southern
continents and Western Pacific (WPa) oceans in the tropical warm pool region (TWP)
and boreal summer sees maximums corresponding to the Asian Monsoon over the
Indian subcontinent and oceans (Bergman et al., 2012). The TWP is an important
region of the Earth’s climate system, with climatological sea surface temperatures
(SST) in excess of 28◦ C (Wyrtki, 1989). This results in a global maximum of latent heat
release and water vapour to the atmosphere leading to deep convection (Webster and
Lukas, 1992; Liu and Zipser, 2015). Outflow from convection occurs around 11–14 km
in the UT, rapidly delivering air from VSLS source emission regions to the tropical
tropopause layer (TTL) (Figure 1.5) (Gettelman and Forster, 2002; Levine et al., 2007;
Fueglistaler et al., 2009).
The TTL is defined as a transition layer extending over a few kilometres between
the troposphere and stratosphere, between the lapse rate minimum up to the cold
point tropopause (CPT) (Gettelman and Forster, 2002; Fueglistaler et al., 2009). The
background thermodynamic structure of the TTL gives it properties of both the
troposphere and stratosphere making it an important pathway of trace gases to the
stratosphere (Levine et al., 2007; Pan et al., 2014). There are two definition methods to
describe the upper and lower boundaries of the TTL.
1) A mass flux based definition: which describes a transport boundary between
the troposphere and stratosphere.

It has a lower boundary at the level of zero

radiative heating (LZRH) at the top of convective outflow at 14 km (150 hPa), and
the upper boundary at 18.7 km (70 hPa), where mass flux becomes representative of
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Tropical Tropopause Layer and Deep Convection
stratospheric circulation
overshooting
convection

CPT

17 km
15 km

11 km

LZRH (z0)

TTL

deep
convective
heating

deep outflow layer
lapse rate minimum
clear sky
radiative cooling
ubiquitous
shallow convection

5 km

melting level

shallow outflow layer
2 km
CBL

180K

220K

260K

300K

Temperature

Figure 1.5: A schematic of deep convective systems. The convection boundary layer
(CBL), shallow convection, and tropical deep convection and its interaction with the tropical
tropopause layer (TTL) are shown. The temperature lapse rate is shown in green, and the
temperature lapse rate minimum which can indicate the base of the TTL, sits around 10–12 km.
The level of zero radiative heating (LZRH) and the cold point tropopause (CPT) are also shown.
Pink lines denote common transport routes for tracers, such as VSLS, in convective systems.
Taken from Hegglin et al. (2015).
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the stratospheric Brewer–Dobson circulation (Folkins, 2002; Fu et al., 2007; Fueglistaler
et al., 2009).
2) A thermal definition: based on temperature profiles and derived lapse rates
showing a transition layer between the convectively controlled troposphere and the
radiatively controlled stratosphere. The lower boundary sits at the level of mean
stability (LMS: 12–13 km) and the upper boundary as the CPT (17 km) (Gettelman
and Forster, 2002; Pan et al., 2014). Pan et al. (2014) used O3 and water vapour (H2 O)
chemical tracer relationships to diagnose a measurable parameter for TTL boundaries,
and found them to be in good agreement with the thermal definition. At the LMS, the
O3 profile moved away from the standard background tropospheric mixing ratios,
and at the CPT background H2 O reaches stratospheric levels.
The properties of the TTL means it is an effective pathway for troposphere–to–
stratosphere transport (TST). Boreal winter in the WPa sees a temperature minimum at
100 hPa, which is an indicator of an air parcel’s water vapour concentration meaning
it is resembling that of the stratosphere (Fueglistaler et al., 2009). When combining
this with a peak in deep convectional upwelling, it is an efficient TST pathway of
VSLS in to the LS (Fueglistaler et al., 2009). The height that air masses are detrained
from convective systems is an important factor in determining the amount of VSLS
transported to the LS. In the lower TTL, vertical transport is slow in comparison to
tracer lifetime, so much of the air returns to the mid–troposphere through subsidence.
Whereas air injected at levels higher than the LZRH are more likely to ascend through
the upper TTL, although this is dependent on local residence times and vertical
velocities (Carpenter et al., 2014). Overshooting of convection above the main area
of outflow, and even on occasion over the tropopause, can therefore have significant
impacts of VSLS transport in the UTLS (Liu and Zipser, 2005). Levine et al. (2007)
found that the most significant transport pathway of trace gases in to the stratosphere
originated at 15–35◦ latitude, the extratropical boundary with the stratosphere, with
only a small portion originating from vertical transport over the tropical tropopause.
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Residence times in the TTL are estimated between 25–45 days (Krüger et al.,
2008; Montzka et al., 2011b) which has implications on the ratio of SGI and PGI
of VSLS gases in to the stratosphere. Longer residences will favour conversion to
product gases, which may also lead to an increase in removal of them through wet
deposition, reducing the injection of active halogens in to the stratosphere (Liang et
al., 2014). VSLS emitted at the base of deep convective systems, and the frequency
of overshooting convection, will impact heavily on this ratio and the active halogen
budget in the LS (Liu and Zipser, 2005; Hossaini et al., 2012a). Hossaini et al. (2012a)
studied the effect of a warming climate on the amount of stratospheric SGI of VSLS.
Current values were determined to be ∼1.7 ppt which saw an increase to ∼2.0 and
∼2.7 ppt with increased radiative forcing levels of +4.5 and +8.5 W m−2 , respectively.
Increasing strength of deep convection transported more CHBr3 to the LS, whereas
CH2 Br2 concentrations were determined by changing oxidant (OH) levels; 4.5 – OH
increases in a warmer more humid troposphere, reducing CH2 Br2 SGI, and 8.5 –
OH concentration decreases due to large increase in CH4 concentrations increasing
CH2 Br2 SGI.
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1.3

CAST and CONTRAST Measurement
Campaigns

Coordinated Airborne Studies in the Tropics (CAST) (Harris et al., 2016) and
CONvective TRansport of Active Species in the Tropics (CONTRAST) (Pan et al., 2016)
were two simultaneous aircraft measurement campaigns over the Western Pacific
region during January and February, 2014. CAST involved the British research aircraft,
the FAAM BAe-146, and focussed on measurements within and above the boundary
layer, below the main areas of convection and above emission regions. CONTRAST
measurements were taken on board the NSF/NCAR Gulfstream–V (GV) aircraft and
were spread throughout the vertical profile of the atmosphere up to and within the
base of the TTL (∼15 km) (Figure 1.6). An additional campaign undertaken at the
same time was the Airborne Tropical TRopopause EXperiment (ATTREX), which used
the NASA Global Hawk unmanned aircraft system to measure in and above the TTL
in the LS. The aim of the campaigns was to measure a full vertical profile of the
atmosphere up to and within the TTL. Combining the measurements from the three
campaigns, can provide an understanding of the chemistry and composition of air
being transported in deep convective systems. Each aircraft obtained measurements
of a range of halogen species (including many VSLS), providing information about
how they are transported in these convective systems and their subsequent impact on
UTLS O3 chemistry. A more detailed description of measurements is given in Chapter
3.
In this thesis, I have mainly focussed on the transport of VSLS trace gases in
the tropospheric convection systems. This is covered by CAST and CONTRAST
measurements so these are the focus of these investigations.
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Figure 1.6: A schematic showing the concept of the coordinated aircraft campaigns. It shows
the three aircraft and their sampling altitude ranges. Background shows deep convection
system dynamics highlighting inflow, main outflow, overshooting outflow and altitude
compared with the TTL and LS. Taken from Pan et al. (2016).
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1.4

Research Questions and Thesis Outline

Naturally produced VSLS play an important role in determining the stratospheric
halogen (mostly bromine) budget, however there are still large uncertainties
surrounding their global impact. Hossaini et al. (2012a) have shown that predicted
climate change scenarios can increase the stratospheric Bry budget with increased
convection. Therefore, quantifying the rate at which ocean emissions are transported
up to the TTL are essential for understanding the impact of CHBr3 and CH2 Br2 on
the stratospheric Bry budget. This problem has previously been investigated through
model simulations of CHBr3 and CH2 Br2 (Fueglistaler et al., 2004; Gettelman et al.,
2002; Aschmann et al., 2009; Hossaini et al., 2010; Liang et al., 2010; Hossaini et al.,
2012a; Ordóñez et al., 2012; Fernandez et al., 2014b). Quantifying transport time–
scales over the tropics is an investigative approach to understand convective transport
systems with respect to CHBr3 and CH2 Br2 atmospheric lifetimes. Research questions
1 and 2 will address this problem in Chapter 3:

Q1: What is the transport time–scale of surface ocean emissions up to the TTL?

The age of air masses from oceanic sources will be calculated from 1989-2014 to
investigate how global dynamics can change these transport time–scales. The age of
an air mass is representative of the time it has been out of contact of the emission
source, and the speed of its transport. Past changes in transport over the tropics can
inform how the time–scale is changing. Research question 2 will address this using
time series in a long–term data set of age of air in Chapter 3:

Q2: What is the long term rate of change in transport over the tropics? And how
will this impact VSLS stratospheric Bry loading?
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Chapter 3 will investigate the transport time–scales over the tropical latitudes.
It informs on the problem of tropical transport with respect to relative lifetimes
of CHBr3 and CH2 Br2 , not their atmospheric concentration.

SGI of VSLS into

the LS is determined by the speed of convection (transport time–scales), but that
this convection coincides with high emission regions.

Given the variations of

spatial distribution and magnitude of emission fluxes, understanding how these
different geographical source regions are transported by these systems can inform
what regions determine the stratospheric Bry budget. Previous investigations have
determined stratospheric Bry estimates from total fluxes of CHBr3 and CH2 Br2 , and
not understood the relative influence of their different geographical source regions.
Research question 3 investigates the strength of different geographic source regions of
CHBr3 and CH2 Br2 in Chapter 4:

Q3: What emission source region is driving the vertical profile of CHBr3 and
CH2 Br2 concentrations over the Western Pacific?

A case study using the CAST and CONTRAST data, and a tagged CHBr3
an CH2 Br2 model over the Western Pacific will determine the strength of their
geographical source regions in the UTLS. This method provides information with
regards to strength of emission source regions, and age of air can be used to determine
that strength independent of emission scenario.
However variations of emission flux estimates mean that these regions’
contributions to stratospheric Bry will vary dependent on emission scenario (Hossaini
et al., 2013). Reliable emission estimates are needed to represent model values of
CHBr3 and CH2 Br2 atmospheric concentrations in these active transport regions.
Previous model estimates have not attempted to use an inversion method of
atmospheric observations to calculate emission fluxes of CHBr3 and CH2 Br2 (Warwick
et al., 2006; Liang et al., 2010; Pyle et al., 2011; Ordóñez et al., 2012; Ziska et al., 2013).

19

1.4 Research Questions and Outline
Research question 4 examines this problem in Chapter 5:

Q4: Can we constrain global emission estimates of CHBr3 by inversion of surface
observations?

A tagged version of a CHBr3 model will be used to calculate a maximum
a posteriori inversion calculation from long–term surface observations of CHBr3 .
Chapter 6 will include a summary and discussion of results in this thesis, and
expansion with future work.
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CHAPTER

Model Description
2.1

GEOS-Chem Chemistry Transport Model

For this analysis I will be using the GEOS-Chem model (Goddard Earth Observing
System (GEOS)- Chemistry) of atmospheric composition (www.geos-chem.org). I
will give a brief overview of the model and meteorological fields used, followed by
detailed description of model simulations used in this thesis.
GEOS-Chem was originally developed at Harvard University, and it is now an
open-source tool for use in global atmospheric chemistry studies that is developed
and maintained by a community of research groups worldwide.
The standard ’full chemistry’ simulation consists of 66 chemical species including
two VSLS: CHBr3 and CH2 Br2 , and includes coupled oxidant and aerosol chemistry
in the troposphere and stratosphere.

It is an easily adaptable model to include

different regional or temporal emission data sets, and to run specialised simulations
e.g. aerosols, carbon gases, mercury and persistent organic pollutants (POPs), tagged
O3 and CO, and online stratospheric chemistry (the UCX - Universal troposphericstratospheric Chemistry eXtension). The original chemistry is described in Bey et al.
(2001) detailing HOx , NOx , VOC and O3 chemistry, and expanded in later additions
to include the halogen scheme (BrOx chemistry) as described in Parrella et al. (2012).
Standard CHBr3 and CH2 Br2 emissions in GEOS–Chem use Liang et al. (2010) with
monthly seasonal scaling above 30◦ N for CHBr3 . It gives a total global source of
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407 and 57 Gg Br yr−1 from CHBr3 and CH2 Br2 , respectively. They are chemically
broken down through oxidation with OH, and in addition CHBr3 is broken down via
photolysis with rates calculated using the Fast–J scheme (Wild et al., 2000).
It is driven by meteorological fields from the Goddard Earth Observing System
(GEOS) from the NASA Global Modelling Assimilation Office (GMAO) (Bey et
al., 2001). Multiple meteorological fields products are available, including at high
resolution of 0.25◦ latitude × 0.3125◦ longitude with 72 vertical levels, and reanalysis
products ranging from 1979 to present.

Global model simulations can have a

resolution of 2◦ latitude × 2.5◦ longitude, or 4◦ latitude × 5◦ longitude with 47 vertical
levels, and can provide boundary conditions for higher resolution simulations. Details
of the meteorological fields used in this study are described in Section 2.2.
I developed two versions of GEOS-Chem to help describe transport and
chemistry processes over the tropical regions: 1) Tagged Age of Air Calculation and 2)
Tagged-VSLS Source Regions which are discussed in Sections 2.3 and 2.4, respectively.
They negate the need to use the full 66 tracer chemistry scheme which saves on
computational time and is more efficient.
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2.2

GMAO Meteorological Fields

Two sets of GMAO meteorological field products are used in this thesis. The first is
the Modern Era Retrospective–Analysis for Research Applications (MERRA), which
is a long term reanalysis data set from 1979 to present (Rienecker et al., 2011).
The second is the GEOS–FP ("forward–processing") product running over a shorter
time period from 2012 to present (Molod et al., 2012).

GEOS–FP is the current

operational data product used by NASA/GMAO as it has a finer native horizontal
and temporal resolution than previous products, however as it is not available for
longer simulations, so the MERRA product is used for longer term studies (Table 2.1).
Table 2.1: Comparison of meteorological fields used within this study

MERRA

GEOS–FP

Data Type

Reanalysis

Operational

Native vertical resolution

72 hybrid

72 hybrid

42 pressure
Native horizontal resolution
Temporal coverage

0.5◦ x 0.666◦

0.25◦ x 0.3125◦

1979–present

2012–present

1–hourly

1–hourly

3 and 6–hourly

3–hourly

Temporal resolution:
Surface fields
3–D global fields

The major differences between the two meteorological products is the temporal
coverage, and spatial resolution. Instantaneous fields of vertical pressure velocity,
surface pressure, ertel potential vorticity, and relative humidity are the meteorological
fields that differ having a 6–hourly temporal resolution in the MERRA data fields
(Rienecker et al., 2008), increased to 3–hourly in GEOS–FP (Molod et al., 2012). The
horizontal resolution of the meteorological fields is degraded from the native to the
match that of the model simulation of 2◦ latitude × 2.5◦ longitude with 47 vertical
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levels (Table 2.2). Convective mass flux (CMF) which is used in the thesis discussions
is an archived parameter in the meteorological fields averaged on a 3–hourly time
scale. Both meteorological fields are used in this thesis. MERRA has been used
for the long term study (ranging 1988–2015) in Chapter 2, as it has the full time
period available for the study. The most up to date fields, GEOS–FP, were used in
the other Chapters. This could have implications for how transport is represented in
the different studies. MERRA has been shown to have stronger convection in to the
upper troposphere compared to GEOS–FP, however GEOS–FP compensates for this
with stronger large–scale vertical advection (Zhang et al., 2017).
Table 2.2: Vertical grid levels in GEOS–Chem for a standard atmosphere described in terms
of pressure (hPa) and altitude (km).

Level

24

hPa

km

1

1005.650

0.058

2

990.408

3

Level

hPa

km

17

720.429

2.792

0.189

18

694.969

975.122

0.320

19

4

959.837

0.454

5

944.553

6

Level

hPa

km

33

139.115

14.170

3.074

34

118.250

15.198

663.146

3.439

35

100.514

16.222

20

624.967

3.896

36

85.439

17.243

0.589

21

586.793

4.37

37

67.450

18.727

929.268

0.726

22

548.628

4.879

38

48.282

20.836

7

913.984

0.864

23

510.475

5.413

39

34.272

23.020

8

898.701

1.004

24

472.335

5.980

40

24.080

25.307

9

883.418

1.146

25

434.212

6.585

41

14.542

28.654

10

868.135

1.290

26

396.112

7.237

42

6.685

34.024

11

852.852

1.436

27

358.038

7.943

43

2.864

40.166

12

837.570

1.584

28

313.966

8.846

44

1.134

47.135

13

819.743

1.759

29

267.087

9.936

45

0.414

54.834

14

796.822

1.988

30

226.745

11.021

46

0.139

65.053

15

771.354

2.249

31

192.587

12.086

47

0.038

72.180

16

745.890

2.517

32

163.661

13.134
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2.3

Age of Air Calculation

This method is used to describe the transport of air masses with regards to their time
away from emission source. The method uses only knowledge of the distribution of
emissions, and not the magnitude, making it a descriptive tool that is independent
of emission inventory. Age of air (AoA), denoted by A, is calculated from model
mixing ratios (X) of different tracer source definitions, denoted by subscript i, such as
ocean, land, and northern or southern hemispheres (Prather et al., 2011). It is built on
previous studies using a ’tagged’ simulation of GEOS–Chem (Finch et al., 2014), that
allows quantification of contributions from individual sources to air masses within a
model grid box (Jones et al., 2003; Palmer, 2003).
GEOS–Chem is used to obtain the AoA of an air mass from Xi . For each model
tracer, a boundary condition Bi is defined as a time dependent ’emission’:

Bi = f × t

(2.1)

where f is a constant (1×10−15 s−1 ) that acts as a scaling factor, and t is time since start
of the model run (seconds). Bi describes a volume mixing ratio of each tracer that is
dependent on its time of emission. It is defined within every grid box matching the
tracer definitions e.g. ocean tracers are defined in every ocean masked grid box in the
surface layer. Fractional contributions of tracers (Ri ) are calculated as a fraction of 1
corresponding to the area of each tracer within a grid box e.g. if a grid box coverage is
50% land and 50% ocean: Rland = 0.5 and Rocean = 0.5. This is included in the calculation
of a final boundary condition (B f inal ) at each emission time step of:

B f inal,i = (Bi × Ri ) + (1 − Ri × Xi )

(2.2)

where Xi is the model mixing ratio of each tracer already within the surface grid box.
This gives a time dependent linearly increasing mixing ratio in the atmosphere where
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smaller mixing ratios represent older air masses that have spent more time away from
contact with the surface boundary.
The AoA for each tracer, Ai in units of time, is then calculated from mixing ratios
(Xi ) sampled over the model grid:

Ai = t − Xi / f
With the absence of chemical loss, Ai is a description of model transport.

