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ABSTRACT

The Role of the Ocean in the Atmospheric Budgets of Methyl Bromide, Methyl
Chloride and Methane. (August 2012)
Lei Hu, B. S., Ocean University of China

Chair of Advisory Committee: Dr. Shari A. Yvon-Lewis

The ocean is both a source and a sink for atmospheric methyl bromide (CH;Br)
and methyl chloride (CH;Cl). It plays a significant role in their global biogeochemical
cycling. In response to the Montreal Protocol, the atmospheric CH;Br is declining and
the saturation state of CH3Br in the surface ocean is becoming more positive. Results
from two large-scale transect studies in the eastern Pacific and the eastern Atlantic
suggest that the ocean became near equilibrium with atmospheric CH3;Br in 2010.
Results from a “top-down” two-box model indicate that, if the remaining anthropogenic
emissions are eliminated, atmospheric CH3Br is likely to drop to the pre-industrial level
and the ocean would become a net source to atmospheric CH;Br.

This study also represents an effort to improve current understanding of the
oceanic and atmospheric budgets of CH3;CI. The global net sea-to-air flux of CH;CI was
estimated at 335 (210 — 480) Gg yr' with improved parameterizations on the solubility,
seasonal saturation anomaly — (sea surface temperature, wind speed) relationships and
the use of an updated parameterization on gas transfer velocity. For the first time, we

estimated the gross oceanic emission and gross oceanic uptake rates of CH3;ClI in the
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surface ocean, which was 700 (490 to 920) Gg yr' and -370 (-440 to -280) Gg yr',
respectively. The ocean accounts for 10 - 19 % in the global CH3;Cl emission and 6 - 9 %
in its global sinks.

Methane (CHy) is a potent greenhouse gas, which has a warming potential 72
times that of carbon dioxide over a 20 year time horizon. Gas hydrates are the largest
CHy reservoir in the planet. How much CHy is transported from marine gas hydrates to
the atmosphere is under debate. In this study, we investigated CH, fluxes over three
deepwater hydrocarbon seeps in the northern Gulf of Mexico using continuous air-sea
flux measurements. Extrapolating the highest daily flux from this study to other
deepwater seeps in the northern Gulf of Mexico suggests that CH, fluxes to the
atmosphere from the deepwater hydrocarbon seeps in this region are an insignificant

source to atmospheric CH4 budget.
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1. INTRODUCTION

1.1. Background

Global warming and stratospheric ozone depletion are two priority environmental
problems, which are mainly caused by increased greenhouse and ozone depleting gases
from human activities. Since the 1900s, the global surface air temperature (SAT) has
increased by about 0.8 °C [Le Treut et al., 2007]. Multi-model results suggest that, for
non-mitigation scenarios, the global mean SAT is likely to be further increased by 1.8 —
3.4 °C by the end of the 21st century [Meehl et al., 2007]. Methane (CH,4), a potent
greenhouse gas, has the second largest radiative forcing after carbon dioxide in the
Long-Lived Green-House Gases (LLGHG) [Ramaswamy et al., 2001]. The atmospheric
abundance of CH4 has increased by about a factor of 2.5 since the pre-industrial era
[Ehhalt et al., 2001]. CH, is also involved in both tropospheric and stratospheric
chemistry. Due to its important role in global radiative forcing and atmospheric
chemistry, quantifying the sources and sinks of CH4 has been a major research focus
over the past several decades. However, substantial uncertainties remain.

Stratospheric ozone depletion has been observed since the late 1970s.
Halogenated compounds are transported to the stratosphere and destroy ozone

catalytically. In response to the Montreal Protocol and its amendments, most long-lived

This dissertation follows the style of Journal of Geophysical Research.



halogenated compounds that originate from anthropogenic sources are declining in the
atmosphere [World Meteorological Organization (WMO), 2011], resulting in an
increasing in the relative importance of natural halocarbons in stratospheric ozone
depletion.

Methyl bromide (CH;3Br) and methyl chloride (CH3Cl) are the most abundant
brominated and chlorinated gases in the troposphere. They contributed about 34% of the
total bromine and 17% of the total chlorine to the stratosphere in 2008 [WMO, 2011].
CH;Br and CH;Cl originate in large part from natural sources such as the ocean, biomass
burning, tropical rainforests, salt marshes, wetlands and fungus. Despite tremendous
efforts made in the past several decades to quantify the sources and sinks of CH;Br and
CH;Cl, knowledge of their atmospheric budgets is limited. An imbalance between their
total known sources and their total known sinks calls for further studies on their
“missing sources”.

1.2. Statement of problems
1.2.1. Methyl bromide

The total known sinks of atmospheric CH;Br exceed the total known sources by
~35 Gg yr' in its pre-industrial, pre-phaseout and phaseout budgets [Montzka and
Reimann et al., 2011; Saltzman et al., 2004; Yvon-Lewis et al., 2009]. Measurements in
the firn air and ice core air bubbles from the Antarctic suggested that the atmospheric
increase in the Southern Hemisphere during the 20th century could not be explained by
the increase in anthropogenic emissions alone [Reeves 2003; Saltzman et al., 2004],

suggesting emission rate of CH3;Br from fumigation — agriculture uses might be



underestimated or there was an increase in natural emissions or a decrease in the
atmospheric sinks during this period. Global atmospheric observations from
NOAA/ESRL Global Monitoring Division indicate that the decline in the atmospheric
CH;Br mixing ratio from the mid-1990s to the mid-2000s was larger than what was
expected [Montzka et al., 2003], which also implies that there might be an underestimate
of the anthropogenic emission, or an overestimate of the overall sinks. Yvon-Lewis et al.
[2009] suggested that the enhanced decline of CH;Br from the end of 1990s to the
beginning of the 2000s could be explained by elevated CH;Br mixing ratios in the
atmosphere at 1998 due to decreased hydroxyl radical (OH) concentrations or enhanced
biomass burning emissions. They also suggested that the anthropogenic emissions were
slightly underestimated, and the emission fraction from the fumigation - non-Quarantine
and Pre-Shipment (non-QPS) uses should be increased from 50% to 60%. However, the
increase in the anthropogenic emission cannot completely close the gap between the
total emissions and total uptake rates in the CH;Br budget.

The ocean, the largest source and the second largest sink of atmospheric CH;Br,
plays a significant role in the global CH3Br cycling. In the early 1980s, the surface ocean
was mis-interpreted to be highly supersaturated with respect to atmospheric CH;Br
[Singh et al., 1983]. Improvements in the analytical technique and extended open ocean
measurements allowed Lobert et al. [1995] to more accurately assess the CH;Br
saturation anomaly in surface ocean. Their results suggested that the surface ocean was
undersaturated with respect to atmospheric CH;Br and established a global net sea-to-air

flux of -13 Gg yr''. Observations in the surface ocean over the following several years



provided a more comprehensive picture of surface seawater CH;Br distribution in the
global ocean [Groszko and Moore, 1998; King et al., 2000, 2002; Lobert et al., 1995,
1996; Yvon-Lewis, 2002, 2004]. Due to the implementation of the Montreal Protocol and
its amendments, atmospheric CH3;Br is declining, which should lead to open-ocean
surface seawater CH;Br becoming less undersaturated than that before the phaseout
[Yvon-Lewis et al., 2009]. Results from ice core air bubble measurements [Saltzman et
al., 2004] suggest that the ocean was a net small source to the atmospheric CH3Br in the
pre-industrial era, which raises the question of whether or not it is possible that the ocean
would become a net small source again if all the anthropogenic sources were eliminated.

In contrast to the open ocean, the coastal ocean was observed to be highly
supersaturated [Groszko and Moore, 1998; King et al., 2000; Lobert et al., 1995;
Sturrock et al., 2003]. Since the coastal ocean is highly influenced by human activities,
river runoff and coastal terrestrial ecosystems, CH3;Br emission rates could vary
significantly among different coastal regions. It is necessary to make more coastal
measurements in order to better characterize CH;Br emissions and uptake rates in the
coastal ocean.
1.2.2. Methyl chloride

CH;Br and CH3Cl have similar chemical properties. It was reported that these
two gases share a number of common sources, i.e., the ocean [Hu et al., 2010; Moore et
al., 1996; Yvon-Lewis et al., 2009], biomass burning [Lobert et al., 1999; Yvon-Lewis et
al., 2009], fungus [Lee-Taylor and Holland, 2000; Mead et al., 2008; Watling and

Harper, 1998], salt marshes [Rhew et al., 2000], wetlands [Dimmer et al., 2001; Varner



et al., 1999], rice paddies [Lee-Taylor and Redeker, 2005], mangroves [Manley et al.,
2007] and tropical rainforest [Blei et al., 2010]. They also share common sinks, i.e.
reaction with hydroxyl radicals [World Meteorological Organization (WMO), 2003,
2007, 2011], uptake by the surface ocean [Moore, 2000; Moore et al., 1996], photolysis
in the stratosphere [World Meteorological Organization (WMO), 2011] and uptake by
soils [Keene et al., 1999; Keppler et al., 2005; Shorter et al., 1995]. Since atmospheric
CH;Cl shares many common natural sources and sinks with atmospheric CHj3Br,
understanding the variability in atmospheric CH3Cl may provide insights into the natural
emissions of CH;Br.

The ocean is both a source and a sink to atmospheric CH3;Cl. The global net
efflux of CH;ClI from the warm waters to the atmosphere was estimated at 470 — 508 Gg
yr'' whereas the net influx from the atmosphere to the cold waters was estimated at 90 —
150 Gg yr'' [Moore, 2000; Yoshida et al., 2004]. Although the warm water is a net
source to the atmospheric CH;Cl, it could also be a sink as well because the removal
processes including hydrolysis and biological degradation may be ubiquitous in the
surface ocean [Elliott and Rowland, 1995; Tokarczyk et al., 2003]. For cold waters, there
is likely to be production of CH3Cl from the phytoplankton and thereby emissions from
cold water to the atmosphere. To have a complete understanding on the role of the ocean
in the atmospheric CH3Cl budget, it is necessary to provide separate estimations on the
gross emission and gross uptake rates for the global surface ocean.

One of the key parameters for determining the oceanic emission and oceanic

uptake rates is the solubility coefficient. Elliott and Rowland [1993] first determined the



solubilities of CH3Cl in distilled water and seawater at 0 °C and 22 °C. Later, Moore et
al. [1995] reported solubilities of CH;Cl at 0 — 6 °C in seawater. Moore [2000] improved
the solubility parameterization by measuring the solubilities of CH3Cl in seawater for a
temperature range from 5 — 25 °C. His results suggest that the solubility expressions
from Elliott and Rowland [1993] and Moore et al. [1995] tend to overestimate the
solubilities of CH;Cl. Although an improvement was made by Moore [2000], he did not
include the salinity dependence in the solubility function. Applying the solubility
expression from Moore [2000] in coastal areas could result in underestimation on the net
sea-to-air fluxes.

Emissions of CH3;Cl from the coastal ocean to the atmosphere are poorly
quantified. Since the coastal ocean is highly influenced by anthropogenic activities and
river runoff from terrestrial ecosystems, the CH;Cl emissions from coastal ocean could
be very different from those in the open ocean.

1.2.3. Methane

CH; originates from both natural and anthropogenic sources. The total
atmospheric sources and sinks of CH4 were estimated at 580 Gg yr' [Denman et al.,
2007]. Methane clathrate hydrates, a crystalline solid consisting of water and mostly
methane gas, are buried in the seafloor of continental margins and the Arctic permafrost.
The total abundance of methane reserved in the form of gas hydrates is about 2 X 10° Tg
in a global inventory [Boswell and Collett, 2011]. It is comparable to about 400 times the
total mass of atmospheric methane [Ehhalt et al., 2001]. Although the methane clathrate

hydrate is an enormous methane reservoir, little is known about methane emissions from



this reservoir to the atmosphere and how the emission rate responds to the climate
change.

The ocean is a small source of methane to the atmosphere, contributing about 1 —
15 Tg yr'1 of methane to the atmosphere [Houweling et al., 2000; Rhee et al., 2009;
Wuebbles and Hayhoe, 2002]. The interest in methane from marine environment is not
due to the oceanic production of methane, but to understand the processes involving
enormous methane additions from marine sediments to the water column and eventually
to the atmosphere [Reeburgh 2007]. It is not clear how much methane reaches the
atmosphere after it is emitted from the deep seafloor.
1.3. Hypotheses

The goal of this study is to improve the current understanding on the role of the
ocean in the atmospheric budgets of methyl bromide, methyl chloride and methane.
According to problems discussed above, we attempted to achieve our goal through the
following aspects: 1) characterizing emissions of methyl halides from coastal ocean to
the atmosphere; 2) quantifying the global net sea-to-air flux of methyl bromide after the
fumigation — non-Quarantine and Pre-Shipment (non-QPS) phaseout; 3) including the
salinity dependence into the solubility expression of methyl chloride and estimating its
global oceanic emission and oceanic uptake rates; 4) finding out the origin of the
“missing sources” of methyl halides and estimating the contribution of the ocean to their
atmospheric budgets; and 5) improving our knowledge about deepwater gas hydrates as

a source to the atmospheric methane budget.



Hypothesis I is that emissions of methyl bromide and methyl chloride from the

coastal ocean to the atmosphere might be significant and they might contribute to the

“missing sources” of atmospheric methyl bromide and methyl chloride. Emission rates

or uptake rates of methyl bromide and methyl chloride in coastal ocean are different
from those in the open ocean [Lobert et al., 1995; Moore et al., 1996; Tokarczyk et al.,
2001, 2003a, 2003b]. When estimating the global oceanic emission and uptake rates
[King et al., 2002; Yvon-Lewis et al., 2009], the coastal-ocean area was not separated
from the open-ocean area. Since methyl bromide is supersaturated in the coastal ocean
[Lobert et al., 1995; Moore et al., 1996; Sturrock et al., 2003] whereas it is
undersaturated in the open-ocean area, emission rates of methyl bromide in the coastal
ocean could be higher than those in the open ocean. For methyl chloride, concentrations
in the coastal ocean may be influenced by coastal salt marshes, which are a significant
source for atmospheric methyl chloride [Rhew et al., 2000]. Thus, emissions of methyl
chloride in coastal ocean may be higher than those in open ocean. However, the total
global emissions of methyl bromide and methyl chloride from coastal area are not well
quantified. It is possible that the coastal ocean may contribute to their “missing sources”.

Hypothesis II is that saturation anomalies of methyl bromide are likely to become

more positive at the end of the fumigation - non-QPS phaseout. In response of the

fumigation - non-QPS phaseout, the atmospheric mixing ratio of CH;Br has been
declining. This should lead to an increase in the saturation state of CH3Br in the surface
ocean, assuming annual surface oceanic production rates, and biological, chemical and

eddy degradation rate constants remain the same as they were before the phaseout



[Butler, 1994; Yvon-Lewis et al., 2009]. Since chemical and eddy degradation rate
constants are a function of salinity, sea surface temperature (SST), thermocline
temperature and mixed layer depth, it is easy to assume that they have not changed
significantly since 1994. Annual production rates and biological degradation rate
constants are unlikely to have changed since 1994, but this is less certain.

Hypothesis 111 is that both warm waters and cold waters play dual roles in the

atmospheric budget of CH;Cl. CH;Cl is consumed in aquatic environment via hydrolysis

[Elliott and Rowland, 1995] and bacteria degradation [Tokarczyk et al., 2003a, 2003b]. It
is also produced by phytoplankton [Semundsdottir and Matrai, 1998; Scarratt and
Moore, 1996, 1998]. Since production and consumption of CH;Cl are ubiquitous in the
ocean, warm waters and cold waters should be both a source and a sink for atmospheric
CH;Cl. However, there is no estimate about the gross emission and gross uptake rates of
CH;Cl from warm and cold waters.

Hypothesis IV is that the “missing sources” of CH;Br and CH;Cl are likely to be

located in tropical terrestrial ecosystems. Warwick et al. [2006] evaluated the possible
origins for the “missing sources” of CH3;Br using a global three-dimensional chemical
transport model. Based on their results, it suggests that the “missing sources” of CH;Br
are likely either from tropical vegetation source or a double-strength biomass burning
source. Blei et al. [2010] estimated a global net flux of CH3;Br from tropical rainforests
using their field measurements, which is about 20 Gg yr'. Adding this source to the
atmospheric budget of CH;Br will reduce the gap between its total sources and sinks.

However, it cannot fully explain the imbalance in the CH;Br budget. It is possible that
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the gross emissions of CH3;Br from tropical rainforests are higher than the range they
reported since the gross emission is equal to the sum of the net flux and the gross
consumption rate. For CH;Cl, the gap between its total annual emission and its annual
uptake rate was suggested to be closed by emissions from tropical plants and tropical
leaf litter [Clerbaux and Cunnold et al., 2007; Xiao et al., 2007; Yoshida et al., 2004].
However, an imbalance in the atmospheric budget of CH;CI was raised again due to a
suggested higher soil uptake rate [Keppler et al., 2005]. It is possible that gross
emissions of CH;Cl from terrestrial ecosystems are much higher than the prior estimates
because of a higher uptake rate. Due to limited gross emission measurements from
terrestrial ecosystems, there is no estimate on the total gross emission from terrestrial
ecosystems currently.

Fluxes of methane from deepwater hydrocarbon seeps are highly uncertain. They
ranged from -6.6 to 10,500 pmol m™ d”' (e.g., Bange et al., 1994; Bange et al., 1996;
Reeburgh et al., 2006; Schmale et al., 2005; Solomon et al., 2009). Fluxes reported in
deepwater hydrocarbon plume area in the northern Gulf of Mexico [Solomon et al., 2009]
were about three orders of magnitude higher than those reported from the previous
studies from the Black sea [e.g., Reeburgh et al., 2006; Schmale et al., 2005]. Since
Solomon et al. [2009] used a submersible to collect water-column samples adjacent to
bubble plumes, this technique might be more capable to capture the hydrocarbon plumes

compared to the traditional method - shipboard hydrocasts. Our hypothesis V is that

using the traditional sampling technique (shipboard hydrocasts) may result in an

underestimated methane fluxes from deepwater hydrocarbons seeps.
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Sections 2 — 6 present our efforts to address those hypotheses and section 7

summarizes the main findings of this dissertation.
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2. COASTAL EMISSIONS OF METHYL BROMIDE AND METHYL

CHLORIDE ALONG THE EASTERN GULF OF MEXICO AND THE EAST

COAST OF THE UNITED STATES*

2.1. Introduction

CH;Br and CH3Cl are the most abundant brominated and chlorinated gases in
the troposphere [Khalil et al., 1999; Schauffler et al., 1993; Schauffler et al., 1999]. The
global averaged mixing ratio of CH3;Br is 7.9 ppt (parts per trillion) [World
Meteorological Organization (WMO), 2007], representing > 50 % of total organic
bromine in the troposphere [Schauffler et al., 1999], and the global averaged mixing
ratio of CH;Cl in the troposphere is ~ 540 ppt, accounting for over 15 % of organic
chlorine in the total tropospheric burden [Butler, 2000]. Both trace gases originate in
large part from natural sources, and are transported to the stratosphere, releasing
bromine and chlorine, which then destroy ozone catalytically. In the past twenty years, a
lot of work has been done to quantify their sources and sinks. However, large
uncertainties in their budgets remain.

The ocean, as one of the major sources and one of the major sinks [Butler and

*Reproduced by permission of American Geophysical Union. Hu, L., S. A. Yvon-Lewis, Y. Liu, J.
E. Salisbury, and J. E. O’Hern, Coastal emissions of methyl bromide and methyl chloride along
the eastern Gulf of Mexico and the east coast of the United States, Global Biogeochem. Cycles,
24, GB 1007, doi:10.1029/2009GB003514, 2009. Published [2009] American Geophysical
Union. Not subject to U.S. copyright.
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Rodriguez, 1996; Yvon-Lewis and Butler, 1997] for CH;Br, plays a significant role in its
atmospheric budget. While the open ocean is a net sink for CH;Br with a net flux of -18
(+4) Gg yr'1 [Groszko and Moore, 1998; King et al., 2002; King et al., 2000; Lobert et
al., 1995; Lobert et al., 1996; Moore et al., 1996; Yvon-Lewis et al., 2004], the coastal
ocean exhibited significant supersaturations during previous studies [Groszko and Moore,
1998; King et al., 2000; Lobert et al., 1995; Low et al., 2003; Sturrock et al., 2003].
However, there were only a few samples collected in the coastal ocean during the
previous investigations, resulting in a limitation of the data to represent the global
coastal-ocean area.

Until 1996 the largest source of CH3Cl to the atmosphere was thought to be the
oceans [World Meteorological Organization (WMO), 2003]. However, most field studies
and modeling work in recent years indicate that terrestrial plants in tropical regions are
probably the largest source of CH;Cl and that the ocean source was overestimated [Li et
al., 2001; World Meteorological Organization (WMO), 2007; Yoshida et al., 2004] .
The global net flux from the ocean to the atmosphere was estimated to be in the range of
320 to 400 Gg yr'' by Moore [2000]. Recalculation on the CH;Cl net sea-to-air flux was
reported to be 350 Gg yr' by Yoshida et al. [2004], using the empirical relationship
between saturation anomaly and sea surface temperature and the Comprehensive Ocean-
Atmosphere Data Set (COADS) 2° x 2° grid of physical properties. The net sea-to-air
flux of CH;Cl is higher in the tropics than in the mid-latitudes, and the ocean is a net
sink in the cold waters beyond the latitude of 50° [Khalil et al., 1999; Moore, 2000;

Yvon-Lewis et al., 2004]. In recent years, the coastal environment has received
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increasing attention. Large sources of CH;Cl to the atmosphere were observed in coastal
salt marshes and tropical coastal lands [Rhew et al., 2000; Yokouchi et al., 2002].
However, the coastal oceanic emission of CH3Cl has not been investigated.

In this study, CH3;Br and CH;Cl results are presented from continuous underway
measurements in the atmosphere and surface seawater and from depth profile
measurements along the eastern coast of Gulf of Mexico and the east coast of the U. S.
during the period from July to August, 2007. The measurements are used to calculate the
CH;Br and CH;CI production rates in and subsequent emission from the coastal ocean,
and to assess the contribution of the coastal region to the global atmospheric CH;Br and
CH;Cl budgets.

2.2. Methods

Measurements of CH;Br, CH;CI and a suite of other halocarbons were made
during the Gulf of Mexico and the East Coast Carbon (GOMECC) Cruise. The ship
departed from Galveston, Texas on 10 July 2007, sailing east to Florida and then north
along the east coast of U.S., arriving in Boston, Massachusetts on 4 August 2007. The
cruise consisted of a series of 9 depth profile transects orthogonal to the coastline and a
comprehensive set of underway measurements during the entire cruise (Figure 2.1).
However, because of difficulties with the instruments, our measurements began five
days after the departure of the ship.

The analytical methods for CH;Br and CH;Cl1 were described in detail by King

et al. [2000] and Yvon-Lewis et al. [2004] (Appendix A). Air samples were pumped
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Figure 2.1. Cruise track of GOMECC cruise, 10 July — 4 August, 2007. Colored surface

of the map indicates the elevation of the land and the bottom depth of the ocean.
Contours with 200m, 1000m and 3000m water depths were labeled in the map. Region
within 200m bottom depth was regarded as coastal ocean in our study; all the
bathymetric data were downloaded from NOAA National Geophysical Data Center
(http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html). Red dots mark Julian days
along the cruise track and the numbers beside them are Julian days. Sampling stations on

transects (T1-T9), are labeled with yellow dots.
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continuously at ~ 6 L min™ through 0.63cm ID Synflex tubing (Motion Industries, TX)
mounted on the mast and running from the bow of the ship to the laboratory. Surface
seawater was sampled by pumping it continuously through a Weiss-type equilibrator in
which the recirculated headspace was periodically sampled. Both air and equilibrated
headspace samples were dried through a Nafion dryer, then cryo-trapped, cryo-focused,
and injected into a 60 m DB-VRX (J&W) column configured for back-flushing,
followed by a mass spectrometer analysis. Air and equilibrator samples were analyzed
alternately, ~ 40 min per sample. Calibration gas standards were analyzed after every
fourth sample to calibrate the system. Calibration standards were whole air standards
calibrated against standards from NOAA/ESRL Global Monitoring Division.

Discrete seawater samples at different depths in each transect were collected
from Niskin bottles into ground glass syringes, and then loaded to the volume calibrated
glass bulbs. They were measured by a Gas Chromatography and Mass Spectrometry
(GC-MS) system similar to the one described above for the saturation anomaly
measurements (Appendix D). This instrument has a custom-built purge system that
attaches to a Nafion dryer, with the rest of the analysis occurring as described above.
The difference between the sequences in the saturation anomaly measurements and those
in the depth profile measurements are the blanks which were included after every third
sample to monitor the system when measuring the discrete samples.

Continuous underway chlorophyll-a, chromophoric dissolved organic matter
(CDOM) and dissolved oxygen (DO) measurements were made in a black 80-liter tank

continuously flushed with the ship’s scientific seawater, in which the analytical
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instruments were submerged. A Wetlabs “Ecopuck” instrument was used to measure
stimulated fluorescence of chlorophyll-a (ug L™; Aa=470nm, Ay =695nm) and CDOM
as calibrated by quinine sulfate (QSU; A=370 nm, Aex = 460nm). The instrument was
factory calibrated prior to the cruise. DO was measured by an Aanderaa Optode sensor.
The “Optode” underwent a 4-point calibration prior to deployment using Winkler
titrations.
2.3. Results and Discussion
2.3.1. Air mixing ratios and sea surface concentrations

The mean atmospheric mixing ratio of CH3Br is 10.1 ppt with a range of 5.6 —
37.3 ppt, and the mean CH;Cl mixing ratio is 517 ppt, with a range of 406 - 1211 ppt
(Figures 2.2a and 2.2b). The background mixing ratios in northern hemisphere were 8.3
ppt for CH3Br and 529 ppt for CH;C1 during July and August 2007 (Montzka et al. [2003]
and updates in ftp:/ftp.cmdl.noaa.gov/hats/methylhalides). The mean atmospheric
CH;Br from GOMECC is 22% higher than the hemispheric mean, but for CH3Cl the
atmospheric mean from GOMECC is 2% lower than hemispheric mean. This along with
the fact that the wind direction was predominately oceanic, suggests that the coastal
ocean may be a significant source for CH;Br but it does not have a great impact on
CH;Cl concentrations in the overlying air.

Surface seawater concentrations reported here are from the measured partial
pressures of surface seawater flowing through the equilibrator and corrected for any
warming. Concentrations of CH;Br fell within 0.8 - 5.0 pM, representing saturation

anomalies of — 45 % to 236 %. Enhanced concentrations were located at 28° N - 29°N
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Figure 2.2. Underway measurements of CH3;Br and CH;Cl in the air (¢) and sea surface
waters (#) (a and b); (¢) saturation anomalies of CH;Br (—9—) and CH;Cl ( ); the
dash dot line indicates the saturated state; (d) sea surface temperature (SST) (==) and
salinity (—); (e) stimulated fluorescence of chlorophyll-a (... ) and chromophoric
dissolved organic matter (CDOM) (—); and (f) dissolved oxygen (%) in logarithmic

scale for y-axis; dark shadows indicate the transects.
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along the west coast of Florida, 31°N - 32° N along the Georgia coast, and along the
coast of New Jersey, Massachusetts and Rhode Island (Figures 2.1 and 2.2a). King et al.
[2000] observed that the averaged saturation anomaly of CH;Br in the southern Gulf of
Mexico and Caribbean Sea was — 31 %, suggesting a net sink in these waters. We also
found undersaturation at the end of transect 3, which is close to the location of the King
et al. [2000] study (Figure 2.2¢). In contrast to the sink term in open ocean, the mean
saturation anomaly along the eastern coast of the Gulf of Mexico is 31 %. This agrees
with the conclusion of the previous study of Saemundsdottir and Matrai [1998] that
species which are strictly coastal or more abundant in coastal areas appear to be stronger
producers of CH;3Br than species that are more abundant in the open ocean.

