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Methane and nitrous oxide emissions from the ocean: A reassessment
using basin-wide observations in the Atlantic

T. S. Rhee,! A. J. Kettle,”* and M. O. Andreae?
Received 22 December 2008; revised 30 March 2009; accepted 10 April 2009; published 23 June 2009.

[I] We measured the concentrations of nitrous oxide (N,O) and methane (CHy) in the
marine boundary layer and surface waters of the Atlantic Ocean from ~50°N to

~50°S during the Atlantic Meridional Transect expedition (AMT-7) in 1998. The cruise
track transects a variety of meteorological and oceanographic regimes. Unusually high
mixing ratios of atmospheric CH, were observed in the extratropical Northern
Hemisphere, coinciding with globally high levels of CH, associated with the El Nifio
event of 1998. Atmospheric N,O remained nearly invariable during the expedition, with
only a small hemispheric difference (0.82 ppb). Throughout the cruise, these gases were
saturated or supersaturated in the water. The coastal region was observed to be a
significant source of CHy, while upwelling regions acted as strong N,O emission sources.
We estimated the global oceanic emission of CHy to be 0.6-1.2 Tg a~!, comparable to

previous estimates from basin-wide observations. However, our estimate turns out

to be ~10 times lower than the value in the 1990 to 2007 Intergovernmental Panel on
Climate Change (IPCC) reports, which essentially all relied on the estimate by Ehhalt
(1974). A bias toward high CHy saturation anomalies is probably responsible for the
overestimation of the marine CH,4 source in the IPCC reports. The CHy saturation anomaly
in the ocean appears to have remained constant over an interval of 20 years in spite
of the increase of atmospheric CH,, suggesting that the increase of the surface water
temperature driven by global warming may be a major factor. Meanwhile, the N,O
emission from the ocean, estimated in the present study to be 0.9-1.7 Tg N a”',is

~3 times lower than the value in the recent IPCC report [Denman et al., 2007], implying
either weak upwelling activity or low amounts of dissolved N,O in upwelling subsurface

waters, or both, in the Atlantic.
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1. Introduction

[2] Methane (CHy) is an important greenhouse gas, with a
radiative forcing strength per molecule and a global warm-
ing potential about 20 times as large as carbon dioxide
(CO,) on a 100-year horizon [Ramaswamy et al., 2001].
Moreover, it is involved in many ways in atmospheric
chemistry, which may result in an indirect positive radiative
forcing [Lelieveld et al., 1998].

[3] In view of the significant role of CH,4 in global
climate and atmospheric chemistry, numerous studies have
investigated its atmospheric budget by means of field
observations of emission rates in source areas, or of
modeling studies [e.g., Ehhalt et al., 2001]. In spite of large
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progress in constraining and balancing the estimates of
source and sink strengths, substantial uncertainties remain,
particularly in the estimates of source strengths, owing to
their close link to microbial activity. This impedes fully
identifying the causes of the interannual variations of the
tropospheric CH4 burden. For instance, it has been specu-
Jated that the sudden drop in the growth rate of CHy in 1992
was related to the decrease of surface temperature [Dutton
and Christy, 1992] and the increase of stratospheric tem-
perature [Labitzke, 1994] associated with the eruption of
Mount Pinatubo. The surface cooling may have lead to a
reduction of wetland emissions [Hogan and Harriss, 1994;
Walter et al., 2001], while the stratospheric warming pro-
duced an increase in the concentration of the OH radical due
to enhanced Os destruction in the stratosphere, which allows
more UV light to reach the troposphere [Bekki et al., 1994].
In addition, reduced biomass burning activity [Lowe et al.,
1997] and the decrease of fossil fuel emissions from the
former Soviet Union [Dlugokencky et al., 1994] have been
suggested as causes, but no direct evidence was given. By
the same token, the cause of the positive anomaly of global
CH, growth rate in 1998 has not been identified, although
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large emissions from wetlands and the direct and indirect
impacts of active biomass burning in Indonesian and boreal
forests have been suggested as major factors [Butler et al.,
2005; Chen and Prinn, 2006, Dlugokencky et al., 2001;
Langenfelds et al., 2002; Mikaloff Fletcher et al., 2004; van
der Werf et al., 2004].

[4] Nitrous oxide (N,O) has a ~300 times greater radi-
ative forcing potential per mass (or molecule) than CO; on a
100-year horizon [Ramaswamy et al., 2001]. Its long
lifetime (~120 years) in the troposphere enables N,O
molecules to reach the stratosphere, where they decompose
partly (~6%) to nitric oxide (NO) by reacting with O('D).
Thus, N,O is the principal source of NOy in the strato-
sphere, where it promotes ozone depletion [Crutzen, 1996].
In spite of the significant role of N,O in climate and the
stratospheric ozone budget, its emission strengths have not
been well quantified, owing mostly to the difficulties in the
estimation of the heterogeneous emissions from soils. The
oceanic source strength for N,O has been rather well con-
strained because of its homogeneous emission, except in
upwelling and coastal areas where hot spots are dominant
[Bange et al., 1996a].

[s] The ocean has been identified as a considerable global
source of natural N,O and a minor contributor of CH,. For
instance, Nevison et al. [1995] estimated the global N,O
flux from the ocean as 4 (1.2—6.8) Tg N a~' (convention-
ally expressed in mass units of nitrogen) on the basis of
observations worldwide. This corresponds to ~40% of all
natural sources [Denman et al., 2007]. The first estimates of
the oceanic CH, source were as high as 10-20 Tg a™'
[Bange et al., 1994; Ehhalt, 1974; Lambert and Schmidt,
1993], and these values have been used in the successive
Intergovernmental Panel for Climate Change (IPCC)
reports. A later study, based on observations in the Pacific
during the SAGA and RITS scientific expeditions, has
yielded a much lower estimate for CHy of 0.4 (0.2-0.6)
Tg a~! [Bates et al., 1996]. Using this estimate, the ocean
only contributes ~0.07% to total CH, emissions. Given that
the Pacific occupies 50% of the world ocean, the extrapo-
lation of the flux from the Pacific to the world ocean cannot
account for the large discrepancy between estimates. Since
CH, plays an important role in climate change and in
atmospheric chemistry, it is essential to resolve these large
discrepancies and to evaluate reliably the budgets of these
gases in the atmosphere. In this study, we investigated the
fluxes of N,O and CH, from the ocean using basin-wide
observations in the Atlantic, and compared them with
previous evaluations.

[6] Our investigations were carried out aboard the RRS
James Clark Ross during the seventh expedition of the
Atlantic Meridional Transect program (AMT-7). One of
the main objectives in the AMT program is to investigate
the response of ecosystems in the Atlantic to change in global
climate due to the anthropogenic emission of radiative
forcing gases; see Aiken et al. [2000] and Robinson et al.
[2006] for details of the AMT program. On AMT-7, the
program determined physical and biological oceanographic
conditions along the cruise track by the routine measurement
of sea surface temperature and salinity, plankton distribution
and optical properties of seawater, and by profile observa-
tions at hydrographic stations. Additionally, radiosondes

RHEE ET AL.: OCEANIC EMISSIONS OF CH4 AND N,O

D12304

were launched on a regular basis along the cruise track for
monitoring surface atmospheric temperature, pressure, and
relative humidity. This assisted us in evaluating the variation
of atmospheric mixing ratios of trace gases encountered
during the expedition. The campaign commenced on 12 Sep-
tember and ended on 25 October 1998. The cruise track
went from ~50°N, Grimsby, UK, to ~50°S, Stanley, Falk-
land Islands, UK. (Figure 1). During this period, over 2200
measurements of N,O and CH, in the surface water and
overlying air were made.