(2.3)
It is

comparative to a chemical species atmospheric lifetime and not it’s concentration. It
is used in Chapters 3 and 4, with sections 3.2.2.2 and 4.3.2 detailing the tracers used.

26

Chapter 2. Model Description

2.4

Tagged-VSLS

The purpose of this simulation is to relate observed atmospheric variations of
CHBr3 and CH2 Br2 to surface emissions from individual sources and/or geographical
regions. It uses the same ’tagged’ method in GEOS–Chem to quantify regional source
contributions to CHBr3 and CH2 Br2 concentrations in the model grid. This method is
based on the principle that by archiving the chemical sink, the loss rates will be applied
consistently to all tracers regardless of source, so concentrations from different sources
within a grid box can be can be linearly decomposed.
The structure of the model framework follows closely other tagged simulations
within GEOS-Chem (e.g., Jones et al., 2003; Palmer, 2003; Finch et al., 2014; Mackie
et al., 2016). It uses the following temperature (T , in kelvin) dependent reaction
rate constants that describe oxidation of CHBr3 and CH2 Br2 by OH (Sander et al.,
2011): for CHBr3 , k(T ) = 1.35 × 10−12 exp(−600/T ) cm3 molec−1 s−1 ; and for CH2 Br2 ,
k(T ) = 2.00 × 10−12 exp(−840/T ) cm3 molec−1 s−1 . A full chemistry simulation over the
period of study is run to archive 3–D 3–hourly fields of OH, and CHBr3 photolysis
rates. Initial conditions for the total tracer are determined from a 12–month integration
with the full chemistry version of GEOS–Chem, which are then in the tagged model
subject to atmospheric transport and loss processes. To quantify the influence of
these background values to the tagged simulation, a tracer is defined that includes
no emissions, and model mixing ratios are subject only to transport and chemical
loss processes. Tagged tracers are initialised with near–zero values (1−8 pptv). For
each of the tracers, emissions are temporally distributed every 30 minutes. This gives
a total of 2+i number of tagged tracers (Table 2.3). CHBr3 and CH2 Br2 emissions
used are Liang et al. (2010), as prescribed in the standard full chemistry GEOS–chem
simulation (Parrella et al., 2012). They do not incur seasonal or diurnal variation, and
are regridded from 1◦ latitude × ◦ longitude resolution to ◦ latitude × 2.5◦ longitude.
This simulation is used in Chapters 4 and 5, with details of emission sources and
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Table 2.3: Summary of theoretical tracers used in a tagged–VSLS model run. Each of the
tracers are subject to chemistry loss processes as detailed in the text.

Initial conditions

Emissions

Total

12–month full chemistry

Total emissions from all tracers

Background

12–month full chemistry

No emissions

Tagged tracers 1–i

Near–zero values

Region specific emissions

regions given in sections 4.3.1 and 5.3.
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CHAPTER

Age of Air in the Tropics
ABSTRACT
This chapter used model age of air to investigate vertical transport of oceanic tracers
in the tropics. This region is important for delivering short–lived oceanic tracers to
the upper troposphere. Model simulations of atmospheric sulfur hexafluoride (SF6 )
reproduced observed atmospheric growth rates of 0.24 ppt yr−1 , but showed slower
long–range atmospheric transport rates between the NH and SH by 3–7 months
compared to observations. An age of air tracer emitted from oceanic an source was
used to investigate atmospheric circulation in the tropics. It showed that ocean
emissions over the Western Pacific and Indian Ocean regions can reach the tropical
tropopause layer (TTL) within 25 days of emission during their strongest convection
seasons. This age can change with El Niño systems by ±7 days in the mid–troposphere
and ±15 days in the upper troposphere over the Pacific. Age of air would increase over
the WPa region, and decrease over the central and eastern Pacific. La Niña systems
showed opposite changes of ±3 days. Using a long–term time series of age of air,
there is evidence that tropical air is becoming younger over the period 1989–2013 at
a maximum rate of 1.1 days dec−1 in the mid–troposphere, and 6.3 days dec−1 in the
TTL.

Author Contributions: I completed the work undertaken in this Chapter.
Experiment design was developed by Maarten Krohl, Marco de Bruine, Prabir Patra
and Paul Palmer as part of the TransCom Age of Air Experiment (http://ebcrpa.
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jamstec.go.jp/~prabir/papers/TransCom_AoA_protocol.pdf), and I completed
the experiments for the GEOS–Chem Model. I have included the relevant tracers for
my analysis on a separate project.
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3.1

Introduction

Atmospheric tracers with different chemical lifetimes can help to characterise model
transport. These include short–lived tracers such as Radon (222 Rn) (Jacob et al., 1997)
with a lifetime of ±3.8 days, and long–lived tracers such as methane (CH4 ) with a
lifetime of ±12 years (Locatelli et al., 2015; Ars et al., 2016) and SF6 with a lifetime
of 3200 years (Maiss et al., 1996). SF6 is emitted at the Earth’s surface as a by–
product of anthropogenic activity and has a lifetime of ∼3200 years in the troposphere,
therefore its atmospheric concentration will continue to increase with human activity
(Ravishankara et al., 1993). Industrial SF6 emissions have no seasonal cycle making
them an ideal proxy for transport processes (e.g. convection, vertical diffusion and
meridional transport) (Patra et al., 2009; Holzer and Waugh, 2015), which is why it is
used in modelling studies to describe and evaluate transport (Levin and Hesshaimer,
1996; Denning et al., 1999; Peters et al., 2004; Gloor et al., 2007).
SF6 is a commonly used tracer to describe model age of air (AoA) within the
stratosphere (Waugh and Hall, 2002; Waugh, 2009). The stratospheric age can be
estimated from chemical tracers with increasing atmospheric mixing ratios (e.g. SF6
and carbon dioxide (CO2 )) where mean age in the stratosphere is determined from
its measured abundance in the lower stratosphere. The mean age is equal to the lag
time from when the tracer exhibited that mixing ratio in the troposphere (Volk et al.,
1997; Hall and Waugh, 1998; Strunk et al., 2000). Understanding model AoA in the
stratosphere is important for describing troposphere–to–stratosphere exchange, and
for transport times within the stratosphere that determine the atmospheric lifetimes
of greenhouse gases that break down in the stratosphere destroying ozone (O3 ) (e.g.
chlorofluorocarbons (CFCs), nitrous oxide (N2 O) and CH4 ) (Hall et al., 1999; Waugh
and Hall, 2002; Douglass et al., 2008). Recent studies have also used AoA concepts to
explain transport processes in the troposphere (Waugh et al., 2013; Holzer and Waugh,
2015), using them to understand hemispheric exchange.
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Air experiment (TransCom–AoA, http://ebcrpa.jamstec.go.jp/~prabir/papers/
TransCom_AoA_protocol.pdf) aims to build on the stratospheric AoA technique to
include description of transport processes in the troposphere. Different atmospheric
age tracers will be used to describe different transport times in the troposphere,
e.g. land, ocean, southern and northern hemispheres, troposphere and stratosphere
tracers. Rapid transport over tropical upwelling regions will have a young age in
comparison to a surface tracer age in the stratosphere which can be on the order of
magnitude of years.
In this Chapter I will be focussing on the transport of ocean emitted tracers
in the tropical upwelling regions representing very short–lived halogenated species
(VSLS). Over the tropics they are transported rapidly in convection upwelling systems
to the upper troposphere lower stratosphere (UTLS) where they break down and
release halogen radicals in to catalytic O3 destruction cycles (Montzka et al., 2011b).
Atmospheric circulation in the tropics is dominated by two systems, the Hadley Cell
(Reichler, 2009), and the Walker Circulation (Bjerknes, 1966; Oliver, 2005).
The Hadley Cell (Figure 3.1) describes the meridional circulation over the tropics.
In the tropics, the Coriolis force is weak so circulation is dependent on friction, and
diabatic and latent heating (Reichler and Roads, 2005). Solar heating near the equator
in the Inter Tropical Convergence Zone (ITCZ) leads to the moist, warm air in the
tropics (Reichler, 2009). This air rises in the the UT, and adiabatically cools, condensing
to form clouds and intense precipitation (Johanson and Fu, 2009). This releases the
latent heat, diverging polewards and descending in the subtropics. The poleward
boundary of the Hadley Cell is determined by the subtropical jets that form over
the sharp temperature gradient of the warm equatorial air and cooler poleward air
masses (Seidel et al., 2008). It extends around 30◦ north/south of the equator and up
to a height of ∼10 km in the troposphere. Trade winds at the surface gather moisture
before converging in the ITCZ, closing the Hadley Circulation.
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Figure 3.1: Climatological mean circulation during Boreal summer (JJA). Solid black line
denotes the tropopause. Zonal mean winds (m s−1 ) (top) derived from National Centers for
Environmental Protection/NCAR reanalysis. The approximate poistion of the subtropical jet
(SJ) and eddy driven jet (EJ) are shown. Mean meridional mass streamfunction (kg s−1 ), with
arrows indicating direction and strength of the overturning circulation in the Hadley Cell.
Taken from Reichler (2009).
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The Walker Circulation (Figure 3.2) describes the zonal transport of air masses
over the equatorial Pacific Ocean. It is governed by the coupling of sea surface
temperature (SST) in the Pacific Ocean with with atmospheric circulation (Oliver,
2005). High SST causes low pressure and convection over the west, with cooler SST
leading to high pressure and subsidence in the east. The pressure gradient drives
low–level winds from east to west over the Pacific, with air temperature rising with
increasing the ocean temperatures. The low pressure system of the WPa is unstable,
as the moist and warm air becomes buoyant and ascends over the Tropical Warm Pool
(TWP) (Lau and Yang, 2003). The release of latent heat in the ascending air forms
clouds, and intense precipitation. The cooling air descends over the high pressure
systems in the Eastern Pacific, leading to relatively stable air and dry conditions at the
surface (Bjerknes, 1969). Due to the coupling of the Walker Circulation to SST, natural
variations of SST over the Pacific lead to changes in the circulation (Trenberth, 1997),
described as the El Niño–Southern Oscillation (ENSO). A warming phase is where SST
over the South American and the Eastern Pacific ocean region are above average for a
period of 5 months, known as the El Niño phase. This leads to a shift of convection to
the Eastern Pacific, reversing the direction of the Walker Circulation. La Niña phase
shows the opposite effect with decreased average SST over South America, increasing
the temperature gradient from the Eastern to Western Pacific. Both phases have larger
impacts over tropical and subtropical systems, such as extremes in weather causing
flooding and droughts (Dilley and Heyman, 1995).

The aim of this Chapter is to investigate the transport of ocean tracers in these
systems. Observations and model studies suggest that the Hadley Cell is expanding
with climate change (Fu et al., 2006; Archer et al., 2007; Lu et al., 2007; Seidel and
Randel, 2007; Seidel et al., 2008; Johanson and Fu, 2009) leading to a weakening of
the circulation. Also evidence has shown that increasing SST is leading to increased
convection intensity (Zhang, 1993; Sherwood and Wahrlich, 1999; Masunaga et al.,
2005; Su et al., 2006; Chou and Chen, 2010; Johnson, 2010; Posselt et al., 2012). I will
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Figure 3.2: Schematic showing the Walker circulation along the equator in ENSO–neutral
conditions. Wet areas is caused by ascending air with dry being caused by descending air.
Taken from Oliver (2005).
use the oceanic AoA tracer to determine how transport time–scales of oceanic tracers
can change over the tropics with respect to changes in the Walker Circulation, and over
a long–term in the tropical circulation systems. Age of air is compared to atmospheric
lifetimes of CHBr3 (24 days) and CH2 Br2 (123 days) to assess how these time–sales
relate to their transport in these tropical systems.
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3.2

Data and Methods

3.2.1

SF6 Data

SF6 data is from the network of ground stations as part of the National Oceanic and
Atmospheric Administration, Earth System Research Laboratory (NOAA ESRL, USA)
(Geller et al., 1997; Hall et al., 2011). A list of ground station data available is shown
in Table 3.1. The data set is a combination of co–located air measurement programs,
consisting of weekly flask and hourly in–situ Gas Chromatograph measurements as
part of the Halocarbons and other Atmospheric Trace Species (HATS) group. The
flasks started in 1995 and take measurements at 15 locations, averaged over a monthly
basis. The in–situ programme is a four channel gas chromatograph developed in 1998
that takes hourly measurements at 6 field sites. Precision of the flask measurements
lies at 0.04 ppt, calculated as one standard deviation of multiple measurements of
air from the flask cylinder containing natural air, and an estimated precision of 0.03–
0.05 ppt for in–situ data (Rigby et al., 2010; Peters et al., 2004). Table 3.1 lists the data
available from the combined data set provided by NOAA ERSL.

3.2.2

Model and Tracer Description

3.2.2.1

GEOS-Chem

Version v10-01 is used for this simulation, run at a global resolution of 2◦ x2.5◦ over
47 vertical levels and a time resolution of 30 minutes.

It is driven by NASA’s

Modern-Era Retrospective Analysis for Research and Applications (MERRA) long
term meteorological fields introduced in Section 2.2 (Rienecker et al., 2011). Monthly
mean mixing ratios of tracers (Table 3.2) are calculated from hourly global output over
the period 01/01/1988–01/03/2014, to include the CAST and CONTRAST studies.
For the purposes of this study 01/01–01/11/1988 have been excluded because it
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Table 3.1: Location of ground stations for combined flask and in situ SF6 observations. Start
year of data collection at each site is stated.

Code

Name

Lat.

Lon.

Alt.

[◦ N]

[◦ E]

[m asl]

Year

Obs.

ALT

Alert, Nunavut

82.4

-62.5

200

1995

flask

SUM

Summit

72.6

-38.5

3238

2004

flask, in–situ

BRW

Barrow, Alska

71.3

-156.6

11

1995

flask, in–situ

MHD

Mace Head, Ireland

53.3

-9.9

25

1998

flask

THD

Trinidad Head, California

41.1

-124.1

140

2002

flask

NWR

Niwot Ridge, Colorado

40.0

-105.6

3025

1995

flask, in–situ

KUM

Cape Kumukahi, Hawaii

19.5

-154.8

3

1995

flask

MLO

Muana Loa, Hawaii

19.5

-155.6

3397

1995

flask, in–situ

SMO

Cape Matatula, Samoa

-14.2

-170.6

77

1995

flask, in–situ

CGO

Cape Grim, Tasmania

-40.4

144.6

104

1995

flask

PSA

Palmer Station, Antarctica

-64.9

-64.0

10

2003

flask

SPO

South Pole

-90.0

–

2810

1995

flask, in–situ

90N
60N
30N
0
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Figure 3.3: Map showing locations of measurements stations for SF6 data listed in Table 3.1.
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does not have a complete cycle of each season. Section 2.3 describes the method
for calculating AoA tracers in GEOS–Chem. Initial conditions were provided for the
SF6 tracer giving mean atmospheric concentrations over a global grid, with all other
tracers being initiated in to empty model fields.

3.2.2.2

Age of Air Tracers

These model tracers have been included as part of this body of work but have been
submitted to the ongoing TransCom Age of Air comparison project, table 3.2 (http:
//ebcrpa.jamstec.go.jp/~prabir/papers/TransCom_AoA_protocol.pdf). Not all
have been included in the discussion of this chapter, but those that have are detailed
below.

The boundary conditions describe which part of the global model grid

are defined as B from Section 2.3. Tracer definitions describe over which regions
the boundary condition is initiated, e.g. ’Land’ tracer defines B in every surface
model grid box with land masses in them, fractional contributions being calculated
accordingly to give B f inal .

3.2.2.3

SF6 tracer

SF6 emissions are from the EDGAR (Emissions Database for Global Atmospheric
Research) 4.0 data base and are released in the model every 30 minute time step.
Annual global totals have been scaled according to Levin et al., 2010 which used
a top–down approach to calculate fluxes of SF6 . Annual total sources are slightly
reduced from EDGAR estimated in 1987, and show a drop after 1996 to a minimum
of 5.4±0.3 Gg yr−1 . They then show a steady increase to 7.2±0.4 Gg yr−1 . Emissions
in recent years have been extrapolated from 2012. Due to having such a long lifetime,
decay is not applied to the SF6 tracer for this experiment.
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Table 3.2: Description of the age of air tracers used in the TransCom experiments including
boundary conditions and atmospheric lifetime of each. Taken from the AoA protocol.