During GOMECC, most regions with elevated CH;Br also displayed increased
stimulated fluorescence of chlorophyll-a and CDOM (Figure 2.2e). CDOM in coastal
waters is primarily terrestrial in origin [Blough and Del Vecchio, 2002] and may indicate
a source of CH;Br associated with the transport from wetland or salt marshes. However,
not all regions with elevated CDOM displayed elevated dissolved CH;Br concentrations,
making it difficult to correlate CH;Br with the terrestrial transport. Only the regions
where the elevated CDOM coincided with elevated stimulated fluorescence of
chlorophyll-a exhibited elevated dissolved CH3;Br concentrations. A linear correlation
(R=0.71) between the stimulated fluorescence of chlorophyll-a and sea surface
concentrations of CH;Br exists along the east coast of the U.S., suggesting that CH3Br in
this region comes from in situ biological processes. During transect 5, there was a

dramatic drop in DO, corresponding with the large spikes in the stimulated fluorescence
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of chlorophyll-a and the CH;Br concentration (Figures 2.2a, 2.2e¢ and 2.2f). This
suggests that CH;Br might be produced and/or released as a phytoplankton bloom ages.

The CH;Cl concentrations in surface seawater ranged from 61.5 to 179 pM, with
a mean of 88.4 pM. Elevated seawater concentrations of CH3;Cl were observed in the
regions with elevated CH;Br, except for the outer banks of North Carolina during year
days 204 to 206 (Figures 2.1 and 2.2b). This suggests that CH;CI and CH;Br share some
common sources, but they may also have their own specific producers. Differences may
also be due, in part, to the different lifetimes for the two gases in seawater. The
corresponding lower salinity, lower temperature and elevated CDOM observed outside
of outer banks of North Carolina suggest that the CH3;Cl enhancement in this region
might be due to the terrestrially influenced freshwater input and sea surface cooling
(Figures 2.2b, 2.2d and 2.2e). The saturation anomalies of CH;3Cl fluctuated around
100% until year day 208. Then, as the seawater concentration decreased and the air
mixing ratio slightly increased, the saturation anomaly declined.

In terrestrially influenced regions where the stimulated fluorescence of
chlorophyll-a is also high, dissolved CH3Br concentrations are elevated, while CH;Cl
concentrations appear slightly to substantially elevated in all terrestrially influenced
regions as indicated by elevated CDOM. While CH;Cl and CH;Br both have wetland
and salt marsh sources [Rhew et al., 2000; Varner et al., 1999], the degradation rate for
CH;Br is faster than that for CH3Cl which may explain the lack of corresponding
elevation in CH;Br where only CH;Cl and CDOM are elevated. The elevated CH;Br is

observed where the stimulated fluorescence of chlorophyll-a is also elevated suggesting
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that in situ production of CH3;Br occurred in these regions but not in the other
terrestrially influenced regions. This does not preclude in situ CH;Cl production from
occurring in the same regions, but we cannot separate the terrestrial influence from the
possible in situ production for CH;Cl with the available data.
2.3.2. Water column distribution

The calculated mixed layer depths using the method of Brainerd and Gregg [1995]
were less than 50 meters in this cruise. Vertical distributions of CH;Br and CH5Cl show
that the highest concentrations were in the subsurface water just below the mixed layer
in transects 4, 5, 6 and 8 (Figures 2.3 and 2.4). This may result from enhanced chemical
degradation and lower solubility due to the higher temperatures near the surface. The
SST decreased from ~ 30° C to ~ 20° C from transect 4 to transect 9, reducing the
degradation rate, increasing the solubility and allowing for higher dissolved
concentrations to persist at the surface during transect 9 (Figures 2.2d, 2.3 and 2.4). The
intensity and width of near surface maxima varies with different transects, depending on
their localized sources and mixing conditions.

The vertical distributions of CH3Br show higher concentrations in the coastal
ocean than in the open ocean, except for transect 6, where elevated concentrations are
present in both (Figure 2.3). This observation further supports the conclusion that
production rates are higher in the coastal ocean than in the open ocean. For CH;3Cl, it is
elevated in open ocean regions (Figures 2.4a, 2.4b and 2.4c), which raises the question
of whether phytoplankton communities in the open ocean might be more efficient at

producing CH;Cl, compared to those of coastal waters.
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2.3.3. Flux and production

The net sea-to-air flux (F, nmol m™ d™') was calculated by the following equation:
Pw P
F =k w__Ma 2.1
w( H H ) 2.1)

where ki, is gas transfer velocity, H is solubility (m’ atm mol™), p and p, are the partial
pressures (atm) in the surface water and atmosphere. Wind speeds were measured with
an anemometer at a height of 19m above the sea level, then normalized to a height of
10m using the equation of Large and Pond [1982] and Erickson [1993] to calculate the
gas transfer velocity [Wanninkhof, 1992]. The solubilities of CH3;Br and CH;Cl were
calculated following the method of De Bruyn and Saltzman [1997] and Moore [2000].
The net fluxes of CH;Br and CH;Cl are in the range of -3.5 to 10.8 nmol m~ d"'and -5.9
to 348 nmol m? d™'. The CH;Br flux is controlled by the saturation state of the seawater,
while the variation in the flux of CH;Cl appears to be driven mainly by variations of
wind speeds (Figures 2.2¢, 2.5a and 2.5b).

Assuming the ocean is at a steady state, the production rate should be equal to the
rate needed to balance the sum of the degradation rate and the net flux. However, the
ocean does not achieve thermal equilibrium in most situations. Surface cooling or
warming would affect the saturation anomaly and the production calculation. Therefore,
the saturation anomaly of CFC-11 was used to correct the thermal effect Yvon-Lewis et
al. [2004] and the net production rate was calculated by the corrected net flux and

degradation rate, as shown below:

P :k_w[A_ACFC—ll]pa +(k
z

100H chem + kbio)Cw (22)
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where P is production rate (mol m> d'l); A is saturation anomaly of CH;Br or CH;Cl;
Ackc-11 1s saturation anomaly of CFC-11; z is mixed layer depth (m); C, is surface
seawater concentration; Kcpem and Kpjo are the chemical and biological degradation
constants (d™). The rest of the parameters are defined above. Chemical degradation of
CH;Br and CH;Cl, varying from 0.03 to 0.53 d'and 0 to 0.05 d”! in this study, were
calculated using the equations from King and Saltzman [1997] and Mabey and Mill
[1978]. Biological degradation constant of CH3;Br was from King and Saltzman [1997],
0.11 d' off the coast of Florida during the summer. For CH;Cl, the biological
degradation constant, 0.085 d”, was from the averaged biological degradation rate
constant in July in the study of [Tokarczyk et al., 2003], which is the only study on the
biological degradation off the coast.

The distributions of calculated CH3Br and CH;Cl production rates appear similar
except for the spike in CH3;Cl production before transect 6 (Figure 2.5c¢), where
terrestrial transport, as discussed earlier, may have influenced the CH;Cl concentrations.
A linear regression analysis of the production rates shows a linear fit through the data
with correlation coefficient of 0.47 (n=287) indicating correlation within 95%
confidence levels [Emery and Thomson, 2001]. This correlation coefficient increases to
0.75 after we removed the spike in CH3Cl production extending from year day 202.8 to
204.9. Scarratt and Moore [1998] tested nine phytoplankton species, most of which are
common in the open ocean, and found that CH3Cl and CH;Br were produced in all
cultures, except CH;Br was absent in cultures of Tetraselmis sp. and Isochrysis sp. This

good correlation between the calculated production rates of CH;Br and CH;Cl in our
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Figure 2.5. (a) 24-h averaged wind speed at 10m before sampling; (b) calculated sea-to-
air fluxes of CH;Br (0) and CH;3Cl (x); (c) calculated production rates of CH;Br in the
coastal ocean (e) and the open ocean (© ), and calculated production rates of CH;Cl in
the coastal ocean (+) and the open ocean (¢); (d) calculated emissions for CH;Br in the
coastal ocean (») and the open ocean (o), and calculated emissions for CH3Cl in the

coastal ocean (¢) and the open ocean(<).
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study suggests that CH3;Br and CH;3Cl also have some common sources in the coastal
ocean.
2.3.4 Estimating total coastal emissions

The area of the coastal ocean, defined as the area with bottom depth less than
200m, was determined from bathymetric data from the NOAA National Geophysical
Data Center (http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html). The mean value of
the calculated production rates of CH;Br for the coastal oceans in this study is 0.76 nmol
m™ d”, which is much higher than the global open ocean production rate, 0.15 nmol m>
d”' [Yvon-Lewis and Butler, 2002]. The calculated coastal CH;Cl production rate ranges
from 4.5 to 67nmol m™ d”' with a mean value of 18 nmol m™ d™'.

Emission is defined as the amount of gas which is produced in the ocean and
emitted to the atmosphere. It is calculated from the following equation:

E=P

uncorll = R)Z (2.3)
where E is emission from the ocean (mol m™ d'l); Puncorr 18 uncorrected production rate,
which is calculated from equation (2.2) using the uncorrected saturation anomaly; and R
is the fraction of gas entering the water that is destroyed before exiting to the atmosphere
[Butler, 1994].

The entire cruise track was divided into four regions, each spanning five degrees of
latitude, to capture the regional variations. Regionally averaged emissions were
enhanced within the 30° N - 35° N area (Table 2.1). The calculated emission from the

entire GOMECC coastal region ranged from 0.01 to 0.06 Gg yr™' for CH;Br and 0.3 to

1.6 Gg yr' for CHsCl (Table 2.1). The global coastal-ocean area is approximately
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27.123 x 10°km?, accounting for 7.4 % of global ocean area [Menard and Smith, 1966].
Assuming that the GOMECC area is representative of the global coastal-ocean region,
the extrapolated global coastal-oceanic emissions range from 0.5 to 3.6 Gg yr for
CH;Br and from 19 to 98 Gg yr'' for CH;Cl. Using the same method, the extrapolated
global coastal-ocean fluxes are estimated to be in the range of -0.9 to 3.4 Gg yr'' and 12
to 94 Gg yr' for CH;Br and CH;Cl. For CH;Cl, the global open-oceanic emission
ranges from 1284 to 1364 Gg yr'1 as calculated from the global net flux of 320 to 400 Gg
yr'' [Moore, 2000], the partial atmospheric lifetime with respect to oceanic loss of 4.1
years [Tokarczyk et al., 2003] and its averaged global atmospheric mixing ratio, 536 ppt,
from NOAA/ESRL Global Monitoring Division
(ftp://ftp.cmdl.noaa.gov/hats/methylhalides). For CH3Br, it is more complicated. With
the decline in atmospheric concentrations since the implementation of the Montreal
Protocol, the global net flux of CH;Br has likely changed since the previous global
estimates of net flux were determined [Yvon-Lewis et al., 2009]. Comparing the
extrapolated coastal-ocean net fluxes determined in this study to the pre-phaseout global
ocean net fluxes is not a valid comparison. However, the oceanic production rate and
emission are not functions of the atmospheric concentration and should not have
changed. Therefore, the global oceanic emission of 42 Gg yr' determined by Yvon-
Lewis et al. [2009] remains the best estimate. Including the coastal-oceanic emissions of
CH;Br and CH;Cl will increase the global oceanic emissions by 1% - 9% and 1% - 8%,

respectively.



Table 2.1. Estimated coastal emissions of CH;Br and CH;Cl.

CH;Br CH;Cl
Region Aea (ko) Emission Annual Emission Emission Annual Emission

(nmol m™ d™) (Ggyr') (nmol m™ d™) (Ggyr')
I (Latitude <30°N) 1.82x 10° 1.5 (0.9-2.8) 0.01 (0.004-0.02) 119 (52-192) 0.4 (0.2-0.6)
IT (Latitude 30~35°N) 8.50 x 10 3.7 (0.9-12) 0.01 (0.003-0.04) 202 (63-349) 0.3 (1.0-5.4)
III (Latitude 35~40°N) 6.58 x 10* 1.4 (0.6-2.5) 0.0%3.0((())6'901_ 95 (38-351) 0.1 (0.04-0.4)
IV (Latitude > 40°N) 1.18 x 10° 0.2 (0-0.5) 0.001 (0-0.002) 8.3 (1.1-28) 0.02 (0-0.06)
GOMECC coastal total 452x10° - 0.02 (0.01-0.06) - 0.8 (0.3-1.6)
Global coastal ocean 27.123 x 10° - 1.4 (0.5-3.6) - 50 (19-98)

6¢
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The GOMECC data represent a much larger coastal area than the few previous
coastal studies covered [Baker et al., 1998; Sturrock et al., 2003]. For CH3Br, the results
presented here fall within the range of data reported in the other studies (Table 2.2).
However, the saturation anomalies of CH;Br off the coast of Tasmania [Sturrock et al.,
2003] were substantially higher than those in our study which suggests that coastal
emissions may have significant regional variability and limit the ability to extrapolate
the emission from any one region. In addition, there has been no investigation of the
coastal-ocean emissions from high latitudes. Our knowledge of the seasonality of CH3;Br
and CH;Cl emissions from the coastal ocean is limited. Baker et al. [1999] observed a
seasonal cycle in coastal waters of the southern North Sea for CH;Br but no seasonal
pattern was observed in the Tasmanian data of Sturrock et al. [2003]. Khalil and
Rasmussen [1999] found seasonal variation at various latitudes in the atmosphere for
CH;Cl, but there was no seasonal study of CH3;Cl in seawater. Therefore, large
uncertainties in these estimated global coastal emissions arise from the limited spatial
and temporal coverage of our dataset and are difficult to quantify using the current data.
2.4. Conclusions

The coastal ocean is a highly productive region for CH;Br, and it may also be
highly productive for CH;Cl based on its large range of calculated production rates.
Elevated concentrations of CH;Br might be due to enhanced biological processes, and
elevated CH;3Cl in seawater might be associated with biological processes and terrestrial
transport. The vertical distributions showed that the waters with elevated CH;Br and

CH;Cl in the investigated transects were located in the subsurface, just below the mixed



Table 2.2. Comparison of CH;Br measurements in different coastal regions.

Atmospheric Seawater Saturation
Region Time Mixing Ratio Concentration Anomaly (%) Reference
0
(ppt) (PM)
GOMECC (Coastal) 10 Juzl(-)(é)l7Aug, 10.5 (5.6-37.3) 1.9 (0.8-5.0) 30 (-45-236) This study
Coastal Nova Scotia Oct-Nov, 1995 11.4-13.0 1.5-2.5 9 Groszko and
Moore, 1998
Coastal Water of the Feb, 1996 — Baker et al.,
North Sea Feb,1997 9:3-25.3 2-87 -60-200 1999
Subtropical/ temperate 7 May -7 Jul, .
NE Pacific (coastal) 2000 12.16 2.66 30 King et al., 2000
Coastal waters off Mar, 2000 -Sep, Sturrock et al.,
Tasmania 2002 6-24 0-26 -50-1200 2003

3
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layer, which may be due to more rapid degradation in the surface layer. Evidence from
the correlation of calculated production rates indicates that some common sources for
CH;Br and CH;Cl exist in the coastal ocean. Including the emissions of CH;Br and
CH;CI from the coastal area of the ocean may increase the estimates for global oceanic
emissions of these gases by 1% - 9% and 1% - 8%. Although there are substantial
uncertainties in the global coastal estimates due to the limited amount of data
representing global coastal regimes and a lack of information on seasonal variation,
these results provide an initial approximation of the contribution of the coastal ocean to
the budgets of these gases. More investigations in coastal ocean regions including
seasonal variations for CH;Br and CH;Cl are needed in order to obtain a more accurate

assessment of their coastal emissions.
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3. THE OCEAN IN NEAR EQUILIBRIUM WITH ATMOSPHERIC METHYL

BROMIDE*

3.1. Introduction

CH;Br, an important ozone-depleting substance (ODS), contributes about 34% of
the total stratospheric bromine [Montzka and Reimann, 2011]. As the abundances and
emissions of most ODSs decrease, the total tropospheric burden of organic chlorine and
organic bromine are declining. Unlike other ODSs controlled by the Montreal Protocol,
CH;Br has both anthropogenic and natural sources. Since a significant portion of CH;Br
is emitted from natural sources [Montzka and Reimann, 2011; Yvon-Lewis et al., 2009],
the relative importance of natural CH;Br in stratospheric ozone depletion will increase
with the declining anthropogenic chlorine and bromine sources.

The ocean is the largest source and second largest sink for atmospheric CH;Br
[World Meteorological Organization (WMQO), 2003; Yvon-Lewis et al., 2009]. The
current best estimate for the pre-phaseout global emission of CH;Br from the ocean is 42
Gg yr' [Yvon-Lewis et al., 2009]. Phytoplankton are thought to be the primary source of
CH;Br in the surface ocean [Saemundsdottir and Matrai, 1998; Scarratt and Moore,

1996, 1998]. CH;3Br is also removed chemically and biologically in the ocean. The

*Reproduced by permission of American Geophysical Union. Hu, L., S. A. Yvon-Lewis, Y. Liu,
and T. S. Bianchi, The ocean in near equilibrium with atmospheric methyl bromide (submitted),
Global Biogeochem. Cycles. Not subject to U.S. copyright.
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chemical degradation of CH3;Br includes hydrolysis and chloride substitution,
whichdepend on the in-situ temperature and salinity [King and Saltzman, 1997].
Biological degradation rate constants measured in the coastal and open ocean generally
range from 0 to 0.26 d! [King and Saltzman, 1997; Tokarczyk and Saltzman, 2001,
Tokarczyk et al., 2001; Tokarczyk et al., 2003]. It was widely observed that CH;Br was
undersaturated in the open ocean [Groszko and Moore, 1998; King et al., 2002; Lobert
et al., 1996; Yvon-Lewis et al., 2004], in contrast to the coastal ocean which is
supersaturated with respect to CH;Br [Hu et al., 2010; Lobert et al., 1995; Sturrock et
al., 2003]. The global net sea-to-air flux, including both the open ocean and the coastal
ocean, was estimated at -20 Gg yr' to -10 Gg yr'' before 1998 [Groszko and Moore,
1998; King et al., 2002; King et al., 2000; Lobert et al., 1995; Yvon-Lewis et al., 2009].
Because of the implementation of the Montreal Protocol and its amendments
which called for the phaseout of fumigation - non-Quarantine and Pre-Shipment (non-
QPS) uses of CH;Br, the atmospheric mixing ratio of CH3;Br has been declining
[Montzka and Reimann, 2011]. This should lead to an increase in the saturation state of
CH;Br in the surface ocean, assuming surface ocean annual production rates, and
biological, chemical and eddy degradation rate constants remain the same as they were
before the phaseout [Butler, 1994; Yvon-Lewis et al., 2009]. Since chemical and eddy
degradation rate constants are a function of salinity, sea surface temperature (SST),
thermocline temperature and mixed layer depth, it is easy to assume that they have not
changed significantly since 1994. Annual production rates and biological degradation

rate constants are unlikely to have changed since 1994, but this is less certain.
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In this study, we selected the cruise tracks similar to those covered during the
Bromine Latitudinal Air-Sea Transect I and II (BLAST I and II) cruises (Figure 3.1) to
determine the current global saturation state of CH;Br in the surface ocean near the end
of its fumigation-non-QPS phaseout. Another goal of this study was to assess the
validity of the assumption in the prior modeling studies [Butler, 1994; Yvon-Lewis et al.,
2009] that annual production rates and biological degradation rate constants remain
constant over time.

3. 2. Methods

The Halocarbon Air-Sea Transect - Pacific/Atlantic (HalocAST - P/A) cruises
were conducted aboard R/V Thomas G. Thompson and the FS Polarstern, respectively.
The HalocAST - P cruise, which had an almost identical cruise track to BLAST I (1/26 —
2/28, 1994), started from Punta Arenas, Chile, on 30 March, 2010 and ended in Seattle,
Washington, US, on 27 April, 2010 (Figure 3.1). The HalocAST-A cruise, which
covered a similar latitudinal range as BLAST II (10/18 — 11/21, 1994) but in the eastern
Atlantic, departed from Bremerhaven, Germany, on 25 October, 2010 and arrived in
Cape Town, South Africa, on 26 November, 2010 (Figure 3.1).

Continuous underway salinity, sea surface temperature (SST), wind speed, wind
direction, air temperature and relative humidity data were collected for both cruises.
Additional measurements include halocarbon air-sea measurements (including CH;Br
and other 19 halocarbon compounds), CH;Br degradation rate constant measurements

and plant pigment measurements.
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Figure 3.1. Cruise tracks of BLAST I (=), BLAST II (=), HalocAST-P (...) and
HalocAST-A (==). Horizontal black lines along the cruise track indicate the edges of
specified oceanic regions: (1) open ocean, (2) coastal and nearshore, (3) upwelling, and

(4) inland passage. The division on the oceanic regions is from Lobert et al. [1995,

1996].
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CH;Br and a suite of other halocarbons were measured continuously in air and
surface seawater using gas chromatograph with a mass spectrometer (GC-MS), equipped
with a Weiss-type equilibrator. The details of the analytical system were described in Hu
et al. [2010] (Appendices A and C). The only difference from the old analytical system
[Hu et al., 2010] is that the GC column was changed from a DB-VRX (I.D. 0.25 mm;
Length 60 m; Film 1.4 pm) to a narrow bore DB-VRX (I.D. 0.18 mm; Length 40 m;
Film 1.0 pm) column prior to the HalocAST - P/A cruises. The new column allowed for
better separation and shorter chromatograms. The instrument was calibrated using two
whole-air standards which were calibrated against a whole air standard from
NOAA/ESRL Global Monitoring Division using the NOAA-03 scale
(http://www.esrl.noaa.gov/gmd/ccl/scales.html). The reported concentrations in the air or
surface seawater are expressed as dry air mole fractions (parts-per-trillion, ppt) and
equilibrated dry gas mole fractions (ppt). The instrumental precision for CH3;Br was
4.7% (1o) during HalocAST-P and 0.8% (1c) during HalocAST-A. A better precision
during HalocAST-A was because we changed a new filament in the mass spectrometer
during this cruise.

Measurements of CH;Br degradation rates were conducted in the eastern Atlantic
during HalocAST-A. Samples were collected daily between 1200 and 1300 (local time)
using the flow-through system on the ship. The inlet was located 4 m below the sea
surface. The flow-through system was flushed with seawater continuously. Each sample
was divided into 2 to 4 aliquots. One was filtered through 0.2 um MediaKap Hollow

Fiber Media Filter and used to determine the chemical degradation rate. Another one to
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three aliquots were passed through 63 um pore size mesh to remove the big particles and
used to measure the total degradation rate. The biological degradation rate was
determined by the difference between the total degradation rate and the chemical
degradation rate. The degradation rate constants were measured by a stable isotope
incubation technique which was described by King and Saltzman [1997], Tokarczyk and
Saltzman [2001] and Tokarczyk et al. [2001]. The isotopic fractionation factor of
12k/Pk=1.074 from King and Saltzman [1997] was used to correct the measured "°C rate
constants to '2C rate constants. The uncertainty of the measurement was < 0.01 d”' and
the precision between aliquots was 0.01 - 0.06 (mean: 0.03) d'.

All plant pigment samples were filtered through GF/F filters (nominal pore size =
0.7 um), stored in a -80 °C freezer on-board ship and brought back to the laboratory for
analysis. Pigments were extracted according to the methods of Wright et al. [1991]. The
extracted pigments were analyzed using a Waters HPLC (high-performance liquid
chromatograph) with a 996 Photodiode array detector and a Shimadzu RF 535
Fluorescence detector (excitation set at 440 nm and emission set at 660 nm). The
pigments were separated on a reverse phase Alltech Adsorbosphere C;s column (5 pm,
250 mm x 4.6 mm i.d.) using the gradient flow described by Chen et al. [2003]. A total
of 18 dominant pigments, including total chlorophyll a (chlorophyll a+
divinylchlorophyll a), chlorophyll b, ¢, and c3, total carotene (a + ), peridinin, 19-
butanoyloxyfucoxanthin, fucoxanthin, 19-hexanoyloxyfucoxanthin, prasinoxanthin,

pheophorbide @, violaxanthin, diadinoxanthin, alloxanthin, diatoxanthin, lutein,
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pheophytin a, and zeaxanthin, was measured with a detection limit < 1.0 nmol L and an
average precision of 4.0 % (1o).
3.3. Results and discussion
3.3.1. Air and water concentrations and saturation anomalies

Atmospheric mixing ratios of CH3;Br ranged from 5.36 to 11.2 ppt (mean 7.49;
sd. 0.85) for HalocAST-P (Figure 3.2a) and 6.28 to 9.04 ppt (mean 7.38; sd. 0.60) for
HalocAST-A (Figure 3.3a). It is evident that the CH3Br mixing ratios in the air have
decreased more in the Northern Hemisphere (NH) than those in the Southern
Hemisphere (SH) when compared to the pre-phaseout (BLAST I and II) values (Figures
3.2a and 3.3a; Table 3.1). The interhemispheric ratio of CH3;Br (NH/SH) was also lower
than it was during the pre-phaseout BLAST cruises (Table 3.1). These are consistent
with the atmospheric CH;Br observations from NOAA/ESRL Global Monitoring
Division (see ftp://ftp.cmdl.noaa.gov/hats/methylhalides/ch3br/) and the decreasing
anthropogenic emission. A larger decline of CH3;Br mixing ratios in the NH than that in
the SH is due to a larger reduction in the anthropogenic emissions in the NH compared
to that in the SH (http://ozone.unep.org/Data_Reporting/Data_Access/).

Saturation anomaly (A%) is defined as the percent difference between the partial

pressure of a trace gas in surface seawater (py) and air (Pa):

A%y =Pu"Pa 100, 3.1)

a
where, partial pressures in the air or surface seawater were calculated by equations (3.2

~3.3).
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Figure 3.2. (a) CH;Br atmospheric mixing ratios; (b) equilibrated dry gas mole fractions
of CH3Br in surface seawater and (c¢) saturation anomalies of CH;Br in surface ocean for

BLAST I (M) and HalocAST-P (@). The numbers between the dashed vertical lines

indicate different oceanic regions with 1 = open ocean, 2 = coastal and coastal influential

region, 3 = upwelling and 4 = inland passage.
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Figure 3.3. (a) CH;Br atmospheric mixing ratios; (b) equilibrated dry gas mole fractions
of CH3Br in surface seawater and (c¢) saturation anomalies of CH;Br in surface ocean for
BLAST II (x) and HalocAST-A (). The numbers between the dashed vertical lines

indicate different oceanic regions with 1 = open ocean, 2 = coastal and coastal influential

region and 3 = upwelling region.
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Table 3.1. Hemispheric and global mean atmospheric mixing ratios of CH3;Br and the

interhemispheric ratios (IHR) during BLAST I, BLAST II, HalocAST-P and HalocAST-

A.
Cruises Time Period NH (ppt) (?911;1‘[) (([})1[?8 al zgl;I/SH)
BLAST I Jan-Feb, 1994 11.1 8.55 9.62 1.29
HalocAST-P Mar-Apr, 2010 7.85 7.31 7.52 1.07
BLAST II Oct-Nov, 1994 11.5 9.79 10.5 1.18
HalocAST-A Oct-Nov, 2010 8.02 7.00 7.50 1.15
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RH
= - 32
pa Za(pt 100 pvp) ( )
RH
= - 3.3
pw Zw(pt 100 pvp) ( )

where, y, stands for dry air mole fractions or atmospheric mixing ratios, yy stands for
equilibrated dry gas mole fractions for surface seawater, p; stands for surface
atmospheric pressure, Pyp is water vapor pressure calculated by the formula given by
Weiss and Price [1980], and RH stands for the relative humidity. To compare the CH;Br
surface seawater concentrations and the saturation anomalies from this study to previous
studies, we used the same water mass designations of open-ocean, coastal and coastal-
influential region, upwelling and inland passage as Lobert et al. [1995, 1996]. In most
regions, the equilibrated dry gas mole fractions of CH;Br in surface seawater observed
during the current study were not significantly different than those observed during
BLAST I and II (Figures 3.2b and 3.3b; Table 3.2). However, the data showed an
increase over the last 16 years in the saturation anomalies in the open ocean for both
cruises (Figures 3.2 and 3.3) and in upwelling region of HalocAST-A (Figure 3.3) but
little change in the inland passage, overlapped coastal and coastal influential regions and
upwelling regions of HalocAST-P (Figure 3.2). The reason that the mean saturation
anomaly in the coastal and coastal influential regions during HalocAST-P was about
10% lower than that during BLAST I (Table 3.2) is because saturation anomalies of
CH;Br in the coastal areas above 35 °N during HalocAST-P are much lower than those
during BLAST 1 because of different locations (Figure 3.1). The most noticeable

increase for saturation anomalies was observed in the open ocean region with a 24.7%
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Table 3.2. Mean equilibrated dry gas mole fractions of CH;Br in surface seawater, mean
saturation anomalies (Acpsp;) and mean corrected saturation anomalies (Acpspr -Acrc-11)

in open ocean, coastal ocean and upwelling areas during BLAST I/II and HalocAST-

P/A.
BLASTI  HalocAST-P BLASTII®  HalocAST-A?
Open Ocean
Water (ppt) 7.73 7.70 8.64 7.66
Actssr (%) -21.8 2.9 235 2.3
Actssr -Acre-1 (%) 24.6 0.7 25.0 - 6.0
Coastal
Water (ppt) 12.1 10.3 10.6 na.l
Actsr (%) 40.3 29.5 11.2 na.l
Actgr -Acrc-11 (%) 37.1 27.3 7.3 na.l
Upwelling
Water (ppt) 9.80 7.66 8.67 7.61
Acnsr (%) 1.4 0.4 -12.0 3.7
Actzse -Acre-11 (%) 2.6 1.3 -12.6 -1.3

*Exclude the data between 13° - 30° S, where elevated CH;Br was observed during HalocAST-A;
°Not applicable.
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increase between BLAST I and HalocAST-P and a 21.2% increase between BLAST II
and HalocAST-A (Table 3.2).