2. Meteorological and Oceanographic Situations
During the AMT-7

[7] The meteorological conditions along the cruise track
are described on the basis of HYSPLIT model calculations
of 4-day back trajectories of air masses (Figure 1), com-
plemented by in situ observations of surface atmospheric
temperature (SAT) and pressure, wind speed and direction
(Figure 2), and vertical profiles of relative humidity (RH)
acquired from radiosondes launched on board (Figure 3).
The various air masses characterized by these meteorological
parameters are listed in Table 1 and are described in detail
in the auxiliary material.'

[8] A comprehensive oceanographic overview along the
tracks of a series of the Atlantic Meridional Transect (AMT)
cruises has been described in detail by Aiken et al. [2000], and
the specific details of the AMT-7 campaign by Ketile et al.
[2001]. The oceanographic situation is illustrated in Figure 4
for the in situ observations of sea surface temperature (SST),
sea surface salinity (SSS), fluorescence, and chlorophyll @
(chl @) concentration to aid in the interpretation of dissolved
gas distributions observed along the track. In addition,
climatological data for SST and SSS in the Compressed
Marine Reports—Product 5 of the Comprehensive Ocean-
Atmosphere Data Set (COADS/CMR-5) [Woodruff et al.,
1987] are superimposed for comparison and to extrapolate
the gas flux estimates to the global scale, which is one of
main objectives of this paper. These are mean values of
45 years of climatological data, covering 1945 through
1989, and were binned as 1° x 1° monthly means.

[9] On the basis of the physical and biological properties
of surface seawater along the cruise track (see auxiliary
material), we divide the study area into three typical
oceanographic regions: open ocean, coastal region, and
coastal upwelling zone, as indicated in Figure 4. The
equatorial upwelling zone is categorized as open ocean.
The chl a concentration is particularly useful for classifying
the cruise track (see Figure 4), considering that dissolved
concentrations of CH, and N,O are closely linked to
biological activity [e.g., Elkins et al., 1978; Karl and
Tilbrook, 1994].

3. Experiments

[10] Two sets of measurements were carried out on board;
(1) CH4 and N,O in surface air and the corresponding
dissolved gases in the waters of the upper mixed layer were
monitored along the cruise track and (2) depth profiles of

'Auxiliary materials are available in the HTML. doi:10.1029/
2008JD011662.
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Figure 1.

trajectories along the track. Air masses encountered during the cruise are indicated.

N,O in the euphotic zone (~200 m) were made at the
hydrographic stations (Figure 1).

3.1. Sampling Methods

3.1.1. Underway Sampling

[11] The air sampling inlet was mounted on the foremast
of the ship below the meteorological platform, 19 m above
the sea surface and ~53 m from the exhaust of the ship, to
avoid flow of contaminated air into the detector. Air samples
were drawn through polyethylene 1nncr—coatcd aluminum
tubing (Dekabon) at a flow rate of ~10 L min~" using a small
pump (Air Cadet). The total length of the tubing was ~90 m
and the residence time of the air in the tubing was approx-
imately 15 s. The inlet was fitted with a funnel that was
directed downward to prevent rainwater or sea spray from
entering the tubing and the analyzer.

[12] The RRS James Clark Ross provides an uncontam-
inated surface seawater supply system, whose inlet is
mounted below the keel of the ship at a depth of ~6 m;
seawater was drawn by either of two pumps into the main
plumbing at 120 or 230 L min~ ! through a stainless steel
filter with a mesh size of 5 mm. The filter was cleaned every
day. Part of the filtered water was pumped into a Weiss-type
equilibrator [Butler et al., 1988; Weiss et al., 1992] and
continuously showered at a rate of 24 to 30 L min~"'
through the headspace of the equilibrator. The equilibrator
had a headspace of 21 L, and was mounted at the outside of
the laboratory. An air sample of 200 mL was withdrawn
from the headspace every hour to flush two sample loops
for analyses of CH, and N,O. Since the e-folding times for
equilibration of CH, and N,O are ~20 min and ~1 min,
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Figure 2. Meteorological parameters obtained along the cruise track. Light gray bars indicate
meteorological episodes encountered during the campaign (see Table 1). The dark gray bar represents the
Intertropical Convergence Zone (ITCZ). Locations of the ports called are shown in Figure 2a.
Climatological surface air temperature (SAT) and wind speed from COADS/CMR-5 are shown by a red

line in Figures 2a and 2c.

respectively, a sampling interval of 1 h is enough to reach
equilibrium of dissolved CH4 and N,O [Johnson, 1999].
3.1.2. Discrete Sampling of Dissolved N,O

[13] Seawater from different water depths was collected
in 30-L Niskin bottles attached to a Rosette water sampling
system with a conductivity-temperature-depth (CTD) sen-
sor. Subsamples of seawater were drawn into a specially
designed glass jar for the analysis of dissolved gases. The
water sampling method using the glass jar is described in
detail by Bange et al. [2001] and Rhee [2000]. In brief, once
the container was sufficiently rinsed, the seawater sample
was filled into the glass jar taking care not to trap bubbles
inside. A precisely known volume of helium (99.9999%,
Linde) was then injected into the glass jar using a calibrated

gas-tight syringe (SGE™) to displace an identical volume of
water, while the pressure of the headspace inside was
maintained at ambient pressure. Around 0.1 mL of saturated
HgCl, was then injected into the glass jar to avoid biolog-
ical production of N,O during equilibration. The headspace
air in the glass jar was sampled within 12 h using a gas-tight
syringe. In order for the headspace to remain at ambient
pressure while taking the headspace air, one of the stopcocks
in the glass jar was connected by a Tygon tube to a burette
filled with water, and then the stopcock was opened. Water in
the burette was drawn into the glass jar to maintain the ambient
pressure while the headspace air was sampled. During this
procedure, considerable care was taken to make certain that
no ambient air was entrained into the glass container.
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Figure 3. Relative humidity (%) obtained from radiosonde
soundings along the cruise track. The sounding locations are
shown in Figure 1.