Tracer

Boundary Condition

Atmospheric Lifetime

222 Rn

Terrestrial emission

5.5 days (e-folding)

222 RnE

Terrestrial emission (EU spec)

5.5 days (e-folding)

e90

Surface emission

90 days

SF6

Surface emission

3200 year (no lifetime)

Surface

Whole Earth boundary layer

no lifetime (AoA tracer)

Stratosphere

Whole Stratosphere

no lifetime (AoA tracer)

Troposphere

Whole Troposphere

no lifetime (AoA tracer)

NH surface

NH boundary layer (>0◦ latitude)

no lifetime (AoA tracer)

SH surface

SH boundary layer (<0◦ latitude)

no lifetime (AoA tracer)

Land

All land masses in boundary layer

no lifetime (AoA tracer)

Ocean

All ocean masses in boundary layer

no lifetime (AoA tracer)

3.2.2.4

Oceanic Tracer

Oceanic age tracers most closely resemble emissions of VSLS, so they are focussed on
in this study. Comparing AoA with lifetimes representative of VSLS gases can give
an idea of how transport times over highly convective regions can influence VSLS
concentrations. The boundary condition, B, is initiated in the 100 m boundary above
all ocean surfaces. Ocean surface is defined from the land mask of GEOS–Chem, and
fractional contributions of the ocean are calculated to give the B f inal according to that
stated in Equation 2.2.
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3.3

Results

3.3.1

Comparison to SF6 observations

Figure 3.4 shows how GEOS–Chem represents long range interhemispheric transport
compared to observations. Global and hemispheric mean observations are calculated
from baseline observatories of BRW, SUM, NWR and MLO (NH) and, SMO and
SPO (SH). The plot shows mean model values averaged over the whole NH/SH
grid, and calculated from only baseline station measurements. Both observed and
model values show a ’lag–time’ of atmospheric concentrations in the SH reaching the
higher NH values where the station sites are nearer source regions. Average lag–
times for observations are 14 months, with model times increasing to 17 months and
21 months over the whole grid and baseline station sites, respectively. GEOS–Chem
interhemispheric transport is 3–7 months slower compared to observations showing
higher differences between the NH and SH SF6 concentrations.

Model NH/SH

difference values only correlate with ∼30% variability to observational difference over
a monthly period.
Figure 3.5 shows the time series of monthly mean observed and modelled SF6
mixing ratios over a global, northern hemisphere (NH) and southern hemisphere
(SH) scale, and at ground station sites listed in Table 3.1. The model reproduces the
monthly SF6 over the larger scales and at the ground station sites with perfect Pearson
correlation coefficients (r2 = 1.00). This is representing agreement between the annual
growth rate of atmospheric SF6 between model and observations at 0.24 ppt yr−1 .
Growth rates since 2008 have accelerated up to 0.29 ppt yr−1 which is captured by the
model at SUM when compared with observations starting in 2004 (Levin et al., 2010;
Rigby et al., 2010). The model appears to have an offset of around +0.20 ppt (0.22 to
0.67 ppt at NWR) from observed values. This could have been introduced from initial
model conditions as previous studies (Geller et al., 1997; Levin et al., 2010; Rigby et
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Figure 3.4: Time series (left) of monthly mean observed SF6 (black), against modelled values
averaged over the whole regional grid (red), and at regional specific baseline stations matching
observations (blue). Solid and dashed lines represent Northern and Southern hemispheres,
respectively, and average lag–times between NH and SH SF6 concentrations are shown. NH–
SH difference time series (right) for each profile are shown, with r2 correlation coefficients
between both modelled series with respect to observed values.
al., 2010) show lower global SF6 in 1988 of ∼1.80 ppt compared to the 2.00 ppt in the
model data. The larger offset at NWR (+0.65 ppt) could be caused by over estimated
initial conditions near emission sources, over terrestrial regions as this station sits
over 3000 m above sea level in central United States (Colorado). NWR station is a
baseline station when calculated global and hemispheric means in the observations.
The elevated concentration at this site in the model could lead to higher model values
when comparing NH means calculated solely from baseline stations, compared to
averaged over the whole NH grid.
Very short–lived tracers such as radon (222 Rn) with a lifetime of 3.8 days are
good at evaluating local atmospheric transport, e.g. in convection systems (Jacob and
Prather, 1990; Jacob et al., 1997; Considine et al., 2005). A recent study presented
by Zhang et al. (2017) showed that by increasing global emissions of

222 Rn

over N

America and Asia from the standard emission scenario (Liu et al., 2001), GEOS–Chem
concentrations of 222 Rn represent the observed variability with a Pearson correlation
coefficent of 0.63. This study used a GEOS–Chem simulation at 2◦ ×2.5◦ resolution, and
was driven by MERRA meteorological fields.

41

3.3 Results

Global
8
6

NH

mo: 0.25
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

SH

mo: 0.25
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

ALT

mo: 0.24
mm, o: 0.24
(m
m: 0.24)
r2: 1.00

mo: 0.24
mm, o: 0.24
(m
m: 0.24)
r2: 1.00

4
2

SUM
8

SF6 mixing ratio / ppt

6

BRW

mo: 0.29
mm, o: 0.29
(m
m: 0.24)
r2: 1.00

MHD

mo: 0.25
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

THD

mo: 0.25
mm, o: 0.26
(m
m: 0.24)
r2: 1.00

mo: 0.27
mm, o: 0.27
(m
m: 0.24)
r2: 1.00

4
2

NWR
8
6

KUM

mo: 0.25
mm, o: 0.25
(m
m: 0.25)
r2: 1.00

MLO

mo: 0.24
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

SMO

mo: 0.25
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

mo: 0.25
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

4
2

CGO
8
6

PSA

mo: 0.24
mm, o: 0.24
(m
m: 0.24)
r2: 1.00

1988

SPO

mo: 0.25
mm, o: 0.25
(m
m: 0.24)
r2: 1.00

mo: 0.24
mm, o: 0.24
(m
m: 0.24)
r2: 1.00

1996

2004

2012

Obs
Model

4
2
1988

1996

2004

2012

1988

1996

2004

2012

1988

1996

2004

2012

Year
Figure 3.5: Time series of monthly mean observed (±1σ ) (black) and modelled (red) SF6
mixing ratios at surface Global, NH and SH resolution, and at 12 ground stations sites (Table
3.1). Corresponding SF6 growth rates are shown for each data set (ppt yr−1 ) for observations,
mo (black), model data matching observation availability, mm,o (red), and model data over the
whole 1989–2013 period mm (italic red). Pearson correlation coefficients, r2 (blue), between
modelled and observed data are shown.

42

Chapter 3. Age of Air

90°N
45°N
0°

InO

WPa CPa

EPa SAm

45°S
90°S
0°

60°E

120°E

180°

120°W

60°W

Figure 3.6: Map showing boxes to describe regions in this discussion. Shows InO = Indian
Ocean, WPa = Western Pacific, CPa = Central Pacific, EPa = Eastern Pacific, and SAm =
South America.

3.3.2

Transport in the Tropics

3.3.2.1

Transport of Ocean Tracers to the TTL

Figure 3.7 shows probability density distributions of regional age for ocean emitted
tracers in the tropical tropopause layer (TTL) over the 1989–2013 period in the regions
described in Figure 3.6. As expected, the Western Pacific (WPa) and Indian Ocean
(InO) region show the most rapid convection to the TTL with a maximum probability
of air reaching the TTL within 25 and 23 days, respectively, as an annual average. The
seasonal break down reflects the strongest annual cycle of convection in these regions.
The age corresponding to peak probability density does not differ from the annual
profiles, but the probability, and thus frequency, of air reaching the TTL with that
age increase by ∼50% in winter (DJF) as expected. Convection in the WPa decreases
in summer (JJA), increasing the peak age to 35 days. In the InO region, the peak
probability density corresponds with the autumn (SON) season with a peak age of
21 days. This does not correspond with the majority of the summer monsoon (June–
September) which is responsible for peak convection over this region (Bergman et al.,
2012). JJA does show a broader distribution peak around 23 days suggesting that
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Figure 3.7: Probability density distributions of annual and seasonal age of oceanic tracers
in the TTL (13–16.5 km) from different geographical regions binned every 2 days from 0–
200 days. WPa = Western Pacific (blue), CPA = Central Pacific (red), EPa = Eastern Pacific
(black), InO = Indian Ocean (cyan), SAm = South America (yellow) and Atl = Atlantic Ocean
(grey). Averaged over 25S–25N. The age corresponding to peak probability density is also listed
for each region.
all systems increase in frequency. Central and Eastern Pacific (CPa and EPa) shows
increasing age of air easterly from the WPa over the Pacific in the Walker Circulation
with the youngest air corresponding with the SON and MAM seasons. The age of air
in the TTL in the Atlantic (Atl) and SAm (South American) regions is older than the
other regions due to weaker convection systems. Peak convection occurs in SON, with
peak age in SAm and Atl as 45 and 49 days respectively, reduced from a corresponding
annual mean of 55 and 53 days, respectively.

3.3.2.2

Convection under ENSO conditions

Figure 3.8 shows a time series of climatological age anomalies in the TTL in the WPa,
CPa, EPa, InO and SAm regions (top–bottom) against the multivariate ENSO index
(MEI, downloaded from NOAA ESRL https://www.esrl.noaa.gov/psd/enso/mei/)
(Wolter and Timlin, 1993; Wolter and Timlin, 1998). The WPa shows a seasonal cycle
with seasonal minimum corresponding to boreal winter, matched closely by the CPa
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and EPa systems. There is a decrease in seasonal minima in the CPa and EPa during El
Niño systems corresponding to increasing convection speeds in the Walker Circulation
in El Niño systems. Age of air in the EPa TTL decreases as the convectional upwelling
in the Walker circulation is shifted over the warmer CPa and EPa ocean. Younger
surface air will be directly transported to the CPa and EPa TTL, compared to the older
air the downwelling in ENSO–neutral conditions. The opposing change would be
expected to be seen over the WPa. In stron El Niño year of 1998, the seasonal minima
increases representative of decreased convection in the WPa. A very strong El Niño
over 1997–1998 also sees a decrease in the seasonal minimum over the SAm region.
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Figure 3.8: Climatological age anomaly of oceanic tracer age (black) in the TTL (13–16.5 km)
against multivariate ENSO index (MEI) (red) of the same geographical regions as 3.7 but
excluding Atl. Climatological anomaly is calculated by subtracting the climatological mean
(average age from 1989–2015) from the monthly average.

Figure 3.9 shows the corresponding correlations to Figure 3.8. The strongest
correlations between the ENSO index and age anomaly are in the Central and Eastern
Pacific. A negative age anomaly correlates with strengthening El Niño systems, in
agreement with changes shown in the time series. Conversely, a very weak (r2 =
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Figure 3.9: Regional correlations between ENSO index and climatological age anomaly,
showing accompanying Pearson correlation coefficient (r2 ) values.

0.02) correlation is seen over the WPa showing that its climatological age anomaly
is not influenced by ENSO systems. The opposed relationship would be expected
over this region compared to the CPa and EPa, however it is poorly described in
monthly climatological age anomalies. A slightly stronger correlation (r2 = 0.10) is
seen over InO regions, with El Niño systems corresponding to a positive age anomaly,
suggesting that there is decreased convection over this region.
Figure 3.10 shows the age profile and climatological age anomaly for the
months of January and February, 2014, corresponding tot he CAST and CONTRAST
campaigns.

Conditions during the CAST and CONTRAST were close neutral

conditions. The youngest air is seen in the convection systems over the WPa at around
25–30 days in the UT. Convective mass flux during this period was stronger than
the climatological average, however this only decreased age within the low to mid–
troposphere by ∼3 days. Air in the UT can have an age 11 days younger than ENSO
neutral conditions. The majority of observations took place in the WPa, that showed
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Figure 3.10: Vertical mean profiles of mean oceanic tracer age (left) and climatological age
anomaly (right) over the Pacific (averaged over 25S–25N) for Jan/Feb 2014 of the CAST and
CONTRAST campaigns. The right plot shows contour lines of climatological convective mass
flux anomaly (10−4 kg m−2 s−2 ), with dashed and solid contours representing negative and
positive anomalies, respectively. Dotted hatching shows t–test significance of less than the 95th
percentile from the mean age profile, which is averaged over 01/01/1989–01/03/2014. Vertical
dashed lines indicates the Pacific region focussed on during the campaigns.

very little difference from ENSO neutral conditions, implying CAST and CONTRAST
observations are representative of the mean climatology over this region.
Figure 3.11 shows the climatological age anomaly for the strongest four mean El
Niño and La Niña years ranked by annual mean MEI index over the equator. The
biggest difference in vertical age profiles can be seen in strong El Niño systems. AoA
over the CPa and EPa decreases by around 5–7 days over the mid–troposphere, and by
over 15 days in the UT aligning with a decrease in seasonal minimum seen in Figure
3.8. This corresponds with an increase in age of air over the WPa by 1–7 days. It
shows a migration of convective upwelling systems from the WPa to the CPa and EPa
regions. The corresponding changes in the climatological convective mass flux shows
that convective is increasing over the CPa and EPa, and decreasing over the WPa. In
1998, convection increases only in the Epa, increasing the age in WPa and CPa regions
by 7–9 days. La Niña systems show the opposite behaviour, although the change in
age of air is only ±5 days. Convection is increased over the WPa region decreasing
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Figure 3.11: Age anomaly of the strongest El Niño (top) and La Niña (bottom) years from
the mean the climatological age (averaged over 01/01/1989–01/03/2014), over the Pacific
region averaged over 25S–25N. Contour lines show climatological convective mass flux
anomaly (10−4 kg m−2 s−2 ) with dashed and solid contours representing negative and positive
anomalies, respectively. Dotted hatching shows a t–test significance of less than the 95th
percentile from the mean climatological age profile. Vertical dotted line shows the boundary
of the Western/Central Pacific and dot-dash line the Central/Eastern Pacific. Plots are ordered
by strength of mean annual MEI, with titles giving MEI values for the year.
the mean age, and the opposite is seen in the CPa and EPa.
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3.3.2.3

Changes in the Hadley Cell

Figure 3.12 shows the mean annual and seasonal age profile from the surface to
10 km for 01/12/1988–30/11/2013. Surface to 10 km was chosen to represent a
significant portion of the Hadley Cell and mid–troposphere. The youngest air is
seen over the equator for annual, DJF and MAM profiles, while the JJA and SON
profiles see a poleward shifting of the Hadley Cell northward. The centre of the HC
shows youngest AoA that increases in age as the air travels poleward away from the
strongest convection. This increase in age of air is observed until around 30◦ S/N. In
the SH, the mean AoA starts to decrease again to 60◦ S that indicates the rising air
of the extratropical (Ferrel) and Polar atmospheric circulation cells. In the NH, these
circulation cells are not as clear. This is likely due to the extent of land masses over the
NH disrupting the age profiles of the oceanic AoA tracer. The boundaries of older AoA
between the systems of young age indicate the descending branches of the circulation
cells. Mean AoA will increase in the descending profile with increasing time away
from the source region (equator). It shows the descending branch of the Hadley Cell
to be around 30◦ S/N as expected. The age at these boundaries appears to be almost
constant from 1989–2013 but show some changes in latitudinal extent.
Figure 3.13 shows the change in age from 1989 at 30 ◦ S/N for the annual and
seasonal time series. The SH edge is decreasing in age faster than the NH edge, which
showed an increase in age until ∼2000. These changes at the boundaries of the Hadley
Cell are representative of its poleward expansion (Fu et al., 2006; Hu and Fu, 2007;
Seidel et al., 2008) assuming the age at the Hadley Cell boundary remains constant.
In previous studies it has been shown that the SH boundary is expanding at a faster
rate than the NH, particularly over the austral summer (DJF) (Choi et al., 2014), which
is shown as age at 30◦ S can be up to ∼4.5 days younger than 1989. After 2005–2007
the AoA at the Hadley boundaries begins begins to increase again to near 1989 age.
The strong El Niño in 1998 shows a significant effect in the NH edge over all seasons
increasing the age at 30◦ N by 2–3 days.
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Figure 3.12: Annual pressure–weighted mean age from the surface to 10 km as a function of
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Figure 3.14 shows the annual time series of tropospheric Hadley Cell centre mean
(HCM), and Tropical median age (TM) in the lower troposphere and TTL for the
Global, Western Pacific (WPa) and Indian Ocean (InO) regions. Corresponding annual
and seasonal gradients are listed in Table 3.3. The Hadley centre is defined as 0◦ for
the winter (DJF) and spring (MAM) profiles, 4◦ N for the annual, and 6◦ N for JJA and
SON seasons. The HCM describes the strongest area of convection upwelling in the
Hadley cell. The WPa shows the fastest change over an annual period, with all seasons
showing decreasing age over a decadal average. Global and InO regions show that
HCM age is not changing over a decadal period, but also seen to be increasing over
most seasons. This suggests that convection in the Hadley centre shows no significant
change over the study period, except in the WPa region. Changes in HCM values from
1989 show variation in ±10 days, with exception of 1998 which was a strong El Niño
year.
Changes in the TM age show a negative gradient over the annual time period in
all regions, with the strongest changes occurring in the WPa, in the SON season. In
each region, the TM age is decreasing fastest within the TTL, including at a rate of
–6.3 days dec−1 in InO. This corresponds to the season with the youngest peak age
in the TTL (Figure 3.7) over the InO region. The fastest change in the WPa TTL is
also occurring over the strong convection season of DJF, although its fastest change in
the lower to mid–troposphere is in SON. SON shows TM age in decreasing the fasted
over all regions within the lower to mid–troposphere, and in the TTL within InO and
Global regions. Age within the TTL has decreased by up to 25 days over the WPa
region from 1989 values. Despite central Hadley convection not showing significant
changes throughout the troposphere, AoA within the tropics is decreasing. The AoA
within the WPa and InO regions are decreasing to within 10 days of the lifetime of
CHBr3 (24 days).
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Figure 3.14: Global Hadley centre mean (HCM, Hadley centre ±6◦ ) and tropical median
age averaged over an annual period in Global (black), Western Pacific (blue) and Indian
Ocean (orange) regions. HCM ages are pressure weighted averages up to an altitude of
13 km, just below the start of the TTL. TM age is calculated within the tropical region of
the equator±25◦ and up to 13 km, and within the TTL (13–16.5 km). Dotted lines show the
gradient of the lines, with values shown in Table 3.3. Right shows the respective percentage
change from 1989 values over each profile. The horizontal dashed line indicates 0% change
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Table 3.3: Seasonal gradient change of HCM and TM age over over a Global, WPa, and InO
region, averaged up to 13 km. The changing gradient change of TM median age within the
TTL (13–16.5 km) are shown in italics

Gradient for HCM;TM age (days dec−1 )
Gradient for TTL TM age (days dec−1 )

Global

WPa

InO

54

Annual

DJF

MAM

JJA

SON

0.1; –0.5

0.4; –0.1

0.2; –0.1

0.1; –0.4

–0.5; –0.8

–2.2

–1.9

–1.4

–1.8

–4.0

–0.4;–1.2

–0.2; –0.7

–0.4; –0.8

–0.2; –0.6

–1.0; –1.1

–2.5

–2.9

–2.5

–1.1

–2.7

0.0;–0.7

0.0; –0.4

–0.2; –0.2

0.2; –0.6

0.0; –0.6

–2.9

–4.7

–3.6

–1.1

–6.3
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3.4

Discussion

GEOS–Chem long range interhemispheric transport is slower than that seen in
observations of SF6 by 3–7 months. The model reproduces the observed annual
growth rate of atmospheric SF6 with perfect Pearson correlation coefficients when
using the top–down derived Levin et al. (2010) SF6 emission scenario.