The change of the saturation anomalies is not only controlled by the change of
atmospheric mixing ratios, it is also affected by other physical processes, i.e. surface
cooling or warming, mixing of water masses and injection of air bubbles [Butler et al.,
1991]. The physical effect on saturation anomalies could be corrected by conservative
tracers (i.e. cholorofluorocarbon-11, CFC-11) when the molecular diffusivity, the
solubility and the response of the solubility to the temperature change are similar
between the trace gas and the conservative tracer [Butler et al., 1991]. The previous
studies [Hu et al., 2010; Lobert et al., 1995, 1996; Yvon-Lewis et al., 2004] use
saturation anomalies of CFC-11 to correct saturation anomalies of CH3;Br. Although the
atmospheric CFC-11 is declining, the declining rate, ~2 ppt/yr [Montzka and Reimann,
2011], is relatively slow compare to the time needed to reach equilibrium with surface
ocean (Warner and Weiss [1985] reported that, at temperatures from 0 to 40 °C, seawater
or freshwater needs less than 16 hours to reach equilibrium with headspace CFC-11,
which had concentrations ten times the ambient), indicating that the surface ocean
should be in near equilibrium with atmospheric CFC-11 in 2010. Therefore, it can still
be used to correct the effect of physical processes on the saturation anomalies of CH;Br
in 2010. Corrected saturation anomalies show similar magnitude of increase in the open
ocean and upwelling areas as the uncorrected saturation anomalies (Table 3.2). Although
the diffusivity and the response of the solubility to the temperature change are similar

between CH;Br and CFC-11 [De Bruyn and Saltzman, 1997a, b; Hayduk and Laudie,
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1974; Warner and Weiss, 1985], the CFC-11 correction on the saturation anomalies
cannot completely compensate the effect of the physical processes on the CH;Br
saturation anomalies since the absolute solubility of CH3Br is two orders higher than the
solubility of CFC-11. Therefore, it is worth noting that the errors of corrected saturation
anomalies during HalocAST could be larger than those during BLAST since the
magnitude of saturation anomalies between CH;3;Br and CFC-11 were close in the open
ocean and upwelling areas in the HalocAST studies.

During HalocAST-A, a large increase in surface seawater CH;Br was observed
between 13°S and 30°S in the eastern Atlantic. The equilibrated dry gas mole fraction of
CH;Br in surface seawater reached 106 ppt with 1040% of supersaturation. Correlation
of surface seawater CH3;Br with chlorophyll ¢, c3, fucoxanthin, 19-
hexanoyloxyfucoxanthin,  19-butanoyloxyfucoxantin,  diadinoxanthin,  peridinin,
pheophorbide a and pheophytin a (r > 0.58; p = 0.00; n=25) at a 95% confidence level
and no correlation with other pigments (r < 0.32; p > 0.12; n=25) (Figure 3.4) suggest
that elevated CH3;Br was associated with two main algal groups, prymnesiophytes and
dinoflagellates [Jeffrey et al., 1997]. Laboratory culture studies [Saemundsdottir and
Matrai, 1998; Scarratt and Moore, 1996, 1998] suggest that CH;Br is produced in both
coastal and open ocean areas and that the ubiquitous species, Emiliania huxleyi and
Phaeocystis sp., can produce CH;Br at significant rates. The presence of the signature
pigments of these two species, 19-hexanoyloxyfucoxanthin, chlorophyll c3, fucoxanthin,
19-butanoyloxyfucoxantin, and their accessory pigments, chlorophyll ¢, and

diadinoxanthin [Antajan et al., 2004; Garrido and Zapata, 1998; Llewellyn and Gibb,
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Figure 3.4. Latitudinal distributions of plant pigment concentrations in the surface of the
eastern Atlantic; a) pigments which were correlated with surface seawater CH;Br:
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2000; Schoemann et al., 2005], suggest these two species were likely contributors to the
high concentrations of CH;Br. However, we could not exclude the possibility of other
prymnesiophytes and dinoflagellates species, which could also contribute to the elevated
seawater CH;Br. The most abundant pigment at this location, pheophorbide a, is a
chlorophyll degradation product, which can be produced by macrocrustaceans grazing
on Phaeocystis c.f. puchetii [Vernet et al., 1996], conversion from ingested chlorophyll a
by macrozooplankton and microzooplankton [Goericke et al., 2000; Welschmeyer and
Lorenzen, 1985], Phaeocystis autolysis, and senescent diatoms or Phaeocystis [Head et
al., 1994]. High correlation between pheophorbide a and surface seawater CH;Br (r =
0.75; p = 0.00; n=25), along with the presence of the signature pigments of Phaeocystis
sp., suggests that elevated CH3;Br was at least partly associated with Phaeocystis sp.,
some of which were grazed by zooplankton, or at the senescent stage or underwent
autolysis.
3.3.2. Loss rate constants

CH;Br loss rate constants were measured in the eastern Atlantic during
HalocAST-A. Chemical loss rate constants, determined using filtered seawater samples,
were normalized to a salinity of 35 and compared with the calculated values from the
rate expression of King and Saltzman [1997]. Ninety percent of the measured chemical
loss rate constants lay within = 0.03 d™' (or + 20%) of the calculated rate constants.

Biological loss rate constants, determined by subtracting the chemical loss rate
constants from the total loss rate constants, were in the range of 0 to 0.24 (mean 0.09; sd.

0.06) d'. They contributed 0 to 73% of the total loss rate. Tokarczyk and Saltzman
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[2001] measured biological loss rate constants in some of the same areas as the current
study during the Gas Exchange Experiment (GasEx 98) (Figure 3.5). Although these two
studies were 12 years apart and they were conducted in different months, no significant
discrepancy was observed in the measured biological degradation rate constants from the
overlapped areas, suggesting that temporal variability of CH3;Br biological loss rate
constants may be small. Geographically, CH3;Br biological loss rate constants in the
eastern Atlantic are similar to those in the northern Pacific (30° — 60° N) and the
Southern Ocean, but higher than the biological loss rate constants observed in the
Caribbean Sea, the eastern and central Pacific (10° — 30° N) (Figure 3.5). There is not
enough information at this time available to explain the spatial differences. Including
results from all of the previous biological loss rate constant measurements (Figure 3.5)
[Tokarczyk and Saltzman, 2001; Tokarczyk et al., 2001, 2003] with the data from this
study yields a global mean biological loss rate constant of 0.05 + 0.01 d' (at a 95%
confidence level) for the open ocean.
3.3.3 Extrapolated global net sea-to-air flux and global annual production rate of
CH;Br

The net sea-to-air flux, F (nmol m™ d'), was determined from the following
equation:

F="(p,~p.) (3.4)

H
where, H is Henry’s Law constant of CH;Br from De Bruyn and Saltzman

[1997b] (m3 atm mol™); ky is gas transfer velocity (m d™'); pw and pa are defined above
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(atm). To make a direct comparison with calculated fluxes from BLAST I and II, we

used the parameterization of ky, from Wanninkhof [1992] (Equation 3.5).
k =0.31u*(Sc/660) " (3.5)

where U stands for wind speed and Sc is the Schmidt number of CH;Br.

According to the water mass designations from Lobert et al. [1995, 1996], we
divided calculated fluxes into four regions: open ocean, coastal and coastal influential
region, upwelling region and inland passage. Fluxes in open ocean, coastal and coastal
influential region and upwelling region were used to estimate the global net sea-to-air
flux from the surface ocean [Lobert et al., 1995]. Estimated net sea-to-air fluxes for the
open ocean, coastal and coastal influential region and upwelling areas in 2010 were 0.05
Gg yr', 2.3 Gg yr' and 0.1 Gg yr' (Table 3.3), respectively. The global net sea-to-air
flux was 2.5 Gg yr’' in 2010, which was a 15 Gg yr”' increase over that observed during
the BLAST cruises in 1994 [Lobert et al., 1995].

An assumed constant annual production rate of CH;Br in surface ocean was used in
time-dependent models to predict atmospheric CH3;Br concentration when removing
anthropogenic emissions [Butler, 1994] or simulate atmospheric CH;Br concentration
during the atmospheric CH;Br phase-down [Yvon-Lewis et al., 2009]. However, whether
this assumption is true is not clear. Data from BLAST and HalocAST studies provide
observational evidences for this assumption. The CH;Br production rate in the surface
ocean, P (Gg yr''), was calculated with the equation given byYvon-Lewis et al. [2002]

and Hu et al. [2010]:
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Table 3.3. The global CH;Br saturation anomaly, the global net sea-to-air flux, and the
global oceanic production rate of CH;Br. The global ocean area, 361 X 10'?m?, and the
area weight are from Kossina [1921] and Lobert et al. [1995]. The calculated saturation
anomaly, flux and production rates in open ocean excludes the data from 13° — 20° S

during HalocAST-A.

. Wind Speed Flux (Gg yr Production
Area Weight ’ A - (% _
g (ms™) crsar (%) 1) (Gg yr')
Open 0.8 6.97 0.3 0.05 1.3 X 107
Ocean
Coastal 0.1 7.72 29.5 2.3 94
Upwelling 0.1 6.28 2.4 0.1 23

Global 3.4 2.5 1.6 X 10°
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z 100H

~ JD.k
P = \\k—w (A ACFC?ll)pa + (kchem + kbio + t jCWJZA (36)
z

where, 4 and Acpc.11 are saturation anomalies of CH3Br and CFC-11; Kehem, Kbio and

D,k

Z 7

are chemical, biological and eddy degradation rate constants [e.g., Butler,
z

1994]; D, is the thermocline diffusivity (1 = 0.4 cm® s™'[Feely et al., 2002]); z is mixed
layer depth (m); k; is chemical degradation rate constant in the thermocline; both k; and
Kehem are functions of temperature and salinity [King and Saltzman, 1997]; C,, is CH3Br
mass concentration in the surface seawater; A stands for the surface area of open ocean,
coastal ocean or upwelling regions; and all other variables are defined above. For
HalocAST-A, we used measured biological degradation rate constants in the calculation
of production rates whereas a global mean biological degradation rate constant (0.05 (%
0.06, 1 sd.) d") was used to calculate the production rate during HalocAST-P. The
global oceanic production rate for CH;Br was estimated at 1.6 (1.4 — 1.8) X 10> Gg yr”
in 2010. Lobert et al. [1995] did not include the biological loss when they estimated the
production rate in 1994. If considering the biological degradation (0.05 (£ 0.06, 1 sd.) d°
1, the annual production rate would be 1.6 (1.3 — 1.9) X 107 Gg yr'in 1994, suggesting
that the annual production rate of CH3;Br in surface ocean may have remained relatively

constant over the past 16 years.
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3.3.4 Estimating global oceanic emission, global oceanic uptake rate and global net
sea-to-air flux of CH;Br using 1° x 1° gridded model

Extrapolated annual net sea-to-air flux of CH3;Br from HalocAST data, 2.5 Gg yr’
! suggests that the ocean became a net small source to atmospheric CH;Br in 2010.
Since the extrapolated flux could be biased by regional in-situ wind speeds or regional
in-situ saturation anomalies from two cruises, a better approach is needed to evaluate
how the spatial and temporal variability of wind speeds or surface seawater properties
may affect the estimate of global fluxes. The global CH;Br net sea-to-air flux before the
phaseout was estimated with the global gridded climatological wind speeds and global
gridded saturation anomalies derived from an empirical relationship observed between
saturation anomaly and sea surface temperature (A% - SST) [King et al., 2002; WMO,
2003; Yvon-Lewis and Butler, 1997]. However, an increase in saturation anomalies of
CH;Br observed during this study results in an invalidation of this relationship (Figure
3.6). Simply moving the curve upward by the offset between the global mean open-
ocean saturation anomaly in 2010 and that before the phaseout [King et al., 2002], 15 %,
can well represent the saturation anomalies from HalocAST-A, but not for those from
HalocAST-P (Figure 3.6). It is not possible to build a new meaningful A% - SST
relationship until atmospheric CH;Br reaches a new steady state.

Another approach to determine global net sea-to-air flux is to calculate the
difference between global oceanic emission and global oceanic uptake rate [e.g., Yvon-
Lewis et al., 2009]. The oceanic emission (E, Gg yr') can be determined by the

production rate multiplying the fraction that is emitted to the atmosphere (Equation 3.7)
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Figure 3.6. Observed CH;3Br saturation anomalies (A%) as a function of sea surface
temperature (SST) in the spring/summer (a) and the fall/winter (b) during the
HalocAST-P (@) and HalocAST-A ( M). The solid black line represents the calculated
saturation anomalies using the A(%) - SST relationship from King et al. [2002]. The
black dash line stands for the derived A(%) from SA-SST relationship plus 15 %, which
is the offset between the current global mean open-ocean saturation anomaly (Table 3)

and the one before the phaseout (before 1998) [King et al., 2002].
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[Lobert et al., 1996; Yvon-Lewis and Butler, 2002] whereas the oceanic uptake rate (U,
Gg yr'') can be computed by the oceanic uptake rate constant times the atmospheric

CH;Br abundance (Equation 3.8) [Yvon-Lewis and Butler, 2002].

Ky
E=P Z S x (3.7)
kchem +kbio +#+7W
z z
D k
k A kchem + I(loio + i
U= koananatm =Xa patm . Z (38)
H NIDAS
|(chem + kbio + =t + k7w
z z

where, Koen is the global oceanic uptake rate constant (yr'), ya is atmospheric CH;Br
mixing ratio; Ngm 1s the mass of the atmosphere (mol) and pam 1s the atmospheric
pressure at the surface (1 atm). As mentioned above, chemical and eddy degradation rate
constants are functions of temperature and salinity, which are not likely to have a
significant change since 1994. The annual production rate and biological degradation
rate constant of CH;Br in surface ocean are likely to have remained constant over the
past 16 years, as shown in our results (Sections 3.4.2 and 3.4.3). Therefore, the annual
emission rate of CH;Br is not likely to change significantly before and during the
fumigation — non-QPS phaseout since it is a function of production rate, chemical,
biological and eddy degradation rate constants (Equation 3.7). By substituting
production rate (P) in equation (3.7) with equation (3.6), equation (3.7) can then be

expressed as follows:
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k, A Dk, 100
kwAZa patm\‘ZIOOH + [kchem + kbio + 7 )[ (1 00 — A)H jJ

YDk, K
+ Ko + +-2
z z

E=

(3.9)
k

chem

Because saturation anomaly (A%) of CH;3Br in surface ocean was a function of sea
surface temperature before the atmospheric CH;Br phase-down, we can use this
empirical relationship to calculate saturation anomalies of CH;Br and its global oceanic
emission during the pre-phaseout, and then apply it to 2010.

To account for spatial and monthly variation of surface ocean properties and
surface wind speeds, equations (3.8) and (3.9) are applied to a 1° x 1° gridded dataset,
DS279 (NOAA/GFDL Global Oceanographic Data Set Atlas, downloaded from
http://dss.ucar.edu/datasets/ds279.0/), which contains monthly gridded sea surface
temperature, salinity, wind speed, and mixed layer depth. The monthly global oceanic

emission and monthly global oceanic uptake rate are then expressed by:

i=90 j=180 A. . (I—R. . ) 100R. .
E = kK . A - L1 SIS S 3.10
m izzooj;mo W,I,J,mA,Lmla,l%(yl%&l,],m patm( IOOHi,j,m Hi’j,m(lOO_Ai,j’m)J ( )
00 jdsok o AL R X r
U — p w,i, j,m Y, j,m N, j,mMa, year,m,i, (311)
m atmi_z_gloj_—zlso Hi,j,m
D,k
kchem+kbio+ - A ;

where, R = \/D—kz ” ; 1 and J stand for the indices of latitude and

kchem+kbio+ - +—

z z

longitude of each grid cell; m stands for the index of month; ya 1996-1998m and yayearm are

monthly mean atmospheric mixing ratios of CH3Br during 1996 — 1998 (before the



58

CH;Br phase-down) and monthly CH3;Br mixing ratio in the year of interest (e.g. 2010).
We use the northern hemispheric or southern hemispheric mean mixing ratios for
gridded cells in the NH or the SH. The monthly hemispheric CH3;Br mixing ratios are
from NOAA/ESRL Global Monitoring Division, Boulder, CcO
(ftp://ftp.cmdl.noaa.gov/hats/methylhalides/ch3br/flasks/CH3BR _GCMS _flask.txt).
Equations (3.10 — 3.11) present an approach used in prior studies [Yvon-Lewis
and Butler, 1997; Yvon-Lewis et al., 2009] to calculate the global oceanic emission and
global oceanic uptake rate before and during the atmospheric CH;Br phase-down.
However, they did not consider the difference between the coastal ocean and the open
ocean. This may result in an underestimate on the global net sea-to-air flux since the
coastal ocean is more supersaturated with CH;Br [e.g., Hu et al., 2010; Sturrock et al.,
2003] compared to the open ocean [e.g., Lobert et al., 1995]. Therefore, we improved
equations (3.10 — 3.11) by separating the open-oceanic and coastal-oceanic areas and
used a different approach to calculate the coastal oceanic emission because the A% -
SST relationship was only applicable in the open ocean. Here, we define the areas with
water depths less than 200 m as coastal ocean. Coastal oceanic area in each gridded cell
was calculated based on the bathymetric data from the 1° X 1° global relief database,
ETOPO (http://www.ngdc.noaa.gov/mgg/gdas/gd designagrid.html). Improved global

oceanic emission and global oceanic uptake rate were calculated by equations (12 — 13).
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where, A, and A stand for the open-oceanic and coastal-oceanic areas in gridded cells;
and P, represents CH;Br production rate in the coastal ocean (nmol m~ yr™).

Five scenarios were run to evaluate the effect of our improvement (Equations
3.12 — 3.13) on the estimate of global oceanic emission, global oceanic uptake rate and
global net sea-to-air fluxes. We also examined the sensitivities of the model on the
production rates of CH3;Br in the coastal ocean because the production rate in coastal
ocean may be highly variable from one location to another [Hu et al., 2010; Sturrock et
al., 2003], depending on the biological productivity, phytoplankton groups, influence
from terrestrial transport and human impact. In scenarios (I — 2), we used the old
gridded ocean model (Equations 3.10 — 3.11) [Yvon-Lewis and Butler, 1997; Yvon-Lewis
et al., 2009] and looked at the effect of an updated parameterization of gas transfer
velocity on the estimated oceanic budget of CH;Br. Results suggest that the use of an
updated parameterization from Sweeney et al. [2007] would yield a lower global oceanic

emission, a less negative oceanic uptake rate and a more positive net sea-to-air flux
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(Table 3.4), compared to using an old parameterization from Wanninkhof [1992]. In
contrast to the first two scenarios, we separated the coastal-oceanic areas from the open-
oceanic areas in scenarios (3 — 5) (Equations 3.12 — 3.13). In scenario 3, we assigned a
uniform production rate of 0.61 nmol m™ d”' (the mean production rate of CH;Br from
coastal areas of HalocAST and GOMECC [Hu et al.,, 2010]) and a biological
degradation rate constant of 0.09 d"' (the mean biological degradation rate constant
observed off the coast of Florida [King and Saltzman, 1997]) to all coastal-oceanic areas
and used a global mean biological degradation rate constant of 0.05 d”' in open-oceanic
areas. This yields a global net sea-to-air flux of -7 Gg yr' during 1996 — 1998 and 2 Gg
yr'! for 2010, which are 3 Gg yr’' higher than the estimated fluxes from scenarios (1 — 2)
for both the pre-phaseout and the end of phaseout (Table 3.4), suggesting it is important
to consider the difference between coastal ocean and open ocean. Although the spatial
distribution of biological degradation rate constants and production rates may affect our
estimate on the oceanic emission, oceanic uptake rates and net sea-to-air fluxes, it is
difficult to find a spatial pattern or seasonal variation in the surface ocean for these two
parameters (Figure 3.5 and Hu et al. [2010]), which can be applied to our model.
Scenarios 4 and 5 test the sensitivity of our model on the production rate of CH;Br in the
coastal ocean. The mean production rate of CH;Br in the coastal areas of GOMECC,
0.76 nmol m~ d™' [Hu et al., 2010], is significantly higher than that from the coastal
areas of HalocAST, 0.25 nmol m™ d"'. Since both studies were conducted in different
regions and different seasons, it is difficult to argue either one is more representative

than the other. Therefore, we ran the model (Equations 3.12 — 3.13) by using a coastal
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Table 3.4. Estimated global oceanic emissions, global oceanic uptake rates and global
net sea-to-air fluxes of CH;Br before the atmospheric CH;Br phase-down (1996 — 1998)
and at the end of its phase-down (2010) with the 1° x 1° gridded model described in
Section 3.4.4. Scenarios (1 — 2) use the old gridded ocean model (Equations 3.10 —3.11)
[Yvon-Lewis and Butler, 1997] with higher spatial resolution. Scenario (1) uses the
parameterization of gas transfer velocity from Wanninkhof [1992] whereas scenario (2)
uses an updated parameterization from Sweeney et al. [2007]. Scenarios (3 — 5) use the
improved gridded ocean model (Equations 3.12 — 3.13) with different production rates of
CH;Br in the coastal ocean, which are 0.61 nmol m> d'l, 0.76 nmol m> d!' and 0.25

nmol m™ d”', respectively.

1996 - 1998 or 2010 1996 - 1998 2010
Scenarios Oceanic Net Sea- Oceanic | Net Sea-
Oceanic Emission Uptake to-Air Uptake to-Air
(Gg yr'h) Rate (Gg Fluxes Rate (Gg Fluxes

yr) (Ggyr') yr') (Ggyr')

1 40 -54 -14 -41 -1
2 31 -41 -10 -32 -1
3 34 -41 -7 -32 2
4 35 -41 -6 -32 3
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production rate of 0.76 nmol m~ d”' and 0.25 nmol m™ d™' in scenarios 4 and 5, resulting
in a global net sea-to-air flux of 3 and 0 Gg yr™', respectively. Considering this as one of
the uncertainties for the model, along with the uncertainties from the mean biological
degradation rate constants (+0.01 d” in open ocean and +0.02 d' in coastal ocean), gas
transfer velocity (£ 32 %, Sweeney et al., 2007), the solubility (+ 4 %, De Bruyn and
Saltzman, 1997b), the mixed layer depth (= 30 % [Yvon-Lewis and Butler, 2002]), the
global net sea-to-air flux of CH;Br in 2010 was estimated at 2 (-0.5 — 3) Gg yr'l.
3.3.5. An improved estimate of the oceanic lifetime of atmospheric CH;Br

The current best estimate of the partial atmospheric lifetime of CH;Br with
respect to the oceanic loss, 1.8 — 1.9 (a full range: 1.1 - 3.9) years [Yvon-Lewis and
Butler, 1997], was based on a 2° X 2° grid of physical properties in and over the global
ocean. Biological loss rate constants used in their study were based on the measurements
conducted on samples from the coast of Florida [King and Saltzman, 1997]. Here, we
revised the partial atmospheric lifetime using the numerical model described in Yvon-
Lewis and Butler [2002] with modifications to address the coastal and open ocean arcas
separately and with a better understanding of the biological loss rate constant.

The partial atmospheric lifetime (zocn, years) was calculated by the reciprocal of
the global oceanic uptake rate constant (Kocn). It is expressed as follows:

B 1

Toen = 90 j=180

Z Z Kocni.j
S0 a0 (3.14)
n

_ Mam 1

i=90 j=180 i=90 j=180
Patn (Z 5 K. jim Ao jon Rijom oS ’Z Kuijim Ao jm Riim
i H.. Ry H. .
1=-90j=-180 t.J.m open-ocean 1=-90j=-180 i.J.m coastal-coean
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where, all the variables are defined above. The best estimate of the partial atmospheric
lifetime of CH;Br with respect to oceanic uptake is now estimated at 3.1 (2.3 — 5.0)
years, which is about 1.3 years longer than the prior best estimate.

The total atmospheric lifetime, 7, was determined from the sum of the reciprocal

of each loss process:

l= + + +— (3.15)
T Toy T T T

soil . Toen  Tstr
where, 7o, Tsoil, Tocn, and 7y are partial atmospheric lifetimes due to reaction with OH
radicals (1.7 years with a range of 1.5 -1.9 years [Montzka and Reimann, 2011; Yvon and
Butler, 1996]), loss to soils (3.3 — 3.4 years [Montzka and Reimann, 2011), uptake by the
ocean (3.1 years with a range of 2.3 — 5.0 years), and loss to stratospheric photolysis (35
years [WMO, 1994, 2011]). The overall atmospheric lifetime of CH3Br was estimated at
0.8 (0.7 — 0.9) years, which is comparable with the best prior estimate on the
atmospheric lifetime [Montzka and Reimann, 2011; Yvon-Lewis et al., 2009].
3.4. Summary and conclusions

Saturation anomalies of CH;Br observed during this 2010 study in the eastern
Pacific and the eastern Atlantic, near the end of the phase-out of fumigation-non-QPS
uses of CH;3Br, were less negative than those observed 16 years prior in similar regions.
The global mean saturation anomalies of CH;Br in the open ocean, coastal ocean and
upwelling region were positive with values of 0.3 %, 29.5 %, and 2.6 % in 2010.

Measured CH3Br biological loss rate constants in the eastern Atlantic ranged

from 0 to 0.24 d”', with little difference from results from the same regions examined in
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previous studies. When considering all previous biological loss rate constant
measurements and those from this study, the mean biological loss rate constant for the
open ocean is 0.05 (+ 0.01) d”. Using the calculated chemical and eddy loss rate
constants and the modified global mean biological loss rate constant, the estimated
partial atmospheric lifetime of CH3;Br is 3.1 (2.3 — 5.0) years, yielding an overall
atmospheric lifetime for CH;Br of 0.8 (0.7 — 0.9) years.

The global net sea-to-air flux ranged from -0.5 Gg yr'1 to 3 Gg yr' in 2010 based
on both simple global extrapolation and a 1° X 1° grid model. Given the uncertainties,
this suggests that CH3;Br in the surface ocean has reached, on average, a near-
equilibrium with CH;Br in the atmosphere, owing to the declining in atmospheric burden
following anthropogenic emission reductions. If anthropogenic CH3;Br emissions
continue to decline, the atmospheric CH3;Br mixing ratio will continue to decrease and
the CH;Br saturation anomaly in the surface ocean should become more positive. This
would result in a positive net sea-to-air flux for CH;Br.