3.2. Determination of Mixing Ratios

[14] N,O and CH, were analyzed by an automated
Hewlett-Packard gas chromatographic system (HP 5890).
Samples of ambient air, or headspace air from the equili-
brator were delivered to the analyzer using a small pump
(Air Cadet). The headspace air sample from a glass jar was
injected manually to an injection port in the gas chromato-
graphic system. The air sample was dehumidified by
passing it through Sicapent™ (P,O5 desiccant with indicator,
Merck) before it entered the sample loops that were
enclosed in the same oven as the gas chromatographic
columns to keep the temperature of the sample loops
constant. Loading and injection of air samples in the sample
loops were performed by switching a 2-position 10-port
Valco valve (VICI). The separation of N,O and CHy4 was
achieved using the same packed columns (1/8” x 3 ft) filled
with carbon molecular sieve, Spherocarb™ (mesh 100/120,
Phase Separations, Inc.), at a constant oven temperature of
90°C, with the carrier gases Ar/CHy (5%) (ECD grade,
Linde) and He (99.9999%, Linde) flowing at 50 mL min ™"
and 40 mL min~!, respectively. N,O and CH, were detected
by an electron capture detector (ECD) at 350°C and a flame
ionization detector (FID) at 250°C, respectively. For the
FID, H, and synthetic air were supplied at ~30 mL min~"
and ~250 mL min~", respectively.

[15] The gas chromatographic system was calibrated with
two standard gases such that samples from the ambient air,
equilibrator headspace, and two standard gases were mea-
sured alternately to minimize the random error due to the
drift of the detector. The N,O mixing ratios of the two
standard gascs were calibrated against the SI0-1993 stan-
dard scale, and the CH4 mixing ratios were calibrated
against the NOAA standard scale. One more high concen-
tration of standard gas (618(£2%) ppb N,O) was purchased
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from a commercial company to calibrate the high concen-
trations of dissolved N,O that were often observed in deep
water samples.

3.3. Auxiliary Parameters

[16] The RRS James Clark Ross was equipped with an
underway monitoring system for hydrography (SST, SSS),
meteorology (SAT, pressure, wind speed, wind direction),
and optical parameters (fluorescence and absorption of
surface seawater, thermal infrared radiation (TIR), and
photosynthetically available radiation (PAR)). In addition,
vertical profiles of temperature, salinity, and optical
parameters (fluorescence absorption, PAR, and attenuation)
were obtained at the hydrographic stations; see Kettle et al.
[2001] for detailed information. For correcting the temper-
ature effect on solubility, the water temperature in the
equilibrator was monitored.

4. Data Treatment and Reduction

[17] The equilibrator was designed such that the pressure
inside is the same as that outside. Change in seawater
temperatures occurring during the flow to the equilibrator
ranged from —0.6°C to 1.5°C, which directly affects the
solubility of dissolved gases in the equilibrator. For instance,
warming results in the increase of partial pressure inside the
equilibrator which in turn leads to high apparent dissolved

Table 1. CH,4 and N,O Mixing Ratios for the Various Air Masses
Encountered in the Marine Boundary Layer Along the Cruise
Track®

CHy (ppb) N,O (ppb)
Air Masses Latitude Mean SE n  Mean SE n
Arctic Polar 53°N-50.2°N 1867 4 12 3158 0.3 12
Polar front 50.2°N-49°N 1817 3 34 3143 0.1 34
North Atlantic 49°N-39°N 1816 1 120 3147 0.1 119
subtropical
Subtropical front ~ 39°N-36.5°N 1807 2 92 315.1 0.1 87
North Atlantic 36.5°N-24°N 1815 1 214 3149 0.1 215
subtropical
Subtropical high 24°N-21°N 1773 2 27 3152 0.2 21
Northwest African  21°N-12°N 1773 1 154 3150 0.1 157
tropical
ITCZ 12°N-8°N 1740 2 33 3146 02 33
Equatorial Atlantic  8°N-3.5°S 1724 1 119 3144 0.1 120
tropical
Subtropical high 3.5°§-5.5°8 1712 3 22 3138 03 22
South Atlantic 5.5°8-22°S 1717 1 173 3139 0.1 180
tropical
Subtropical high 22°5-23°S 1714 3 11 3138 03 11
South Atlantic 23°S-33°S 1716 1 143 3139 0.1 144
subtropical
Subtropical front 33°S-34°S 1711 7 13 313.0 04 15
South American 34°S—-41°S 1748 3 194 3142 0.1 192
continent
Polar front 41°S-43°S 1731 6 23 3141 02 23
Antarctic polar 43°8-53°S 1711 2 103 3144 0.1 103
Northemn 1800 13 663 3149 02 661
Hemisphere
Southern 1721 4 824 3141 0.2 833
Hemisphere
Global 1752 12 1487 3144 0.2 1494

“Abbreviations: SE, standard error (sd/y/n); n, the number of measure-
ments. The last three rows indicate the hemispheric and global mean values
of CH4 and N,O.
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Figure 4. (a) Sea surface temperature (SST), (b) sea surface salinity (SSS), and (c) chlorophyll a and
fluorescence along the cruise track. Unit of fluorescence is arbitrary. Light gray indicates the coastal
region, gray is the coastal upwelling zone, and dark gray is the equatorial upwelling zone. The remainder

of the transect is assigned as open ocean.

gas concentrations. Corrections for temperature changes have
been made on the basis of the conservation of the dissolved
concentration in the water, as given by Butler et al. [1988]:

Koe
fw =fe X Kow (1)
for N,O or
Bebrw
w = e'_" 2
p p [3\Vp(’ ( )

for CH,4, where fand p denote fugacity and partial pressure,
respectively, Ky is the reciprocal of Henry’s law constant in
units of mol kg‘l atm‘l, 3 is the Bunsen coefficient, and p
indicates the density of seawater. The subscripts, w and e,
denote seawater in situ, and in the equilibrator, respectively.
The solubility of N,O and CH4 were calculated using
empirical equations from Weiss and Price [1980] and
Wiesenburg and Guinasso [1979], respectively, and the
density of seawater by Millero and Poisson [1981].

[18] Dissolved gas concentrations, C, in the discrete
samples were calculated by using the equation

x;(P — pH,0) < V,,)
Cp="" 2 L+, 3
! P RT Vi G)

where x; indicates the dry mixing ratio of gas i, P is the
ambient pressure, pH,O is the water vapor pressure, py, is
the density of seawater when the dissolved gas was
sampled, R is the gas constant, T'is the absolute temperature
of the glass container, L; is the Ostwald solubility of gas i,
and ¥, and V,, are the volumes of the headspace and the
water in the glass container, respectively.

[19] Abnormally high concentrations were often encoun-
tered for the underway measurements when the ship was
stopped on station or near port. In particular, the influence
of exhaust from the ship was clearly observed by the
dramatic increase in the carbon monoxide (CO) mixing
ratio in the air [Rhee, 2000]. Also observed was erratic
change in dissolved CH, when the ship was anchored near
Madeira Island, probably due to the influence of wastes
from the ship. These data were eliminated.