Recent

studies of the short–lived 222 Rn show that MERRA meteorological fields give a good
representation of observed concentrations, corresponding to more rapid transport
systems (Zhang et al., 2017). Convection of the oceanic age tracers investigated in
this study will be more effected by the representation of shorter–lived tracers such as
222 Rn.

An oceanic age of air tracer was used to understand the transport of gases emitted
over the tropical oceans (e.g. CHBr3 and CH2 Br2 ). It showed over the period of 1989–
2013, the air over the strongest convective regions of the WPa and InO reached the
TTL within 25 days, close to the atmospheric lifetime of CHBr3 of 24 days. Peak
probability density of the youngest age in the WPa occurred over winter, and autumn
over the InO, corresponding to peak convection in the WPa, but later than that for InO
(Bergman et al., 2012). Peak convection season over the InO region corresponds to JJA,
which saw a broader peak of age probability density at 23 days, suggesting that the
varying speed of convection over the region. Each season shows an increasing peak
age from the WPa to the CPa and EPa indicative of the Walker Circulation. SAm and
Atl regions show weak convection up to the TTL with air reaching the TTL around
45–65 days after emission, with the youngest peak occurring over autumn.
Climatological age anomaly during the period of the CAST and CONTRAST
campaigns shows that AoA over the region was 1–3 days younger due to slightly
increased convection in the region. The majority of the profile showed no significant
difference from mean age profiles showing that the measurements during the
campaigns were representative of mean climatology in the Pacific. Climatological
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mean age anomaly in the CPa and EPa TTL correlate with ENSO index with a negative
relationship; negative age anomalies correspond to El Niño systems, and vice versa.
The corresponding change is not observed within the WPa systems, and only weakly
observed in the InO region. Age decreased by 5–7 days over the EPa and CPa regions
in El Niño systems, corresponding to increased convection over source regions. La
Niña systems showed the opposite effect with increased convection over the WPa, but
only changed AoA by ±3 days.
Age of Air was used to show how transport over the tropical latitudes is
changing. Seasonal mean age profiles over the mid–troposphere show a distinct
central band of young equatorial age decreasing with poleward transport in the
Hadley Cell.

It shows movement around the equator depending on season; a

northward shift in the summer and autumn seasons. Mid to high latitudes in the
NH show more well mixed and stable age of air, with the SH showing locations of the
Ferrel and Polar Circulations. Observational and model studies (Fu et al., 2006; Hu
and Fu, 2007; Seidel and Randel, 2007; Archer et al., 2007; Seidel et al., 2008; Johanson
and Fu, 2009) agree that the Hadley extent is increasing and the AoA analysis shows it
changing most rapidly over the SH boundary. A latitudinal cross–section at 30◦ S/N,
estimate of Hadley Cell extent shows that age of air over this boundary can be –
4.5 days younger than 1989 ages over the boreal winter, in agreement with previous
findings (Choi et al., 2014). Whilst the NH boundary edge is either older, or relatively
unchanged from 1989 values.
The WPa region is changing faster over the mid–latitudes than over the InO
region, or on a global tropical scale. It is the only region that shows increased
convection over the Hadley Centre with a decreasing HCM over a decadal gradient.
The TM age over all tropical regions and seasons is decreasing. The fastest rate of
change in the WPa and InO corresponds to their peak probability of younger UT AoA
seasons of DJF and SON, respectively. TM age in the TTL during SON over the InO
region is decreasing at a rate of 6.3 days dec−1 . The magnitude of this change is not
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observed in the lower–mid tropospheric gradients, however the maximum changes
in the lower troposphere and TTL occur in the same season. This analysis does
not allow a conclusion as to why the magnitude of change is so different between
the two altitude ranges. The change of TM age in the TTL could be representative
of decreasing residence times in the TTL which are dominated by radiation effects
(Gettelman, 2004). A high resolution study of the TTL is required to determine these
changes.
The age of air study of oceanic tracers shows long term trends over the tropics
that will have relevance for the transport of short–lived tracers. With AoA in the
tropics decreasing, especially in the TTL, more air masses with ages representative
of the lifetimes of short–lived gases (e.g.

CHBr3 , 24 days), will be transported

through the mid–troposphere and in to the TTL. This makes it even more important to
understand the emissions of these oceanic trace gases to evaluate their future impact
on UTLS chemistry in these high convection regions.
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CHAPTER

Quantifying source contribution of
CHBr3 and CH2Br2 over the Western
Pacific
ABSTRACT
GEOS–Chem is used to interpret atmospheric observations of bromoform (CHBr3 )
and dibromomethane (CH2 Br2 ) collected during the CAST and CONTRAST aircraft
measurement campaigns over the Western Pacific, January–February, 2014.

The

tagged CHBr3 and CH2 Br2 version was used to allow quantification of the influence
from different geographical source regions on their atmospheric concentrations. The
model describes 32%–37% of CHBr3 and 15%-45% of CH2 Br2 observed variability
during CAST and CONTRAST, reflecting model errors in vertical transport. The
model has a mean positive bias of 30% that is larger near the surface reflecting
errors in the poorly constrained prior emission estimates. Atmospheric concentrations
of CHBr3 and CH2 Br2 are driven by open ocean emissions where there is deep
convection. Atmospheric variability above >6km includes a significant contribution
from coastal oceans, but it is still dominated by emissions from the open ocean and by
older air masses that originate upwind. The age of air simulation is used to determine
the relative abundance of halogens delivered by CHBr3 and CH2 Br2 to the tropical
transition layer (TTL) independent of emission estimates. 76% (92%) of air masses
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that originate from the ocean reach the TTL within two (three) atmospheric e-folding
lifetimes of CHBr3 and almost all of them reach the TTL within one e-folding lifetime
of CH2 Br2 . Over the duration of CAST and CONTRAST, and over the study region,
oceans delivered a mean (range) CHBr3 and CH2 Br2 mole fraction of 0.46 (0.13–0.72)
and 0.88 (0.71–1.01) pptv, respectively, to the TTL, and a mean (range) Bry mole fraction
of 3.14 (1.81–4.18) pptv from source gases to the upper troposphere.

Author Contributions: This work has been submitted for review in Atmospheric
Chemistry and Physics Discussions (Butler et al., 2016). I completed the research
using the tagged model developed by my colleague Liang Feng. My supervisor Paul
Palmer helped with preparation of the submitted manuscript with comments from all
co-authors.
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4.1

Introduction

Quantifying the magnitude and variation of natural VSLS fluxes to the stratosphere
is a research priority for environmental science due to their contributions to
stratospheric halogen budgets. Bromoform (CHBr3 ) and dibromomethane (CH2 Br2 )
represent >80% of the organic bromine in the marine boundary layer and upper
troposphere and are dominated by marine sources (Montzka et al., 2011b). Aircraft
observations of CHBr3 and CH2 Br2 collected over the western Pacific in January
and February 2014 are used to quantify the transport of these compounds to the
stratosphere. The atmospheric lifetime of CHBr3 is ∼24 days, determined primarily by
photolysis and to a lesser extent by OH oxidation. CH2 Br2 has an atmospheric lifetime
of ∼123 days determined by OH oxidation (Ko and Poulet, 2003). This contribution
mainly originates from areas of deep convection over the tropical Indian ocean,
Western Pacific, and off the Pacific coast of Mexico (Aschmann et al., 2009; Ashfold
et al., 2012; Fueglistaler et al., 2004; Gettelman et al., 2002; Hossaini et al., 2012b).
Previous model-based calculations (Aschmann and Sinnhuber, 2013; Tegtmeier et al.,
2012; Liang et al., 2014; Hossaini et al., 2012b) have estimated that 15%-75% of the
stratospheric inorganic bromine budget from VSLS is delivered by source gases, with
uncertainty of the total Bry reflecting uncertainty of wet deposition of product gases
in the UTLS (Sinnhuber and Folkins, 2006; Liang et al., 2014).
The main sources of CHBr3 and CH2 Br2 include phytoplankton, diatoms, and
various species of seaweed (Carpenter and Liss, 2000; Carpenter et al., 2014; Quack
and Wallace, 2003).

The magnitude and distribution of these emissions reflect

supersaturation of the compounds and nutrient-rich upwelling waters (Quack et
al., 2007). Tropical, subtropical and shelf waters are important sources of CHBr3
and CH2 Br2 with high spatial and temporal variability (Ziska et al., 2013). Current
emission inventories, informed by sparse ship-borne and atmospheric data, have large
uncertainties, especially with regards to spatial distribution (Warwick et al., 2006;
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Liang et al., 2010; Ordóñez et al., 2012; Pyle et al., 2011; Ziska et al., 2013; Hossaini
et al., 2013). These emission estimates can vary UT VSLS estimation within a range
of 2–7 pptv, making it important to understand how these source regions are effecting
these estimates.
Active biological waters that coincide with regions of strong convection represent
the major sources of VSLS to the upper troposphere (UT) and tropical tropopause
layer (TTL) (Section 1.2). TTL temperatures vary zonally with the smallest values
between 130◦ –180◦ E throughout the year. This region corresponds to the tropical
warm pool over the Western Pacific, where convective activity is largest (Gettelman et
al., 2002). Estimates of VSLS concentrations within this region are highly dependent
on the strength and spatial variability of source regions, and how they couple with
atmospheric transport mechanisms.
GEOS-Chem is used to estimate the atmospheric transport of CHBr3 and CH2 Br2
to the TTL over the western Pacific using measurements collected during two
coincident airborne campaigns: the Coordinated Airborne Studies in the Tropics
(CAST) and CONvective TRansport of Active Species in the Tropics (CONTRAST),
January and February 2014 (Harris et al., 2016; Pan et al., 2016). In section 4.2.1, the two
campaigns and the data used are described. Section 4.3 describes model simulations
used, and how it is used to interpret CHBr3 and CH2 Br2 data. Section 5.5 shows
results of model evaluation and these model experiments. The Chapter is concluded
in section 4.5.
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4.2

Observational data

4.2.1

CAST and CONTRAST CHBr3 and CH2 Br2 mole fraction data

CHBr3 and CH2 Br2 mole fractions from the CAST and CONTRAST aircraft campaigns
are used to inform model estimates over the Western Pacific region (Harris et al., 2016;
Pan et al., 2016). Full details of data collection and analysis can be found in Andrews
et al. (2016), here brief details are included about the CHBr3 and CH2 Br2 data.
Figure 4.1 shows the spatial distribution of whole air samples (WAS) collected
during CAST and CONTRAST. For CAST, WAS canisters were filled aboard the
Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 aircraft. These
canisters were analysed for CHBr3 and CH2 Br2 and other trace compounds within 72
hours of collection. The WAS instrument was calibrated using the National Oceanic
and Atmospheric Administration (NOAA) 2003 scale for CHBr3 and the NOAA 2004
scale for CH2 Br2 . For CONTRAST, a similar WAS system was employed to collect
CHBr3 and CH2 Br2 measurements on the NSF/NCAR Gulfstream-V HIAPER (Highperformance Instrumented Airborne Platform for Environmental Research) aircraft.
A working standard was used to regularly calibrate the samples, and that working
standard was calibrated using a series of dilutions of high concentration standards that
are linked to the National Institute of Standards and Technology standards. The mean
absolute percentage error for CHBr3 and CH2 Br2 measurements between 0−8 km is
7.7% and 2.2%, respectively, representing the combined error between the two WAS
systems and two accompanying GC/MS instruments.
Table 4.1 shows mean measurement statistics of CHBr3 and CH2 Br2 for the
CAST and CONTRAST campaigns. CHBr3 is generally more variable than CH2 Br2
throughout the study region, reflecting its shorter atmospheric lifetime, so that
sampling differences between CAST and CONTRAST will introduce larger differences
for this gas. CAST measurements of CHBr3 are typically lower than for CONTRAST,
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Figure 4.1: Distribution of measurements of CHBr3 and CH2 Br2 from the CAST (left)
and CONTRAST (right) aircraft campaigns as a function of altitude (km). Relevant island
waypoints are shown inset: Guam (G), Palau (P), and Chuuk (C).

but CAST recorded the highest and lowest CHBr3 mole fractions at 0−2 km and
6−8 km, respectively. The TTL is defined from 13 km (Pan et al., 2014) to the local
tropopause determined from the GEOS–FP analysed meteorological fields, described
in Section 2.2. CONTRAST measured a minimum CHBr3 value indistinguishable
from zero just below the TTL at 10–13 km. Measurements of CH2 Br2 are generally
consistent between CAST and CONTRAST at all altitudes. There is only a small
vertical gradient for CH2 Br2 above 2 km with a mean value of ∼0.91 pptv. CONTRAST
measured the lowest value of 0.21 pptv just below the TTL. Within the TTL,
CONTRAST reports mean (maximum) values of 0.42 pptv (0.85 pptv) and 0.84 pptv
(1.05 pptv) for CHBr3 and CH2 Br2 , respectively, providing some evidence of rapid
convection of surface emissions to the upper troposphere.
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0.62, 0.17, 0.24−1.00; 43
0.59, 0.25, 0.00−1.38; 130

0.44, 0.17, 0.03−0.79; 59

0.38, 0.25, 0.02−0.81, 53

0.48, 0.34, 0.14−0.82; 2
–
–

4−6

6−8

8−10

10−13

TTL

0.48, 0.16, 0.18−1.17; 280

0.60, 0.20, 0.24−1.01; 43

0.56, 0.18, 0.20−1.12; 65

0.62, 0.18, 0.29−1.24; 48

0.61, 0.16, 0.29−0.98; 147

2−4

CONTRAST
x, 1σ , & range [ppt]; n
0.89, 0.23, 0.51−1.55; 75

CAST
x, 1σ , & range [ppt]; n
0.95, 0.45, 0.42−3.00; 502

Altitude
km
0−2

CHBr3

–

–

0.90, 0.13, 0.77−1.03

0.85, 0.11, 0.63−1.06

0.88, 0.06, 0.69−1.00

0.91, 0.05, 0.73−1.06

CAST
x, 1σ , & range [ppt]
1.01, 0.13, 0.72−1.64

0.86, 0.08, 0.64−1.06

0.87, 0.19, 0.21−1.10

0.93, 0.09, 0.72−1.07

0.90, 0.10, 0.70−1.06

0.91, 0.09, 0.73−1.12

0.94, 0.09, 0.78−1.13

CONTRAST
x, 1σ , & range [ppt]
1.07, 0.11, 0.83−1.27

CH2 Br2

Table 4.1: Mean measurement statistics for CHBr3 and CH2 Br2 mole fraction data as a function of altitude for CAST and CONTRAST aircraft
campaigns. x, σ , and n denote the mean value, the standard deviation, and the number of data points used to determine the statistics.
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Table 4.2: Location and code of NOAA/ESRL ground-based stations. All located at the surface
with exceptions of SUM (3210 m), MLO (3397 m) and SPO (2810 m).

Station

Name

Lat

Lon

ALT

Alert, NW Territories, Canada

82.5◦ N

62.3◦ W

SUM

Summit, Greenland

72.6◦ N

38.4◦ W

BRW

Pt. Barrow, Alaska, USA

71.3◦ N

156.6◦ W

MHD

Mace Head, Ireland

53.0◦ N

10.0◦ W

LEF

Wisconsin, USA

45.6◦ N

90.2◦ W

HFM

Massachusetts, USA

42.5◦ N

72.2◦ W

THD

Trinidad Head, USA

41.0◦ N

124.0◦ W

NWR

Niwot Ridge, Colorado, USA

40.1◦ N

105.6◦ W

KUM

Cape Kumukahi, Hawaii, USA

19.5◦ N

154.8◦ W

MLO

Mauna Loa, Hawaii, USA

19.5◦ N

155.6◦ W

SMO

Cape Matatula, American Samoa

14.3◦ S

170.6◦ W

CGO

Cape Grim, Tasmania, Australia

40.7◦ S

177.8◦ E

PSA

Palmer Station, Antarctica

64.6◦ S

64.0◦ W

SPO

South Pole

90.0◦ N

–

4.2.2

NOAA ground-based CHBr3 and CH2 Br2 measurements

Table 4.2 summarises the independent surface measurements of CHBr3 and CH2 Br2
collected by the NOAA Earth System Research Laboratory (ERSL) used to evaluate
the tagged–VSLS version of GEOS–Chem on a global scale. This evaluation was
undertaken to report on model performance and is not used to provide additional
data over the Western Pacific.
These measurements are part of the ongoing NOAA/ESRL global monitoring
program (http://www.esrl.noaa.gov/gmd). CHBr3 and CH2 Br2 measurements are
obtained approximately weekly using paired steel flasks, which are then analysed
by GC/MS. Further details about their sampling are given in Montzka et al., 2011a.
Model evaluation uses mean monthly statistics at each site from 1st January 2005 to 31
December 2011.
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4.3

Model Simulations

4.3.1

Tagged CHBr3 and CH2 Br2 Simulation

The tagged–VSLS simulation described in Section 2.4 is used to interpret CHBr3 and
CH2 Br2 measurement data from CAST and CONTRAST campaigns. The model is
driven by GEOS–FP meteorological fields (Section 2.2) and run at a spatial resolution
of 2◦ latitude × 2.5◦ longitude over 47 vertical levels, with a top pressure of 0.01 hPa.
Dynamic tropopause height and convective mass flux (CMF) from the meteorological
fields are given on a 1–hourly and 3–hourly averaging period, respectively. The
model is sampled at the time and location corresponding to CAST and CONTRAST
measurements.
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Figure 4.2: Surface emissions of CHBr3 (1013 kg m−2 s−1 ) and CH2 Br2 (1014 kg m−2 s−1 )
taken from Liang et al., 2010 for the time and region of the CAST and CONTRAST campaigns.