Calculated annual production rates of CH;Br in surface ocean are comparable
between 1994 and 2010, suggesting that annual production rate of CH;Br in surface
ocean may have remained constant over the past 16 years. Since the oceanic production
rates and biological, chemical and eddy loss rate constants are relatively constant, the
oceanic emission rate and the oceanic uptake rate constant will remain the same.
Therefore, for those compounds with oceanic sources and sinks and changing
atmospheric abundances, it is better to link their atmospheric budgets to the oceanic

production rates and the uptake rate constants rather than their net fluxes.
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4. AN IMPROVED OCEANIC BUDGET OF METHYL CHLORIDE*

4.1 Introduction

Chlorine-containing gases catalytically destroy ozone in the stratosphere. CH;Cl
is the most abundant natural chlorine contributor to the stratospheric chlorine. Although
the atmospheric mixing ratio of CH3;Cl has remained relatively constant over the past
decades, its relative importance in stratospheric ozone depletion is increasing as
anthropogenic chlorine decreases in the atmosphere. Nevertheless, sources and sinks of
atmospheric CH;Cl remain poorly quantified [Montzka and Reimann et al., 2011].

The ocean, both a source and a sink for atmospheric CH3Cl, plays a significant
role in the global biogeochemical cycling of CH;Cl. The net sea-to-air flux of CH3;Cl is a
function of the gas transfer velocity, the solubility and the saturation anomaly. In turn,
all of these are fundamentally a function of temperature, salinity and wind speed, each of
which is anticipated to change in the future with changing climate. The parameterization
for gas transfer velocity was recently revised by Sweeney et al. [2007], reducing the gap
between parameterizations based on field measurements [Liss and Merlivat, 1986;
Nightingale et al., 2000] and those based on radiocarbon estimates [Tans et al., 1990;

Wanninkhof, 1992].

*Reproduced by permission of American Geophysical Union. Hu, L., S. A. Yvon-Lewis, J. H.
Butler, J. M. Lobert, and D. B. King, An improved oceanic budget of methyl chloride
(submitted), J. Geophys. Res. Not subject to U.S. copyright.
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The solubility of CH;Cl in seawater was measured by Elliott and Rowland
[1993], Moore et al. [1995] and Moore [2000] and expressed as only a temperature-
dependent function. Variation in salinity can change the solubility from one place to
another [e.g., De Bruyn and Saltzman, 1997; Weiss and Price, 1980]. It is necessary to
include the salinity dependence into the solubility function of CH3Cl so that we can have
a better estimate on its global net sea-to-air flux.

The saturation anomaly (A%) is defined here as the percent difference between
the partial pressure in air and that in surface seawater. A relationship between the
saturation anomaly of CH3Cl and sea surface temperature (SST) has been used in the
past to assess the global air-sea flux of CH3Cl [Khalil et al., 1999; Yoshida et al., 2004].
However, there are two limitations to the old CH3Cl A% - SST relationship. First, it does
not include the seasonality of CH;Cl in surface seawater. Second, it may not be
applicable to coastal environments since there were few coastal measurements included
at the time when the A% - SST relationship was developed. Results from field
campaigns over the past two decades provide an extensive database from the oceans
around the world [Butler et al., 2007; Hu et al., 2010; Khalil et al., 1999; King et al.,
2002; Lobert et al., 1996; Moore et al., 1996; Yvon-Lewis et al., 2004], allowing a better
quantification of spatial distribution and temporal variability of CH3;Cl saturation
anomalies in surface ocean.

Here, we present the results of CH3Cl solubility measurements made over the
range of temperatures and salinities applicable to the global surface ocean. We also

develop a more robust relationship between CH;Cl saturation anomaly and SST and
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wind speed. We then use the new solubility function, the new A% - (SST, wind speed)
relationship and the revised gas exchange coefficient from Sweeney et al. [2007] to
examine the global oceanic emission and oceanic uptake of CH;Cl using a 1° x 1° grid
model [e.g., Butler, 1994; Hu et al., submitted; Yvon-Lewis and Butler, 2002]. Results of
this study provide a substantial improvement on the current knowledge of CH3Cl in the
surface ocean.

4.2 Methods

4.2.1 Solubility experiment

To determine the solubility of CH3;Cl, a gas mixture of CH;Cl and
chlorofluorocarbons 11 and 12 (CFC-11 and CFC-12) was equilibrated with pure water
and seawater at temperatures from 0 to 40 °C. The solubilities of CFC-11 and CFC-12
were well quantified by Warner and Weiss [1985] and were used as reference gases to
determine the reliability of our experimental setup.

Our equilibrium apparatus was a modified version of the one used by Warner
and Weiss [1985] (Figure 4.1). A 1-L cylindrical glass equilibration chamber (~ 0.6 L of
water and ~ 0.4 L of headspace) was placed inside a jacket filled with 30% ethylene
glycol solution that circulates in a temperature-controlled water bath. The temperature of
the equilibrium chamber varied within < £0.04 °C during the equilibration time (about
32 hours, which was determined at the most soluble condition studied in the lab, 0.5 °C
in MilliQ water). The gas mixture with concentrations 6 - 14 times above ambient

flowed through a humidifier into the headspace of the chamber at 25 ml min™. The gas
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Figure 4.1. Schematic diagram of the equilibration apparatus. Gas mixtures of CH;Cl,
CFC-11 and CFC-12 flow through a humidifier to the equilibrator headspace at 25 ml
min™. Gases in the headspace are constantly equilibrating with the well-mixed seawater
or fresh water at a controlled temperature. The gas outlet that comes out of the
equilibrator chamber is submerged into a beaker filled with water by 2 - 4 cm to avoid
backflow of outside air. A digital temperature sensor is inserted into the water to

constantly monitor and log the temperature of the water.
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outlet from the chamber headspace was then submerged into a beaker filled with water
by 2 - 4 cm to avoid backflow of outside air. The pure water used in the experiment was
MilliQ water with a resistance of 18 Q. The seawater (salinity = 31.84) used in the
experiment was filtered through a 0.2 pm nylon membrane with glass microfiber
prefilter. Filtered seawater with salinity of 16.08 was used to validate the derived
solubility function. The aliquants of equilibrated water containing CH3Cl, CFC-11 and
CFC-12 were analyzed using purge-and-trap gas chromatography and mass spectrometry
(GC-MS). Headspace concentrations were also quantified by GC-MS. Both the
headspace concentrations and the water concentrations were calibrated by a whole air
standard that was calibrated against a gravimetric standard from NOAA/ESRL Global
Monitoring Division, in Boulder, Colorado.

When the total pressure is close to 1 atm and the dry mole air fraction of a trace
gas, X, is much less than 1, as it is for these gases, the equilibrium concentration, C (mol

L"), can then be expressed by:
C=Hx(p-Py,0) (4.1)
where, H is the solubility coefficient (mol L™ atm™); p is the total pressure (atm), and

Ph,o 1s the partial pressure of water vapor (atm), which can be calculated using equation

(4.2) [Weiss and Price, 1980].
In p,, , =24.4543-67.4509(100/T) —4.84891In(T /100) —0.000544S (4.2)
where, T is temperature (Kelvin) and S is salinity. Therefore, if the equilibrium

concentration (C), dry mole air fraction (X), temperature (T) and salinity (S) are known,

the solubility coefficient (H) can then be calculated with equations (4.1 —4.2).
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The solubility coefficient can also be formulated as a function of temperature and
salinity [e.g., Weiss, 1970], which is expressed as:

InH =a, +a,(100/T)+a, In(T /100) + S[b, +b, (T /100) +b, (T /100)*] (4.3)
where, @; and b; (i =1, 2, and 3) are constants, which can be obtained by fitting H with T
and S.

4.2.2. Saturation anomaly measurements

CH;Cl and a suite of other halocarbons were measured during the Halocarbon
Air-Sea Transect cruises in the eastern Pacific and the eastern Atlantic (HalocAST-P/A)
in 2010 (Figure 4.2). Concentrations of CH3Cl in the air and sea surface were
continuously measured with a GC-MS equipped with a Weiss-type equilibrator [Butler
et al., 1988; Johnson, 1999] (Appendix C). The details of the method are described in
Hu et al. [submitted]. The precision for the measurement of CH3;Cl was 7.0 % during
HalocAST-P and 0.3 % during HalocAST-A. The reason that signals during HalocAST-
P were much noisier than those during HalocAST-A is because we changed a new
filament during HalocAST-A.
4.3. Results and discussion
4.3.1. Solubilities

Measured solubilities of CFC-11 and CFC-12 (Table 4.1; Figure 4.3) agree with
calculated solubilities using the functions from Warner and Weiss [1985] within a

difference of 1.8 (£ 3.1, 16) % and 0.8 (= 4.4, 1o) %. The consistency between results
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Figure 4.2. Cruise tracks of BLAST 1 (®, 1/28 - 2/17, 1994) [Lobert et al., 1995],
BLAST II (®, 10/18 - 11/21, 1994) [Lobert et al., 1996], BLAST III (®, 2/22 - 4/7,
1996) [Lobert et al., 1997], GasEx 98 (®, 5/7 - 7/27, 1998) [King et al., 2000],
BACPAC 99 (

,9/14 - 10/23, 1999) [King et al., 2002], CLIVAR 01(®,10/29 - 12/13,

2001) [Yvon-Lewis et al., 2004], PHASE 1 04 ( =, 5/22 - 7/2, 2004) [Butler et al., 2007],
GOMECC (®, 7/10 — 8/4, 2007) [Hu et al., 2010], HalocAST — P ( ®, 3/30/10 —

4/27/10) [Hu et al., submitted] and HalocAST - A (®, 10/25 - 11/26, 2010).
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Figure 4.3. Solubility of CFC-11, CFC-12 and CH;Cl in pure water and seawater
(Salinity = 31.84) as a function of temperature. Open diamonds and solid circles stand
for measured solubilities in pure water and seawater from this study. Dashed and solid
lines in panels (a — b) represent calculated solubilities based on solubility functions from
Warner and Weiss [1985] for pure water and seawater. Dashed and solid lines in panel
(c) are the fit of equation (3) to the measured solubilities of CH;Cl in pure water and

seawater from this study.
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Table 4.1. Solubilities of CH;Cl, CFC-11 and CFC-12 in pure water and seawater at

different temperatures. The standard deviation and the number of replicates are listed in

parentheses.
Solubilities
SEMPESEE CH;C1 CFC-11 CFC-12
(mol L’ atm']) (10'2 mol L™ atm'l) (10'3 mol L™ atm'l)
Pure Water
0.594 0.2706 (+0.0014, 4) 3.630 (£0.051, 5) 8.688 (+0.247, 5)
5.283 0.2083 (£0.0020, 5) 2.682 (+0.016, 5) 6.976 (£0.136, 5)
10.1 0.1687 (+0.0022, 4) 2.061 (£0.035, 4) 5.510 (+0.154, 4)
19.82 0.1211 (+0.0025, 4) 1.272 (20.012, 4) 3.572 (+0.082, 4)
29.8 0.0858 (+0.0020, 5) 0.8261 (+0.0109, 5) 2.495 (+0.065, 4)
39.64 0.0632 (+0.0014, 5) 0.5799 (+0.0133, 4) 1.821 (£0.027, 3)
Seawater (5=31.84)
0.5198 0.2457 (+0.0030, 4) 2.706 (+0.062, 5) 5.609 (+0.062, 4)
5.255 0.1851 (+0.0035, 4) 2.016 (£0.042, 4) 5.074 (0.157, 3)
10.12 0.1504 (£0.0018 5) 1.575 (£0.028 5) 4.049 (£0.127 5)
19.8 0.0991 (+0.0017, 5) 0.9438 (+0.0104, 5) 2.669 (£0.010, 5)
29.57 0.0741 (£0.0014, 5) 0.6439 (+0.0167, 5) 1.931 (+0.132, 5)
39.33 0.0577 (0.0015, 5) 0.4777 (+0.0067, 5) 1.524 (+£0.274, 4)
Seawater (5=16.08)
14.94 0.1326 (+0.0018, 5) 1.369 (+0.024, 5) 3.861 (+0.109, 5)
27.61 0.0858 (+0.0007, 4) 0.7835 (+0.0207, 5) 2.362 (£0.112, 5)
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from this study and the previous study provides assurance that our approach is not
biasing results and that solubilities determined for this investigation are reliable.
Solubilities of CH3Cl at various temperatures in pure water and seawater are listed in
Table 4.1. The precision (1) of our measurements (N = 3 — 5) was < 2%. The constants
in equation (4.3) were determined with measured solubilities and corresponding
temperatures in pure water and seawater (Figure 4.3). The resulting fit to the T and S
dependent solubility function is expressed as follows:

InH =-104.9+160.9(100/T) + 44.49 In(T /100)
+5[0.3137 = 0.2150(T /100) +0.03629(T /100)]

4.4)
The standard error for the estimated solubility from equation (4.4) is +0.0032 mol L™
atm™, which is equivalent to an uncertainty of +3 (+1, lo) %. Validation of equation
(4.4) was conducted by comparing the measured solubilities to the estimated solubilities
using equation (4.4) for salt water (S = 16.08) at 14.94 + 0.03 °C and 27.61 + 0.03 °C.
The observed discrepancy between the measured and calculated solubilities was within
the uncertainty of our experiment, +3%, suggesting that the derived solubility expression
can represent CH;Cl solubility well.

Solubilities of CH3Cl in seawater (S = 35) from 0 °C to 40 °C were calculated
based on expressions from this study, Elliott and Rowland [1993], Moore et al. [1995]
and Moore [2000] (Figure 4.4). Results using the solubility expressions from Elliott and

Rowland [1993] and Moore et al. [1995] are 16 (= 6, 16) % and 9 (£ 7, 16) % higher

than those from the current study. Although the mean difference between results
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calculated from Moore [2000] and the current study is small (3%), the discrepancy in the
calculated solubilities from these two studies could become more pronounced at
temperatures < 0 °C or > 40 °C or between 10 °C to 30 °C. In addition, a 10 — 18 % salt
effect was observed between pure water and seawater (S = 31.84) over a temperature
range of 0 — 40 °C in the present study (Figure 4.3¢). Since the solubility function from
Moore [2000] is only applicable in seawater, an observed 10 — 18 % salt-out effect
suggests that using the solubility expression determined by Moore [2000] would result in
a 10 — 18 % underestimation of CH;Cl solubility in pure water. Elliott and Rowland
[1993] reported a 6 % salt effect between pure water and seawater (S = 33.34). However,
Elliott and Rowland [1993] only measured the solubilities at two different temperatures,
which could result in a bias or larger errors than the present study. The higher salt effect
reported in this study reinforces the importance of including the salinity dependence in
the solubility function.
4.3.2. HalocAST data

Observed atmospheric mixing ratios of CH3;Cl from the HalocAST and the
Bromine Latitudinal Air Sea Transect (BLAST) cruises [Khalil et al., 1999; Lobert et
al., 1996] conducted 16 years prior (Figures 4.5 and 4.6) are comparable in most regions.
Saturation anomalies of CH;Cl are corrected using CFC-11 to remove the effect of
physical processes, i.c., surface warming or cooling, air bubble injection, etc. [Butler et
al., 1991; Yvon-Lewis et al., 2004]. The equilibrium partial pressures in the surface
seawater and corrected saturation anomalies from HalocAST are similar to those from

BLAST (Figures 4.5 and 4.6) except the regions between 0° — 15°N and 28° — 35°N in
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Figure 4.5. (a) Atmospheric CH3Cl mixing ratios, (b) CH3Cl moisture air mole fractions
in the surface seawater and (c) corrected CH;Cl saturation anomalies using saturation
anomalies of CFC-11 during BLAST I (circles) and HalocAST-P (crosses), both

coursing the eastern Pacific Ocean.
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Figure 4.6. (a) Atmospheric CH;Cl mixing ratios, (b) CH3Cl moisture air mole fractions
in the surface seawater and (c) corrected CH;Cl saturation anomalies using saturation
anomalies of CFC-11 during BLAST 1II (circles) and HalocAST-A (crosses), both

coursing the Atlantic Ocean.
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the Atlantic (Figure 4.6). Since HalocAST-A in the northern Atlantic was more
influenced by the eastern Atlantic boundary currents while BLAST II cruise passed
through the North Atlantic Gyre, the difference in concentrations observed between
BLAST II and HalocAST-A at 0° — 15° N and 28° — 35° N in the Atlantic were likely
because HalocAST ran closer to coastal waters and captured a different water mass than
BLAST.
4.3.3. Saturation anomaly as a function of sea surface temperature and wind speed

Because CH3Cl saturation anomalies in the surface ocean were relatively
consistent over the past sixteen years (Figures 4.5 and 4.6), the HalocAST data, along
with additional data from seven major long-transit cruises from NOAA/ESRL Global
Monitoring Division during 1994 to 2004 (ftp://ftp.cmdl.noaa.gov/hats/ocean/) and one
coastal study from Hu et al. [2010], are used to construct seasonal saturation anomaly
functions for open-ocean areas and a separate saturation anomaly function for coastal-
ocean areas. The additional cruises include the Bromine Latitudinal Air Sea Transect I,
IT and IIT (BLAST 1, II and IIT) [Khalil et al., 1999; Lobert et al., 1997; Lobert et al.,
1996], the first Gas Exchange experiment (GasEx 98) [King et al., 2000], the Bromine
Air-sea Cruise Pacific (BACPAC 99) [King et al., 2002], the Project Halocarbon Air Sea
Exchange (PHASE-1) [Dahl et al., 2005], the Climate Variability SR3 (CLIVAR 01)
[Yvon-Lewis et al., 2004], and the Gulf of Mexico and the East Coast Carbon
(GOMECC) cruises [Hu et al., 2010] (Figure 4.2).

Here, we define the regions with water depth > 200 m as open-ocean areas, and

the regions with water depths < 200 m as coastal-ocean areas. The whole dataset was
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divided into three sub-datasets, open-ocean spring/summer, open-ocean fall/winter and
coastal-ocean. Because data from coastal ocean were limited as to their coverage, we
cannot examine the seasonality in the coastal region. All three datasets show strong
correlation between A% and SST: r = 0.82 (N = 1874) for open-ocean spring/summer, r
= 0.91 (N=1398) for open-ocean fall/winter and r = 0.83 (N= 349) for coastal ocean.
Since it was suggested that a quadratic relationship exists between saturation anomalies
and SST [Khalil et al., 1999], all three datasets were fitted with quadratic equations
using the least-squares method (Figure 4.7). The derived quadratic equations are
expressed as follows.

Open Ocean

Spring/Summer: A(%)=0.1257t> +0.5183t —14.2960 (2°C<t<31°C) (4.5)
Fall/Winter: A(%) =0.1442t* +0.5642t —25.5360 (2°C<t<31°C) (4.6)
Coastal Ocean

Annual: A(%)=0.0598t> +4.3574t-56.5752 (7°C<t<31°C) (4.7)

where t stands for SST (°C). The standard errors for the saturation anomalies estimated
by equations (5 — 7) are £23.0%, +18.5% and £35.2%. The new A% - SST relationships
substantially improve our ability to calculate CH;Cl saturation anomalies in surface
ocean compared to the old A% - SST relationship [Khalil et al., 1999], especially in
coastal areas and regions in the middle and high latitudes of the open ocean (Table 4.2).
Saturation anomalies of CH3Cl in the surface ocean are mainly controlled by
CH;Cl partial pressures in the surface seawater versus those in the atmosphere (Figures

4.8a and 4.8c). Their latitudinal distributions are similar to that of SST (Figure 4.8d).
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Table 4.2. Measured and calculated mean CH;Cl saturation anomalies (%) according to

cruise data from BLAST 1, II, III, GasEx 98, BACPAC 99, PHASE I 04, CLIVAROI,

HalocAST-P/A, and GOMECC.

Measured

Annual”

Seasonal®

Seasonal + Wind
Speed’

Open Ocean - Spring/Summer
High Latitudes (60° - 90°)
Middle Latitudes (30° - 60°)
Low Latitudes (0° - 30°)

Open Ocean - Fall/Winter
High Latitudes (60° - 90°)
Middle Latitudes(30° - 60°)
Low Latitudes (0° - 30°)

Coastal Ocean

58.5+433 (1874)
-15.8 +12.3 (49)
31.8428.2 (910)
89.0 +33.3 (915)
21.6+53.5 (1398)
25.8+7.3(512)
15.7 +32.2 (483)
89.0 + 19.2 (403)

83.2 4 60.5 (349)

53.9+42.1 (1874)
23.9+0.1 (49)
22.3+21.0 (910)
89.5+24.7 (915)
19.8 +48.2 (1398)
237405 (512)
10.7 + 25.7 (483)
86.0 + 18.9 (403)

73.0 £47.3 (349)

583 +36.8 (1874)
-14.7+0.1 (49)
31.1+ 18.6 (910)
89.3 £21.1 (915)
21.1449.9 (1398)
255412 (512)
13.9 +26.1 (483)
89.1 + 18.1 (403)

83.0 = 49.0 (349)

58.5+37.0 (1874)
-12.8 7.0 (49)
31.7+19.5 (910)
88.9+22.4 (915)
21.6 +50.2 (1398)
25.6+2.7(512)
14.7 + 26.4 (483)
89.9 + 18.1 (403)

83.1 +49.3 (349)

"Uncertainties are given as standard deviation, and the number of samples is given in
parentheses. "Calculated saturation anomalies using the annual A% - SST relationship from
Khalil et al. [1999]. ‘Calculated saturation anomalies using the seasonal A% - SST relationships
(Equations 4.5 — 4.7). “Calculated saturation anomalies using the seasonal A% - (SST, wind
speed) relationships (Equations 4.8 — 4.10).
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Figure 4.7. Saturation anomaly of CH3Cl as a function of sea surface temperature in

open ocean (a: spring/summer; b: fall/winter) and coastal ocean (c). Colored points stand

for observed saturation anomalies of CH;CI from BLAST I (®), BLAST II (@), BLAST

III (@), GasEx 98 (®), BACPAC 99 (@), PHASE I 04 (

), CLIVAR 01 (@),

GOMECC (®), HalocAST-P ( ® ) and HalocAST-A (®). Black lines are quadratic

regressions between saturation anomaly of CH;Cl and SST.
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Figure 4.8. Latitudinal distributions of CH3Cl moisture air mole fractions (a), CH;Cl
mass concentrations (b), CH;Cl saturation anomalies (¢) in surface ocean. Colored points
in panels (a — c¢) stand for data from BLAST I (e®), BLAST II (®), BLAST III (®),
GasEx 98 (@), BACPAC 99 (©), PHASE 104 (), CLIVAR 01 (*#), GOMECC (®),
HalocAST — P ( ®) and HalocAST-A (®). Black lines represent longitudinal average
CH;CI partial pressures (a), longitudinal average CH3;Cl mass concentrations (b) and
longitudinal average CH;3Cl saturation anomalies (c) at different latitudes of surface
ocean. (d) Latitudinal distributions of longitudinal average saturation anomalies of
CH;Cl (==m) in surface ocean, longitudinal average sea surface temperature ( m ),

longitudinal average wind speed ( === ), and longitudinal average chlorophyll-a

concentrations (e ).
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Converting partial pressures of CH3Cl in the surface seawater to mass concentrations can
remove the dominant trend of CH3Cl partial pressures in surface seawater (Figures 4.8a
and 4.8b), suggesting that the strong relationship between CH;3Cl saturation anomalies or
CHj;Cl partial pressures in surface seawater and SST is likely due to the dependence of
CH;Cl solubility on the temperature. We also examined the correlation between
saturation anomaly and wind speed. Results suggest that saturation anomalies of CH;Cl
in surface ocean are inversely correlated with wind speed at a 99% confidence level (r =
-0.43, p=0.00). The correlation between saturation anomalies of CH;Cl and sea surface
temperature or wind speed explains high super-saturation of CH;Cl in warm waters. In
warm waters, the released gas cannot escape the surface water fast enough to keep the
concentrations from building up owing to both physical warming and relatively low
wind speed (Figure 4.8d), resulting in CH;Cl being highly super-saturated in the tropical
ocean (Figure 4.8c). Therefore, with the sea surface temperature as the primary
controlling factor for saturation anomalies of CH3Cl and wind speed as a secondary
influence, we rebuilt the saturation anomaly equations as a function of both sea surface
temperature and wind speed using the least-squares method:

Open Ocean

Spring/Summer: A(%) = 0.1344t> +0.0340t —1.3687u+1.5436 (-2 °C <t<31°C) (4.8)
Fall/Winter: A(%) = 0.1369t> +0.6927t —0.6198u —19.2661 (-2 °C <t < 31°C) (4.9)
Coastal Ocean

Annual: A(%) = 0.036t” +6.8104t +1.3955U —86.9970 (7 °C <t<31°C) (4.10)
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where U is the wind speed (m s). The standard errors using equations (4.8 — 4.10) were
calculated at +22.6%, £18.4% and +35.0%, which are slightly lower than those using
equations (4.5 — 4.7). Compare to calculated saturation anomalies from equations (4.5 —
4.7), results computed from the A% - (SST, wind speed) relationships (Equations 4.8 —
4.10) can explain more observed variability for CH3Cl saturation anomalies in high
latitudinal regions (Table 4.2), and they are more representative for the mean CH;Cl
saturation anomalies in various zonal regions (Table 4.2).

Variability of latitudinal mean mass concentrations of CH3;Cl in the global
surface ocean is relatively small between 60°S to 60°N when compared to latitudinal
mole fractions of CH3Cl in the surface ocean. This might be due to a combination of
relatively long lifetime of CH3;Cl in surface ocean and a ubiquitous production
mechanism among various types of marine algae, i.e. methyl transferase [ltoh et al.,
1997; Wuosmaa and Hager, 1990]. Elevated CH3Cl concentrations between 60° — 80° S
coincide with increased chlorophyll-a, whereas no significant increase in CH3Cl mass
concentrations was observed above 40°N, where chlorophyll-a concentrations are
significantly higher (Figures 4.8b and 4.8d). The contradiction in high latitudinal waters
between the northern and southern hemispheres might associate with different
phytoplankton assemblages in these two regions [Alvain et al., 2005; Alvain et al.,
2008]. In the Southern Ocean, there are large blooms of diatoms and phaeocystis-like
during the spring and summer [Alvain et al., 2008], whereas in the high latitudes of the
North Atlantic or the North Pacific, nanoeucaryotes dominate the populations of

phytoplankton all year around, except small areas of diatom blooms during the summer
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[Alvain et al., 2008]. The group of phaeocystis-like organisms was identified as the one
with high production rate of CH;Cl [Scarratt and Moore, 1996; 1998]. This could
explain the high mass concentrations of CH3Cl observed in the Southern Ocean.
4.3.4. Estimating the global net sea-to-air flux of CH3Cl

Regional net sea-to-air flux, F (nmol m™ d), can be calculated by the gas
transfer velocity (Kw, m d™), CH;Cl solubility (H, mol L™ atm™), saturation anomaly (A,
%) and CH;Cl partial pressure in the air (pa, patm atm™). The formula is expressed as

follows [Yvon-Lewis et al., 2004]:

A
F=k H—p. . 4.11
v 100p"" @10

If we divide the global ocean into 1° x 1° grids, the global net sea-to-air flux, Fq (Gg yr’

", can then be estimated by the sum of the net sea-to-air fluxes from gridded cells:

m=12 i=90 j=180

Ai j.m pai j.m
Fg = natmlvltm Patm Z( z z kW,i,j,mHi,j,m . =L Ai,j,m) (412)
m=1 i=-90 j=—180 100

where, Ny is the mass of the atmosphere (mol); M is the molecular weight of CH;Cl (g
mol™); t, stands for one month period; Pam is the atmospheric pressure at the surface
ocean (1 atm); Ajm is the oceanic area in each grid cell; m is the month index; i and j are
the latitude and longitude indices; and the other variables are defined above. Here, we

use the parameterization from Sweeney et al. [2007] to calculate k.