5. Results
5.1. Atmospheric Variations Over the Atlantic
5.1.1. Methane

[20] The background CH4 mixing ratios observed in the
marine boundary layer (MBL) throughout the cruise varied
from ~1870 ppb in the high Northern Hemisphere to
~1710 ppb in the high Southern Hemisphere with a distinct
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Figure 5. Mixing ratios of (a) CHy4 and (b) N,O in the marine boundary layer along the cruise track.
Circles are individual measurements, and solid lines indicate five-point running averages. Gray bars
represent meteorological events as shown in Figure 2. Red rectangles in Figure 5a indicate the CHy
mixing ratios at the NOAA/ESRL stations noted on the top of the plot, and the red solid circles in
Figure 5b represent the mean values of N,O mixing ratios at the AGAGE stations noted on the bottom of
the plot, for the period similar to the AMT-7 cruise.

north-to-south gradient (see Figure 5a). North of the Inter-
tropical Convergence Zone (ITCZ), CH, mixing ratios varied
with the source of air masses as delineated in Table 1,
except for the point sources near ports (e.g., Portsmouth,
Lisbon, and Dakar). In the south, however, CH4 shows little
dependence on regional air masses, except for the air mass
coming from the South American continent, indicating a
fairly homogeneous distribution over the South Atlantic.

[21] Data from NOAA/ESRL network stations, for air
samples collected within a time window of ~3 days with
respect to the in situ measurement on board, confirmed our
“background” observations in the open ocean (Figure 5a).
In particular, the abnormally low CH, mixing ratio observed
at the Azores station (AZR) matches our observations,
supporting the synoptic scales of CH, variation captured
during the cruise. The values observed at the Izafia station
(1ZO) located at 2360 m above sca level (asl) are ~15 ppb
lower than the mean value in the MBL between 36.5°N and
24°N (1815 ppb), suggesting a vertical gradient of decrcas-
ing CH, mixing ratios with altitude in the Northern Hemi-
sphere [Matsueda et al., 1993].

[22] As marked by gray bars in Figure 5a, the meteoro-
logical episodes encountered during the cruise produced
CH, anomalies; the decrease of CH4 mixing ratios observed

in the vicinity of 38°N and 22°N coincided with a subtrop-
ical front and a subtropical high, and the dip near 50°N is
collocated with a polar front. Since such low CH4 mixing
ratios were not observed elsewhere in the MBL north of
24°N, they may be indicative of subsiding air masses from
the free troposphere.

[23] Another interesting feature observed north of the
ITCZ is the sharp change of the CHs mixing ratio at
~22°N. The higher background mixing ratios observed
north of ~22°N are probably due to the increase in CHy
emissions from boreal wetlands and biomass burning, the
CH,4 sources that unexpectedly enhanced the global CHy
burden in 1998 [Dlugokencky et al., 2001; Langenfelds et
al., 2002; van der Werf et al., 2004]. As mentioned earlier,
the year 1998 experienced unusually high surface temper-
atures and active wildfires, both of which were associated
with a strong El Nifio—Southern Oscillation (ENSO) cycle
[Bell et al., 1999; van der Werf et al., 2004]. The former
results in the enhancement of CH, emissions from wetlands,
the largest natural source. Dlugokencky et al. [2001] esti-
mated the effect of the increase of temperature and precip-
itation on CH, emissions from wetlands, and found the
estimate to be consistent with the observed CH4 emission
anomaly in 1998, suggesting the CH,4 emission from wet-
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lands to be a major contributor. It has been suggested that
active biomass burning in Russia and Canada in 1998
contributed to the anomaly of CH, at 2.9-4.7 Tg a™'
[Kasischke and Bruhwiler, 2002], which corresponds to
23-37% of the CH, emission anomaly in the high Northern
Hemisphere relative to the growth rate in 1999. Morimoto et
al. [2006] estimated 1/3 of the growth of CH,4 in 1998 to be
from biomass burning, and the remainder to be from wet-
lands, consistent with the estimation by Kasischke and
Bruhwiler [2002].

[24] Southward of 22°N down to the ITCZ, the CH4
mixing ratios dropped by ~42 ppb and then remained
almost constant (Table 1). The prevailing easterly wind
from northwest Africa (Figure 1), the dry ambient air
(Figure 3), as well as the conspicuously low CH4 mixing
ratios together delineate the zonal isolation by the Hadley
cell in this segment of the cruise. The small rise (~10 ppb)
in CH, observed from 18°N to 21°N coincides with
high winds (~10 m s™') and a rise in SAT (Figure 2),
indicating that the wind blew from the Sahara desert
carrying an air mass that could have mixed with high
Northern Hemispheric air, as we also observed enhanced
CO mixing ratios (by ~20 ppb) during the same episode
[Rhee, 2000].

[2s] As the ship passed the ITCZ, CH, mixing ratios
dropped step-like with a sharp boundary. A similar sudden
drop of CHy at the ITCZ has also been observed in the
Pacific, where a difference of ~50 ppb across the ITCZ
[Matsueda et al., 1993] was recorded. South of the ITCZ,
CH, continued to decrease slowly southward, but with a
very gentle slope south of 5°S. There was little variability,
except for the polluted source area near the Rio de la Plata.
The CH, mixing ratios near Montevideo (~110 ppb larger
than the ~1716 ppb background value) represented the
largest pollution event encountered during the cruise. When
the air mass switched and blew from Antarctica, the
background values typical of the Southern Hemisphere
returned. Approaching the Falkland Islands, the CH, mixing
ratios increased a little, probably owing to local pollution.
5.1.2. Nitrous Oxide

[26] In contrast to CHy, there were no distinctive changes
in the N,O mixing ratios due to episodic events or different
air masses. N,O remained around ~314(£1) ppb throughout
the cruise (Table 1 and Figure 5b). Zonally areca-weighted
mean values for the two hemispheres show an interhemi-
spheric difference of 0.82 (£0.27, 1 standard error) ppb,
which is not significantly different from the value of
0.97 ppb observed in the west Pacific in the El Nifio year
of 1987 [Butler et al., 1989], and which is virtually the same
as the difference of 0.8 ppb observed at remote stations from
1976 to 1980 [Weiss, 1981]. Fifteen years of long-term
observations in the northern and western Pacific confirmed
the same interhemispheric difference of ~0.8 ppb [Ishijima
et al., 2009]. This absence of a significant change in
interhemispheric difference over two decades suggests that
the relative source strengths of N,O have remained constant
between two hemispheres, with 60-70% coming from the
Northern Hemisphere [Butler et al., 1989].

[27] As shown in Figure 5b, mean values of the N,O
mixing ratios observed at the AGAGE stations http://agage.
eas.gatech.edu/index.htm) are consistent with the mea-
surements during the AMT-7 cruise, confirming the
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background observations in the marine boundary layer.
The mean values were obtained by averaging the N,O
mixing ratios observed between 3 days before and after
the date the AMT-7 cruise crossed the latitudes of the
individual stations.

[28] N,O mixing ratios in the Northern Hemisphere
increased slightly heading south toward the ITCZ (0.007 +
0.003 ppb per degree latitude). This could be attributed to
the large emissions of N,O from tropical and agricultural
soils that are concentrated in the northern part of the tropics.
Crossing the ITCZ, the N,O mixing ratios gradually de-
creased until 10°S. Afterward, the N,O mixing ratios
remained constant until the air mass from the Antarctic
circumpolar region was encountered (Table 1). Thus, be-
tween ~10°N and ~10°S seems to be a transition zone for
N,O between the two hemispheres. The N,O mixing ratios
in the high latitudes of the Southern Hemisphere (44°S to
52°S) appear to be slightly larger than those at low latitudes
(~10°S to ~30°S). The reason is uncertain, but it could be
due to the strong emissions from the Southern Ocean
[Nevison et al., 1995].