Figure 4.2 shows the magnitude and spatial distribution of the prior emissions of
CHBr3 and CH2 Br2 (Liang et al., 2010). These emission estimates were derived from
airborne measurements in the troposphere and lower stratosphere over the Western
Pacific and North America. Liang et al., 2010 has global annual totals of 396 Gg Br yr−1
for CHBr3 and 57 Gg Br yr−1 for CH2 Br2 . These emissions integrated over the
geographical region and duration of the campaign are 3 Gg Br and 0.4 Gg Br for CHBr3
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and CH2 Br2 , respectively. Emissions are temporally distributed every 30 minutes
without any seasonal or diurnal variation. A lack of seasonality in emission estimates
will effect model concentrations as the temporal resolution will not capture localised
variations in emissions captured during the measurement campaigns. The age of air
simulation is used to assess the strength of these emission regions regardless of the
magnitude and resolution of CHBr3 and CH2 Br2 emissions, however this disparity in
resolution is likely to effect the model interpretation of observations.
Figure 4.3 shows the ocean (open and coastal) tagged tracer regions used in
the GEOS–Chem model. These geographical definitions are informed by the NOAA
ETOPO2v2 Global Relief map (National Geographic Data Center, NOAA, 2006),
which combines topography and ocean depth data at 2 minute spatial resolution:
heights between 0 and -200 m are defined as coastal oceans; and heights below 200 m are open ocean. Each 2 minute cell that falls within a model grid box is
assigned as coastal or open ocean. Each model grid box can then be described as
fractional contributions (Rx ) to the open and coastal ocean tagged regions. Elevated
coastal emissions from the inventory have been included in to the coastal tracer.
Individual tracers are assigned to major islands within the study domain, including
Guam (13.5◦ N, 144.8◦ E), Chuuk (7.5◦ N, 151.8◦ E), Palau (7.4◦ N, 134.5 ◦ E), and Manus
(2.1 ◦ S, 147.4 ◦ E). These island land masses are assumed to account for 100% of a grid
box irrespective of whether their area fills the grid box. This gives a total of 18 tagged
tracers, evenly split between CHBr3 and CH2 Br2 including the total, and background
tracers.
For model evaluation using the CAST/CONTRAST data, tagged tracers are
initialised in January 2014 in accordance with total, background and tagged tracer
definitions in Table 2.3. Bias between modelled and observed values is calculated
using:

Bias =
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100
modi − −obsi
Σi
Ni max(modi , obsi )

(4.1)

Chapter 4. Quantifying CHBr3 and CH2 Br2 over the WPa

Ocean
20°N

P

5°N

G

Open ocean

C

P

G

Coastal ocean

C

P

G

C

10°S
110°E

130°E

150°E

0.0

170°E
0.2

110°E
0.4

130°E

150°E

CHBr3 flux / x 10

170°E
0.6

13

110°E

kg m 2 s

1

0.8

130°E

150°E

170°E
1.0

Figure 4.3: Flux of CHBr3 from total, open, and coastal ocean tracers. Guam (G), Palau (P)
and Chuuk (C).

where modi is modelled values and obsi is observed (Balkanski et al., 1993; Jørgensen
and Sjøberg, 2003). This method calculates the relative bias to observed values in
case of under estimation, and vice versa for modelled values. It is used because
relative model bias can be too heavily weighted to overestimation in the model as
overestimated bias values have no upper limit, whereas underestimated values have
a maximum value of –100% (Miyazaki et al., 1994).

For global model evaluation using the NOAA data, described above, model
total tagged tracers are initialised in January 2004 with near-zero values and run
the simulation to January 2013. Individual source regions are not being explicitly
investigated in this evaluation, so only total tracers are needed to compare with
observations. The first model year is discarded to minimize the impact of the initial
conditions. Monthly mean statistics are calculated from 01/01/2005–31/12/2011 to
compare with NOAA data. it is driven by the predecessor operational product to
GEOS–FP meteorological fields, GEOS5, as GEOS–FP is not available for this time
frame. GEOS5 differs from GEOS–FP with a coarser native resolution (0.5◦ latitude ×
0.666◦ longitude), and temporal resolution of 3 and 6–hourly averaging for 2–D and
3–D fields, respectively.
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4.3.2

Age of air simulation

The age of air simulation is used to understand how short-lived halogenated
compounds are transported to the TTL, independent of emission inventories (Section
2.3). The model is initialised in July 2013 and run for six months until the start of
March 2014 so that at least one e-folding lifetime of CH2 Br2 has been achieved before
the start of the campaign period. The resulting 3-D fields of model tracer mixing ratios
(X) are sampled at the time and location of CAST and CONTRAST measurements,
which are converted to age of air using Equation 2.3.
To explicitly evaluate marine convection in GEOS–Chem, a short-lived tagged
tracer simulation was developed with an e-folding lifetime of four days, comparable
to that of methyl iodide (CH3 I) in the tropics (Carpenter et al., 2014). The tracer is
emitted with an equilibrium mole fraction of 1 pptv over all oceanic regions described
in Figure 4.3. The model is initialised on 01/01/2014 with an empty 3-D atmospheric
field and run for two months until 01/03/2014. Model output is archived every two
hours and the model is sampled along the aircraft flight tracks.
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4.4

Results

4.4.1

Model Evaluation

4.4.1.1

NOAA Surface Mole Fraction Measurements

Figure 4.4 shows that the majority of station sites have a positive model bias with
magnitude varying depending on location. Mid-latitude stations (LEF–NWR) have
similar bias values of 30–40% (10–20%) for CHBr3 (CH2 Br2 ). At the tropical sites,
which are comparable with the campaign region, the model bias varies strongly
depending on location. This inconsistency will represent the large variability of
convective events over the region, as well as errors in model emissions estimates
and chemistry. KUM and MLO both sit on Hawaii, with KUM and SMO being a
near surface coastal station and MLO sitting at an elevated altitude of 3397 m. Model
bias calculated for MLO (60%) is much greater than the other two near surface sites
(<10%). It does capture annual variability of CHBr3 (CH2 Br2 ) with the strongest
annual correlation r2 values of 0.75 (0.55). All coastal sites (with exception of ALT) near
emission sources have low r2 values (<0.4) suggesting the model does not capture
local variations in emissions well.
Seasonal variations within model bias and correlations of CHBr3 and CH2 Br2
are shown in Table 4.3. The campaign season of DJF is poorly constrained within the
model at all sites with an r2 < 0.5 for both gases. The annual correlation at sites appears
to be dominated by other seasons. Within the tropical stations, model bias increases
from the annual at KUM to around 20%, with no correlation to observed values. MLO
and SMO show a similar seasonal bias to the annual indicating the effect to be local to
the KUM station site.
Figure 4.5 shows that the model reproduces the seasonal cycle well at all three
tropical sites. The emissions at these sites are not scaled seasonally, the phase is
representative of the chemistry at these sites. The shorter lived CHBr3 profile is
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Figure 4.4: Mean annual percentage model bias (blue) calculated at NOAA ground station
sites (Table 4.2) for CHBr3 (dots) and CH2 Br2 (crosses). The horizontal dashed line denotes
zero bias. The right-hand-side y axis describes the ability of the model to reproduce observed
variations (r2 ) (red). The vertical dotted lines define the tropical stations.
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Table 4.3: Seasonal break down of statistics for NOAA ground station sites (Table 4.2) showing r2 correlations between observed and
climatological monthly mean CHBr3 and CH2 Br2 mole fraction data and corresponding model bias values.
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Figure 4.5: Observed (green) and model (blue) mole fractions of (a) CHBr3 and (b) CH2 Br2
at tropical NOAA sites. The seasonal cycle is shown as the climatological monthly mean
anomaly calculated by subtracting the annual mean from the climatological monthly mean
(pptv). Horizontal bars on observed values denote ±1σ .

dominated by its loss from photolysis whereas the CH2 Br2 cycle is dominated by
oxidation with OH. The amplitude of the seasonal cycle is overestimated in CHBr3
at MLO, and to a lesser extent KUM. This can be indicative of local biases within
photolysis loss rates and/or emissions. The same effect is not shown within the
CH2 Br2 suggesting there is not a similar problem associated with OH fields. This
is concurrent with a recent multi-decadal analysis of carbon monoxide (Mackie et al.,
2016) at higher northern latitudes that does not support a major problem with similar
GEOS–Chem monthly 3-D fields of OH.
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4.4.1.2

CAST and CONTRAST mole fraction measurements

Figure 4.6 shows that CAST and CONTRAST observed and model vertical profiles
CHBr3 and CH2 Br2 have an inverted ’S’ shape (Harris et al., 2016; Pan et al.,
2016). This suggests that GEOS-Chem has skill in describing the the broad-scale
atmospheric transport over the study region. From Pearson correlation coefficients,
GEOS-Chem reproduces more than 30% of the observed regional variability of CHBr3
from CAST and CONTRAST and between 15% (CAST) and 45% (CONTRAST) of
the observed variability of CH2 Br2 . Figure 4.6 also shows that GEOS-Chem has a
positive balanced relative model bias of 30% for both campaigns. The relative model
error is reasonably constant with altitude for CHBr3 and CH2 Br2 , suggesting that this
bias is representative of prior surface emissions. Variations about the mean bias are
attributed to errors with model atmospheric transport.
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4.4.2

Tagged-VSLS model output

Figure 4.7 and Figure 4.8 show a strong region of convection south of Chuuk and along
the equator that transports CHBr3 and CH2 Br2 directly from open oceanic emission
sources to the mid-troposphere. Above the mid-troposphere (10 km) convective mass
fluxes get smaller and advection plays a more important role in distributing the gases.
This results in an inverted ‘S’ shape in the vertical profiles of CHBr3 and CH2 Br2 ,
as discussed above. There is also a strong convection region west of Papua New
Guinea/north of Australia, which transports coastal emissions to the mid and uppertroposphere.
Model mean mole fractions of CHBr3 are ∼1.4 ppt throughout the boundary
layer (0–2 km), determined by open ocean emissions, but fall off rapidly as a function
of altitude due to chemical losses. At the TTL over the study domain and during
the campaign period, mean CHBr3 mole fractions range 0.4–0.6 ppt mainly due to
open ocean emissions. Coastal emissions are typically much larger than open ocean
emissions but they play a much smaller role in observed variations throughout the
troposphere except over the strong convective regions over Papua New Guinea/north
of Australia. Prevailing easterly transport of gases over the region is dominated by
the vast area of open ocean sources that appear to weaken the magnitude of spatially
limited coastal emissions (Andrews et al., 2016; Pan et al., 2016). The vertical and
spatial distributions of CH2 Br2 mole fractions are consistent with CHBr3 although
they deplete less rapidly with altitude by virtue of its longer atmospheric lifetime. At
the TTL, averaged over the campaign study, CH2 Br2 mole fractions range 0.1–0.3 ppt
mainly due to smaller magnitude of ocean emissions compared to CHBr3 . Coastal
sources contribute up to 0.1 ppt of CH2 Br2 in the TTL with the remaining originating
from an open ocean source.
Figure 4.9 shows that ocean emissions provide the largest fractional contribution
to CHBr3 during CAST, typically more than 80% throughout the low to mid
troposphere, with the remainder originating from emissions prior to the campaigns
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Figure 4.8: As Figure 4.7 but showing CH2 Br2 .
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(background concentrations) . This is dominated by open ocean emissions that range
50–70% of the total tracer. Coastal ocean emissions represent a smaller contribution to
CHBr3 at lower altitudes, but increase their influence above 6 km in the CONTRAST
data with contributions from geographical regions immediately outside the study
region that reach a maximum of 60% of the total CHBr3 tracer in the TTL. This results
in an inverted ‘S’ shape observed over the vertical profile, which is described above.
Island land masses generally represent only a minor contribution to the vertical profile
at our model resolution, and have been excluded from further analysis.
The open ocean represents the largest contributions to total CH2 Br2 over the
campaign period. They typically represent 20% of the total CH2 Br2 and reaching
a maximum of 28% in the TTL for the CONTRAST measurements.

Maximum

contributions of coastal emission sources peak at 15% of total CH2 Br2 tracer in the
TTL, much less than for CHBr3 . The remaining contributions are representative of
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emissions prior to the campaign period.
Different CHBr3 and CH2 Br2 emission scenarios (Ordóñez et al., 2012; Ziska et
al., 2013) vary with spatial distribution and magnitude of coastal and open ocean
emissions, leading to uncertainties of atmospheric mixing ratios (Hossaini et al., 2013;
Hossaini et al., 2016). This would have implications for results presented here, as
source region mixing ratios will vary dependent on emission scenario used. The age of
air calculation is used to ascertain the influence of ocean emission regions independent
of these emission scenarios.
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4.4.3

Age of Air

4.4.3.1

Short–lived Marine Convection Tracer

To evaluate model convection over the marine environment during the CAST and
CONTRAST campaigns, a short-lived tagged tracer simulation was used with an
e-folding lifetime comparable to CH3 I, as described in section 4.3.2. Model mole
fractions can be use to determine the effective mean age of air parcels throughout
the troposphere, and to compare the qualitatively to observed CH3 I values collected
during the CONTRAST campaign.
Figure 4.10 shows that the model can generally reproduce the quantitative
vertical distribution of CH3 I: a decrease from the surface source up to an altitude of
10–11 km. Above this, there is a 1-2 km altitude region where values are higher than
those in the free troposphere, suggestive of outflow from convection. As expected, the
youngest air masses are close to the surface with the ages as young as 5–6 days in the
upper troposphere. These ages are indicative of fast convective transport but they are
not as young as would be expected from some of the highest observed mole fractions,
which are likely due to faster, sub-grid scale, convective transport.
Figure 4.11 shows that the model captures infrequent fast, large-scale convective
transport over the study domain, with ages as young as 3–4 days reaching the upper
troposphere. One metric to describe the convective transport is the marine convection
index (MCI), following Bell et al., 2002: the ratio of mean upper tropospheric CH3 I
(8–12 km) to lower tropospheric CH3 I (0–2.5 km). The CONTRAST observations have
an MCI of 0.38 and the corresponding model MCI sampled along flight tracks for
these observations is 0.19. The MCI for the whole model domain for the duration of
CONTRAST is 0.28. These values are consistent with those found in Bell et al., 2002
over a similar Pacific region.
The model describes the mean convective flow over the region and can capture
instances of rapid, large-scale convective transport. Differences in the MCI suggest a
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study domain (solid line), and the model as sampled along matching flight tracks to observed
data (Plane flight – dashed line) between 11–15 km during CONTRAST, 18th January–28th
February, 2014. The dotted line indicates 1τCH3 I of 4 days.
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Figure 4.12: Frequency distributions of probability density function of the age of air A for
total (blue), open (green) and coastal (black) ocean tracers in 2 km altitude regions up to the
TTL (13 km to the tropopause) over 18/01/2014–28/02/2014.
significant role for rapid, sub-grid scale vertical transport that are not captured by the
coarse model resolution.

4.4.3.2

Regional Ocean Age of Air

Figure 4.12 shows that the air masses lofted over the open ocean study domain
are responsible for the youngest air throughout the troposphere.

Coastal ocean

contributions are only present in the younger age profile up to 4 km. At progressively
higher altitudes the probability distribution shifts towards older ages, as expected,
corresponding to longer periods from the point of contact with the surface. However,
at 10–13 km there is a noticeable shift towards younger ages, reflecting the peak of
the convective outflow of surface air. Within the TTL, mean age increases to a value
greater than the e-folding lifetime of atmospheric CHBr3 .
Assuming an indicative e-folding atmospheric lifetime τ of 24 days for CHBr3
and 123 days for CH2 Br2 , the majority of air lofted over the ocean has an age within
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Figure 4.13: As Figure 4.12 but sampled along CAST and CONTRAST flight tracks.

3τCHBr3 and 1τCH2 Br2 . 76% (92%) of oceanic emissions reach the TTL within 2τCHBr3
(3τCHBr3 ), with 64% (88%) of open ocean emissions and 9% (50%) of coastal emissions
being transported in the same time frames. The corresponding statistics for CH2 Br2
are 99% of air lofted over the ocean reaches the TTL within 1τCH2 Br2 , and 99% (97%) of
air emitted from the open (coastal) ocean.
Figure 4.13 shows that the atmospheric sampling adopted by the CAST and
CONTRAST campaigns captures a similar distribution of physical ages discussed
above.