14.6
Ky =—

w

u>(Sc/660) (4.13)

avg
where, Uag is the global average climatological wind speed; u is the average

climatological wind speed in each grid cell; and Sc is the Schmidt number of CH;CI
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calculated from the kinematic viscosity [Millero, 1974] and the diffusivity [Hayduk and
Laudie, 1974]. We obtained monthly 1° x 1° gridded wind speed, SST and sea surface
salinity from the DS279 database (http://dss.ucar.edu/datasets/ds279.0/). In addition, we
calculated the fractions of land area, open-ocean area and coastal-ocean area in each grid
based on bathymetric data from the 1° X 1’ global relief database, ETOPO
(http://www.ngdc.noaa.gov/mgg/gdas/gd designagrid.html). For grids with only open-
ocean or coastal-ocean area, A% was calculated based on either seasonal open-ocean A%
- (SST, wind speed) relation or coastal A% - (SST, wind speed) relation. For grids
containing both coastal-ocean and open-ocean areas, A% is the area-weighted mean
saturation anomaly. Monthly hemispheric CH3;Cl partial pressures are the monthly
average from 1995 to 2010 (Flask data from NOAA/ESRL GMD:
ftp://ftp.cmdl.noaa.gov/hats/methylhalides/ch3cl/flasks/).

To determine the effect of the new solubility function and the new seasonal A% -
(SST, wind speed) relationships on the estimate of the global net sea-to-air flux of
CH;Cl, we computed the global net sea-to-air flux in four different scenarios using the
same gas transfer velocity parameterization [Wanninkhof, 1992] as the prior studies
[Khalil et al., 1999; Moore, 2000; Moore et al., 1996; Yoshida et al., 2004] and
compared our results with the prior estimates. The base scenario uses the old solubility
function from Moore [2000] and the old A% - SST relationship [Khalil et al., 1999],
which yields a best global annual net sea-to-air flux of 460 Gg yr'. The second scenario
examines the impact of the new solubility parameterization on the global net flux. By

replacing the old solubility function [Moore, 2000] with equation (4.4), it yields a best
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global net flux of 420 Gg yr', which is about 10% lower than the estimate using the
solubility expression from Moore [2000]. This is because Moore [2000] tends to
overestimate CH;Cl solubility in waters with SST from 6 — 35°C and underestimate the
solubility in waters with SST > 35°C or SST < 6°C (Figure 4.4) relative to this study,
thus yielding higher effluxes in warm waters with SST between 12°C (12°C is the
critical temperature to control the direction of the net flux [Moore et al., 1996]) and 35°C
and lower influxes in waters with SST < 6°C. In scenario three, we ran the model using
the old solubility function but replacing the old A% - SST relationship [Khalil et al.,
1999] with equations (4.8 — 4.10). The model produces a best global net flux of 550 Gg
yr', suggesting the old A% - SST relationship tends to underestimate the global net sea-
to-air flux by 16%. When using the new parameterizations of the solubility and the
saturation anomalies (scenario four), part of the differences resulted from both
parameterizations are canceled out, yielding a best annual global net sea-to-air flux of
500 Gg yr', which is about 40 Gg yr’' higher than the result from the base scenario. The
range of the prior estimates on the global CH;ClI net flux is from 300 to 650 Gg yr’
[Khalil et al., 1999; Moore, 2000; Moore et al., 1996; Yoshida et al., 2004]. Our estimate
using the parameterization of the gas transfer velocity from Wanninkhof [1992], 500 Gg
yr', is in the middle of this range.

Parameterization of the gas transfer velocity from Sweeney et al. [2007] is an
improvement on that from Wanninkhof [1992] because Sweeney et al. [2007] considered
the spatial variation in solubility as a function of temperature and salinity and partial

pressures of '*CO, in the atmosphere and the surface ocean, along with the effect of an
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Figure 4.9. (a) Annual mean net sea-to-air fluxes of CH3Cl, (b) annual mean sea surface

temperature and (¢) annual mean wind speed in 1° x 1° grids.



90

improved ocean inventory of bomb-produced dissolved inorganic '*C. Therefore, we
updated our estimate using the new parameterization from Sweeney et al. [2007],
yielding a best global net flux of 335 Gg yr'. The global distribution of annual net sea-
to-air fluxes show similar spatial trends but different magnitudes than those from Khalil
et al. [1999] (Figure 4.9a). Regions with elevated annual net sea-to-air fluxes include the
tropical western Atlantic, the eastern and central Pacific, and the central and
northwestern Indian Ocean, which coincide with areas with elevated annual sea surface
temperature (Figure 4.9b) and increased wind speed (Figure 4.9c¢).

Although atmospheric CH3;Cl has an apparent seasonality [Khalil and
Rasmussen, 1999], only small seasonality is shown in the average net fluxes in the
regions studied here (Figure 4.10). Overall, the polar region (latitude > 60°) is a net sink
for atmospheric CH;Cl all year around (Figure 4.10); temperate seawater (30° < latitude
< 60°) is a net source during the spring, summer and fall but a net sink in some months
during the winter (Figure 4.10); the tropical region (latitude < 30°) is always a net source
to atmospheric CH;Cl (Figure 4.10).

The uncertainty of the calculated global net sea-to-air fluxes mainly arises from
the errors on the gas transfer velocity (ky), the saturation anomaly (A) and the solubility
(H). The possible error given by the gas transfer velocity is = 32% [Sweeney et al.,
2007]. The standard error for the solubility is + 3% (see Section 3.1). Because saturation
anomaly in each gridded cell is the mean saturation anomaly in that gridded area, we
estimated the standard errors of the mean saturation anomalies calculated from equations

(8 - 10), which are 1.3%, 1.0% and 3.7% at a 95% confidence level for the open-ocean
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spring/summer, the open-ocean fall/winter, and the coastal ocean. Therefore, the
possible range of our estimated global net sea-to-air flux of CH;3Cl is revised at 210 -
480 Gg yr™.
4.3.5. Estimating the global oceanic emission and oceanic uptake rate

A net sea-to-air flux cannot fully represent the role of the ocean (both a source
and a sink to atmospheric CH3Cl) in the atmospheric CH;Cl budget. Therefore, it is
important to break down the net flux into unidirectional oceanic emission and
unidirectional oceanic uptake [Butler and Rodriguez, 1996; Lobert et al., 1996; Yvon-
Lewis and Butler, 2002]. In the studies from Butler and Rodriguez [1996] and Lobert et
al. [1996], they define the portion that is produced in the ocean and emitted to the
atmosphere as the oceanic emission and the portion that enters from the atmosphere to
the ocean and gets destroyed in the ocean as the oceanic uptake. This definition has been
used for the CH3;Br oceanic budget [Butler, 1994; Hu et al., 2010; Lobert et al., 1995;
Lobert et al., 1996; Montzka and Reimann et al., 2011; Montzka et al., 2003; Yvon-Lewis
and Butler, 1997; Yvon-Lewis and Butler, 2002; Yvon and Butler, 1996]. The strengths
of this approach are: (1) it implicitly contains the information about the partial
atmospheric lifetime, which could be estimated by the total mass in the atmosphere
divided by the oceanic uptake rate; and (2) the annual oceanic emission remains
relatively constant over time unless there are significant changes in oceanic production
rate, biological degradation rate constant, wind speed, temperature and salinity [HuU et
al., submitted]. Estimated oceanic emissions can be used in the time-dependent models

for CH5Cl1 source and sink studies.
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Previously, the net flux from the ocean to the atmosphere in warm waters is used
as a source term whereas the net flux from the atmosphere to the ocean in cold waters is
used as a sink term in the atmospheric budget of CH;Cl [Clerbaux and Cunnold et al.,
2007; Montzka and Fraser et al, 2003]. The net fluxes incorporate both oceanic emission
and uptake. In this study, we estimated the unidirectional oceanic emission and uptake
based on the definitions above. The oceanic uptake rate constant, Kocn (yr'l), can be

estimated using equation (4.14) [Yvon-Lewis and Butler, 2002]:

p i=90 j=180 i=0 =180
kocn: = Z Z kWIJA Hlj(RIJ)+ Z ZkWIJA HIJ(RI]) (4 14)
N | © 1+ Ig i=90 j=—180 Iy iS50 T80
kchem + kblo + I(eddy . . .
where, R = 5 Kchem, Kbio and Keqgy are the chemical, biological and

w

Kehern + Kbio T keddy +

chem

eddy loss rate constant (d); lg 1s the inter-hemispheric ratio of CH3Cl; the other
variables are defined above. Hydrolysis is the dominant pathway for the chemical
degradation. The chemical loss rate constant (Keem) or the hydrolysis rate constant is
from Elliott and Rowland [1995]. Calculated global annual mean chemical loss rate
constant is about 0.0015 d'. The eddy degradation loss rate constant, Kegqy, is the loss
due to downward mixing into the thermocline, which can be calculated by diffusion
coefficient, chemical loss rate constant and mixed layer depth [e.g., Yvon-Lewis and
Butler, 2002]. The calculated global annual mean eddy degradation rate constant is
0.0015 d'. The biological loss rate constant (Kui;) measurements were limited to
measurements only in the Southern Ocean and the coast off Nova Scotia [Tokarczyk et

al., 2003a, 2003b]. The observed mean biological degradation rate constant was 0.07 (+
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0.01) d”! in the surface seawater of the Southern Ocean, which was higher than what was
required, 0.02 d”', to maintain a steady state in the mixed layer [Tokarczyk et al., 2003a].
Tokarczyk et al. [2003a] suggest that 0.02 d™' averaged out the whole mixed layer and
0.07 d”!' only represented for the biological loss rate constant for the surface layer. The
annual mean biological degradation rate constant off Nova Scotia was observed at 0.07
(+ 0.08, 1o) d' [Tokarczyk et al., 2003b]. No calculation was provided to evaluate
whether using a biological degradation rate constant of 0.07 d” can maintain a steady
state for CH3Cl in the coast off Nova Scotia in the study of Tokarczyk et al. [2003b].
Since the biological loss rate constant measurements of CH3;Cl were conducted in a
limited temporal and spatial scale, we made the following assumptions for the estimate
of the global oceanic uptake rate constant: (1) the annual mean biological loss rate
constant, 0.07 d'l, measured in the coast off Nova Scotia is representative for the annual
mean biological loss rate constant in other coastal regions in the world; and (2) the
biological loss rate constant, 0.02 d', in the Southern Ocean is representative for the
biological loss rate constant in the other open-ocean areas. Based on these assumptions,
the global oceanic uptake rate constant was estimated at 0.088 yr' and the partial
atmospheric lifetime with respect to the oceanic loss is 11 years. Including uncertainties
on the biological loss rate constant measurements [Tokarczyk et al., 2003a; Tokarczyk et
al., 2003b] and those from gas transfer velocity, solubility and chemical degradation rate
constants, the possible range for the global oceanic uptake rate constant and the partial
atmospheric lifetime are 0.067 — 0.10 yr' and 9.6 - 15 years. Yvon-Lewis and Butler

[2002] estimated the partial atmospheric lifetime with respect to the oceanic loss without
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considering the biological loss rate constant. This yielded a partial atmospheric lifetime
of 70 (50 -104) years. It is evident that with and without the biological loss rate constant,
the partial atmospheric lifetime is significantly different. Further research is needed to
quantify the spatial and temporal variations of the biological loss rate constant of CH;Cl
in the surface ocean in order to better estimate its partial atmospheric lifetime. Using the
new estimated partial atmospheric lifetime with respect to the oceanic loss would change
the overall atmospheric lifetime of CH;Cl from 1.0 year [Montzka and Reimann, et al.,
2011] to 0.9 year.

The annual global oceanic uptake rate was estimated by multiplying the global
oceanic uptake rate constant by the global atmospheric abundance of CH;Cl, yielding an
uptake rate of -370 (-440 to -280) Gg yr"'. The oceanic emission, 700 (490 — 920) Gg yr’
! was calculated as the difference between the net sea-to-air flux and the uptake rate.
4.4. Summary and conclusions

We re-examined the empirical A% - SST relationship using more extensive
datasets. The strong observed relationship between saturation anomalies and SST is
likely due to the dependence of the CH3Cl solubility on the temperature. In addition, we
found a dependence of the saturation anomaly of CH3Cl in surface ocean on wind speed
although the correlation was weaker than that between A% and SST. Derived seasonal
A% - (SST, wind speed) relationships substantially improved our ability to calculate the
distribution of saturation anomalies of CH;Cl in the surface ocean.

To determine how the new solubility function and the new A% - (SST, wind

speed) parameterizations affect the global net sea-to-air flux of CH3Cl, we estimated the



96

fluxes under four different scenarios by replacing the old parameterizations with the new
ones. Results suggest that part of the differences resulting from the new solubility
function and the new A% - (SST, wind speed) relations are canceled out when
calculating the global net sea-to-air flux. Using the improved solubility function, the new
seasonal A% - (SST, wind speed) relationships and an updated gas transfer velocity
[Sweeney et al., 2007], the global net sea-to-air flux of CH;Cl is estimated at 335 (210 to
480) Gg yr.

The gross emission and uptake rates of CH3Cl in the surface ocean were
estimated at 700 (490 to 920) Gg yr™' and -370 (-440 to -280) Gg yr'. The corresponding
best estimate of the partial atmospheric lifetime with respect to irreversible oceanic
uptake is 11 (9.6 - 15) years. Since the biological uptake rates of CH;Cl in the surface
ocean are only based on data from two regional studies, they might not be representative
of the global biological degradation rate constants. Until more biological loss rate
constant measurements are made, the estimates given above are the best estimates
according to our current knowledge. With the revised partial atmospheric lifetime of
CH;Cl regarding the oceanic loss, the overall atmospheric lifetime of CH3;Cl becomes

0.9 year.
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5. USING “TOP-DOWN” APPROACH TO EXAMINE ATMOSPHERIC

BUDGETS OF METHYL CHLORIDE AND METHYL BROMIDE*

5.1. Introduction

CH;ClI and CH3Br are the most abundant natural sources of stratospheric chlorine
and bromine, and contributed about 17% of the total chlorine and 30% of the total
bromine to the stratosphere in 2008 [Fahey and Hegglin, 2011]. About one quarter of
total stratospheric ozone loss is attributed to the release of chlorine and bromine from
CH;Cl and CH;Br [Butler, 2000]. In response to the Montreal Protocol and its
amendments, most long-lived halogenated compounds that originate from anthropogenic
sources are declining in the atmosphere. The relative importance of natural halogenated
compounds is increasing. Quantifying the natural emissions of CH;CIl and CH;Br has
become one focus of current active research [e.g. Blei et al., 2010; Gebhardt et al., 2008;
Manley et al., 2007; Mead et al., 2008; Mead et al., 2008; Moore et al., 2005; Rhew et
al., 2007; Saito and Yokouchi, 2006; 2008; Saito et al., 2008; Yokouchi et al., 2007].
However, large uncertainties remain in individual sources and sinks.

Atmospheric CH;Cl and CH;Br have common natural sources and sinks. The
common identified natural sources include the ocean [e.g. Hu et al., 2010; Moore et al.,

1996], biomass burning [e.g. Lobert et al., 1999; Yvon-Lewis et al., 2009], fungi [Lee-

*This section is to be submitted to the journal of Atmospheric Physics and Chemistry.
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Taylor and Holland, 2000; Mead et al., 2008; Watling and Harper, 1998], salt marshes
[e.g.Rhew et al., 2000], wetlands [Dimmer et al., 2001; Varner et al., 1999a], rice
paddies [Lee-Taylor and Redeker, 2005], mangroves [Manley et al., 2007] and tropical
rainforests [Blei et al., 2010; Gebhardt et al., 2008]. The common identified sinks
include reaction with hydroxyl radicals [Clerbaux and Cunnold et al., 2007; Montzka
and Reimann et al., 2011], uptake by soils [Keene et al., 1999; Keppler et al., 2005;
Shorter et al., 1995], aquatic degradation in the ocean [e.g. Tokarczyk et al., 2003a;
Yvon-Lewis and Butler, 2002] and photolysis in the stratosphere [Clerbaux and Cunnold
et al., 2007; Montzka and Reimann et al., 2011]. The best estimate of the total known
sinks exceeds the best estimate of the total known sources by ~35 Gg yr”' for CH;Br in
its pre-industrial, pre-phaseout and phaseout budgets [Montzka and Reimann et al., 2011;
Saltzman et al., 2004; Yvon-Lewis et al., 2009]. For CH;Cl, the gap between the best
estimate of its total annual emission and that of its annual uptake rate was closed by
utilizing emissions from tropical plants and tropical leaf litter [Clerbaux and Cunnold et
al., 2007; Xiao et al., 2007; Yoshida et al., 2004]. However, the question of an imbalance
in the atmospheric budget of CH;Cl was raised again in recent years due to a suggested
higher soil uptake rate, > 1000 Gg yr™', by Keppler et al. [2005].

About 42 (+ 15) Gg yr' of CH;Br (about 30% of the total known emission)
[Montzka and Reimann et al., 2011] was released from fumigated soils during pre-
planting applications before 1998. The use of CH;Br for soil fumigation started to be
phased out at the beginning of 1998, and the atmospheric mixing ratio of CH;Br has

been declining since then. Given that atmospheric CH;Cl is not being phased-out and it
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shares many natural sources and sinks with CH;Br, observed variability of atmospheric
CH;CI may provide insights into the variability of natural emissions of CH3Br.

In this study, we used the observed atmospheric CH;Cl and CH;3Br, along with
the strength and the temporal variability of their well-characterized sources and sinks, to
examine the poorly-quantified emissions. The objective of this study is to improve the
current understanding on the “missing sources” of methyl halides and predict the
atmospheric CH3;Br burden at its new steady state.

5.2. Model description

The model we used divides the atmosphere into two boxes by the equator, the
Northern Hemisphere (NH) and the Southern Hemisphere (SH). The change in the
hemispheric abundance of CH3Cl or CH3Br can be expressed as follows [Montzka et al.,

2000; Montzka et al., 2011]:

dN E N
A _E k(g 5.1
Ndt N " o S ) G-
dS E N
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Sdt S S ex( S ) ( )

where, N and S stand for the hemispheric abundances of trace gases in the NH and SH;
E, and E; are the hemispheric emissions in the time period of dt; k, and ks are the total
loss rate constants in the NH and SH, which include the oceanic loss rate constant, the
soil uptake rate constant, the pseudo-first order reaction rate constant for the reaction
with hydroxyl radicals and the loss rate constant for stratospheric photolysis; and Kex is
the interhemispheric exchange rate constant, which is 1.1 = 0.3 years [Montzka et al.,

2000].
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Dividing the total emission into the known emission (Eyx) and the unknown
emission (including both poorly quantified sources and unidentified sources; E,), the

unknown emissions in both hemispheres can be calculated by the following equations:

[In(y,,/

En,u = M + kn + kex (ZO,H - 1):|Zo,n M atm En,k (53)
[In(y, .,/

Es,u = M + ks - kex (ﬁ - 1)}%0,5'\/' atm Es,k (54)
L Xs

where, E,, and E,x are the total unknown and known emissions in the Northern
Hemisphere (NH); Es, and Esx are the total unknown and known emissions in the
Southern Hemisphere (SH); yon and yi, are the mixing ratios at time zero and time t in
the NH; yos and yis are the mixing ratios at time zero and time t in the SH; Mpen is the
total hemispheric air mass. The hemispheric mixing ratios for CH;Cl and CH3Br during
1995 — 2011 are from the flask network at NOAA/ESRL Global Monitoring Division

(GMD) (ftp://ftp.cmdl.noaa.gov/hats/).

5.3. Sources
5.3.1. Anthropogenic sources

Anthropogenic emissions of CH;3Cl, including coal combustion, waste
incineration, and other industrial activities, account for 4% in the total known emissions
[McCulloch et al., 1999] (Table 5.1). In contrast to CH;Cl, anthropogenic emissions of
CH;Br are more important in its atmospheric budget. The primary anthropogenic
emission of CH3Br before the pre-phaseout was from soil fumigation, which accounts

for 27% of its total known emissions (Table 5.1). In accordance with the Montreal
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Table 5.1. Sources and sinks for atmospheric CH;Cl and CH;Br in Gg yr'. The best

values are shown with their possible ranges in parentheses.

CH;Br (Ggyr™)

CH;Cl1(Gg yr')
1995 - 1998 2009
SOURCES
Anthropogenic Source 275 (85 - 464) 57 (39 - 80) 21 (17 -25)
Leaded Gasoline n.q. 3(0.6 - 6)'¢" <3
Con Combusion; Wase henlon. 1200209/
Fumigation - QPS*® n.q. 8.1(7.5-8.7) 9.5(8.8-10)
Fumigation — non-QPS b n.qg. 39.9 (28.2-55.9) 2.4 (1.7-3.4)
Biomass Burning - Indoor Biofuel Use ° 113 (56 - 169) 6(3-9) 6(3-9)
Biomass Burning - Open Field Burningd 355 (142 - 569) 23 (9-37) 12(5-19)

Ocean

700 (490 - 920)

32 (22 - 44)%°

32 (22 - 44)%°

Terrestrial source

2780 (2354 — 3275)

36 (24 - 51)

36 (24 - 51)

Tropical and Subtropical Plants; Tropical

2492 (2197 - 2900) **

*19 (0 - 20y

*19 (0 - 20) 226

Leaf Litters

Mangroves 12 (11 - 12)° 1.3(1.2-1.3)° 1.3(1.2-1.3)°
Rapeseed n.q. 49(3.8-587""  5.1(4.0-6.1)"
Fungus 145 (128 - 162)"* 22(1-5.7)"% 22(1-5.7)"%

*Salt Marshes 85 (1.1 - 170)'*" 7 (0.6 -14)% 7(0.6 -14)%
*Wetland 27 (5.5 - 48)'%1 0.6 (-0.1-1.3)* 0.6 (-0.1-1.3)*
*Rice Paddies 3.7(2.7-4.9)" 0.7 (0.1-1.7)*2  0.7(0.1- 1.7)*
*Shrublands 15(9-21)" 0.7(0.5-0.9)"  0.7(0.5-0.9)"

Subtotal (Sources)

4110 (3071 — 5228)

148 (77 - 212)

102 (51 - 139)

SINKS

Reaction with OH ©

3302 (2543 - 4062)

86 (66 - 106)

66 (51 - 81)
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Table 5.1. Continued.

Soil * 970 (180 - 1600) 49 (42 - 56) 37 (32 —43)

Ocean 370 (280 - 440)° 41 (29 - 50)% 32 (23 - 39)%

Loss to Stratosphere 200 (100 - 300)° 4% 34
Subtotal (Sinks) 4842 (3103 - 6402) 178 (142-214) 137 (110 —165)

Notes: all asterisked items are showing net fluxes; n.q. stands for not quantified.

a. Data for fumigation - QPS consumptions of CH;Br were downloaded from UNEP
(http://ozone.unep.org/Data_Reporting/Data_Access) and the emission ratio is 84 % (78 % - 90
%) from UNEP [2007].

b. Data for fumigation - non-QPS consumptions of CH;Br were downloaded from UNEP
(http://ozone.unep.org/Data_Reporting/Data_Access) and the emission ratio is 65 % (46 % — 91
%) from UNEP [2007].

c. Emissions of indoor biofuel use was estimated based on the total dry matter burned for indoor
biofuel use in 1995 [Yevich and Logan, 2003] and emission factors from [Andreae and Merlet,
2001].

d. Calculations of biomass burning emissions from open field fire are described in section 5.4.

f. Calculations on the loss to the reaction with hydroxyl radicals and soil uptake rates are
described in section 5.5.

'McCulloch et al. [1999], *Hu et al. [in prep], *Xiao et al. [2007], *Yoshida et al. [2004], °Lee-
Taylor et al. [2001], *Manley et al. [2007], "Lee-Taylor et al. [2001], *Watling and Harper
[1998],°Clerbaux and Cunnold et al. [2007], '’Rhew et al. [2000], ''Cox et al. [2004], '*Varner et
al. [1999a], “Dimmer et al. [2001], "“Lee-Taylor and Redeker [2005], "Rhew et al. [2001],
"“Thomas et al. [1997], ""Chen et al. [1999], "*Baker et al. [1998], "*Bertram and Kolowich
[2000],°Hu et al. [submitted], *'Mead et al. [2008], ** Lee-Taylor and Holland [2000],
“Montzka and Reimann et al. [2011], **Penkett et al. [1994], *Blei et al. [2010], **Gebhardt et
al. [2008].
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Protocol, CH;Br consumption for use in soil fumigation decreased by 50 Gg yr™' in the
NH and 5 Gg yr'' in the SH, and the corresponding emission dropped by 32 (23 — 46) Gg
yr' and 3 (2 — 5) Gg yr' in the NH and SH (Figure 5.1). Uncertainty in the emission
from soil fumigation mainly results from uncertainty in the emission rate which is
dependent on soil moisture, organic content, acidity and injection depth of the treated
area [Yagi et al., 1995]. The estimated average emission rate given by United Nations
Environment Programme (UNEP) [2007] ranges from 46% to 91%. In this study, we
used their best estimate, 65%, in the initial scenario. CH3Br consumption for fumigation
— Quarantine and Pre-Shipment (QPS) uses was about 7.6 — 12.4 Gg yr”' during 1995 —
2009 (http://ozone.unep.org/Data Reporting/Data_Access/). The emission rate for QPS
uses is 84% (78% — 90%) [UNEP, 2007]. Calculated emission rates from fumigation
during 1995 — 2009 are shown in Figure 5.1.

Leaded gasoline is another anthropogenic source for atmospheric CH;Br. It
contributes 0.6 — 6 Gg yr'' of CH;Br to the atmosphere [Baker et al., 1998; Bertram and
Kolowich, 2000; Chen et al., 1999; Thomas et al., 1997]. According to the previous
studies, the average of the best estimates on the CH;Br emission from leaded gasoline is
3 Gg yr’' (Table 5.1), of which 80% is from the NH and 20% is from the SH [Thomas et
al., 1997].

5.3.2. Biomass burning

Biomass burning emission is one of the largest sources for atmospheric CH;Cl

and CH3Br. It includes emissions from open field fires and indoor biofuel combustion.

Emissions of CH3;Cl and CH3Br in open field fires were calculated using the version 3 of
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Figure 5.1. Emissions of CH;Br from fumigation - Quarantine and Pre-Shipment (QPS)

and fumigation - non-QPS uses. (<= ) and (=O=) stand for fumigation — non-QPS
emissions from the Northern Hemisphere (NH) and Southern Hemisphere (SH). ( =)
and (==>€&=) represent fumigation — QPS emissions in the NH and SH. Annual
consumption rates are from the United Nations Environment Programme
(http://ozone.unep.org/Data_Reporting/Data Access/) and the emission ratio of CH3Br is

65% [UNEP, 2007]
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the Global Fire Emissions Database (GFED3) (http://www.falw.vu/~gwerf/GFED/). The
GFED3 is based on satellite-derived estimates of burned area, fire activity and plant
productivity during the period of 1997 — 2009 on a 0.5° spatial resolution with a monthly
time step [van der Werf et al., 2010]. We estimated the biomass burning emissions using
two approaches: (1) using CO emissions times emission ratios of CH3;Cl or CH;Br
relative to CO; and (2) multiplying burned dry matter with emission factors of CH3Cl or
CH;Br. Uncertainties in calculated biomass burning emission rates originate from the
estimates of the burned area, combustion completeness, burning depth and emission
factors [Andreae and Merlet, 2001; van der Werf et al., 2010]. The uncertainty using
approach (1) (about & 90 %) is larger than that using approach (2) (about = 60 %) since it
incorporates extra uncertainty on the emission factor of CO. The calculated annual mean
biomass burning emission rates for CH;Cl and CH;Br were 353 (+ 318) Gg yr and 16
(+ 14) Gg yr™' using approach (1), and they were estimated at 355 (+ 213) Gg yr”' and 17
(+ 10) Gg yr' using approach (2) (Figure 5.2). Although the discrepancy is small
between the annual mean biomass burning emission rates determined from these two
approaches, significant differences exist over the course of the time series of interest (i.e.
a 420 Gg yr' difference for CHsCl and an 11 Gg yr' difference for CH;Br during
August to September of 1997 in the SH). Using approach (1) will result in strong
negative emission in the derived unknown sources in the SH during the spring of 1997.
In the model, approach (2) will be used for our calculation of biomass burning emissions.