5.2. Variations in the Surface Mixed Layer of the
Atlantic

[29] Dissolved CH, and N,O concentrations mirror SST
in general, as temperature is the major parameter for gas
solubility (Figures 6 and 7). Any departure from thermody-
namic equilibrium of dissolved gases is useful in identifying
sources or sinks of the gases, and to estimate gas fluxes
across the air-water interface. The saturation anomaly (Ag)
of a gas, g, is defined as the extent to which the dissolved
concentration of the gas in seawater deviates from its
mixing ratio in the overlying air,

Ag="_1=SR-1, 4)
Ve

where x, and y, are the dry mixing ratios of the gas in air
equilibrated with seawater and in the marine boundary
layer, respectively, and SR is the saturation ratio.

5.2.1. Methane

[30] The dissolved CH, concentrations varied from 1.8 to
5 nmol kg™' and ACH, from —0.03 to ~1.2 along the
cruise track (Figure 6). High concentrations of up to 3.8 and
5.0 nmol kg~ ! were encountered in the coastal regions near
the English Channel and the outflow of the Rio de la Plata,
respectively. Extremely high CH,4 concentrations observed
off the mouth of the Rio de la Plata are attributed to the
influence of the outflow of muddy fresh water from the
river, which seems to bring large amounts of dissolved CH4
to the ocean, similar to other estuaries [Bange et al., 1994].
In spite of the high dissolved CHy, in the Rio de la Plata, the
mean ACH, for the coastal region over the Falkland
continental shelf of 0.19 (£0.25) is virtually the same as
that for the northern part of the English channel and the
southern limb of the Celtic Sea of 0.26 (£0.18).

[31] Upwelling zones in the ocean are known to be source
regions of CH,, as a dissolved CH,; maximum is often
observed at or below the pycnocline [e.g., Kelley and
Jeffrey, 2002]. In addition, the rich supply of nutrients in
the water column below the euphotic zone stimulates
biological activity in the mixed layer, which in turn enhan-
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CH, (nmol kg)

ACH,

Figure 6. (top) Dissolved CH, concentrations and (bottom) their saturation anomalies (ACH4) along
the cruise track. The inset is a scale-up of the parameters around the equatorial upwelling region,
Different gray scales indicate regions characterized in Figure 4.

ces production of particulate material that forms micro-
habitats for methane-producing bacteria [Karl and Tilbrook,
1994; Owens et al., 1991]. We observed an enhancement of
ACH,4 (0.11 £0.07) in the coastal upwelling zone (Figure 6),
although its magnitude is only about half of that in the
coastal region (0,20 + 0.24). Nevertheless, the mean value is
comparable to that found in the coastal upwelling region of
the Arabian Sea (0.07—-0.16) [Bange et al., 1998]. Conrad
and Seiler [1988] also encountered an increase of CHy in
the coastal upwelling zone and in coastal regions in the
Atlantic.

[32] CH, in the open ocean was only slightly supersatu-
rated. Concentrations as low as ~1.8 nmol kg~ were
observed at both the northern (7°N) and southern (9°S)
edges of the equatorial upwelling zone, perhaps owing to
high SST and low biological activity (Figures 4a and 4c).
Slightly undersaturated or saturated waters with respect to
the overlying atmospheric CH,4 were observed sporadically
in the southern limb of the southern Atlantic subtropical
gyre and near the Falkland Islands, although the number of
observations of undersaturated waters (7 out of 721 points)
is not significant, In contrast, the surface seawaters along
the cruise track in the Northern Hemisphere were always
supersaturated during the campaign, owing probably to the
seasonal asymmetry of the radiative warming of the sea
surface between the hemispheres. We did not observe
significant elevation of the CH,4 concentration in the equa-

torial upwelling zone (sec inset in Figure 6). ACHy at the
peak of the equatorial upwelling zone was merely 0.07,
which is lower than the value in the adjacent waters at
~4°N, in contrast to what Bates et al. [1996] found in the
Pacific upwelling region. This is likely due to the difference
in SST between the two regions, as the dissolved CHy
concentration in the equatorial upwelling zone is higher
than, or similar to, that at ~4°N. We suspect that the high
ACH, at ~4°N originates from the upwelled waters at the
African coast, which is also suggested by the enhancement
of the dissolved N,O at the same location, and by vertical
profiles of N,O in the water column (see section 5.2.2).
While Conrad and Seiler [1988] observed a small increase
of dissolved CH, in the equatorial upwelling zone during
Jan/Feb of 1979, no distinct enhancement was found during
Oct/Nov 1980, which is similar to our case.
5.2.2. Nitrous Oxide

[33] N,O is a product of denitrification or nitrification by
bacteria in the ocean, although nitrification is likely to be
the dominant process [Cohen and Gordon, 1978; Dore et
al., 1998; Elkins et al., 1978; Kim and Craig, 1990; Nagvi
et al., 1998; Nevison et al., 2003; Yoshida et al., 1989].
Thus, a sharp peak in N,O concentration is usually observed
beneath the euphotic zone in the ocean, anticorrelated with
the dissolved O, profile [Butler et al., 1989; Kim and Craig,
1990]. This high potential source of N,O is particularly
pronounced in upwelling regions, as a large amount of N,O
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£ 03 S ('

AN,O

Figure 7. (top) Dissolved N,O concentrations and (bottom) their saturation anomalies (AN,O) along
the cruise track. Different gray scales indicate regions characterized in Figure 4. The red circles on the top
plot indicate discrete N,O measurements in surface waters collected from depths of 4—11 m. Seawater
samples collected from depths > 11 m are designated by arrows with the depths marked above or below
the arrow.

can be delivered to the surface by upwelling water [Nevison
et al., 2004]. In consequence, high N,O in surface waters
often serves as an indicator for upwelling regions. As shown
in Figure 7, elevated AN,O was observed in the coastal and
equatorial upwelling zones. In particular, AN,O off the
West African coast is 0.07(x0.04) on average. Such a large
supersaturation off the West African coast has been reported
before: Qudot et al. [2002] observed a AN,O of 0.08 and
Walter et al. [2004] observed up to 0.13. A large AN,O of
up to ~0.1 was also observed in the equatorial upwelling
zone (the peak was near the equator) where enhancement of
chl a and fluorescence was also observed (see Figure 4). A
similar magnitude of AN,O was also observed by Walter et
al. [2004] in the Atlantic equatorial upwelling zone.

[34] The impact of upwelling water on supplying N,O to
the surface is clearly represented by the vertical distribution
in the water column along the cruise track (Figure 8);
enhanced dissolved N,O (up to ~30 nmol kg~ ') was
observed between ~25°N and ~8°S, where water masses
of low temperature and salinity were encountered. In
particular, the largest column content of dissolved N,O
was observed offshore of Dakar (~14°N), where seawater
temperature and salinity were low compared to the adjacent
water column at the same depth, corroborating the upwell-
ing off the West African coast as the source of high AN,O
at the surface. Another bulge of high dissolved N,O at

~70 m depth is located below the equatorial upwelling
zone, where, again, a colder and less saline water mass was
encountered.