CAST represents a profile dominated within the boundary layer, with

CONTRAST more representative of age profiles outside of the boundary layer that
reflects its more extensive horizontal and vertical sampling domain. Despite CAST
having intensive measurements around coastal land masses, the youngest age of
air from coastal ocean sources are in excess of 20 days. The younger age profile is
dominated by the open ocean. This lack of young coastal air is reflective of a model
resolution that is too coarse to capture such localised effects on a sub–model–gridscale.
Figure 4.14 shows mixing ratios of CHBr3 decreasing with altitude, but remaining
fairly constant with increasing age within each altitude range. Coastal emissions
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are associated with the highest surface emissions but they also subjected to slow
ascent rates and consequently greater photochemical losses. In contrast, open ocean
emissions are lower than coastal emissions but are convected more rapidly and subject
to less chemical loss. Consequently, CHBr3 appears to be insensitive to age. CHBr3
values are determined mainly by younger air masses from the open ocean (Figure
4.12). Within the TTL, higher median mole fractions are associated with the highest
model convective mass flux in each age bin.

The peak frequency for the mean

age of air in the TTL is 48–72 days, corresponding to 3τCHBr3 and median values
of 0.5 pptv CHBr3 from oceanic emission sources, and 0.6 pptv in high convective
systems. However, less than 0.5% (2%) of air being transported to the TTL within
24–48 (48–72) days of emission are associated with high convection events. Weaker,
mean convection plays an important role in more consistently transporting large mole
fractions to the free troposphere that is then transported more slowly to the TTL.

To estimate the mean observed transport of CHBr3 and CH2 Br2 to the TTL, the
calculated model bias (section 4.1) was removed from model estimates, assuming this
bias reflects errors in surface emissions. Figure 4.15 shows the resulting corrected
mean vertical profiles. Uncertainties are calculated using the upper and lower limits
of the bias correction, which are based on CHBr3 and CH2 Br2 data that are ±2
mean absolute deviations from the observed mean mole fractions. For CHBr3 and
CH2 Br2 , biases range -8%–80% and 19%–43%, respectively, which are applied to the
model values throughout the atmosphere over the campaign period. The resulting
mean model values underestimate observed CHBr3 and CH2 Br2 between 9–12 km,
above the main region of convective outflow, with the observations inside the model
uncertainty with the exception of CH2 Br2 . Mean model values within the TTL (above
13 km and below the local tropopause) reproduce mean observations. Based on this
bias correction approach, a mean mole fraction and range of 0.46 (0.13–0.72) ppt
and 0.88 (0.71–1.01) ppt of CHBr3 and CH2 Br2 is found in the TTL during January
and February, 2014. This is a contribution of 3.14 (1.81–4.18) pptv of Br to the TTL
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Figure 4.15: Observed (solid circles) and bias–corrected model (dashed-dot line) mean mole
fractions of CHBr3 (blue) and CH2 Br2 (red) as a function of altitude, January–February 2014.
The horizontal lines associated with each mean observation denotes the range about that mean.
The coloured envelopes associated with the model denote the uncertainty based on the bias
correction as described in the main text. The black horizontal dashed line denotes the mean
model tropopause of 16.5 km.
Bry budget over the campaign region. This is consistent with Navarro et al., 2015
who estimate 3.27±0.47 pptv of bromine from CHBr3 , CH2 Br2 and other minor VSLS
sources at the tropopause level (17 km) over the Pacific from observations in 2013 and
2014.
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4.5

Discussion

A tagged–VSLS version of GEOS–Chem is used interpret mole fraction measurements
of CHBr3 and CH2 Br2 over the Western Pacific during the CAST and CONTRAST
campaigns, January–February 2014.

The model reproduced 30% of CHBr3

measurements and 15% (45%) CAST (CONTRAST) CH2 Br2 , but had a mean positive
bias of 30% for both gases.
Open ocean emissions of CHBr3 and CH2 Br2 are primarily responsible for
observed atmospheric mole fractions of these gases over the Western Pacific.
Emissions from open ocean sources represent up to 70% of total CHBr3 , with the
largest fractional contribution in the lower troposphere.

Coastal ocean sources

typically contribute 20% to total atmospheric CHBr3 but reach a maximum of 60% in
the TTL due to advection of air masses convected from areas outside the study region.
Based on this model interpretation, CAST observations of CHBr3 , which are mainly in
the lower troposphere, are dominated by open ocean sources. In contrast, CONTRAST
measurements have a mix of sources, including a progressively larger contribution
from coastal ocean sources in the upper troposphere. Tropospheric measurements
of CH2 Br2 , which has a longer atmospheric lifetime than CHBr3 , are dominated
by sources from before the campaign. The open ocean source typically represents
only 15% of the observed variations of CH2 Br2 emitted during the campaign region
throughout the troposphere.
Using age of air, it was shown that the majority of CHBr3 and CH2 Br2 mole
fractions in the TTL correspond to the youngest air masses being transported from
open oceanic sources, with coastal oceans representing older air masses. Within the
TTL, the highest CHBr3 mole fractions are associated with the strongest convective
mass flux events, but this represents only 2% of the air transported to the TTL. Weaker,
slower convection processes are responsible for consistently transporting higher mole
fractions to the UT and TTL. The majority of air (92%) is being transported to the TTL
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is within 3τCHBr3 (48–72 days) corresponding to the majority of weaker convection
events.
A mean and range of values 0.46 (0.13–0.72) pptv and 0.88 (0.71–1.01) pptv for
CHBr3 and CH2 Br2 , respectively, was in the TTL for the duration of the campaign.
Together, they correspond to a total of 3.14 (1.81–4.18) pptv Br to the TTL.
This Chapter highlights the importance of obtaining accurate emission flux
estimates of CHBr3 and CH2 Br2 . Over strong convective regions, like the Western
Pacific, the vertical profile of trace gases from an ocean source are dominated by
the open ocean. Model emission estimates vary with their spatial distribution of
CHBr3 and CH2 Br2 emissions, thus higher model biases are associated with this mis–
representation of these source regions. A more definitive estimate of model emissions
is needed to remove these discrepancies and to improve global estimates of these trace
gases.
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CHAPTER

Quantifying Global Emissions of
CHBr3
ABSTRACT
VSLS are important contributors to the stratospheric bromine budget (Bry ) that leads
to catalytic ozone (O3 ) loss.

Current emission inventories struggle to replicate

atmospheric observations of CHBr3 .

This leads to a range estimates of CHBr3

contributions to the stratospheric Bry budget (Hossaini et al., 2013). An inverse model
is used to calculate monthly emission fluxes of CHBr3 for 2013 from climatological
daily mean observations.

The a posteriori emission flux gives a total annual

contribution of 425 Gg Br yr−1 , an addition of 10% from the total a priori emission flux.
Different descriptions of errors within the inverse model give an emission flux range
of 419–429 Gg Br yr−1 . It shows decreases in emissions over the Western and Eastern
Pacific open oceans compared to the a priori emissions, and introduces a seasonality
in NH and SH coastal emissions. The a posteriori emissions fail to reproduce elevated
localised emissions that are present on a smaller scale than the model resolution, but
improves model estimates of CHBr3 over tropical and mid–latitudes, consistent with
CAST and CONTRAST data. Mean contributions of 1.80 and 1.65 pptv of CHBr3 to
upper tropospheric Bry are estimated over the strong convection regions of the Indian
Ocean and Western Pacific.
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5.1

Introduction

VSLS have been identified as an important contribution to stratospheric halogen
loading that leads to loss of O3 . To fully understand the impact of VSLS on global
chemistry, accurate representation of emissions is needed for model simulations.
As seen in Chapter 3, estimates in key regions of transport of VSLS can lead to a
mismatch between modelled and observed mixing ratios. Hossaini et al. (2013) and
Hossaini et al. (2016) compared different emission inventories of VSLS to observations.
These inventories are: Warwick et al. (2006) (Hossaini et al. (2013) only), Liang et
al. (2010), Ordóñez et al. (2012) and Ziska et al. (2013) (now dubbed as Warwick,
Liang, Ordóñez and Ziska, respectively). Warwick, Liang and Ordóñez emissions
are defined as top–down estimates, calculated using NASA aircraft data from 1996–
2008 over the Pacific and North American troposphere. Liang emissions are aseasonal
and correlate emissions of CHBr3 and CH2 Br2 in the same spatial distribution
giving a total of 425 Gg Br yr−1 from CHBr3 (57 Gg Br yr−1 CH2 Br2 ). Ordóñez
uses the same aircraft data and calculates seasonality according to a weighting
over tropical latitudes. This weighting is determined from monthly climatological
satellite chlorophyll a concentrations which is an indicator of biological activity in
the ocean. Ziska emissions are "bottom–up" estimate using seawater concentrations
and ambient air measurements to derive climatological fluxes from commonly used
sea–to–air flux parametrisation (Nightingale et al., 2000). Comparisons of different
emissions showed that mean absolute deviations between model and observed
values of aircraft campaign measurements of CHBr3 could range between 0.22–
0.78 ppt (38–115%). VSLS contribution to stratospheric Bry can vary between 4–8 ppt
with different emission estimates highlighting the discrepancies in previous model
estimates (Kerkweg et al., 2008; Gettelman et al., 2009; Aschmann et al., 2009; Hossaini
et al., 2010; Liang et al., 2010; Ordóñez et al., 2012).
Inverse models in this case are fitted to observations resulting in estimations of
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surface emissions. This method is commonly used to estimate surface emissions of
trace gases such as carbon dioxide, methane and carbon monoxide (Bousquet et al.,
1999; Palmer, 2003; Zhao et al., 2009; Thompson et al., 2015). It is also used as a
retrieval method of surface fluxes from satellite column observations (Chevallier et
al., 2005; Kopacz et al., 2009; Griffin et al., 2013). The previous emission estimates of
CHBr3 have not employed this technique of inverting atmospheric measurements to
surface ocean fluxes, and long term ground–station measurements provides a large
data set to use this method.
In this chapter, long term surface ground station data is used to reconcile a
monthly emission flux of CHBr3 using an inverse model. GEOS-Chem describes
transport of CHBr3 from 33 coastal and open ocean source regions. An inverse model
based on Bayesian inverse statistics is used to calculate the maximum a posteriori
(MAP) emission fluxes from these observational data. The resultant emission flux
then be evaluated using the ground station data, and aircraft measurements from
the CAST and CONTRAST campaigns described in Chapter 4.

An estimate of

CHBr3 contribution from this emission scenario to upper tropospheric and lower
stratospheric Bry over strong convection regions will be calculated.

94

Chapter 5. Quantifying emissions of CHBr3

5.2

NOAA Station and comparative Data

Ground station CHBr3 data collection is as described in Section 3.2.2. The data set
used for the inverse model runs from 01/2006–12/2015 to calculate climatological
daily mean mixing ratios (ppt) at each station site for the period of one year. Days and
station sites with missing data are excluded from use in the inverse model. Extreme
values at each station site are removed over a monthly period so as not to remove
the annual seasonality of CHBr3 . I determine the outliers from the interquartile range
(IQR) with accordance to the Tukey’s test (Tukey, 1977). Boundaries are determined
from the monthly upper and lower quartiles (Q3 and Q1 respectively), a lower limit of
Q1 − k(Q3 − Q1 ) and upper limit, Q3 + k(Q3 − Q1 ) with k = 3. Data is shown in Figure
5.1. Each observation has an associated standard deviation (σ ) that is a representation
of instrument error.
The a posteriori emissions will be compared against the CAST and CONTRAST
campaign data (described in Section 3.2.1.) as well as against the NOAA stations data.
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Figure 5.1: Climatological daily mean CHBr3 (ppt, blue) at stations sites (Table 3.2) over the
period of 12 months from observations over 01/2006–12/2015. Horizontal lines denote one
standard deviation of the observations and data excluded as extreme is highlighted over each
time series (red).
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5.3

GEOS-Chem Model Description

The GEOS-Chem tagged-CHBr3 model is used for the inversion similar to that
described in Section 2.4. It is run at a global horizontal resolution of 2◦ latitude × 2.5◦
longitude with 47 vertical levels, driven by GEOS5–FP meteorological fields provided
by the Global Modeling and Assimilation Office (GMAO). Monthly gridded aseasonal
CHBr3 fluxes are used based on Liang et al. (2010) fluxes as a priori emission fields in
the model. An annual total of 386 Gg Br yr−1 is emitted. The model is initiated with
previous full chemistry model output, as in Section 2.4, and it is started on 01/01/2013
and run for 12 months ending 31/12/2013. Output is archived every 6 hours from
which daily mean values of CHBr3 are calculated at each station site described in
Section 5.2. For a climatological estimate of emissions, which would be required for
publication, more than 1 year of simulations would be needed. The results of this
study only represents emissions for the year of 2013.
Emissions sources are tagged from different open and coastal ocean regions
shown in Figure 5.2. These definitions are based on the TransCom–3 experiment
(Gurney et al., 2000) with each terrestrial region broken down in to an East/West
coastal ocean tracer. If a region crosses over in a grid box, the CHBr3 flux is distributed
proportionally between the two tracers. Model tracers total 35, 1 for each of the
described 33 tagged regions, 1 total tracer, and 1 background tracer. The total and
background tracer are initialised with the full chemistry output mention above, and
the tagged tracers are initialised with near–zero values (1−8 pptv). The background
tracer does receive further emissions during the simulation, it is only affected by
transport and chemical loss process to represent the effect of the initial conditions.
Each monthly tagged tracer emission is placed in to a separate tracer field with
emissions (E) included for that month of tagging. A further 3 months of the tracer is
tagged with only atmospheric loss (l, chemical and transport loss) applied to calculate
contributions of that monthly emission flux to subsequent months’ observations (Table
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Figure 5.2: Tagged regions for the GEOS-Chem simulation. Regions are numbered in relation
to coastal regions: 1: Greenland and Europe South, 2: North American Boreal west, 3: North
American Boreal east, 4: North American Temperate west, 5: North American Temperate
east, 6: South American tropical west, 7: South American Tropical east, 8: South American
Temperate west, 9: South American Temperate east, 10: North Africa west, 11: North Africa
east, 12: South Africa west, 13: South Africa east, 14: Eurasia Boreal west, 15: Eurasia Boreal
east, 16: Eurasia Temperate west, 17: Eurasia Temperate east, 18: Tropical Asia west, 19:
Tropical Asia east, 20: Australia west, 21: Australia east and 22: Europe east and north. Open
ocean regions are defined as tagged tracers: 23: North Pacific temperate, 24: Western Pacific
Tropical, 25: Eastern Pacific Tropical, 26: South Pacific Temperate, 27: Northern Ocean, 28:
North Atlantic Temperate, 29: Atlantic Tropical, 30: South Atlantic Temperate, 31: Southern
Ocean, 32: Indian Tropical and 33: Indian Temperate. White space indicates where no CHBr3
flux is present.

98

Chapter 5. Quantifying emissions of CHBr3
5.1). A period of an additional 3 months was chosen to cover ∼3 atmospheric lifetimes
of CHBr3 , after which the majority of CHBr3 will have broken down, or merged in to
large scale background concentrations. For example, observations during the month
of June will include contributions from regions for the months of June, May, April and
March.
Evaluation of the a posteriori emission fields uses the total global tracer. The
same initial conditions and chemistry are applied, and run for a 14 month period,
01/01/2013–01/01/2014 to cover the CAST and CONTRAST campaigns. In addition
to calculated daily means, the model is sampled at time and location of CAST and
CONTRAST flight tracks to compare with observations.
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Table 5.1: A description of each of the monthly tagged model tracers (r) in terms of monthly emission (E) and atmospheric loss (L) as used in the
inversion model. The dashed line (–) denotes that there is no monthly tagged tracer for that month of the model run. Each of the 33 tagged tracer
regions follow this monthly tracer profile. Total and background tracers have no monthly variation so are described in terms of model E and L over
the length of the model run.
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5.4

Maximum A Posteriori Calculation

5.4.1

Theory

Maximum A Posteriori (MAP) is a method of atmospheric inversion has been used for
chemical species such as CO, CO2 and methane (Bousquet et al., 1999; Palmer, 2003;
Zhao et al., 2009; Thompson et al., 2015). The method outlined here is based on the
description in Rodgers (2000). It describes the measurement vector, y (observations of
CHBr3 ) in terms of the forward model, K, state vector (emissions), x, and a description
of the errors, ε:

y = Kx + ε

(5.1)

where, y represents daily climatological means observations of CHBr3 at measurement
stations (section 5.2), x represents different geographical source regions of the prior
emissions (section 5.3), and K (the Jacobian matrix) describes the relationship of x to
y in terms of transport and chemical loss (section 5.3). By inverting equation 5.1, the
optimal solution of x (a posteriori emissions) can be gained given knowledge of y, and
the original state vector xa (a priori emissions, or prior model emissions). When ε is
not equal to zero, a statistical estimate of x given y is calculated given prior knowledge
of xa (Rodgers, 1976). The general foundation for this lies in Baye’s theorem (Rodgers,
2000). It is based on the two vectors, x and y. Each has a probability density function
(pdf): P(x), P(y)and P(x,y), so that the probability of x being in the range [x, x+dx] is
P(x)dx, of y being in the range [y, y+dy] is P(y)dy, and of (x,y) being in the range [x,
x+dx, y, y+dy] is P(x,y)dx,dy. P(y|x) represents the pdf of y when x is assigned to a
certain value. P(x,y)dx,dy can be written as:

P(x,y)dx,dy = P(x)dxP(y|x)dy

(5.2)
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or as:

P(x,y)dx,dy = P(y)dyP(x|y)dx

(5.3)

Baye’s theorem is produced by eliminating P(x,y):

P(x|y) =

P(x|y)P(x)
P(y)

(5.4)