CH;Cl1 and CH;Br emission rates from indoor biofuel use were estimated at 113

Gg yr"' (CHsCl) and 6.1 Gg yr' (CH;Br) (Table 5.1) based on the total burned dry
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Figure 5.2. Open field biomass burning emission rates for (a) CH;Cl and (b) CH3Br in
the NH (w==) and in the SH (===). Burned dry matters are from Global Fire Emissions
Database (GFED?3) (http://www.falw.vu/~gwerf/GFED/) and emission factors are from

Andreae and Merlet [2001].
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matter during indoor biofuel use in 1995 [Yevich and Logan, 2003] and their emission
factors from Andreae and Merlet [2001]. The uncertainties of the indoor biofuel
emission rates for CH3Cl and CH;3Br are + 50% [Andreae and Merlet, 2001; Yevich and
Logan, 2003].

The total annual biomass burning emissions of CH3;Cl and CH;Br from open
field burning and in-door biofuel use are 468 (+ 270) Gg yr' and 23 (+ 13) Gg yr'". The
biomass burning emission rate for CH;Br is in good agreement with previous estimates
[Montzka and Reimann et al., 2011], whereas the best biomass burning emission rate for
CH;Cl from this study is 143 — 182 Gg yr' lower than the prior best estimates [Andreae
and Merlet, 2001; Yoshida et al., 2004]. Although discrepancy of 143 — 182 Gg yr' is
within the uncertainty of our estimate, it is worth noting that the global dry matter
emission used in Andreae and Merlet [2001] is 40% higher than the total dry matter
emissions from open-field fire and indoor biofuel combustion in this study.

5.3.3. Oceanic emissions

The ocean was considered as the largest source for atmospheric CH3;Cl and
CH;Br until the middle 1990s [Lobert et al., 1995; Moore et al., 1996]. As more air-sea
flux measurements of CH;Cl and CH3;Br were made around the world, empirical
relationships between the saturation anomalies of CH3;Cl and CH;Br and sea surface
temperature and wind speed were developed [Hu et al., in prep; Khalil et al., 1999; King
et al., 2002], which allows better quantification on their global net sea-to-air fluxes. The
unidirectional oceanic emission is defined as the portion which is produced in the ocean

and emitted to the atmosphere [Butler and Rodriguez, 1996]. It was estimated at 700
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(490 — 920) Gg yr'1 for CH3CI [Hu et al., in prep] and 31 (24 — 39) Gg yr'1 for CH3;Br
[Hu et al., submitted]. The seasonality of hemispheric oceanic emission rates for CH;Cl
and CH;Br is shown in Figure 5.3.
5.3.4. Terrestrial emissions

Terrestrial emissions of CH3Cl and CH;Br are poorly quantified. The identified
terrestrial sources include tropical plants, tropical leaf litter, wetlands, coastal salt
marshes, fungus, shrublands, mangroves, rice paddies and rapeseed, in which tropical
terrestrial ecosystems are the largest source for atmospheric CH3;Cl and CH;Br (Table
5.1). Estimated terrestrial emissions from prior studies are listed in Table 5.1. Due to the
substantial uncertainties and the unknown hemispheric distributions of terrestrial
emissions, the terrestrial emissions along with the imbalance between the known sources
and sinks are considered as the “unknown emissions” in the model.
5.4. Sinks

Hydroxyl radicals (OH) are the primary oxidant in the atmosphere. Reaction with
OH is the largest sink for atmospheric CH3;Cl and CH;Br. Since OH has a variety of
formation and loss pathways, spatial variability of OH could be large and local OH
measurements cannot represent the global or hemispheric OH concentrations. Thus,
observations for OH-oxidized trace gases, especially methyl chloroform (CH3;CCls),
were commonly used to characterize the global or hemispheric OH concentrations
[Montzka et al., 2011 and reference therein; Prinn et al., 2005 and reference therein;
Spivakovsky et al., 2000]. In this study, we use monthly three-dimensional OH

distributions from Spivakovsky et al. [2000] and reaction rate constants from Sander et
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al. [2006] to calculate the pseudo-first reaction rate constant with OH for CH;Cl and
CH;Br. Then hemispheric pseudo-first reaction rate constants were calculated based on
air-mass weighted averages in both hemispheres. Since there was small inter-annual
variability (2.3 + 1.5 %) for the global atmospheric OH from 1998 to 2007 [Montzka et
al., 2011], we assume no inter-annual variation for the hemispheric OH in the model
during 1995 — 2011. For the reason that the atmospheric abundances and the temporal
variation of CH3;Cl and CH;Br are sensitive to the change of the atmospheric OH, we
tested the rationality of our assumption by simulating hemispheric CH;3;CCl;
concentrations using our calculated hemispheric OH concentrations without inter-annual
variation. Simulated CH3CCl; mixing ratios agree with the observations (Figure 5.4).
Soil uptake is another major sink for atmospheric CH3Cl and CH;Br. Soil uptake
rate constants for CH3;Br were calculated based on the observed uptake rates from six
different biomes (tropical forest and savanna; temperature forest, woodland and
shrubland; temperature grassland; boreal forest; cultivated land; and tundra) [Rhew and
Abel, 2007; Shorter et al., 1995; Varner et al., 1999b] multiplying the corresponding
biome areas from Matthews [1983], then divided by their atmospheric abundances
(Table 5.2). For CH;Cl, the strength of the microbial soil sink is less certain. The global
extrapolation based on observations in a Brazilian forest and Arctic grasslands and
tundra yielded an estimate of 180 Gg yr' [Khalil and Rasmussen, 2000; Montzka and
Fraser et al, 2003]. Evidences from stable carbon isotope ratios [Keppler et al., 2005]

and cultures on the isolated CH;Cl-degrading microorganisms [McAnulla et al., 2001]
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Figure 5.4. Simulated CH3;CCl; mixing ratios in the NH (=) and SH (=) using
equations (3-4). Annual emissions of CH;CCl; are from Prinn et al. [2005]. Hemispheric
distributions are from Midgley and McCulloch [1995]. Pseudo-first reaction rates of
CH;CClswith OH were calculated with OH concentrations from Spivakovsky et al. [2000]
and reaction rate constants from Sander et al. [2006]. Oceanic uptake rate constant and
stratospheric photolysis loss rate constant of CH3CCl; are from Yvon-Lewis and Butler
[2002] and Montzka and Reimann et al. [2011], respectively. Blue rectangles and red
circles are observed mixing ratios in the NH and SH from the Advanced Global
Atmospheric Gases Experiment (AGAGE)

(http://agage.eas.gatech.edu/data_archive/agage/).



Table 5.2. Hemispheric soil uptake rate constants for CH;Br and CH;Cl (yr™).

. ke [CH:CI] / NH Uptake Rate Constant (yr™) SH Uptake Rate Constant (yr™)
Biome
ksoil[CI—I3Br] h h
CH;Br* CH;Cl CH;Br® CH;CI
Tropical forest and savanna 0.7° 0.065 (£ 0.002) 0.045 (£ 0.001) 0.062 (= 0.001) 0.042 (£ 0.001)
Temperate forest, woodland c
and shrubland 0.6 0.32 (£ 0.18) 0.19 (£0.11) 0.11 (£ 0.06) 0.069 (£ 0.04)
Temperate grassland 0.8¢ 0.037 (£ 0.006) 0.029 (£ 0.005) 0.025 (£ 0.004) 0.020 (£ 0.003)
Boreal forest 0.8° 0.017 (£ 0.004) 0.014 (£ 0.003) 0.0007 (+0.00002) 08%%62)(i
Cultivated land 0.7° 0.088 (£ 0.008) 0.061 (£ 0.006) 0.012 (£ 0.001) 0.008 (+0.001)
Tundra 1.3° 0.0045 (= 0.0009) 0.0058 (£ 0.0012) - -
Total - 0.53 (£ 0.20) 0.34 (£ 0.13) 0.20 (£ 0.07) 0.14 (£ 0.05)

* Areas of various biomes are from Matthews [1983].

®The average ratio of uptake rate constants between CH3Cl and CH;Br among those from temperate forest, woodland, and shrubland,
temperature grassland, and boreal forest.

¢ Calculated ratio of uptake rate constants between CH;Cl and CH;Br based on measurements from Rhew et al. [2010].

4 Calculated ratio of uptake rate constants between CH;Cl and CH;Br based on measurements from Rhew and Abel [2007] and Rhew
[2011].

¢ Calculated ratio of uptake rate constants between CH;Cl and CH;Br based on measurements from Rhew et al. [2003].

fCalculated ratio of uptake rate constants between CH;C1 and CH;Br based on measurements from Rhew et al. [2007].

¢ Calculated based on reported uptake rates from Shorter et al. [1995], Rhew et al. [2007] and Rhew and Abel (2007), divided by the
atmospheric abundance, then multiplied with the biome area in each hemisphere. Uncertainties were from the measured uptake rates by
the previous studies.

" Calculated based on uptake rate constants of CH;Br multiplying the ratio of uptake rate constants between CH;Cl and CH;Br.

48!
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suggest a much higher soil uptake rate for CH;Cl that may be > 1000 Gg yr™'. In this
study, we calculated the ratios of soil uptake rate constants between CH3Cl and CH;Br
based on the measured uptake rates in temperate grasslands, oak-savanna woodland,
boreal forests and Alaskan tundra [Rhew, 2011; Rhew and Abel, 2007; Rhew et al., 2003;
Rhew et al., 2007; Rhew et al., 2010] and scaled the soil uptake rate constants of CH;Br
to those of CH;Cl using the calculated ratios (Table 5.2).

Unidirectional oceanic uptake rate constants for CH3;Cl and CH;Br are
determined using 1° X 1° grid model [Hu et al., submitted; Yvon-Lewis and Butler,
2002]. The strength of the annual oceanic uptake rate was estimated at 360 (250 — 470)
Gg yr'' for CH5Cl, 41 (29 — 50) Gg yr’' (years from 1995 — 1998) for CH;Br (Table 5.1).
Monthly variability for all the loss rate constants is plotted in Figure 5.5. Any
uncertainty on the seasonality or inter-annual variability of various losses and known
emissions will be incorporated into the calculated total “unknown emissions” (Ep, and
Esu) (see Egs. 5.3 —5.4).

5.5. Results and Discussion
5.5.1. Derived “unknown emissions” of CH3Cl and CH;Br

The imbalance between the best estimates on the sources and those on the sinks
is 732 Gg yr!' for CH;Cl and 35 Gg yr”' for CH;Br (average of the imbalances between
the pre-phaseout and the phaseout budgets) (Table 5.1). Although the strength of the
imbalance for atmospheric CH3;Br budget is comparable to that from Montzka and
Reimann et al. [2011], there are some readjustments on biomass burning emission,

oceanic emission and uptake, soil uptake and loss due to reaction with OH (Table 5.1).
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In our two-box model, we assume the imbalances in the atmospheric CH;Cl and
CHj;Br budgets, along with their total terrestrial emissions, as the “unknown emissions”.
Derived “unknown emissions” of CH3Cl and CH;3Br during 1995 to 2011 using the “top-
down” two-box model are 3515 (1476 - 5340) Gg yr' and 72 (38 — 105) Gg yr' (Table
5.3 and Figure 5.6). Negative “unknown emissions” of CH;Br were produced during
July to September in the SH in some years (Figure 5.6), which could be due to an
underestimate of the loss rate constants, or overestimate of the known emissions or a
combination of both. Derived “unknown emissions” of CH3Cl and CH;Br display the
same seasonality and the same inter-annual variability in both hemispheres (Figure 5.6)
and their correlation coefficients are as high as to 0.79 in the NH and 0.87 in the SH,
suggesting they may share the same origin.

The “missing sources” of atmospheric CH;Cl were suggested to be from tropical
plants and tropical leaf litter [Hamilton et al., 2003; Yokouchi et al., 2002]. According to
results from the previous three-dimensional model studies [Lee-Taylor et al., 2001; Xiao
et al., 2007; Yoshida et al., 2004], the total CH;Cl emission from tropical terrestrial
ecosystems was estimated to range from 2197 to 2900 Gg yr' (mean: 2492 Gg yr').
Their results were based on the soil uptake rate of CH3Cl from Khalil and Rasmussen
[2000], 256 Gg yr', which is at the lower limit of the possible range (Table 5.1).
Increasing their soil uptake rate to the best value we applied to the model will increase
their derived tropical terrestrial emission by 714 Gg yr', thereby yielding a total
terrestrial emission of 3493 (3044 — 4031) Gg yr'' when combined with other terrestrial

emissions. This is comparable to our derived total “unknown emission” of CH3Cl, 3515



Table 5.3. Derived emissions using equations 5.3 — 5.4 (Unit: Gg yr''). Emissions of CH;Cl are the annual mean during 1995 -

2011. Emissions of CH;Br were the annual emissions in 2009.

CH;Cl1 CH;Br
NH SH Global NH SH Global

Total Emissions 2656 (1723 - 3467) 2178 (1630 - 2665) 4834 (3353 -6132) 87 (79-95) 50 (47 - 53) 137 (126 - 148)

Total Known 713 (378 - 1058) 606 (413 - 819) 1319 (791 -1877) 37 (25-50) 28 (18 - 38) 65 (43 - 88)

Total Unknown 1943 (665 - 3088) 1572 (811 -2252) 3515 (1476 - 5340) 50 (29 - 70) 22 (9-395) 72 (38 - 105)
Total Natural 2409 (1306 - 3392) 2150 (1585 -2654) 4559 (2891 - 6046) 69 (54 - 82) 47 (42 - 51) 106 (96 - 133)

Total Anthropogenic 246 (75 - 417) 28 (10 - 45) 274 (85 - 462) 18 (13 -24) 32-4 21 (15-28)
Total Uptake 2624 (1691 - 3435) 2220 (1672 -2706) 4844 (3363 - 6141) 80 (72 - 88) 58 (55-61) 138 (127 - 149)

911
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Figure 5.6. Derived hemispheric “unknown emissions” (Gg yr'') for CH;Br and CH;Cl

using equations (5.3 — 5.4) and the best estimates on their known sources and sinks

(Table 5.1).
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Gg yr' (Table 5.3), suggesting the “missing source” of atmospheric CH;Cl may be
attributable to underestimation on tropical terrestrial emissions. However, we cannot
exclude the possibility that part of the “missing source” could result from our
overestimation on the sinks. Since the “unknown emissions” of CH;CIl and CH;Br may
share the same origin, it is likely that a significant portion of the “missing source” of
CH;Br is located in the tropical terrestrial ecosystems. The best estimate for tropical
terrestrial emission of CH;Br in this study (Table 5.1) is from Blei et al. [2010] and
Gebhardt et al. [2008]. Both of these studies report the net flux of CH;Br from tropical
rainforest rather than the gross emission. Since the tropical soil is also a sink for CH3;Br
(Table 5.2) [Shorter et al., 1995], the gross emission of CH3;Br should be higher than the
net flux, 20 Gg yr' (Table 5.1). This is consistent with results from Warwick et al.
[2006], which presents additional evidence that the “missing source” of CH3Br, or at
least part of it, should be from tropical terrestrial ecosystems.

Tropical rainforests are the dominant source in the total terrestrial emissions of
CH;Cl. Destruction of the tropical forests (i.e. deforestation and biomass burning) may
cause a reduction on CH;Cl emission from the tropical terrestrial ecosystems, and
therefore a decline in its total terrestrial emissions. Based on a report from the Food and
Agriculture Organization of the United Nations (FAQO) [2010], the carbon stock in
tropical living forests has decreased by 0.3 % yr'' and 0.8 % yr”' in the tropical NH and
tropical SH over the past two decades. However, no apparent declining trend is
displayed in the derived “unknown emission” of CH3Cl that is predominated by tropical

terrestrial sources. This could arise from several reasons. For example, emission rates of
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CH;CI from tropical terrestrial ecosystems are not only related with carbon stock, they
are also associated with plant species and plant growth stage. It is also possible that the
amount of dominant CH;Cl-emitting plants has not significantly decreased since 1995 or
the average emission rate from tropical living forests has increased slightly because of
their growing since 1995. Another possibility is slightly increasing emissions from other
terrestrial sources which counteract the declining emission from tropical forests.

Since “unknown emissions” of CH3Br and those of CH;Cl are likely to share the
same origin, it indicates that the “total unknown emission” of CH;3Br should have the
same trend as that of CH3Cl. This helps us to constrain the soil fumigation (fumigation -
non-QPS) emissions of CH;Br because if the emission ratio was estimated too high, it
would result in an overestimate on the fumigation - non-QPS emissions, which could
lead to an increasing trend in the derived “total unknown emissions” (Egs. 5.3 — 5.4);
and vice visa. Therefore, we tested various emission ratios for fumigation - non-QPS
uses of CH;Br. Results suggest that, considering the uncertainties of the known sources
and sinks (Table 5.1), the emission ratio is likely to be in a range of 65 % to 80 %. The
best estimate is 70%, which is higher than the best estimate given by the United Nations
Environment Programme (UNEP) [2007] and Yvon-Lewis et al. [2009], 65 %.

5.5.2. Verification on derived emissions

To verify the derived emissions for CH;Cl and CH;Br and the CH;Br emission
ratio of fumigation - non-QPS uses, we ran the coupled 1° x 1° ocean-atmosphere model
[Butler, 1994; Montzka et al., 2003; Saltzman et al., 2004; Yvon-Lewis et al., 2009] using

the derived parameters, along with known emission and uptake rates. Simulated
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hemispheric mixing ratios are in good agreement with the observed flask data from
NOAA/ESRL GMD (Figure 5.7), suggesting that the derived emissions and the emission
ratio of CH;Br are reliable.
5.5.3. Predicting the new steady-state of atmospheric CH;Br

As the anthropogenic emission of CH;Br decreases, the atmospheric CH;Br has
been declining and it will continue to decline until it reaches its new steady state. It is
important to examine when the atmospheric CH3Br reaches its new steady state, what
the new steady-state concentration is and how much the tropospheric bromine would
drop by removing the remaining anthropogenic uses of CH;Br. Using the derived
“unknown emissions”, along with the known emission and uptake rates, we can project
the atmospheric mixing ratio using equations (5.3 — 5.4). We ran the two-box model
from 1995 to 2020 for three different scenarios. Scenario one assumes only fumigation -
non-QPS uses of CH;3Br are phased out. Scenarios two and three assume that fumigation
- QPS uses of CH;3Br and all the remaining anthropogenic emissions are eliminated after
the phase-out of non-QPS uses, respectively. We also assume that the implementation of
the elimination process is one year. For years from 1995 to 2011, we used the
derived“unknown emissions”, including their strength, seasonality and inter-annual
variability, and ran the model forward with known sources and sinks. Calculated
seasonality of the total “unknown emissions” during 1995 — 2011, along with the
seasonality of known emission and uptake rates, were used in the model for years from
2012 — 2020. Inter-annual variability of the total unknown emissions for CH3;Cl and

CH;Br during 1995 — 2011 only accounts for less than 5% of their total natural
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Figure 5.7. Simulated mixing ratios of CH3Cl (a) and CH;3Br (b) in the NH (=== ) and SH
(=) using the coupled 1° x 1° coupled ocean-atmosphere model from Yvon-Lewis et al.
[2009] along with the calculated total “unknown emissions” and the emission ratio of
fumigation — non-QPS uses, and other known emission and uptake rates. The observed
mixing ratios in the NH ( ) and SH ( ) during 1995 to 2011 are from

NOAA/ESRL GMD (ftp://ftp.cmdl.noaa.gov/hats/methylhalides/).
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emissions. Therefore, we assume that there is no inter-annual variability for the natural
emissions of CH;Br and CH;Cl for years from 2012 — 2020.

In the first scenario, atmospheric CH;Br will reach its new steady state in 2013
with hemispheric mixing ratios of 7.4 ppt (parts per trillion) in the NH and 6.5 ppt in the
SH (Figure 5.8a). The total tropospheric bromine was measured at 15.7 = 0.2 ppt in 2008
[Montzka and Reimann et al., 2011]. Assuming the tropospheric bromine drops 0.1 ppt
yr! (average declining rate during 1998 — 2008), the tropospheric bromine would be 15.2
ppt in 2013. The atmospheric CH3Br will contribute to 50 % of the total tropospheric
bromine. If the fumigation - QPS uses of CH3Br are eliminated in 2013 (scenario two),
the atmospheric mixing ratio would be further reduced by ~0.5 ppt (NH=6.7 ppt; SH=6.1
ppt) (Figure 5.8b), which only accounts for 3 % of the total tropospheric bromine. If all
the anthropogenic emissions are eliminated (scenario 3) (Figure 5.8c), the steady-state
CH;Br concentrations will drop to 6.3 (5.6 — 6.7) ppt in the NH and 5.8 (5.4 — 6.1) ppt in
the SH, which is comparable to the mean CH3Br mixing ratio in the pre-industrial era
from the Antarctic ice core measurements, 5.8 + 0.3 ppt [Saltzman et al., 2004].
Different from CH;Cl, the SH mixing ratio of CH3Br is lower than that in the NH at its
steady-state. This is likely due to an uneven distribution of natural emission and uptake
rates for CH;Br in both hemispheres (Figure 5.5; Table 5.3). It is also possible that the
uneven distribution of CH;3Br at its steady state from the scenario three may result from
uncertainties on the known emission and uptake rates.

The ocean acts as both a source and a sink in the atmospheric budgets of CH;Br

and CH;Cl. It plays an important role in their global biogeochemical cycling. The ocean
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Figure 5.8. Predicted atmospheric CH3;Br mixing ratios in the NH (=) and SH (===).
(a) Scenario one assuming that only fumigation - non-QPS emissions were phased out.
(b) Scenario two assuming that the fumigation - QPS emissions of CH;Br were removed
following the end of the fumigation- non-QPS phase-out. (¢) Scenario three assuming
that all the remaining anthropogenic emissions of CH3;Br were eliminated at the end of
fumigation non-QPS phase-out. For scenarios one to three, the elimination process was
assumed to be one year. The observed mixing ratios in the NH ( ) and SH ( )
during 1995 to 2011 are from NOAA/ESRL GMD

(ftp://ftp.cmdl.noaa.gov/hats/methylhalides/).
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was estimated to be near equilibrium with atmospheric CH3;Br at the end of its
fumigation - non-QPS phase-out [Hu et al., submitted]. If the anthropogenic emission
continues to decline, the saturation state of CH;Br in the surface ocean is expected to
become more positive. Here, we calculated the net sea-to-air flux of CH;Br for three
scenarios described above. The global net sea-to-air flux of CH;Br for scenarios one to
three was estimated at 2, 4 and 6 Gg yr'', respectively, suggesting that the ocean will
become a net small source if the remaining anthropogenic emissions are eliminated. This
result is consistent with the estimated net flux in the pre-industrial budget of CH;Br
[Saltzman et al., 2004].
5.5.4. Atmospheric lifetimes of CH3;Cl and CH;Br

The total atmospheric lifetime, z, is determined from the sum of the reciprocal of

various loss process:

ot rt,r.t (5.5)
T Ty T Toew T

soil  Toen  Tstr
where, Ton, Tsoil, Tocn, and sy are partial atmospheric lifetimes due to reaction with OH
radicals, loss to soils, uptake by the ocean, and loss to stratospheric photolysis. The
partial atmospheric lifetimes with respect to the reaction with OH were estimated at 1.3
(1.1 —1.5) years and 1.5 (1.3 — 1.8) years for CH3Cl and CH;Br, which are 0.2 years and
0.4 years shorter than the estimates given by Montzka and Reimann et al. [2011]. This
difference is mainly due to the discrepancy in the use of OH concentrations. Partial

atmospheric lifetimes regarding loss to soils were calculated at 4.2 (3.0 — 6.7) years for

CH;ClI and 2.7 (2.0 — 4.3) years for CH3Br. Since field measurements on CH;Cl uptake
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rate constants by soils are limited, uncertainties on the corresponding partial atmospheric
lifetime could be much larger than the range given above. Partial atmospheric lifetimes
with respect to the oceanic uptake and stratospheric photolysis are all from prior
estimates for CH3;Br and CH3Cl [Hu et al., submitted; Montzka and Reimann et al.,
2011]. The overall atmospheric lifetimes for CH;CIl and CH3;Br were estimated at 0.9
(0.7 — 1.1) years and 0.7 (0.6 — 1.0) years. The best estimates are 0.1 year shorter than
those from Montzka and Reimann et al. [2011], which mainly results from shorter partial
atmospheric lifetimes regarding to reaction with OH and loss to the soils.
5.6. Summary and conclusions

Significant imbalances in atmospheric CH;3;Br and CH;3Cl budgets remain despite
substantial efforts made to quantify their sources and sinks over the past two decades.
Although it was suggested that the “missing sources” of these two gases are likely to be
located in the tropical terrestrial ecosystems [Hamilton et al., 2003; Warwick et al., 2006;
Yokouchi et al., 2002], there was no study that examined the linkage of the “missing
sources” between these two trace gases. In this study, we investigated the total terrestrial
emissions of CH3;Br and CH;CI along with the imbalances in their atmospheric budgets
using a “top-down” approach. Results indicate that the total terrestrial emissions of
CH;Br and CH;Cl along with the imbalances in their atmospheric budgets are highly
correlated, suggesting that significant portions of these emissions, including emissions
from their “missing sources”, are likely to share the same origin. Combining these
results with those from previous studies suggests that it is possible that part of the

“missing sources” is from the underestimation on the gross emission from the tropical
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terrestrial ecosystems. However, since uncertainties in the derived “unknown emissions”
are associated with those of known emissions and known uptake rates (Egs. 3 - 4), we
cannot exclude the possibility that the imbalances in their budgets may be partially due
to the overestimation on the strengths of various sinks. In order to target the location of
the “missing sources” and test our hypotheses, gross emission and consumption rate
measurements in the tropical terrestrial ecosystems are needed.

Atmospheric CH;Br mixing ratios after the phase-out of agricultural fumigation
are estimated at 7.4 ppt in the NH and 6.5 ppt in the SH at its new steady state.
Compared to the peak global mixing ratios during 1996 — 1998, 10.4 ppt in the NH and
8.1 ppt in the SH, they decreased by 3.0 ppt in the NH and 1.6 ppt in the SH, which
corresponds to a reduction of 36 — 45 Gg yr' and 3 — 4 Gg yr' in the NH and SH
emissions. Additional reduction of the fumigation emissions (i.e. eliminating the
fumigation-QPS emissions) will not result in a significant further decline in the
atmospheric CH3;Br mixing ratios. If all of the remaining anthropogenic emissions were
removed, the atmospheric CH;Br may drop to the pre-industrial level and the ocean will

become a small source to the atmospheric CH;Br.
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6. METHANE FLUXES TO THE ATMOSPHERE FROM DEEPWATER

HYDROCARBON SEEPS IN THE NORTHERN GULF OF MEXICO*

6.1. Introduction

Methane (CHy), one of the most important greenhouse gases, has a warming
potential 23 times that of carbon dioxide over a 100 year time horizon [Ramaswamy et
al., 2001]. It is also actively involved in tropospheric ozone production and stratospheric
ozone destruction. The total amount of methane reserved in the form of gas hydrate is
about 2 X 10° Tg in a global inventory [Boswell and Collett, 2011]. It is comparable to
about 400 times the total mass of the global atmospheric methane, 4850 (+242) Tg
[IPCC, 2001]. Although the gas hydrate is an enormous methane reservoir, the
contribution of the gas hydrate from the seafloor to the atmospheric methane budget is
poorly characterized. It is estimated that marine seeps emit 18 — 48 Tg yr’' of methane
from the continental shelves to the overlying water column [Hornafius et al., 1999].
However, the global emission from gas hydrates to the atmosphere is less than 5 Tg yr™
[Reeburgh, 2007].

Methane released from the seafloor or produced in microenvironments in the

water column [e.g. Cynar and Yayanos, 1991; de Angelis and Lee, 1994] can reach the

*Reproduced by permission of American Geophysical Union. Hu, L., S. A. Yvon-Lewis, J. D.
Kessler, I. R. MacDonald, Methane fluxes to the atmosphere from deepwater hydrocarbon seeps
in the northern Gulf of Mexico, J. Geophys. Res., 2011. Published [2011] American Geophysical
Union. Not subject to U.S. copyright.