[35] Agreement between discrete and continuous meas-
urements of N,O demonstrates homogeneous N,O distribu-
tion in most of the surface mixed layer along the cruise track
(Figure 7). At two stations, one a coastal region (50°N) and
the other a coastal upwelling area (12°N), however, a
substantial difference was found, probably owing to a
shallow mixed layer.

[36] In contrast to CH,, the coastal regions were not a
significant source of N>O during the cruise. Of note is that
AN,O at the mouth of the Rio de la Plata is similar to
values in other coastal regions. Also, the mean value of
AN,O of 0.023(+0.013) for the coastal region is not
statistically different from that for the open ocean (0.014 +
0.017), as seems to be the case for other oceans [Bange et
al., 1996a]. This might suggest that biological processes in
the surface water contribute little to N,O production. Light
penetration to the surface mixed layer, and high dissolved
oxygen could inhibit the microbial production of N,O there
[Horrigan et al., 1981].

[37] The mean AN,O of the open ocean (0.014 + 0.017)
agrees well with what was observed by Butler et al. [1989]
(0.025), but is lower than the globally extrapolated value of
0.035 by Nevison et al. [1995]. Considering the rather
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Depth (m)

Figure 8. Vertical cross sections of (a) N,O concentration (nmol kg™"), (b) seawater temperature (°C),
and (c) salinity (%o) along the cruise track. Black dots represent sampling depth.

homogeneous distribution of N,O in the open ocean (see
Figure 7), this suggests a lower mean surface concentration
of N»O in the Atlantic than in the other oceans. Even though
the limited spatial and seasonal coverage of the present
study could bias the results, a lesser upwelling intensity and
lower concentration of N,O in the subsurface water column
in the Atlantic may play a role [Nevison et al., 2003]. As
discussed above, upwelling of subsurface waters is the
largest source of N,O in the ocean. Budler et al. [1989]
also ascribed the lower AN,O observed during the SAGA 11
expedition in the Pacific to the suppressed equatorial
upwelling that occurred during an El Niflo event.

5.3. Emissions From the Ocean
[38] The flux (F) of a gas from the ocean can be
calculated by multiplying the flux density (j) by the surface
area (A4),
F=jA. (5)
The flux density is a product of the gas transfer velocity and
the difference of gas concentrations between the surface

seawater and the overlying atmosphere. We use the
convention that a positive flux means emission from the

oceans and a negative flux indicates absorption by the
oceans. Since dissolved concentrations are interchangeable
with partial pressure as given by Henry’s law, the flux
density can be given by

k(Cy — LC,)
kKop.Ag,

-
I

(6)

i

where k is a gas transfer velocity, C,, and C, are the
concentrations in the water and the overlying atmosphere
respectively, L is the Ostwald solubility coefficient, K is the
reciprocal of the Henry’s law constant, p, is the atmospheric
partial pressure, and Ag indicates the saturation anomaly as
defined by equation (4).

[39] Although numerous parameterizations of k have been
suggested, those by Liss and Merlivat [1986], Wanninkhof
[1992], Erickson [1993], and Nightingale et al. [2000] have
been widely used in the literature. The Liss and Merlivat
[1986] model (hereinafter LM86) is based on experimental
results from a lake and the laboratory. The Wanninkhof
[1992] model (hereinafter W92) is simply fitted to the
natural and bomb '*C gas invasion rate with a long-term
average of global wind speed. The Erickson [1993] model
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Table 2. Parameterizations of Gas Transfer Velocity Applied for
Calculation of CH4 and N,O Fluxes®

Gas Transfer Velocity (cm h"') Wind (m s~ l)
Liss and Merlivat  k, = 0. l7U10((%1,)‘2/3 U £ 3.6
[1986] ke = (285010 - 9.65)(355) 1 3.6 < Uy
<13
ke = (59U — 49.3)(3) 12 U > 13
Wanninkhof [1992] k, = 0,39Uf0(2—f5)'”2 Climatology
ky = 03105 (355) ™ Shipboard
Erickson [1993]  ky = (5(1 — W) — 1300W) (&‘—”5) “23 Uy <3.6

ke = (51— W) = 1300W) ()72 Ugg > 3.6

Nightingale et al.
[2000]

?U0 and U, indicate the wind speed at 10 and 20 m height, respectively;
k is gas transfer velocity; S, is the Schmidt number of a gas measured at a
given temperature and salinity of seawater; and W is the fraction of
whitecap coverage and is a function of wind speed at 20 m asl, sea surface
temperature, overlying air temperature, and relative humidity. Erickson
[1993] calculated the Schmidt numbers for CO, and Rn using his own
empirical equations (Scco(E) and Scgq(E)), but the results from these
relationships are significantly different from data of Jéihne et al. [1987]
(e.g., the Erickson S¢(E) for CO, and Rn at 20°C and 35%, are 565.3 and
869.3, whereas the values of Sc for CO, and Rn from the latter are 663.7
and 977.2 under the same conditions). Although the absolute values are
significantly different, the ratio of Scco,(E)/Scra(E) is only 5% lower than
Scco,/Scrn. This difference results in a 2% decrease of the gas transfer
velocity from Erickson [1993] when using our algorithm.

kg = (0.222U10 + 0.333)Uso (555) ™

(hereinafter E93) extends the white cap model of Monahan
and Spillane [1984] by differentiating the efficiency of the
transfer velocity between whitecap and nonwhitecap
regions and by involving the thermal stability of the air-
sea interface to define the whitecap coverage. Nightingale et
al. [2000] determined the values of & on the basis of triple
tracer experiments using bacterial spores, SFg, and *He in
the coastal region, and parameterized k with wind speed in
situ. These four parameterizations differ by a factor of ~2,
but all capture the higher-order dependence of the k on wind
speed. We chose them for this study because they bracket
the available data and are used for comparing our gas flux
estimates with previous values. In Table 2 these four models
and the normalization of the Schmidt number (Sc) are
summarized.

[40] The shipboard wind speeds were measured along the
cruise track using an anemometer that was mounted on the
foremast at ~20 m asl. These apparent wind speeds were
corrected to true wind speeds according to the algorithm by
Smith et al. [1999] and then adjusted to a height of 10 m
assuming a logarithmic profile of wind speed [Kraus and
Businger, 1994].

[41] Because global extrapolations of gas flux are often
based on climatological data, it is important to compare gas
fluxes calculated from shipboard data against long-term
mean values from climatological compilations. For this,
we chose COADS/CMR-5 to obtain wind speeds, SST
and SSS, SAT, and RH. The wind speeds from COADS/
CMR-5 are averages at the height of an anemometer on
shipboard (approximately 19.5 m), and it was assumed that
they are representative of 20 m above sea level. The
observations for SAT, SST, and SSS for shipboard and
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the COADS/CMR-5 data sets are similar (Figures 2 and 4).
However, COADS/CMR-5 wind speed did not reproduce
the variability of our shipboard wind speed. Nonetheless the
mean wind speeds are similar to each other; the mean values
from our shipboard observation and COADS/CMR-5 were
6.8(x3.7) ms~! and 6.4(£0.9) m s, respectively.