In reference to the inverse problem, P(x) is the pdf of the state vector, x, before
the measurements are made, P(y|x) is the pdf of the measurement vector y given the
true value of x, and P(x|y) is the pdf of the state vector given the information obtained
from the measurements. Maximising P(x|y) gives the MAP solution for x, which is the
solution to ∇x P(x|y) = 0 where ∇x is the gradient operator of the state vector. P(y) in
equation 5.4 is independent of x, so is not included in determining the MAP solution.
When applied to a state vector x, with n dimensions of a priori emissions xa
relating to geographical source region and temporal resolution, and a measurement
vector with m dimensions relating to time and locations of observations, vector–
matrix tools are needed to resolve equation 5.1. Error statistics for both y and x are
defined in error covariance matrices that accounts for covariance between each of the
vector elements, and a numerical construction of the Jacobian matrix is done using the
forward model (equation 5.15).
The error covariance matrix of a vector has diagonal values of the error variances
of individual elements, and error covariances between the elements as the off–
diagonal elements of x. The inverse problem requires two error covariance matrices:
Sε describing the error covariance matrix of the observations, and Sa describing error
covariances of the state vector xa . In each of these matrices, each element is assumed
to be independent from each other, so off–diagonal elements are set to zero.
With the error covariance matrices, and Jacobian matrix, the pdf of these vectors
are determined assuming Gaussian probability (Rodgers, 2000):
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− 2lnP(x) = (x-xa )T Sa −1 (x-xa ) + c1

(5.5)

− 2lnP(y|x) = (y-Kx)T Sε −1 (y-Kx) + c2

(5.6)

− 2lnP(x|y) = (x-xa )T Sa −1 (x-xa ) + (y-Kx)T Sε −1 (y-Kx) + c3

(5.7)

Here c1 , c2 and c3 are constants. The MAP solution yields the maximum value of
P(x|y), or the minimum of the cost function J(x) (solving ∇x J(x) = 0) using standard
least–squares formulation for J(x):

J(x) = (x-xa )T Sa −1 (x-xa ) + (y-Kx)T Sε −1 (y-Kx)

(5.8)

∇x J(x) = 2Sa −1 (x-xa ) + 2KT Sε −1 (Kx-y)

(5.9)

The solution to this can be expressed as:

x̂ = xa + Sa KT (KSa KT + Sε )(y-Kxa )

(5.10)

where x̂ is the optimised a posteriori solution for the state vector, and Ŝ denotes the
error covariance matrix describing the uncertainty of x̂:

Ŝ = (KT Sε −1 K + Sa −1 )−1

5.4.2

(5.11)

CHBr3 Inversion Calculation

In this study, the inversion aims to calculate monthly resolved CHBr3 in 33 different
open and coastal ocean geographical source regions (Figure 5.2). This gives a state
vector xa of n dimensions totalling 396: 33 regions (r), over each month (mn):
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xa = xr=1,mn=1 xr=2,mn=1 · · · xr=32,mn=12 xr=33,mn=12

(5.12)

Each element in the vector is equal to the monthly total of CHBr3 emissions at
each month (Kg m−2 s−1 ). Using Liang et al. (2010) emissions, each region has the
same monthly emissions due to there being no seasonal variation.
The observational vector (y) has m dimensions totalling 5110 relating to daily
mean (d) observations (pptv) at 14 measurement stations (s, Section 5.2):





y = yd=1,s=1 yd=1,s=2 · · · yd=365,s=13 yd=365,s=14

(5.13)

If data is not available for that day at the measurement station, it is not included
in further calculations and removed from the vector, and subsequent error and
Jacobian matrices.
Formulation of the error covariance matrices for the observations (Sε ) and
model (Sa ) are quite simple using assumed errors. In these matrices, the diagonal
describes the variance of each element, and the off–diagonal elements are set to zero
as each element is assumed independent. For Sε , the variance is described using the
prescribed instrument error from the data (standard deviation, σ ), and an assumed
error of 5% from the forward model. Forward model error is associated with the
difference between modelled and observed values of CHBr3 (δ ), with only a small
portion of this difference attributed to observation error.

Total variance of each

element is calculated as the square root of the sum of the squares of these errors:

q
2
var(yd,s ) = σd,s 2 + 0.05δd,s

Thus Sε is formulated as such:
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var(y
)
·
·
·
0
d=1,s=1




..
..
.


.
Sε = 
.
.
.



0
· · · var(yd,s )

The a priori error covariance matrix is determination of error within the state
vector x. Each diagonal element is prescribed an assumed error of 50%: the model
is assumed to have a high error, but has some skill at representing observed values
of CHBr3 . This matrix is a description of assumed model error for the change in
xa , giving each diagonal element a numerical value of 0.5. Sensitivity analysis of the
inversion calculation to these assumed errors is calculated by changing the assumed
variances (of 5% observed and 50% modelled) and shown in section 5.5.

The Jacobian matrix (K) is calculated using the tagged model (Section 5.3). K is
the description of the forward model that relates the mean monthly regional sources
of CHBr3 (Kg m−2 s−1 ) to measured atmospheric concentrations of CHBr3 (pptv) at
measurements stations (Equation 5.15). This contribution is calculated by dividing
the contribution of each tagged region to the measurement at each time and station by
its respective monthly flux:

Kr,mn,d,s =

cd,s − c0
xr,mn

(5.15)

where c represents the model concentration (pptv) sampled at time, d, station location,
s, from each tagged tracer, x, with region, r and monthly emission flux (Kg m−2 s−1 ),
mn. c0 (pptv) relates to the removal of background tracer contribution introduced from
the initial conditions, this contribution will reduce over the model run time due to the
short atmospheric lifetime of CHBr3 . K has n × m dimensions matching that of xa and
y. Each element in the matrix describes the relationship between monthly regional
emissions (n) to daily measurements at stations sites (m):
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Kr=2,mn=1,d=1,s=1
 Kr=1,mn=1,d=1,s=1

 K
Kr=2,mn=1,d=1,s=2
 r=1,mn=1,d=1,s=2

..

..
K=
.
.


K
 r=1,mn=1,d=365,s=13 Kr=2,mn=1,d=365,s=13

Kr=1,mn=1,d=365,s=14 Kr=2,mn=1,d=365,s=14


···
···
..
.
···
···

Kr=33,mn=12,d=1,s=1 

Kr=33,mn=12,d=1,s=2 


..


.


Kr=33,mn=12,d=365,s=13 


Kr=33,mn=12,d=365,s=14

Elements in K are equal to zero if: observational data is missing at a station
for that day, or if the regional monthly flux is not included in the calculation of
measurement y. For example, monthly fluxes from February (mn = 2) will equal zero
for mn < 2 and mn > 5 to take in to account contributions up to 4 months after emission
(Table 5.1).
Within this calculation of the MAP emissions of CHBr3 , in equation 5.10, y-Kx
is described as the difference between observed and modelled values (δ ). In this
calculation, if δ > ±3 pptv, the data is also excluded as it is assumed the monthly model
emissions cannot account for localised extremes in observations on a daily temporal
resolution. This leaves 3129 observational data points, 97% of the data. Sensitivity
analysis of the resultant a posteriori emissions to exclusion of this data is shown in
Section 5.5. With each of the matrices and vectors formulated, they are input into
equation 5.10 to give a vector of monthly resolved emission fluxes of CHBr3 for each
tagged region, x̂. Each element of x̂ has an associated error calculated using equation
5.11. Global total monthly error of the a posteriori emissions is calculated from the
square root of the sum of the squares of individual regional errors.
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5.5

Results

Sensitivity analysis of the a posteriori emissions to the assumed errors of Sε ) = 5%
(observations), and Sa = 50% (state vector), were carried out. Table 5.2 shows that
annual totals increased from a priori emissions in all perturbations within a range of
419–429 Gg Br y−1 . The a posteriori emits 425 Gg Br y−1 , close to the mean of all error
perturbations. The highest annual total uses all of the observational data previously
excluded from δ ±3 pptv (y3215 ), and the smallest with a decreased model error of
25%. Changes from the a priori emissions include a slight decrease in coastal ocean
emissions as a fraction of the total, with a subsequent increase in the open ocean
regions. This change however is minimal (1–2%). The tropical contribution shows
a 6–7% decrease from a priori emissions to ∼54%, similar to the bottom–up estimate of
Ziska et al. (2013).

Table 5.2: Total annual bromine contributions to the atmosphere from a priori and 5 inversion
model estimations. Sa refers to state vector covariance error, Sε refers to assumed observation
error, and y3129 and y3215 are observations excluding δ ±3 pptv, and including all data,
respectively. Relative percentage contributions of coastal, open, and tropical (20◦ S – 20◦ N)
regions, and comparisons with other CHBr3 flux emission estimates of Ziska et al. (2013) and
Ordóñez et al. (2012) are shown.

Emissions

Global

Coastal

Open

Tropics

Gg Br yr−1

% of total

% of total

% of total

A priori (Liang et al., 2010)

386(±12)

46

54

61

A posteriori

425(±8)

44

56

54

Sa =25%, Sε =5%, y3129

419(±4)

44

56

55

Sa =75%, Sε =5%, y3129

428(±12)

45

55

54

Sa =50%, Sε =10%, y3129

421(±8)

44

56

55

Sa =50%, Sε =5%, y3215

429 (±8)

45

55

54

Ziska et al. (2013)

216

25

75

40–55

Ordóñez et al. (2012)

533

–

–

–
107

5.5 Results
Figures 5.3, 5.4 show how these errors change total bromine contribution per
month from coastal ocean tagged tracers. In each of the model descriptions a seasonal
cycle is introduced in to NH emissions peaking in Boreal summer (Europe and North
American regions. The opposite cycle can be seen in SH regions (e.g. South America).
Equatorial coastal regions of Asia and Africa show no seasonal emission cycle in the
coastal regions. Figure 5.5 shows emissions decreasing in the Western and Eastern
Pacific open ocean region over each of the model descriptions. Open ocean estimates
do not see the same seasonal change as coastal regions. Variation is observed over
the Western and Eastern Pacific, and Indian tropical oceans. WPa sees increases in
summer open ocean fluxes, as opposed to decreases in the EPa and InO.
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Coastal ocean tagged total bromine contributions / Gg Br mn
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Figure 5.3: Monthly contributions from coastal ocean tagged regions to total atmospheric
bromine (Gg Br mn−1 ) in the European and American continental regions. Different
descriptions of model errors and observations are shown: A posteriori fluxes are represented
by observation error (Sε ) of 5%, state vector error (Sa ) of 50% and reduced data set of 3129
observations (y3129 ). Changes to the a posteriori observational and state vector errors are
indicated in the titles of each plot. Tagged tracer regions are denoted by continent abbreviation
(Eu = Europe, NAm = North America and SAm = South America), climate abbreviation (B =
Boreal, T = Temperate and Tr = Tropical), and east (E) and west (W) coast lines. Error bars are
calculated as standard deviation taken from Ŝ. AP denotes a priori state flux which is the same
for each month.
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Figure 5.4: The same as Figure 5.3 but for the African, Eurasian and Asian continental
regions. Tagged tracer regions are denoted by continent abbreviation (Afr = Africa, Eur =
Eurasia, As = Asia and Aus = Australia), climate abbreviation (B = Boreal, T = Temperate and
Tr = Tropical), and east (E) and west (W) coast lines.
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Figure 5.5: The same as 5.5 but for open ocean tagged regions, with abbreviations of tagged
regions by ocean (Pa = Pacific, Nor = Northern, Atl = Atlantic, Sou = Southern and Ind =
Indian), direction (N, S, E or W) and climate codes are the same as previously stated.
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Figure 5.6 shows the a posteriori fluxes of CHBr3 calculated from the inversion
model. The strongest fluxes remain around coastal regions which now have include a
seasonal cycle emission flux strength in the NH and SH. Strongest coastal emissions
are seen around the equatorial tropical regions of Asia and South America. Open
ocean emission regions see much more consistent distribution of fluxes over the
tropical regions compared to NH and SH mid–latitudes, with summer months
showing the strongest tropical enhancements.
Figure 5.7 shows the anomaly of the a posteriori flux compared with the a priori.
Generally the Northern open ocean sees an enhancement over all months with a
reduction over Pacific open ocean regions. Western boreal North America (Alaska)
shows an increase in emission flux over most months, up to 300%, than the a
priori emission fluxes. Reductions over other NH regions in the winter months and
enhancements over the summer show the introduction of the seasonal cycle. This
includes a large increase in emission flux over the Northern open ocean in August.
Temperate North America sees reduced emissions over winter and some increase over
the summer. South America and Australia (SH) temperate regions show the opposite
effect to the NH for their seasonal cycle to peak in the boreal winter.
Figure 5.8 show differences in the distribution of ground station measurements
between the a priori and a posteriori emission fluxes. A posteriori emissions show a
better representation of observations at ground station sites increasing the mean of
the a priori flux (0.97 ppt) to 1.17 ppt, nearer the observational mean of 1.54 ppt.
The a posteriori model does not capture more local enhanced CHBr3 observations
(>2.5 ppt). The distribution is much better represented with an increase in the model
median to 1.11 ppt much closer to the observations value of 1.25 ppt. The model
minus observation residuals show an increase of a mean value closer to 0 ppt. The
tail of higher observation measurements skews the distribution to the left, which is
decreased in the a posteriori, but still affects the mean. The median of model residuals
is at –0.1 ppt so much closer to observations, again skewed by the presence of localised
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Figure 5.6: Monthly flux of CHBr3 in 2013 from MAP inversion calculation in kg m−2 s−1 . Total annual bromine is 425 Gg Br yr−1 .

180° 120°W60°W 0° 60°E 120°E 180°

45°N
0°
45°S

45°N
0°
45°S

45°N
0°
45°S

45°N
0°
45°S

Feb

1

CHBr3 flux / 1013 kg m 2 s

Jan

Chapter 5. Quantifying emissions of CHBr3

113

5.5 Results

45°N
0°
45°S

45°N
0°
45°S

45°N
0°
45°S

45°N
0°
45°S

Jan

Apr

Jul

Oct

180° 120°W60°W 0° 60°E 120°E 180°

Feb

May

Aug

Nov

180° 120°W60°W 0° 60°E 120°E 180°

Mar

Jun

Sep

Dec

180° 120°W60°W 0° 60°E 120°E 180°

Figure 5.7: Monthly percentage anomaly of a posteriori emission flux from the a priori emission flux.
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Figure 5.8: Frequency distribution of CHBr3 mixing ratios (left) for observed (black), and
corresponding a priori (blue) and a posteriori (red) model measurements at all station sites,
showing mean, σ and median statistics. Model minus observation residuals are shown for
both model emission fluxes (right). The total number of measurements is given as n.

enhanced emissions.
Figure 5.9 shows a comparison of monthly mean CHBr3 measurements at ground
stations for the observations, and model measurements with a priori and a posteriori
emission fluxes. At the majority of mid–latitude and tropical ground stations, a
posteriori emission fluxes improve model estimates of observations. NH sites of ALT,
SUM and BRW match well with summer months but underestimate observations in
the winter season. Seasonal cycles of atmospheric CHBr3 are driven by emissions
and chemical loss, therefore an underestimation in the model to observations is
representative of either an underestimation of emissions and/or over estimation of
chemical loss. At the surface NH sites of ALT and BRW, nearer emission sites, the
model has a tendency to underestimate observations during winter, indicating the a
posteriori fluxes still underestimate emission fluxes. The ability of the model to capture
seasonal cycle in model measurements at the surface level and elevated site (SUM)
show that seasonal chemistry is correct. However the capturing of local emissions
over the summer at ALT and BRW but not SUM, further away from emissions
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sources, suggest that chemical loss may be overestimated in this region. At BRW the
reduction of local emissions in the a posteriori emissions show a reduction over January
indicating a too large decrease in emission flux from the a priori in this region (North
America).
MHD is still underestimated in the model (up to 75% over boreal summer) but
this is most likely due to the highly biologically active site giving it very localised
emissions sub tagged regional scale that determine the seasonal cycle (Carpenter et
al., 2005; Hossaini et al., 2016). This local effect will not be captured on the global
model resolution. Over the mid–latitudes and tropics, the measurements are closer
to observed but are still underestimating measurements at KUM. This is likely due to
it being a coastal station location on Hawaii that may have local enhancements not
seen on model resolution. MLO is also on Hawaii but elevated at 3397 m asl and
shows much better representation of observations indicating that regional emissions
are less of a problem. Over the mid–latitudes the seasonal cycle of observations is
well captured within the model, especially at THD where a priori emissions had the
opposite cycle to observations. A posteriori also removes the weak seasonal cycle
present at CGO in the a priori emissions, although it still has a strong seasonal cycle
at PSA not seen in observations. The magnitude of boreal winter observations at SPO
likely due to increases of open ocean fluxes outside of the tropics.
Figure 5.10 shows a comparison of a priori (Chapter 4, Section 4.4.1.2) and a
posteriori emissions fluxes with CAST and CONTRAST measured CHBr3 . A posteriori
emissions see values closer to observations than seen in the a priori emissions for
both campaigns. The highest model differences are observed nearer the surface,
although it has reduced with the a posteriori emission fluxes which included a
reduction of open ocean emissions over the Western Pacific over the course of the
campaign. The model also has a tendency to overestimate observations still within the
upper troposphere (UT), near the tropical tropopause layer (TTL) region, with mid–
tropospheric model measurements much more closely correlating with observations.
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Figure 5.9: Monthly mean CHBr3 mixing ratios at each station site for observations (black)
and model values with a priori (blue) and a posteriori (red) emission fluxes. Bars indicate
±1σ , with observation σ being calculated from the square root of the sum of the squares of
measurement error, and model σ from the variation of daily measurements over the month.
Block colour denotes the range over minimum to maximum daily values. Number of days with
observations (n) is given at each station site. Asterisks denoted elevated stations: SUM at
3238 m asl, NWR at 3025 m asl, MLO at 3397 m asl and SPO at 2810.
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Figure 5.10: Comparison of a priori (blue) and a posteriori (red) emission scenarios against
observations during the CAST (top) and CONTRAST (bottom) campaigns. Comparisons
of mean mixing ratios with observations (left column) over every 0.5 km altitude for CAST
and 1 km for CONTRAST, of model minus observed residuals over the same altitudes,
and frequency distribution of all model-minus observed residuals (right column). For
absolute mixing ratios, bars denote 1σ of all of the data and the block colour represent
minimum.maximum extremes.