128

atmosphere through turbulent diffusion or rising bubbles. In shallow water, rising
bubbles are the predominant pathway for delivering methane from seeps to the
atmosphere, while the net sea-to-air fluxes via diffusion are also considerable [Mau et
al., 2007; Schmale et al., 2005]. In deep water systems, turbulent diffusion is a
commonly cited pathway to deliver methane to the atmosphere, whereas it is still
debatable whether or not bubbles are capable of surviving from the seafloor to the
surface and, if so, how much methane would be displaced by other gases (i.e. oxygen,
nitrogen etc.) as they are stripped out of the water as the bubble moves to the surface
[McGinnis et al., 2006; Rehder et al., 2002, 2009]. Methane transport via rising bubbles
from the deepwater seeps to the atmosphere depends on a variety of geological and
physical parameters, including intensity and composition of the seepages, bubble initial
size, release depth, bubble path, and dissolution rate [Leifer and MacDonald, 2003].
Most previous studies reported that the diffusive net sea-to-air fluxes of methane from
deepwater seep systems (water depth > 200 m) are insignificant [e.g. Kessler et al.,
2006; Reeburgh et al., 1991; Schmale et al., 2005; Yvon-Lewis et al., 2011]. However,
one recent study suggests that the diffusive net sea-to-air flux of methane from the
deepwater hydrocarbon seeps to the atmosphere could be considerable [Solomon et al.,
2009].

To better understand and quantify the diffusive net sea-to-air fluxes of methane
from deepwater hydrocarbon seeps, we investigated three deepwater seeps featuring

near-seafloor gas hydrate in the northern Gulf of Mexico. High spatial and temporal
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resolution measurements were made to determine the net sea-to-air fluxes of methane
over these hydrocarbon seeps.
6.2. Method
6.2.1. Location and measurements

The HYFLUX cruise took place in the northern Gulf of Mexico during July of
2009 (4 July — 19 July, 2009) aboard the R/V Brooks McCall. Intensive surface surveys
were conducted above three active seeps, MC118 (Rudyville, 28.8522° N, 88.4928° W,
900 meters below sea level, mbsl), GC600 (Oil Mountain, 27.3652° N, 90.5642° W,
1250 mbsl), and GC185 (Bush Hill, 27.7823° N, 91.5080° W, 550 mbsl) (Figure 6.1),
which were characterized by seafloor gas hydrate deposits that were partly exposed to
seawater. Active oil and gas venting was confirmed by a remotely operated vehicle
(ROV) at fixed locations within all three sampling sites. Air and surface seawater
samples were analyzed continuously (except for brief maintenance intervals) during
occupation of the sites and transits. The air-sea sampling plan had two modes: 1) a
coarse regular grid, where samples were spaced at a kilometer scale, and 2) a fine
sampling scale that occurred as the ship loitered above the ROV, where samples were
spaced < 10 m. The ship speed was kept below 4 knots over most of the seep areas
(Figure 6.2¢).

To measure the diffusive net sea-to-air fluxes of methane and infer its origin,
atmospheric and surface seawater dissolved C; - C; hydrocarbons were measured

continuously with an automated sampling system coupled to a Weiss-type equilibrator
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Figure 6.1. Cruise track (red line) of HYFLUX cruise in July of 2009. Colored surface

of the map indicates the water depths and land surface elevations. The bathymetric data
are from the NOAA National Geophysical Data Center
(http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html). White circles denote the
locations of the three seep sites; black circles mark the year days (YD) along the cruise

track; red stars stand for the ports where the ship departed or arrived.
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Figure 6.2. (a) Atmospheric mixing ratios (blue) and surface seawater concentrations
(red) of methane; the scales for surface seawater methane in ranges of 0 — 30 nmol L'
and 30 — 200 nmol L™ are different. (b - ¢) Atmospheric mixing ratios (blue) and surface
seawater concentrations (red) of ethane (b) and propane (c). (d) Sea surface salinity
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prior to sampling (blue) and ship speeds along the cruise track (red). (f) Saturation
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Figure 6.2. Continued

anomalies (blue) and net sea-to-air fluxes (red) of methane; different scales for
saturation anomalies in ranges of -40 — 2000 % and 2000 — 10000 % and fluxes in ranges
of -20 — 100 pmol m™ d™' and 100 - 400 umol m™ d™'; dash line marks zero saturation
anomaly and zero flux. Concentrations of zeros for panels a — ¢ indicate concentrations
below the instrument detection limit. Grey shadows mark the time periods over three
seep sites. X-axis is the year day of 2009 and the corresponding month/day is labeled in

the brackets.

and a Gas Chromatograph / Flame lonization Detector (GC/FID, Agilent 6850) system
(Appendix B). This technique only quantifies the diffusive net sea-to-air flux of
dissolved methane and not the direct bubble injection of methane to the atmosphere;
however, direct bubble injection to the atmosphere could be manifested in the data as
enhanced atmospheric concentrations relative to surface seawater.

Air samples were pumped continuously at ~ 6 L min™ through 0.63 c¢cm ID
Synflex tubing (Motion Industries, TX) mounted on the railing on the top of flying
bridge and running to the laboratory. Surface seawater (about 4 m below the sea surface)
was pumped into the Weiss-type equilibrator at 15 L min™'. Equilibrator headspace and
ambient air were alternately sampled every 6 minutes using a stream select valve. The
sample stream passed through a 20 puL sampling loop after being dehumidified by a

Nafion dryer (Permapure Inc). The Nafion dryer and the 20 uL sampling loop were
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flushed with the sample air at a rate of 25 mL min™ for 90 seconds before injection into
the GC/FID, which was equipped with a 15 m long, 32 pm ID GS-GasPro column (1 m
pre-column and 14 m main-column) with nitrogen carrier gas. Prior to the cruise, a series
of standard mixtures (C; - C;) ranging from 0 — 1000 ppm (parts per million) were made
using two known concentration standards (15 ppm and 1000 ppm) from Scott Specialty
Gases. Standards with methane concentrations at 0.09 (+ 0.01) ppm, 1.09 (£ 0.02) ppm,
1.69 (£ 0.02) ppm and 2.88 (£ 0.06) ppm were also calibrated against a whole air tank,
which was calibrated to the NOAA-04 methane scale. The standards with methane
concentrations at 0.09 — 2.88 ppm were used to create a standard curve to calibrate the
instrument. Higher concentration standards 15 (£ 1.5) ppm, 503 (£ 25) ppm, 1000 (= 50)
ppm were also run and used as an alternate calibration curve when the measured
concentration exceeded the lower calibration range. The precision of the system was
determined from five standard injections. The precision for concentrations < 3 ppm was
3 % for methane, 2 % for ethane and 3 % for propane. The precision for concentrations >
3 ppm was less than 1 % for methane, ethane and propane.

The sea surface temperature and salinity were continuously measured by a
Conductivity Temperature Depth (CTD) sensor from Sea-Bird Electronics (SBE 19 plus)
at the outflow of the equilibrator. Wind speeds and directions were continuously
measured by an anemometer at a height of ~ 9 m above the sea level.

6.2.2. Equilibrator concentration correction
The equilibrator headspace technique has been used for the determination of the

net sea-to-air fluxes of many dissolved gases including but not limited to halocarbons
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[Butler et al., 2007 and references therein; Hu et al., 2010 and references therein], CO,
[Takahashi et al., 2009 and references therein] and methane [Amouroux et al., 2002;
Bange et al., 1994, 1996, 1998; Kourtidis et al., 2006; Rhee et al., 2009] over the past 20
years.

Due to the different solubilities for different gases, the time needed for the trace
gas concentration in the headspace to reach equilibrium with the incoming seawater is
different for each trace gas. The headspace mass concentration, Ce, at a time, t, can be
expressed with the following equation when the equilibrator vent flow, Q, , is zero

[Johnson, 1999].

C.=(C, - Swyewm  Cu ©6.1)
a a
Vv : .
where, 7, = 9 £ ; Ve is the volume of the headspace, 12.5 L; Qy is the volumetric
W

flow rate of the seawater, 15 L min'l; ¢ 1s a dimensionless equilibrator coefficient, which
is typically about 0.3 - 0.4 [Johnson, 1999]; « is the Oswald solubility coefficient; C; is
the initial mass concentration in the headspace and C,, is the mass concentration of the
trace gas in the incoming seawater.

When the equilibrator vent flow, Q, , is not zero, the air in the headspace is
removed and replaced by the ambient air at a rate of Q,. The trace gas concentration in
the headspace can then be expressed by the following equation [Johnson, 1999].

&(1_e—t/rz)_'_&(l_e—t/rz)_'_&e—t/rz
C = ar, 7y 7,

) 1/z,

(6.2)
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v 1 1 1 . . .
where, 7, =— and — =—+—; C; is the mass concentration of the trace gas in the

v L O T
ambient air.

Under normal operating conditions, the equilibrator vent flow is zero except the
duration when the instrument is flushing the dryer and sample loop (i.e. collecting the
headspace air sample). Assuming the equilibrator vent flow is off for a period of t; (min)
and on for a period of t, (min) at a rate of Q, (ml min™), the trace gas concentration in

the headspace at t; + t, can be expressed as:

&(l_eftz/fz)_i_&(l_e’tz/fz) C C
. arT, 7, n ((C| . _W)e*tl/fl + _W)e*tz/fz (63)
/7, a o

Since the trace gas concentrations in the ambient air and in the equilibrator headspace
were measured, C,, C;j, and C, are known. The trace gas concentration in seawater can be

expressed as a function of C,, C;, and Ce (Equation 6.4).

4ot
T B >
Ce_iz(l_e tz/Tz)Ca_e T Ci
T

= v 6.4
w 7, (1 _ e—tz/rz) . (1 _ e—tl/rl )e—tz/rz ( )

ar, a

In this study, the vent flow, 25 ml min”', was only on for 2.5 min between two seawater
measurements, resulting in only 1 % of difference in the C,, compared to the case
without the vent flow. Given such a small effect, we can simplify equation (6.4) by
assuming the vent flow is 0 during t; to t,. Then 7, is equal to 0, and 7; is equal to 7.

Equation (6.4) can be expressed as:
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a

C (6.5)

In equations (6.1 — 6.5), it is assumed that the trace gas concentration in the seawater is
constant during t; and t;. However, in reality, this assumption may not be true especially
when the ship speed is fast. Therefore, assuming the seawater concentration is constant
during a very short time period (4¢) (i.e. < 1 second) and the seawater concentrations are

CWI,CWZ,...,CWM,CWH for each At (ndt = t;+1y), the trace gas concentration in the

headspace can be expressed by:

At (n-DAt (-2t At

O RS S A S P A i S N
a a o o a

(6.6)

By substituting the C, in equation (6.5) with equation (6.6), C,, can be expressed by:

n-1 n-2 n— 1
—e M7 — At — At BN ——At

e"” +C,e " +C,e " +..+C, e" +C,) (6.7)

w 1—g Mt

_ e—At/z'l _Em

Assuming &, =1—e a

“nat/T, (i=12.3,...,n) , Cy, can be rewritten as:
—€

C

c,=acC, +aC, +aC, +..+a,,C, +aC, (6.8)

n
Therefore, the fractional contributions of the true seawater concentrations,

C,,-Cu,»Cy »C,, , to the corrected seawater concentration (Cy) are a,,a,,...,8, ,,a

w, > %n-1>%n -
For the very soluble gases (1.e. CO,, N,O), a,,4a,,...,a, ,,a, exponentially increase from 0

0 n-1°>""n

to 1 as a; goes to a, and C, is more representative of an instantaneous incoming
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seawater concentration. For the less soluble gases (i.e. CHy4, CO), a,,a,....,a, ,a,are

close to 1/n and C,, is more representative of an average seawater concentration during
the last ndt min. In this study, the seawater concentrations were calculated using
equation (2.4), and they represent average seawater concentrations over a period of 12
min. As the ship speed was in a range of 0 — 4 knots when sampling, 12 min represents a
distance of 0 — 1480 m.
6.2.3. Net sea-to-air flux calculation

The net sea-to-air flux (F) is calculated by:

F=k,(C,—cC,) (6.9)
where, ky is the gas transfer velocity (m d') [Sweeney et al., 2007], and Cy, C, and « are
defined above. The gas transfer velocity parameterization from Sweeney et al. [2007] is
an improvement over the typical Wanninkhof [1992] parameterization since they closed
the previous gap between field measurements [Liss and Merlivat, 1986; Nightingale et
al., 2000] and radiocarbon estimates [Tans et al., 1990; Wannninkhof, 1992] on this
parameter.

The gas transfer velocity (ky) from Sweeney et al. [2007] is expressed as:
Sc
k, =0.27u’ (—)™" 6.10
W =0270(5) (6.10)

where, Sc is the Schmidt Number of methane in seawater from Wanninkhof [1992] and
Uyo is the 10 m normalized wind speed (m s™') determined using the equation given by

Large and Pond [1982].
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6.3. Results

Atmospheric methane during this cruise ranged from 1.70 ppm to 4.01 ppm with
a mean of 2.03 ppm (Figure 6.2a). The atmospheric methane fluctuated around a
background concentration of 1.92 ppm during the occupation of the sites and transits
except at the end of GC600 and the transit to GC185 (Figure 6.2a). The surface seawater
methane concentrations ranged from 1.76 to 23.5 nmol L™ at MC118, 1.76 to 11.9 nmol
L' at GC600, and 1.72 to 4.48 nmol L at GC185 (Table 6.1). The presence of ethane
(Figure 6.2b) and propane (Figure 6.2c) in the surface seawater over the seep area
(mainly at MCI118 and GC 600) indicates a thermogenic contribution from the
deepwater hydrocarbon seeps. The maximum methane concentration observed in surface
seawater during this study, 156 nmol L', was observed on year day (YD) 191 (10 July,
2009) on the continental shelf offshore from Louisiana (Figures 6.1 and 6.2a). The
corresponding atmospheric methane concentrations reached 2.10 ppm due to the net sea-
to-air flux (Figure 6.2a). Increased ethane and propane along with elevated salinity and
decreased temperature (Figures 6.2b, ¢ and d) suggest that the elevated methane in the
surface seawater may be associated with upwelling of hydrocarbon enriched waters. A
similar feature in the surface seawater was observed in the same region in June of 2010
during the Persistent Localized Underwater Methane Emission Study (PLUMES) [Yvon-
Lewisetal., 2011].

The methane saturation anomaly is defined as the percent difference between the

partial pressures of methane in surface seawater and air. They ranged from -51.8 % to



Table 6.1. Mean atmospheric methane mixing ratios, seawater methane concentrations, saturation anomalies and net sea-to-air

fluxes of methane at the three seep sites (ranges of values in parentheses).

Flux (umol m? d™)

. Atmospheric CHy Seawater C.H4 Saturation anomaly .Averaged
Sites .. . concentration o wind speed (m
mixing ratio (ppm) (nmol L) (%) ) .
w92* S07
MC118 1.93 (1.71-2.62) 5.85(1.76-23.5) 207 (-6.42-1196) 5.6 15.4 (-0.52-86.1) 12.8 (-0.45-75.0)
GC600 2.13 (1.72-3.83) 3.61 (1.76-11.9) 90.5 (-46.0-598) 5.3 5.41 (-4.19-34.9) 4.67 (-3.65-30.4)
GC185 1.81 (1.71-1.98) 2.41(1.72-4.48) 39.6 (2.33-156) 4.0 1.25 (0.08-4.13) 1.07 (0.07-3.60)

W92 refers to the flux calculated using the Wanninkhof [1992] gas transfer velocity parameterization;

®S07 refers to the flux calculated using the Sweeney et al. [2007] gas transfer velocity parameterization

6¢l
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7.43 X 10° % (Figure 6.2f). The calculated net sea-to-air fluxes ranged from -4.68 to 416
umol m™ d”' (Figure 6.2f). The mean net sea-to-air flux at each of the three seep areas
was 12.8 pmol m? d' (MC118), 4.67 umol m™ d"' (GC600) and 1.07 pmol m™ d”
(GC185) (Table 6.1). To compare the results from this study to those from previous
studies, we calculated the flux using the gas transfer velocity from Wanninkhof [1992] in
addition to using the Sweeney et al. [2007] relationship described earlier. The calculated
net sea-to-air methane fluxes from the deepwater hydrocarbon plume areas are one to
two orders of magnitude lower than those from shallow water seep plume areas (Table
6.2; Mau et al., 2007; Schmale et al., 2005). For the deep water environment, the
calculated fluxes from this study are in the same range as those determined from most
previous studies (Table 6.2; Reeburgh et al., 1991; Schmale et al., 2005; Yoshida et al.,
2004; Yvon-Lewis et al., 2011). However, they are three orders of magnitude lower than
those reported by Solomon et al. [2009] who investigated the same region as the current
study including one of the same identified seep sites.
6.4. Discussion

Based on the results above, four main issues will be addressed in the following
discussion: 1) the source for the elevated atmospheric methane during the transit from
GC600 to GC185; 2) the diffusive net sea-to-air fluxes of methane over three seep sites
and the extrapolated total fluxes of methane over the deepwater seep area in the northern
Gulf of Mexico; 3) potential causes for the large discrepancy between the results from
this study and those reported by Solomon et al. [2009]; and 4) the impact of small areas

of high methane concentration hotspots on our regional air-sea flux estimate if extremely



Table 6.2. Diffusive net sea-to-air fluxes of methane from different marine environments.

Location Water Depth (m) Flux (nmol m> d'l) a Reference
Deep water environments (> 200 m)
Deepwater hydrocarbon plume area in the northern Gulf of Mexico 550 -1250 -4.19 - 86.1 This study
Deepwater hydrocarbon plume area in the northern Gulf of Mexico 500 - 600 200 - 10,500 Solomon et al., 2009
Plume area during the Deepwater Horizon oil spill 1500 -0.055 - 1.83 Yvon-Lewis et al., 2011
Sorokin Trough and Dnepr Area in Black Sea >200 40.6 - 49.2 Schmale et al., 2005
Central Black Sea >200 27 Reeburgh et al., 2006
Sea of Okhotsk >200 0.36 - 88 Yoshida et al., 2004
Baltic and North Seas >200 -6.6 - 13.89 Bange et al., 1994
Aegean Sea >200 1.81 Bange et al., 1996
Northwestern Levantine Basin >200 3.02 Bange et al., 1996
Open Ocean in the Atlantic >200 0.3 Rhee et al., 2009
Open Ocean in the Pacific >1000 09-35 Tilbrook and Karl, 1995
Shallow water environments (< 200 m)
Coal Oil Point <70 195 Mau et al., 2007
Northwest Black Sea <200 53 Amouroux et al., 2002
Northwestern continental shelf of the Sea of Okhotsk <200 0.47-11 Yoshida et al., 2004
Shelf waters of Dnepr Area <200 67 Schmale et al., 2005

<200 3.2 Rhee et al., 2009

Coastal region of the Atlantic

* Fluxes were calculated using the gas transfer velocity parameterization of Wanninkhof [1992].

4!
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high concentrations existed in the surface seawater over a deepwater hydrocarbon plume
area and were missed in this study.
6.4.1. Elevated atmospheric methane

An area of elevated atmospheric methane with a maximum concentration of 4.01
ppm was observed on YD 197 (16 July) at GC600 (Figure 6.2a). The elevated
atmospheric methane persisted for 19 hours and extended over 50 kilometers to the
northwest of GC600 during the transit to GC185 (Figure 6.2a). Coincident elevated
ethane and propane in the atmosphere suggest a thermogenic gas contribution (Figures
2.2b and 2.2c). The 24 h air-mass back-trajectories obtained from the NOAA Air
Resources Laboratory (http://www.ready.noaa.gov/ready/open/hysplit4.html) show that
the air masses with increased atmospheric methane came from the same region as those
with background concentrations of 1.81 ppm (Figure 6.3), suggesting a localized source
rather than long-range transport. Since the methane concentrations in the underlying
seawater were close to a seawater background concentration of 2.40 nmol L™ (Figure
6.2a), methane transport via diffusive sea-to-air gas exchange is not the source of these
high atmospheric concentrations.

Although bubbles traveling over 1000 m from a deepwater seep site have been
observed [Greinert et al., 2006], whether or not they can reach the surface is still
debated [McGinnis et al., 2006; Rehder et al., 2009]. In this study, to increase the
atmospheric methane concentration to 4.01 ppm (3.25 ppm averaged over the area with
elevated methane concentrations), there would need to be 3 X 10° mol d”' of methane

released to the atmosphere assuming a marine boundary layer height of 700 m (data
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Figure 6.3. 24 hour back-trajectories of air masses (dot lines) and locations of oil
platforms (black dots) in the northern Gulf of Mexico. Back-trajectories were
downloaded from NOAA Air Resources Laboratory
(http://www.ready.noaa.gov/ready/open/hysplit4.html) and platform locations are from
MMS Gulf of Mexico regional database
(http://www.gomr.mms.gov/homepg/pubinfo/repcat/arcinfo/index.html). White circles
denote the locations of three seep sites. Red stars stand for the ports where the ship

departed or arrived.
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and blue lines stand for two randomly selected CTD casts from each site.
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from http://ready.arl.noaa.gov/READYamet.php) and assuming that the elevated
methane only spread out in a circle 100 m in diameter centered on the ship as it moved
along the cruise track. It is not likely for direct methane transport via gas bubbles at
GC600 to contribute such a large amount of methane to the atmosphere due to the strong
pycnocline during the summer (Figure 6.4) and the 1200 m water depth at this site.
While slicks were observed from the ship at this site along with intermittent oil droplets
rising to the surface, surface water concentrations were 2.85 + 0.73 (I o) nmol L™,
suggesting that these droplets were not carrying high concentrations of methane. Since
the observation of the elevated atmospheric methane to the northwest of GC600 does
coincide with satellite data from 20 July showing very extensive oil slicks over this
broad region of the Gulf, we could not completely exclude the possibility that methane
could be transported inside of the oily bubbles to the atmosphere. However, we cannot
provide an appropriate mechanism for this possibility.

Fugitive release to the atmosphere directly from oil platforms around GC600 is
possible (Figure 6.3). Given the fact that no significantly elevated atmospheric methane
concentrations were observed near the recovery ships during the Deepwater Horizon oil
spill, which were flaring tremendous amounts of gas [Yvon-Lewis et al., 2011], flaring
itself is an unlikely source of methane to the atmosphere. Not flaring or accidentally
releasing gas from the drilling oil platform during this time is not likely to be the
explanation either based on the drilling records from the Drilling Rig OCEAN
MONARCH (the rig close to GC600). A likely explanation could be an undetected leak

from one or more of the nearby oil platforms.
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which are plotted in the righthand panels. Red stars indicate the locations of the seeps.
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6.4.2. Methane net sea-to-air fluxes over the seep area in the northern Gulf of
Mexico

High spatial variability was observed in sea surface methane and net sea-to-air
fluxes over the three seep areas (Figures 6.5 and 6.6). Overall, MC118 had higher sea
surface methane concentrations and higher net sea-to-air fluxes than either GC600 or
GC185 (Tables 6.1 and 6.3; Figures 6.5 and 6.6). GC600 is the oiliest site surveyed
during this study. Although surfactants can inhibit bubble dissolution and enhance the
methane transport, lower surface seawater methane concentrations and lower diffusive
fluxes were observed than those at MC118. GC185 is the shallowest site occupied
during this study. During a prior study at this site, a methane concentration of 608 nmol
L at a water depth of ~ 20 m was reported and used to determine a net sea-to-air flux of
3420 pmol m™ d”! in the plume area [Solomon et al., 2009]. Therefore, higher methane
concentrations in the air and sea surface as well as higher fluxes were anticipated.
However, both the atmospheric methane and the sea surface (4 mbsl) methane were near
background (Table 6.1). Spatial variability between sites is associated with
characteristics of their geological and physical environment, e.g. seep intensity, oil-water
ratio, water depth, currents, and mixed layer depth. Spatial variability within one seep
site (Figure 6.5) is related with the rising angle of the bubbles and the directions of mid-
depth and surface currents. High temporal variability within one seep site was also
observed during our surface survey (Figures 6.2 and 6.6). The magnitudes of the fluxes
and the elevated flux areal extent vary from day to day (Table 6.3; Figure 6.6). The

temporal variability of methane fluxes could be due to changes in seepage rates,



Table 6.3. Mass fluxes over the survey area using different interpolation gridding methods. The boundaries for the gridded

fluxes are shown in figure 6.6. The year day is abbreviated as YD.

Natural Neighbor Inverse Distance Weighted Krigging
Surve Area with
. y fluxes > 8 A . . .
Sites Area 24 rea weighted Area weighted Mass Area weighted Mass
2 pmol m™ d Mass Flux
(km?) 2 mean flux (mol d'l) mean flux Flux mean flux Flux
(km’) (nmol m?2 d™) (pmolm2d") (mold’) | (umolm?>d") (mold")

MC118
YD 187 15.15 14.00 19.8 300 21.5 326 23.2 352
YD 188 16.27 13.91 13.2 215 12.0 195 113 183
YD 189 34.64 1231 7.82 271 8.68 301 9.11 316
YD 190 8.530 3.430 7.75 66.1 8.70 74.2 8.82 75.2
YD 192.5-193.5 0.06155 0.03014 12.1 0.744 15.5 0.954 18.7 1.15
YD 193.5-195.2 0.5318 0.0055 6.98 3.71 6.36 3.38 6.23 3.31
GC600 8.571 0.407 6.05 51.9 5.53 47.4 5.26 45.1
GC185 6.686 0.000 1.02 6.85 1.03 6.86 1.00 6.69

4!
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currents, wind speeds, surface wave action, etc. [Clark et al., 2003, 2010; Greinert et al.,
2006; Leifer and Boles, 2005; Leifer et al., 2006; Quigley et al., 1999].

The daily methane mass flux distribution for each survey area was determined by
interpolation using natural neighbor, inverse distance weighted interpolation, and
krigging (Table 6.3). The three different interpolation methods do not produce
significantly different fluxes. Since the natural neighbor method produced a smoother
shape, we chose this algorithm as our main interpolation method for plotting the mass
flux distribution over the seep sites. Due to the high temporal and spatial variability of
the methane fluxes within and between sites, it is difficult to extrapolate the observed net
sea-to-air fluxes to other periods or to other hydrocarbon seeps (Figures 6.5 and 6.6).
However, we can approximate the upper limit of the diffusive net sea-to-air flux of
methane from the deepwater hydrocarbon seeps in the northern Gulf of Mexico under
normal conditions (i.e. no mud volcanoes or submarine earthquake) by assigning the
highest daily flux determined in this study, 300 mol d' (per seep site), to other
deepwater hydrocarbon seeps in this region. Large uncertainty exists in the number of
active seeps in the northern Gulf of Mexico. Geophysical anomalies generated by seeps
in the geologic past exceed 5000 possible sites [Frye, 2008] whereas preliminary results
for seeps detected by remote sensing (see the detailed method in Garcia-Pineda et al.
[2010]) suggest a maximum number of active vents about 1500. Assuming that each of
the 1500 - 5000 seeps in the northern Gulf of Mexico has daily net sea-to-air flux of 300
mol d' and they persistently emit methane to the atmosphere at the same rate over a one-

year period, the total diffusive net sea-to-air flux from deepwater hydrocarbon seeps in
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the northern Gulf of Mexico is about 3 - 9 Gg yr"'. Compared with the total annual
emission of methane to the atmosphere, 5.8 X 10° Gg yr'1 [Denman et al., 2007], the
contribution of the net diffusive sea-to-air flux from deepwater hydrocarbon seeps in the
northern Gulf of Mexico is insignificant to the atmospheric methane budget.
6.4.3. Explanation for flux discrepancy

The three orders of magnitude methane flux discrepancy between this study and
that reported by Solomon et al. [2009] is mainly attributable to the surface seawater
methane values used in the flux equation (Equation 6.9). The “surface” seawater
methane concentrations reported in Solomon et al. [2009] were in the range of 57.1 —
1609 nmol L™ while the methane concentrations in this study ranged from 1.72 — 23.5
nmol L. Although we cannot exclude the possibility of temporal variability, we can
evaluate the methodological differences between these two studies. How each study
defines a "surface" sampling depth is a key factor that bears consideration. In the present
study, seawater was continuously sampled from ~ 4 m water depth within the mixed
layer as the ship was moving. Mean mixed layer depths were 4.8 m (0 — 28.8 m; median:
3.5 m; 32 CTD casts) at MC118, 4.9 m (4.2 — 5.5 m; 2 CTD casts) at GC 600, and 2.1 m
(1.4 — 2.6 m; 3 CTD casts) at GC185 (Figure 6.4). When determining the air-sea flux
using the air-sea concentration gradient, the dissolved concentrations must be measured
as close to the surface as possible. By contrast, the shallowest sample collected in
Solomon et al. [2009] was around 20 m. Their temperature and salinity profiles (see

supplementary materials in Solomon et al. [2009]) do not display a mixed layer depth
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below 20 m. Therefore, the "surface" water value they used to calculate methane fluxes
were not diagnostic of true surface water values.