[42] Flux densities of the gases were determined from
equation (6) using calculated values of & and solubility, and
the values of partial pressures from the surface seawater and
the overlying atmosphere measured underway. We then
computed the mean flux densities for the gases in the open
ocean, coastal region, and coastal upwelling zone. Assum-
ing that these mean values of the flux densities are repre-
sentative for each region, the regional and global fluxes of
CH, and N,O are evaluated in Tables 3a and 3b. The global
flux for each gas depends on the model of k and wind speed
used since it was assumed that the saturation anomalies and
the partial pressures (or fugacity) were invariable temporal-
ly. While the mean climatological wind speed is similar to
the mean shipboard wind speed on a global scale, the mean
flux using the climatological wind data is as much as ~40%
lower, suggesting that the gas flux at high wind speed
significantly affects the estimation of the global flux from
the ocean. Using COADS/CMR-5 wind data, the best esti-
mates of global CH, emissions from the open ocean and
coastal regions are the same value of 0.4 Tg a~!, while N,O
emitted from the open ocean is three times higher than from
the coastal region.

6. Discussion
6.1. ACH, in the Open Ocean

[43] The open ocean has low biological activity and
consists of relatively homogeneous ecological settings. This
is reflected by less variation of ACH,4 in the open ocean
than in other regions along the cruise track (Figure 6). In
spite of the homogeneity of the open ocean, our mean
ACH, (0.04 + 0.03) turns out to be far lower than the
previous estimation of 0.2-0.3 by Bange et al. [1994],
Lambert and Schmidt [1993] and Ehhalt [1974] (Table 4). A
large discrepancy between measurements appears even in
the Atlantic; Oudot et al. [2002] observed a ACH, in the
equatorial Atlantic of 0.19(x0.06) during January —March of
1993 and Robinson et al. [2006] of 0.50(+0.40) for 2003 in
the southern Atlantic. In contrast, Conrad and Seiler [1988]
observed a ACH, of less than 0.10 in the open ocean, not
much different from our measurements. Furthermore, Bates
et al. [1996] observed ACH,4 in the Pacific as 0.03 on
average, which is the same value as we obtained in the
Atlantic. What causes such a large discrepancy between
measurements in the open ocean, in spite of its homoge-
neous ecological properties, is an open question. One
potential candidate would be the methodology by which
dissolved CH, is extracted (H. W. Bange, personal com-
munication, 2000). While Swinnerton and Linnenbom
[1967], Oudot et al. [2002], and Robinson et al. [2006]
used a purge-and-trap method, Conrad and Seiler [1988],
Bates et al. [1996], and we employed a dynamic equilibrium
method. The method used by Bates et al. [1996] is exactly
the same as ours. Bacterial CH4 production in the micro-
niches of oceanic particles, where an anoxic environment
forms, is responsible for sustaining the supersaturation of
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Table 4. Comparison of the Parameters Which are Involved in the Determination of CH4 Emission From the Ocean
SST Uso® k Ko’ xCHy Area
Literature J (mg m~ ) (°C) (ms™ ") (emh™  (@mmol L™ atm™") (umol mol™") ACH4 (x10° km?)

Ehhalt [1974)]

Open ocean 9-15 28° 8-11 14-24 1.082 1.35 0.3 361

Coastal (50—100) x 10° 28¢ 811 14-24 1.082 1.35 1700-2000 1.4¢
Lambert and Schmidt [1993]

Open ocean 10 20 8 13 1.24 1.55 0.3 360

Coastal 250 20 13 26 2 1.55 3.6 25
Bange et al. [1994]

Open ocean 9-15 13 9 13-21 1.43 1.7 0.2 307

Coastal® 140-230 13 9 13-21 1.43 1.7 32 57
Conrad and Seiler [1988]

Open ocean and Coastal 1-17 15-25 7-15 9-44 1.14-1.37 1.6 0.1 £0.05 361
Bates et al. [1996]

Open ocean 0.6-1.2 20 6.9 9-18 1.24 1.28 0.03 342.5
This study

Open ocean 1-2 23+3 65+07 85-17 1.16 £ 0.06 1.76 0.040 3133

Coastal 6—12 13+£5 7+1 9-17 1.5 £ 0.1 1.76 0.2 48.7

2Unless stated in the literature, the value was calculated from k using Liss and Merlivat [1986] parameterization.
bSolubility was calculated by Wiesenburg and Guinasso [1979] at a given SST and 35%s.

°SST was calculated from the given diffusion coefficient.

4The effective coastal area in which CH, is emitted is assumed to be 1—10% of coastal region.

“This is considered as shelf regions by Bange et al. [1994].

the surface water [Holmes et al., 2000; Karl and Tilbrook,
1994]. A recent result from laboratory experiments shows
production of CH, by aerobic decomposition of methyl-
phosphonate under conditions of low phosphate [Karl et al.,
2008]. This process could happen in particles as well. Since
purge-and-trap methods force dissolved gases to be com-
pletely extracted, even the CHy in the particles could be
collected during the extraction period, leading to a higher
concentration than would occur in the water column. In
future work, it would be worthwhile to investigate the
possibility of differences in the determination of dissolved
CH, in the open ocean due to the different methods applied.

6.2. Temporal Variation of ACH, in the Atlantic

[44] The mean ACH4 during the AMT-7 cruise was
estimated to be 0.09 (+0.14) using 721 observations. This
mean value is the same that Conrad and Seiler [1988]
estimated from measurements in the Atlantic about 20 years
ago. We suspect that the regional variation of dissolved CH,4
concentrations in the Atlantic has not significantly changed
during the 20 years from 1979 to 1998. Bates et al. [1996]
found the ACH,4 to remain steady in the North Pacific
Ocean over a five year interval. It is noteworthy that the
dissolved CH, in the Atlantic has kept up with the atmo-
spheric growth rate of ~8.9 ppb a™' [Dlugokencky et al.,
1998] with the same saturation anomaly. To sustain the
same saturation anomaly, an additional source, or an appar-
ent increase of dissolved gas is required. As there is no
evidence for an increase of CHy4 sources in the surface
water, for example, biological activity, or of a long-term
variation of ocean circulation, we believe that measure-
ments of the same saturation anomaly in the Atlantic must
originate from factors other than continual addition of CH,4
in the surface water.