The overall frequency distribution for model minus observation differences shifts
further to the left in both CAST and CONTRAST campaigns with a reduction in
both the mean and median. CONTRAST observations are better represented by the
a posteriori emission fluxes with a median difference residual of 0.13 ppt. CAST has
a lower mean difference than a priori emissions, but is higher due to the presences
of large differences between localised enhanced emissions and the monthly emission
flux in the model.
Figure 5.11 show seasonal mean surface and TTL maps of CHBr3 model
concentrations using the a posteriori emission fluxes. Surface concentrations of CHBr3
are focussed around the strong coastal ocean sources and elevated tropical open ocean
source regions. Winter and autumn (DJF and SON) show peak surface concentrations
in the NH of around 2.2 pptv, DJF, and 1.7 pptv SON. This peak in concentrations is
still far below observations at some high–latitude measurements stations which see a
monthly average of 3.0–6.0 pptv (ALT and BRW). The SH sees a peak over the summer
season of ∼1.5 pptv for both spring and summer (MAM and JJA). Tropical latitudes see
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the highest concentrations of CHBr3 over the open ocean with values up to 3.2 pptv
over the Eastern Pacific in winter.
In the TTL the tropical latitudes see consistently higher concentrations of CHBr3
than other regions. This is expected given the strength of convection in this region and
rapid transport of surface trace gases. The Western Pacific sees a peak during winter
and autumn matching its strongest convection systems, with a mean concentration
of ∼0.60–0.70 pptv. CHBr3 concentrations over the Indian Ocean can also reach up to
0.90 pptv over autumn, and ∼0.60 pptv over summer and spring. Estimation of annual
averages over these regions give values of ∼0.60 pptv and ∼0.55 pptv respectively
contributing 1.80 and 1.65 pptv to UT Bry . Both regions see contributions of 0.29 pptv
to the lower stratosphere, which equates to contributions of 0.87 pptv to the lower
stratospheric Bry budget. These values are likely to overestimate actual contributions
due to high model bias in the UT.
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Figure 5.11: Maps showing mean seasonal surface (left) and TTL (right) concentrations of
CHBr3 (pptv) in GEOS-Chem during the year 2013 using a posteriori emission fluxes.
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5.6

Discussion

An inversion model has been used to calculate monthly resolved emission fluxes
of CHBr3 .

Total fluxes of bromine from different scenarios ranged from 419–

429 Gg Br yr−1 using different error estimates in the inverse models discussed. The
optimal solution gave a value near the middle of this range at 425 Gg Br yr−1 and was
used in the forward model to compare with atmospheric measurements. A seasonal
emission cycle was introduced over the NH peaking in the summer. This agrees with
an implied seasonal cycle in the full chemistry version of GEOS-Chem to improve
Liang et al. (2010) emissions comparisons with observations (Parrella et al., 2012).
A general reduction is seen over tropical open ocean regions with increases in the
rest of the global open ocean. This gives open ocean regions a much more evenly
distributed flux on a global spatial resolution compared to the a priori. As seen in
Chapter 4, open ocean regions dominate the vertical profile in the Western Pacific,
and a reduction in open ocean emissions in this region will reduce the over–estimate
of model compared to observations. This will also impact on model estimates of
upper tropospheric/lower stratospheric Bry contributions from CHBr3 . The dominant
source in the TTL is from open ocean sources, so a reduction in emission fluxes will
reduce model estimates. A reduction in tropical emission fluxes on an annual basis
will reduce this contribution from other high convection regions such as the Indian
Ocean.
A posteriori emission fluxes compare well with tropical and mid–latitude ground
stations observations. Some localised sources appear to not be well captured in the
emission fluxes, such as at MHD where local biological activity see it governing
atmospheric concentrations compared to the global grid resolution (Carpenter et al.,
2005; Hossaini et al., 2016). Also coastal ground stations sites not attached to large
continental land masses such as KUM on Hawaii. The elevated site also on Hawaii,
MLO, better captures atmospheric concentrations which are more representative of the
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region rather than the localised emission site. The a posteriori emissions also remove
the presence of an opposed seasonal cycle at sites compared to observations. The
model estimates using the a priori emissions will have a seasonal cycle will driven
by chemical loss due to there being no seasonality in emissions, so a change in the
seasonality in the a posteriori emissions better represents local atmospheric CHBr3
concentrations.
Comparisons with observations over the vertical profile show that the a posteriori
emission fluxes better estimate atmospheric observations over the Western Pacific.
The CAST and CONTRAST campaigns were focussed around the Western Pacific
region over boreal winter which saw reductions in emission fluxes from the a priori.
Model measurements near emission sources show a reduction nearing atmospheric
observations of CHBr3 but still show elevation in both data sets. The mid–troposphere
shows the biggest improvement with median values of model minus observation
difference nearing zero in both data sets. However, the differences increase again in
the upper troposphere. This could be evidence of the elevated model emissions being
transported quickly through the mid–troposphere to the upper–troposphere giving it
elevated CHBr3 measurements (Pan et al., 2016). This has implications for using the
model to estimate CHBr3 contribution to upper tropospheric/lower stratospheric Bry
totals as it is likely to overestimate CHBr3 contributions.
Mean CHBr3 mixing ratios in the TTL show values up to 1.00 pptv over strong
convective regions of the Indian Ocean and up to 0.70 pptv over the Western Pacific
in strong convection seasons. Annual averages over these regions shows ∼0.6 ppt
over the Indian Ocean and ∼0.5 pptv over the Western Pacific contributing 1.8 and
1.5 pptv to UT Bry budgets respectively. These contributions, mainly in the Western
Pacific, are likely an overestimate due to elevated model values compared to local
observations. The Indian Ocean region is the most important for delivering CHBr3
to the UT compared to the Western Pacific, as the open ocean Western Pacific is a
smaller source compared to the strong emissions over the Indian Ocean coastline and
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the reduced open ocean of the Western Pacific (Tegtmeier et al., 2012). However the
same mean mixing ratios are observed within the lower stratosphere indicating that
a higher proportion of what is transported to the UT over the Western Pacific reaches
the LS. Both contribute around 0.87 ppt to stratospheric Bry .
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CHAPTER

Discussion
The aim of this thesis was to investigate the impact of CHBr3 and CH2 Br2 on the
stratospheric bromine budget. Three major themes were investigated:
• transport time–scales of oceanic emissions to the upper troposphere over the
tropics and in strong convective systems, answering research questions Q1 and
Q2;
• what emission source regions of short–lived trace gases are determining the
vertical profile in these regions, answering research question Q3; and
• quantifying emission fluxes of CHBr3 to better represent observed fields of
CHBr3 , answering research question Q4
The following discussion summarises these findings in the context of the four
research questions outlined in Section 1.4. It is followed by a description of future
work.
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6.1

Discussion of Research Questions

6.1.1 Q1: What is the time–scale of surface emissions up to the
TTL?
This research question was investigated using a passive model age of air tracer derived
from an oceanic emission source. It provided a time series of data from 01/01/1989–
01/03/2014 and was used to examine different aspects of tropical transport:

• Transport time–scales to the TTL over strong convective regions, such as
the Indian Ocean and Western Pacific, were typically around 25 days,
corresponding to boreal summer and winter, respectively. This is similar to the
atmospheric lifetime of CHBr3 of 24 days.

• The strongest El Niño systems changed age of air over these regions by ±7 days
from the climatological mean. A decrease in the climatological convective mass
flux over the Western Pacific would see an increase in mean age by 7 days, and
the opposite would be seen over the Central and Eastern Pacific, decreasing age
by 7 days. Strong La Niña systems showed a smaller change of ±3 days, with
increased convective mass flux over the Western Pacific decreasing its age of air
over this region, and increased age of the Central and Eastern.

This showed mean transport time–scales over the period of 1989–2013. How this
transport to the TTL changed on a year–to–year basis showed evidence of the long–
term rate of change in tropical transport.
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6.1.2 Q2: What is the long term rate of change in transport over the
tropics? And how will this impact stratospheric Bry loading?
Age of air was investigated within the tropical latitudes over the period Jan 1989–Dec
2013 to examine how transport time–scales within the Hadley Cell are changing.
• The youngest age at the centre of the Hadley Cell (near the equator) represents
convection and the rising surface air in the Hadley Cell. The age steadily
increases in age until ∼30◦ N/s indicating the Hadley Cell boundary.
• Age of air at these 30◦ N/S boundaries is getting younger with respect to 1989
values, especially in the southern hemisphere. Assuming an age boundary
identifying the edge of the Hadley Cell, this is representative of an increasing
extent of the Hadley Cell in line with previous studies (Fu et al., 2006; Hu and
Fu, 2007; Archer et al., 2007; Seidel and Randel, 2007; Seidel et al., 2008; Johanson
and Fu, 2009).
• The Hadley Centre Mean age is representative of the main area of convection
within the cell. There is minimal long–term change in the Hadley centre mean
on a global, and InO regional scale suggesting that the speed of this convection
is not changing. In the WPa, there is a decreasing gradient of HCM of around
04 days dec−1 .
• Tropical median age shows a decreasing trend over the Global, Western Pacific,
and Indian Ocean regional scales. This shows that age of air within the tropical
latitudes is decreasing over a decadal period, although this is not being driven
by change of convection at the Hadley centre.
• Within the TTL, tropical median age is decreasing at the fastest rate, most
notably within the stong convection season of boreal autumn over the Indian
Ocean, by up to 6.3 days dec−1 . This could be a factor of decreasing residence
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times within the TTL, although the underlying causes are unclear.

This study suggests that transport time–scales over the tropical latitudes are
decreasing. No significant change is seen within Hadley Cell convection, however age
of air in the tropics is decreasing, especially in regions of strong convective upwelling.
Decreasing transport time–scales will be vital for transporting short–lived gases such
as CHBr3 and CH2 Br2 , to the UTLS. If transport time–scales are within 1 atmospheric
e–folding lifetime, it would imply more of the source gas will be delivered to the UTLS
as concluded in Hossaini et al. (2012a).
Emission estimates of CHBr3 and CH2 Br2 are essential for understanding how
changing transport time–scales will effect stratospheric Bry loading. Coastal regions
are highlighted as being high emission flux regions of cHBr3 and CH2 Br2 , with
decreased fluxes over the open oceans. However, open ocean regions cover a greater
spatial coverage compared to coastal regions in areas such as the WPa. Understanding
the strength of these emission regions over the vertical profile within tropical transport
systems can inform how the relative magnitude differences will be effecting the
estimated contributions of CHBr3 and CH2 Br2 to the stratospheric Bry budget.

6.1.3 Q3: What emission source regions are driving the vertical
profile of CHBr3 and CH2 Br2 concentrations over the Western
Pacific?
A tagged GEOS–Chem model was used to linearly decompose atmospheric
contributions of CHBr3 and CH2 Br2 from different geographical source regions over
the WPa. Total, open, and coastal ocean geographical regions were investigated to
understand the influence of strong coastal shelf emission fluxes, compared to weaker
open ocean emission source regions. Age of air calculations were used to assess the
strength of emissions independent of the emission scenario.
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• Model estimates of atmospheric CHBr3 and CH2 Br2 overestimated observations
by ∼30%. The majority of this bias was attributed to overestimation of emission
flux sources.
• Open ocean emission regions showed dominance over the vertical profile of the
Western Pacific in both CHBr3 and CH2 Br2 concentrations. Coastal emissions
influenced their upper tropospheric concentrations, above the main area of
convective outflow, contributing up to 20% of the total concentration.
• Age of air showed that emissions from an open ocean source were dominant in
the young age profile throughout the troposphere, with age of air comparable
to CHBr3 lifetimes. 92% of air masses reached the TTL within 3 atmospheric
lifetimes of CHBr3 .
• Applying the bias correction, it was estimated 3.14(1.81–4.81) pptv of source gas
Br in the TTL is coming from CHBr3 and CH2 Br2 , the majority from an open
ocean source.

This study highlighted the importance of accurate surface emissions in
estimating concentrations of VSLS over the vertical profile.

The current model

emissions over estimated CHBr3 and CH2 Br2 concentrations, and with open ocean
emissions dominating the vertical profile, it would suggest heightened tropical
emission fluxes in the open ocean are not representative of observed fluxes. Accurately
representing these emissions is vital for estimating their contributions to UTLS Bry .

6.1.4 Q4: Can global emission estimates of CHBr3 be quantified by
inversion of surface observations?
Climatological daily mean observations of CHBr3 were used in an inversion model to
estimate global monthly CHBr3 emission flux over 2013 (a posteriori estimate).
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• Inversion from observations introduced seasonal cycles within the high
northern and southern latitudes from a previously aseasonal emission estimate.
Suggesting that the previous assumption of seasonality being driven solely by
chemistry is not representative of the region.
• Decreases of emission fluxes over the tropical latitudes was observed in all
inversion models from the a priori emissions. This was driven by a reduction in
fluxes over the open ocean, with increases in coastal fluxes. This is in agreement
with Chapter 4 that suggested dominant open ocean emissions were leading to
overestimates of CHBr3 concentrations in the tropics.
• Comparisons with the same observations as Chapter 4 showed a reduction
in errors over the vertical profile, but still overestimates upper tropospheric
concentrations.
• Estimates of upper tropospheric CHBr3 concentrations over the Western Pacific
(∼0.5 pptv) are close in agreement with the bias corrected estimate from Chapter
4 of 0.46 pptv.
The a posteriori emission fluxes show a reduction in open ocean emission
fluxes over the tropical latitudes, and reduces the differences between modelled
and observed values over the Western Pacific.

This reduction is in agreement

with conclusions from Chapter 4, suggesting that open ocean emission estimates
are leading to overestimates in model concentrations. Previous model estimates of
stratospheric Bry contribution using the top–down emission scenarios are likely to
be overestimated with respect to observations. Warwick et al. (2006), Liang et al.
(2010) and Ordóñez et al. (2012) all have elevated open ocean concentrations in the
tropics that will overestimate UTLS CHBr3 concentrations. An emission flux scheme
such as Ziska et al. (2013) or the a posteriori estimate with lower open ocean emission
fluxes will be representative of CHBr3 concentrations over the vertical profile. In
high convective regions, such as the WPa, emission fluxes over the open ocean will
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determine the amount of CHBr3 being transported in the tropics. Decreasing transport
time–scales over the tropics will increase the concentration of CHBr3 in the UTLS from
the open ocean source region. Source gas injection to the UTLS is dependent on deep
convection coinciding with strong emission source regions. The open ocean source
region is weaker than previously estimated, so the change in source gas injection over
this region will be less than previously estimated with increased convection.
There are still some uncertainties in VSLS atmospheric concentrations. This thesis
only provided an improved estimate of CHBr3 emission fluxes, not CH2 Br2 . Open
ocean regions were shown to be the dominant source of CH2 Br2 over the vertical
profile, and also concluded to overestimate observations.

Would a reduction of

CH2 Br2 emissions over the tropical open ocean regions show the same improvement
to model fields of atmospheric CH2 Br2 concentrations? The long term rate of transport
change has been investigated showing that there is a decreases in tropical transport
time–scales. This comparative to the lifetimes of short–lived gases, however this
has not been investigated with respect to their atmospheric concentrations. Does
the decrease in tropical transport time–scales correspond to changes in UTLS VSLS
concentrations? A long term study of VSLS concentrations has not been done to assess
how UTLS concentrations have changed in the recent atmosphere.
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6.2

Future Work

This work has highlighted important factors about the emission and transport of VSLS
in tropical convective systems. However uncertainties still remain over their impact
on global chemistry.

6.2.1

Quantification of CH2 Br2 Emissions

Inversion of ground station observations has shown that the method can be applied to
quantify oceanic emissions of short–lived gases. CH2 Br2 is the second most abundant
VSLS and with a longer lifetime than CHBr3 will play an important role in rapid
vertical transport. The longer lived nature of CH2 Br2 will change the method of
inversion as it will be much more dependent on initial conditions. A longer spin up
with the a priori would reduce the effect of initial conditions on the inversion model
for both CH2 Br2 and CHBr3 . Greater spatial coverage of data would be useful to
help constrain emissions in regions not covered by ground stations, e.g. the Western
Pacific. Observational aircraft campaigns, such as CAST and CONTRAST, could be
used. Although they have poorer temporal coverage, multiple campaigns can provide
information over a larger time frame.

6.2.2

Expansion of the Age of Air Analysis

Age of air has been shown to describe transport processes in the troposphere although
many questions remain unanswered.

Additional work is needed to verify the

observed trends in AoA of the Hadley Cell. Model dynamic fields can be used to
describe changes in age spectra throughout the troposphere. Such as wind fields,
radiation changes in the TTL, and SSTs. The development of a TTL tracer could
be used to describe changes in residence times of the TTL. That may be difficult to
determine in GEOS–Chem with this poor vertical resolution, but it would add to value
to help to understand why it is changing. Also a tropical only ocean tracer could be
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used to specifically study transport over the tropical oceans. It could be used to define
the Hadley Cell from the age spectra, and to inform the observed changes using a
global tracer.

6.2.3

How will changing convection speeds effect transport of
VSLS?

Warming SST is leading to faster convection (Zhang, 1993; Su et al., 2006; Posselt et
al., 2012). A previous study has tried to estimate how increasing convection may
influence stratospheric estimates of Bry (Hossaini et al., 2013). To understand the
effects of changing convection on contribution of VSLS to stratospheric Bry , a long
term investigation of VSLS transport and in past systems can help inform future
possible changes. This requires a more in depth study of VSLS and their product gases
over the vertical profile. The latest version of GEOS–Chem (v11.01) to be released
soon will include a more in depth bromine, chlorine and iodine chemistry scheme,
including organic and inorganic species. An extended model run over the same period
as AoA can inform how age of air spectra relates to changing contributions of VSLS to
stratospheric halogen loading. Understanding these process can help to predict what
may change with VSLS chemistry with future climate change.
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