A contributing but minor factor to the differences in net sea-to-air fluxes reported
in the two studies involves the atmospheric methane concentrations used in the flux
calculation. Solomon et al. [2009] used an averaged atmospheric methane concentration
for their flux calculations, while the atmospheric mixing ratios were measured once
every 12 minutes locally during the current study. Atmospheric methane ranged from
1.70 ppm to 4.01 ppm over the seep sites during the current study. At times, the
atmospheric methane concentrations were over twice the average background
concentration. In some places during the occupation of GC600, the surface ocean acted
as a sink for atmospheric methane and would have been misinterpreted as a source to the
atmosphere if average atmospheric methane concentrations were used in the flux
calculations. Fluxes of methane from the ocean to the atmosphere or other incidental
hydrocarbon emissions could result in perturbations to the local atmospheric methane
concentrations, and these perturbations should be accounted for in the calculation of the
flux.

6.4.4. Impact of small area high concentration hotspots on the regional air-sea flux

To determine if the regional air-sea flux results from continuous air-sea
measurements are more representative than discrete measurements, we investigate
whether the technique used in this study could have missed a high methane
concentration hotspot that is large enough to impact the overall flux from the plume area.

To address this possibility, the sensitivity of the corrected seawater concentration (Cy) to
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the size and concentration of a potential hotspot is determined using equation (6.7). We
assumed 1) that any corrected seawater concentration > 4 nmol L' (twice the
background concentration) indicated an observable hotspot; and 2) that the ship left a
background concentration of 2 nmol L' and immediately crossed a methane hotspot
with a concentration ranging from 4 to 1609 nmol L™ (the highest 20 m value reported
by Solomon et al. [2009]). Under these conditions, a surface hotspot with a concentration
of 1609 nmol L™ is observable for a hotspot with a diameter > 2 m when the ship speed
is 4 knots (e.g. when the ship is conducting coarse surveys) (Figures 6.7a and 6.7c), and
a diameter > 5 cm when the ship speed is 0.1 knots (e.g. when the ship was holding a
station) (Figures 6.7b and 6.7d). As the concentration of the hotspot decreases, the
hotspot size required for unequivocal detection would exponentially increase (Figure
6.7).

Since the corrected seawater concentration (C,) is close to an average
concentration over 12 min (see equation 6.7), it averages out the high and low seawater
concentrations. Here, we will assess the possible impact of missed hotspots along the
survey track. Assuming the three seep sites only contain hotspots with methane
concentrations of 1609 nmol L' and waters with background concentrations of 2 nmol
L, the possible sizes of the missed hotspots can be determined by equation (6.7) using
the actual ship speeds and the observed concentrations. The area of each possible missed
hotspot ranges from 5.2 x 10 m” to 77 m” and the total area of missed hotpots in each of
the three plume areas is 181 — 930 m* (MC118), 51 m* (GC600) and 20 m* (GC185),

corresponding to fluxes of 0.80 — 5.16 mol d”' (MC118), 0.24 mol d”' (GC600) and 0.05
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Figure 6.7. Corrected seawater methane concentrations (Cy,) (colored contours) as a

function of hotspot sizes (x-axis) and hotspot concentrations (y-axis). (a) A scenario

when the ship crosses a hotspot with an infinite variety of sizes and concentrations from

a background concentration of 2 nmol L™ at a ship speed of 4 knots (e.g. when ship is

doing coarse survey). (b) A scenario when the ship crosses a hotspot with an infinite

variety of sizes and concentrations from a background concentration of 2 nmol L' at a

ship speed of 0.1 knots (e.g. when ship is holding station). (¢) is an expansion of (a) and

(d) is an expansion of (b). White lines indicate 4 nmol L™ contours, our defined

boundary for an observable hotspot signal. Any concentration or size condition to the

right and above the white line meets the criteria for being a detectable hotspot.
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Table 6.4. The integrated net mass flux of methane from each survey area each day and

the total potential mass flux from hotspots at those sites.

Sites Survey Mass Flux * Total Hotspot Hotspots Mass

Area (km?) (mol d) Area (km?) Flux " (mol d7)

MC118

YD 187 15.15 300 0.930 x 107 5.16
YD 188 16.27 215 0.238 x 107 1.34
YD 189 34.64 271 0.444 x 107 1.82
YD 190 8.53 66.1 0.181 x 107 0.82
YD 192.5-193.5  0.062 0.74 0.597 x 107 4.66
YD 193.5 -195.2 0.53 3.71 0.181 x 107 0.80
Mean 142 243
GC600 8.57 51.9 0.051x 107 0.24
GC185 6.69 6.85 0.020 x 107 0.05

* Integrated mass flux using natural neighbor. ® The total methane flux from hotspots assuming
relatively small areas of hotspots exist on the survey tracks.
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mol d”' (GC185) (Table 6.4). The mean flux over each plume area resulting from
hotspots that might have been missed using the current survey technique accounts for
only 1.7 % (MC118), 0.5 % (GC600) and 0.7 % (GC185) of the integrated regional flux
(Table 6.4).

Another potential limitation of the survey technique used in this study is the
possibility that hotspots between the survey tracks were never sampled. Since the
extremely high surface water methane concentrations reported in Solomon et al. [2009]
were from GC185, we use this site to investigate the impact of missed hotspots between
the survey tracks. Assuming that either the missed hotspots or our sampling pattern were
randomly distributed throughout the survey area, we estimate the probability that a
hotspot was completely missed. For each surface water measurement, the probability
(P) that a hotspot was missed is calculated as a function of the total integrated hotspot
area (An) and the total survey area (A; 6.686 km?) of GC185.

P=(A-A)/A (6.11)
Since we sampled 71 times, the probability that the hotspot was completely missed on all
71 measurements is P'". This calculation clearly shows that as the area of the hotspot
increases, the probability that it was missed rapidly decreases (Figure 6.8). While there
is an increased probability that a relatively small total integrated hotspot area was
missed, this relatively small area leads to a relatively small flux from hotspots.
Interestingly, even if we assume a background flux of 50 times the observed value for
GC185, a total integrated hotspot area of only 1.92 % of the survey area is necessary to

produce a daily flux similar to our “background” observations. And for a hotspot area of



Fractional Probability that a

Hotspot was not Sampled

0.8

0.6

0.4

0.2

2 3 4 5

% of Survey Area that is a Hotspot

1200

1000

800

600

400

200

157

(p/1ow) xni4 "HD

Figure 6.8. Hotspots potentially missed between sampled locations at GCI85 as a

function of assumed total hotspot area. Probability that a hotspot was missed during the

survey (n = 71) (solid line). CH, flux from the total integrated hotspot area (dashed line).

CH, flux from the fifty-times the background (i.e. non-hotspot) area at GC185 (dashed-

dotted line).



158

1.92 %, there is only a 25 % chance that hotspots covering this total integrated area were
missed during our sampling campaign.
6.5. Conclusions

Elevated methane concentrations in surface seawater were observed, and
elevated net sea-to-air methane fluxes were determined at three seep sites (MC118, GC
600 and GC185) in the northern Gulf of Mexico. The net sea-to-air methane fluxes
ranged from - 4.19 pmol m? d” to 86.1 umol m? d” over the deepwater hydrocarbon
plume areas, agreeing with most previous studies. Variations in the atmospheric methane
concentrations suggest the need for measuring atmospheric methane concentration when
assessing the net sea-to-air fluxes. High temporal and spatial variability in the methane
fluxes was observed over the three seep areas. Extrapolating the highest flux from this
study to other deepwater hydrocarbon seeps in the northern Gulf of Mexico suggests that
diffusive net sea-to-air fluxes from deepwater hydrocarbon seeps in the northern Gulf of
Mexico is an insignificant source to atmospheric methane. However, the elevated air
concentrations on GC600 require about 3 X 10° mol d”' of methane released in this area.
This tremendous methane source could not be characterized during this study.

Three orders of magnitude of discrepancy exist between the results from this
study and those reported in Solomon et al. [2009] for the estimation of the diffusive net
sea-to-air flux of methane from deepwater hydrocarbon seeps in the northern Gulf of
Mexico. The large discrepancy between these two studies is mainly attributed to the
different concentrations observed and the depths of those concentrations. The

concentrations reported here are all from within or close to the surface mixed layer and
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appropriate for use in air-sea flux calculations. However, assuming that extremely high
methane concentrations existed as relatively small hotspots in the surface seawater over
deepwater hydrocarbon seep area, the impact of those hotspots on the regional diffusive

air-sea flux would be small.
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7. SUMMARY AND CONCLUSIONS

The coastal ocean is supersaturated with CH;Br and CH;CI [Hu et al., 2010;
Lobert et al., 1995; Moore et al., 1996; Sturrock et al., 2003]. Contributions of CH;Br
and CH;Cl from the coastal ocean to the atmosphere are not well studied. GOMECC
(section 2) represents the first large-scale coastal study for CH;Br and CH;Cl. Results
from this study indicate higher CH3Br and CH;Cl production rates in surface coastal
seawater than those in surface open ocean [Hu et al., 2010]. Extrapolating emissions of
CH;Br and CH;Cl from the GOMECC study to the global coastal area yields 1.4 (0.5 -
3.6) Gg yr' and 50 (19 — 98) Gg yr'1 for the global coastal emissions of CH;Br and
CH;Cl. There are some problems for simple global extrapolation, e.g., the extrapolated
emissions may be biased by regional in-situ wind speed or regional production rate. To
overcome this problem, we developed coastal saturation anomaly — (SST, wind speed)
relationship for CH3Cl and estimated the global oceanic emission using the 1° x 1°
gridded model (see section 4), which was 50 (+ 17) Gg yr'. For CH;Br, since the
atmospheric mixing ratios are declining and the surface saturation anomalies of CH;Br
keep changing, it is not possible to develop any empirical relationship between
saturation anomalies of CH3;Br and SST or wind speed that is valid during the decline of
atmospheric CH;Br. Therefore, I applied the mean production rate calculated from the
GOMECC and HalocAST study to the global coastal oceanic area, and calculated the
emission rates using climatological wind speed. Results suggest that the calculated

global emission would be 4.6 (+ 1.5) Gg yr'' for CH;Br. Coastal ocean removes CH;Br
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and CH;Cl1 both chemically and biologically [Elliott and Rowland, 1995; King and
Saltzman, 1997; Tokarczyk et al., 2003]. The total aquatic degradation rates in coastal
ocean for CH;Br and CH;Cl are higher than those in open ocean [King and Saltzman,
1997; Tokarczyk and Saltzman, 2001; Tokarczyk et al., 2001; Tokarczyk et al., 2003;
Tokarczyk et al., 2003]. Calculated global coastal oceanic degradation rates for CH;Br
and CH;Cl using 1° x 1° gridded model (see Hu et al. [Submitted] for the method) are
about 0.8 (+ 0.3) Gg yr”' (at the end of non-QPS phaseout) and 35 (+ 10) Gg yr'l. The
net fluxes of CH3Br and CH;CI from the coastal ocean to the atmosphere are about 3.8
(+1.2) (at the end of non-QPS phaseout) Gg yr' and 15 (+7) Gg yr''. This suggests that
the coastal ocean does contribute to the “missing sources” of CH3;Br and CH;Cl.

Lobert et al. [1995] first established a global oceanic net sink of -12.6 Gg yr™' for
atmospheric CHj3Br. Their results were then supported by many subsequent field
observations. In 2002, a key saturation anomaly-SST relationship [King et al., 2002] was
developed to calculate global net sea-to-air fluxes of CH;Br before the atmospheric
CH;Br phase-down. The implementation of Montreal Protocol on Substances That
Deplete the Ozone Layer and its amendments resulted in the phaseout of fumigation -
non-QPS uses of CH;3Br. Sixteen years after that first cruise reported by Lobert et al.
[1995, 1996], saturation anomalies of CH3;Br were determined in the same region to
assess the oceanic saturation state as the non-QPS phaseout nears completion (section 3).
Our findings show for the first time that saturation anomalies of CH;Br over large areas
have become more positive than those observed 16 years ago, which supports our

hypothesis II. The global net sea-to-air flux in 2010 was estimated at 3 Gg yr',
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indicating that the ocean has become a net small source for atmospheric CH;Br. This is a
dramatic shift in the view of the ocean in the budget of atmospheric CH;Br. The change
in the saturation state indicates that the saturation anomaly - SST relationship used by
modelers for oceanic methyl bromide became invalid once the atmospheric CH3;Br
phase-down began. Our results also highlight the need to separate the emission from
uptake by the ocean when determining the budget of atmospheric traces gases with
oceanic sources and sinks. In addition, we demonstrated that there was no significant
change in the annual oceanic production rate and the biological oceanic uptake rate
constant over the past 16 years.

The ocean is one of the major sources for atmospheric CH3Cl next to the tropical
terrestrial source and biomass burning. Total efflux of CH;Cl from warm waters (annual
mean SST > 12°C) to the atmosphere was estimated at 380 — 500 Gg yr'' [Clerbaux and
Cunnold et al., 2007] whereas total influx from the atmosphere to cold waters (annual
mean SST < 12°C) was estimated at 93 — 145 Gg yr'' [Moore, 2000] previously. The
shortcomings on the prior estimates include limited field data, lacking of salinity
dependence in the solubility expression and use of old parameterization on the gas
exchange coefficient. Section four represents our efforts to improve the estimate on the
oceanic budget of CH;Cl. We measured solubilities of CH3Cl in both fresh water and
seawater at temperatures from 0 °C to 40 °C and improved the solubility
parameterization by including salinity dependence. We also developed seasonal
saturation anomaly as a function of sea surface temperature and wind speed using data

from ten different cruises. Including all of these improvements along with the updated
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gas transfer velocity from Sweeney et al. [2007], the global net sea-to-air flux of CH;Cl
was estimated at 335 (210 — 480) Gg yr''. In addition, we estimated the emissions and
uptake rates of CH;Cl from the global ocean with spatial resolution of 1° x 1°. Emissions
and uptake rates in warm waters are about 540 (+ 170) Gg yr'' and 170 (+ 50) Gg yr'1
whereas they are about 150 (+45) Gg yr'' and 200 (+ 60) Gg yr' in cold waters. Our
results support our hypothesis III that both warm waters and cold waters play a dual role
in atmospheric budget of CH;Cl.

Numerous studies were conducted to quantify sources and sinks of atmospheric
methyl bromide and methyl chloride since the 1990s. However, the atmospheric budgets
of methyl bromide and methyl chloride remain imbalanced. In section five, we examined
the linkage of the “missing sources” between CH3;Cl and CH;3Br using a “top-down”
two-box model. Results suggest that the “missing sources” of CH3Cl and CH;3Br are
likely to share the same origin. Part of their “missing sources” is likely from the tropical
terrestrial ecosystems. This demonstrates that part of hypothesis IV is true. Because the
“unknown emissions” (total terrestrial emissions + the imbalance in the atmospheric
budget) of CH3Cl and CH;3Br share the same origin, we constrained the emission rate of

[3

fumigation — non-QPS emissions assuming that the “unknown emissions” of CH;Br
have the same trend as those of CH3Cl. Using the derived “unknown emissions” and the
emission ratio of fumigation — non-QPS emissions, we predicted the new steady-state of
CH;Br under three different scenarios (assuming only eliminating fumigation — non-QPS

emissions; assuming eliminating all the fumigation emissions; and assuming removing

all the anthropogenic sources). Results suggest that, if eliminating all the anthropogenic
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sources, the atmospheric CH;Br is likely to drop to the pre-industrial level and the ocean
will become a more significant source for atmospheric CH3Br.

Combining results from sections two to five, it suggests that the total oceanic
emissions of CH;Br and CH;3Cl1 account for 29 % and 15 % in the total natural emissions
of CH3;Br and CH;Cl whereas the ocean contributes 23 % and 7.5 % to the global sinks
of CH3Br and CH;Cl. As a conclusion, the ocean is both a source and a sink for the
atmospheric CH3;Br and CH;Cl but it plays a more important role in the atmospheric
CH;Br budget than that in the atmospheric CH;Cl budget.

Gas hydrates are the largest methane reservoir. Whether gas hydrates, especially
the deepwater gas hydrates, contribute significantly to the atmospheric methane budget
i1s uncertain. Section six presents our study in the northern Gulf of Mexico during
HYFLUX. Continuous air-sea flux measurements of methane were made with high
spatial and temporal resolution. Results suggest that methane fluxes to the atmosphere
from deepwater hydrocarbon seeps in the northern Gulf of Mexico were insignificant to
atmospheric methane budget [Hu et al., 2012]. We also estimated methane fluxes from
possibly missed methane hotspots over deepwater hydrocarbon plume area. Results
suggest that fluxes from high methane-concentration hotspots are unlikely to contribute
significantly to total regional methane flux. Another subsequent study was conducted in
the same region to quantify methane sea-to-air fluxes during the Deepwater Horizon oil
spill [Yvon-Lewis et al., 2011], which simulated rapid clathrate decomposing condition.
The amount of methane transported to the atmosphere during this event was small. Most

methane emitted from the wellhead was dissolved at ~1100 m [Valentine et al., 2010;
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Yvon-Lewis et al., 2011] and oxidized overtime [Kessler et al., 2011]. Combining results
from all these studies suggest that the deepwater hydrocarbon sources are not likely to
contribute significantly to the atmospheric methane budget. They also reject our

hypothesis V.
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APPENDIX A
THE ANALYTICAL SYSTEM FOR AIR AND SURFACE SEAWATER

MEASUREMENTS FOR HALOCARBONS DURING GOMECC

Concentrations of 26 halocarbon compounds (CH;Cl, CH3;Br, HCFC-22, CFC-
12, HCFC-142, C,HsCl, H-1211, CFC-11, CsHs, DMS, CH;l, CH3;NO;, CFC-113,
CH,BrCl, CHCl;, CH3CH,;NO;, CH3CCl;, CCly, i-C3H7NOs, n-C3H7NO;, CH,Bra,
C,HCl;, CHBrCl,, CHCIBr,;, CHBr3;, and C,Cly) in the air and surface seawater were
measured with an automated gas chromatograph (Agilent 6890N) and mass spectrometer
(Agilent 5973N) (GC-MS) equipped with a “Weiss”-type equilibrator (20 L). Air
samples were pumped continuously at ~ 6 L min™ through 0.63 ¢cm ID Synflex tubing
(Motion Industries, TX). Surface seawater was continuously flowing through the
equilibrator at 15 L min™. The ratio of the headspace and seawater volumes was about
2:1. Gases in surface seawater were constantly equilibrating with gases in the
equilibrator headspace for ~ 80 min. Air or gas in the equilibrator was alternately
sampled to our analytical system through a nafion drier (Figure Al). The collected gas
sample passed through a Unibeads 1S packed trap (3.175 mm OD, 1.6 mm ID) (Trap 1)
at -80 °C and into a calibrated, evacuated stainless steel flask (3 L) (Figure Al).
Halocarbon compounds were trapped in the Unibeads 1S packed trap. The change in
flask pressure and the flask temperature were recorded electronically. The pressure in the
flask was used to determine the exact volume of the whole air sample that was collected.

After GC valve #1 (GCV1) was switched from “load” to “transfer”, the primary trap
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(trap 1) would be flash heated at 200 °C for 3 min, which allowed the sample to be
focused in the second Unibeads 1S packed trap (1.59 mm OD, 0.5 mm ID) (trap 2) at -80
°C. When GC valve #2 (GCV2) was switched from “backflush” to “inject”, the second
trap was flash heated at 200 °C for 3 min and the sample was then injected into the GC
column (0.25 mm ID x 5 m pre- and 55 m main, DB-VRX; J&W). The pre-column (4
m) was backflushed at 10 min after injection to prevent the entry of heavier compounds
into the main column (56 m). The temperature of the GC was programmed with settings
shown in Table Al and the head pressure of the carrier gas (He) for the GC column was

set to 24.5 psi.
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Table Al. Temperature program in the halocarbon GC instrument.

Ramp Rate (°C min™) Temperature (°C) Hold (min)
Step 1 - 30 5
Step 2 35 100 3
Step 3 45 220 7
&3

A\

1 stream 4
select

2 2
3 ] ’—l:l_‘
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=
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. o cold block
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Figure Al. Schematic diagram of the automated analytical system for air and surface

seawater measurements for halocarbons.
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APPENDIX B
THE ANALYTICAL SYSTEM FOR AIR AND SURFACE SEAWATER
CONCENTRATION MEASUREMENTS FOR HYDROCARBONS DURING

HYFLUX

Concentrations of C; - C3 hydrocarbons in the air and surface seawater were
measured with an automated gas chromatograph and flame ionization detector (GC/FID,
Agilent 6850) equipped with a “Weiss”-type equilibrator (20 L). Air samples were
pumped continuously at ~ 6 L min” through 0.63 cm ID Synflex tubing (Motion
Industries, TX). Surface seawater was continuously flowing through the equilibrator at
15 L min™". The ratio of the headspace and seawater volumes was about 2:1. Air or gas in
the equilibrator was alternately sampled to our analytical system every 6 minutes with a
stream select valve. The sample stream passed through a 20 pL sampling loop after
being dehumidified by a Nafion dryer (Permapure Inc) (Figure B1). The Nafion dryer
and the 20 puL sampling loop were flushed with the sample air at a rate of 25 mL min™
for 90 seconds before injection into the GC/FID, which was equipped with a 15 m long,
32 um ID GS-GasPro column (1 m pre-column and 14 m main-column) with nitrogen
carrier gas. The temperature of the GC oven was programmed (Table B1) and the head

pressure of the GC column was set at 6.5 psi.
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Table B1. Temperature program in the hydrocarbon GC instrument.

Ramp Rate (°C min™) Temperature (°C) Hold (min)
Step 1 - 40 1
Step 2 40 80 1

Nafion Dryer

1 stream 4
select

Sample loop

1
12" vy

3

Air
Equilibrator

== plug

GC u

FID

Figure B1. Schematic diagram of the automated analytical system for air and surface

seawater concentration measurements for hydrocarbons.
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APPENDIX C
THE COMBINED ANALYTICAL SYSTEM FOR AIR AND SURFACE
SEAWATER CONCENTRATION MEASUREMENTS FOR HALOCARBONS

AND HYDROCARBONS DURING HALOCAST

The analytical system used during HalocAST is a combined system according to
the analytical systems described in Appendices A and B. Concentrations of 20
halocarbon compounds (CH3;Cl, CH;Br, HCFC-22, CFC-12, HCFC-142, C,H;Cl, H-
1211, CFC-11, CHsl, CFC-113, CH,BrCl, CHCI;, CH3CCls, CCly, CH,Br,, C,HCl;,
CHBrCl,, CHCIBr,, CHBr3;, and C,Cly) along with methane in the air and surface
seawater were measured with an automated GC- (MS/FID) system (the model of
GC/FID: Agilent 6850; the model of MS: Agilent 5975) equipped with a “Weiss”-type
equilibrator (20 L) (Figure C1). Air samples were pumped continuously at ~ 6 L min™
through 0.63 cm ID Synflex tubing (Motion Industries, TX). Surface seawater was
continuously flowing through the equilibrator at 15 L min™. The ratio of the headspace
and seawater volumes was about 2:1. Air and gas in the equilibrator were alternately
sampled to our analytical system every ~ 40 minutes using a stream select valve. The
sample stream passed through a Nafion dryer and a 20 puL sampling loop (Figure C1).
Halocarbons were then trapped in the cryotraps at - 80 °C whereas the gas sample in the
20 pL sampling loop was injected into the GC/FID. The temperature program of the GC
oven was optimized for methane analysis after injecting the 20 puL sample to the

GC/FID. The settings for the GC oven, the head pressure of the carrier gas (N,) and the
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lengths of pre- and main columns (GS-GasPro column) were described in Appendix B.
Once the methane run was completed and the temperature of the GC oven dropped to 35
°C, halocarbons in the sample were focused at trap 2. By heating up trap 2 to 200 °C and
turning GC valve #3 (GCV3) from “backflash” to “inject”, halocarbons were injected
into the narrow bore DB-VRX column (I.D. 0.18 mm; length: 40 m (pre-column: 3 m;
main column: 27 m); film: 1.0 pm). Head pressure of the carrier gas (He) was set to 34
pst and the temperature program of the GC oven was shown in Table C1. GCV3 was

switched to “backflush” in 12 min after halocarbons were injected into the GC.
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Table C1. Temperature program for the halocarbon analysis in the combined halocarbon

and hydrocarbon instrument.

Ramp Rate (°C min'l) Temperature (°C) Hold (min)
Step 1 - 35 4.7
Step 2 35 100 3
Step 3 30 220 7

cold block
|0°C

vacuum
pump

15sccm
[@]
{9

3

main
+ = plug
—»=vent

<" on/off solenoid MED FID

®= 3-way solenoid

Figure C1. Schematic diagram of the analytical system for air and surface seawater

concentration analysis for both hydrocarbons and halocarbons.
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APPENDIX D
THE ANALYTICAL SYSTEM FOR HALOCARBON DEPTH-PROFILE

MEASUREMENTS

Depth profile samples were collected from Niskin bottles with 100 mL ground
glass syringes and loaded to volume calibrated bulbs connected to purge valve #2 (PV2)
(a Valco loop selection valve (VICI Metronics, TX) with 34 ports and 16 positions)
(Figure D1). All the water samples were stored in the bulbs at 5 °C until they were
analyzed within 12 hours. When PV2 was switched from “load” to “inject”, humidified
helium or nitrogen would push the water sample into a sparger at 144 ml min™ (Figure
D1). Gases in the water sample were carried by helium or nitrogen into the primary trap
(trap 1) through purge valves (PV3 and PV1) and two nafion driers (Figure D1). The
second part of this system is the same as the surface saturation-anomaly instrument

described in Appendix A.
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Figure D1. Schematic diagram of the halocarbon depth-profile instrument.
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APPENDIX E
THE ANALYTICAL SYSTEM FOR “C-LABELED METHYL BROMIDE

CONCENTRATION MEASUREMENTS

Biological degradation rate constant measurements of CH3;Br with a stable
isotope incubation technique (Section 3) involve periodically monitoring *CH;Br
concentration in incubated seawater samples. Analysis of BCH;Br concentration in
seawater samples was conducted with an analytical system shown in Figure E1, which
was modified based on the depth-profile instrument (Figure DI1). About 25 ml of
incubated seawater was loaded into a volume calibrated bulb. The seawater sample was
then pushed into a sparger along with 10 pL. known concentration of CD3;Br (25 ppm) at
144 ml min"'. CH;Br and CD;Br were purged by N, into the cryotrap and GC-MS
system described in Appendices A, C and D.

Concentrations of *CH;Br were determined by signals of masses (m/z) 97 and
99 [e.g., Tokarczyk and Saltzman, 2001]. The signal of mass 97 was derived from both
13CH381Br and CD379Br whereas mass 99 was entirely contributed by CD381Br. Since
CDsBr was used as an internal standard, the CD3;Br 97/99 remained constant among
different runs. However, the concentration of “CH;Br kept decreasing during the
incubation due to the chemical and biological degradation, resulting in a decline in the
ratio of peak areas of 97/99. Using the ratio of peak areas of 97/99 and the known

concentration of CD3Br, we can calculate the concentration of 13CH3Br for each run. The
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precision of CH;Br concentration measurements, 0.3 %, was determined by multiple

injections from aliquants of MilliQ water spiked with *CH;Br.
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Figure E1. Schematic diagram of the instrumentation for “CH;Br concentration

measurements.
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