[45] Bates et al. [1996] numerated several factors by
which the saturation ratio of CHy4 could be changed. Among
them, the seasonal variation of SST is a key parameter

controlling the ACH, in the extratropical open ocean and
equatorial upwelling in the tropical region. But seasonal
variations in dissolved CH,4 due to the rise and fall of SST
effectively cancel out in the mean value, unless there is an
overall trend of warming SST. Thus, one could attribute the
additional source to the warming SST during the past
20 years, which forces the solubility to decrease. Since
the warming SST does not change the content of dissolved
CHy, but rather solubility, the following simple equation can
be derived from Henry’s law (See Appendix for the

derivation):
dInL
dT

where T and ¢ denote SST and time, xcyy, and ycp, are dry
mixing ratios of dissolved and atmospheric CHy, respec-
tively, and L is the Ostwald coefficient. Given the values of
ACH4 = 0.1, xcu, = 1760 ppb from Conrad and Seiler
[1988], d In L/dT = —0.01963 at 21°C, and dycy/dt =
8.9 ppb a~! from Dlugokencky et al. [1998], the warming
rate would be 0.026°C a~', which corresponds to a ~0.5°C
increase of SST during the past 20 years. This simple
estimation yields a value comparable to the increase of SST
that IPCC [Trenberth et al., 2007] reported. Although this
might be fortuitous, it supports our speculation that the
increase of SST plays a role in maintaining the super-
saturation of CH,4 in the Atlantic.

dT _ ACH,
dr

“dycu,
dt ’

(™)

XCH 4

6.3. Global Emission of CH; From the Ocean

[46] CH, emission from the ocean has been long accepted
as being ~10 Tg a', a value which is ~10 times larger
than that estimated in the present study using climatological
wind data (Table 5). The first assessment report by IPCC
was published in 1990 [IPCC, 1990], and the estimated
value of the CH, source strength of the ocean has since
changed little in subsequent [PCC reports. The first and
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Table 5. Global Emissions of CH4 From the Ocean®
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Reference Range® Most Likely Remark
Basin-Wide Observations
This study 0.6—-1.2 0.8 estimate based on data from the Atlantic
Conrad and Seiler [1988] 0.3-3 1.3 estimate based on data from the Atlantic
Bates et al. [1996] 0.2-0.6 0.4 estimate based on data from the Pacific open ocean
IPCC Reports
IPCC [1990] 5-20 10 refers to work of Cicerone and Oremland [1988]
which is based on work of Ehhalt [1974]
IPCC [1992] 5-20 10 refers to work of /PCC [1990]
IPCC [1995] 5-50 10 refers to work of /PCC [1990] and
Lambert and Schmidt [1993]
IPCC [1996] 5-50 10 refers to work of /PCC [1995]

IPCC [2001]
Fung et al. [1991] 10

Lelieveld et al. [1998] 5-15 10

Houweling et al. [1999] 5-25 15
IPCC [2007]

Houweling et al. [2000] 5-25 15

Wuebbles and Hayhoe [2002] 4

refers to work of Ehhalt [1974]

no literature citation

refers to work of Lambert and Schmidt [1993],
Lelieveld et al. [1998], and its own model results

refers to work of Lelieveld et al. [1998] and
Houweling et al. [1999]

refers to work of Khalil [2000] which is based on
work of Lambert and Schmidt [1993]

Compilation of Data

Ehhalt [1974]

Open ocean 4-6.7
Coastal 0.7-14
Lambert and Schmidt [1993] 10
Open ocean 3.6
Coastal 6.1
Bange et al. [1994] 11-18 15
Open ocean 2.8-44 3.6
Coastal 8.1-13.4 10.8

refers to work of Swinnerton and Linnenbom [1967]
and R. A. Lamontagne et al. (1973)°
speculation

compilation of literature
speculation

compilation of literature
compilation of literature

“Emissions are in Tg a L

°The range of values reflects mostly the uncertainties in k parameterizations and saturation anomaly, ACH,. Exception are
the estimates from this study, Bates et al. [1996], and Bange et al. [1994], which consider k parameterizations as a major factor.

See Table 4.

“Methane distribution in the world oceans, paper presented at International Symposium on Atmospheric Trace Gases,
Commission on Atmospheric Chemistry and Global Pollution, Mainz, Germany, 1973.

second IPCC assessment reports [/PCC, 1990, 1996], the
supplement report in 1992 [IPCC, 1995] and the special report
in 1994 [IPCC, 1995] all ascribed the oceanic flux of CHy4 to
the work by Ehhalt [1974], where the value was estimated
on the basis of the measurements done by Swinnerton and
coworkers [Lamontagne et al., 1973; Swinnerton and
Linnenbom, 1967] for the open ocean, combined with
purely speculated emissions from the continental shelf.
The special report in 1994 and the second IPCC assessment
report expands the ceiling of the range to 50 Tg a™' with the
same central value, taking into account the impact of
shallow submarine gas seepage from the seafloor speculated
by Lambert and Schmidt [1993]. The third [Ehhalt et al.,
2001] and fourth [Denman et al., 2007] IPCC assessment
reports do not explicitly state the oceanic source strength,
but refer to the values in the literature, which again cited the
same literature that the previous IPCC reports referred to. In
conclusion, all IPCC reports essentially used the ocean
source strength of CH, that was estimated by Ehhalt [1974].

[47] Since the publication of Ehhalt [1974], and before
the present study, two basin-wide continuous measurements
of CH,, one in the Pacific [Bates et al., 1996] and the other
in the Atlantic [Conrad and Seiler, 1988], have been
reported. In particular, the survey in the Pacific was con-

ducted 5 times from 1987 to 1994 in various seasons, but in
the open ocean. In the Atlantic, three surveys including the
present study have been done. The estimates of CHy
emissions from the ocean by these three studies are,
however, far lower than the values in the series of IPCC
reports (Table 5).

[48] There are several factors that could lead to this large
discrepancy, such as differences in SST, SSS, wind speed,
atmospheric mixing ratio of CHy (xCH,), and ACH, as
listed in Table 4 (see equation (6)). The effect from differ-
ences in SST and SSS should be trivial as they only affect
the solubility and the Schmidt number. An increase in xCHy
of ~0.1 ppm merely changes the CH, flux by ~6%. Wind
speed could be a considerable factor affecting the determi-
nation of CH,4 emissions from the ocean. Since k increases
exponentially with the increase of wind speed for most of
the parameterizations, a small change in mean global wind
speed induces a large increase in &, thus in the global
emission rate. As Nevison et al. [1995] demonstrated by a
sensitivity test, a 20% change in wind speed causes a
40~50% change in global flux; & would vary as much as
a factor of 2 depending on which parameterization is
chosen. Yet obviously, none of these factors can account
for an order-of-magnitude difference.

15 of 20



D12304 RHEE ET AL.: OCEANIC EMISSIONS OF CH4; AND N,O D12304

Table 6. Global Emissions of N,O in Tg N a~' From the Ocean

Reference Range Most Likely Remark
Basin-Wide Observations
This study 09-1.7 12 estimate based on data from the Atlantic
Butler et al. [1989] 1.4 estimate based on data from the Pacific
Nevison et al. [1995] 1.2-6.8 4 estimate based on data from the world oceans
IPCC Reports

IPCC [1990] 1.4-2.6 refers to work of Butler et al. [1989]
IPCC [1992] 1.4-2.6 refers to work of /PCC [1990]
IPCC [1995] 1-5 3 accounts for strong emission from the upwelling regions
IPCC [1996] 3 refers to work of /PCC [1995]
IPCC [2001]

Mosier et al. [1998] and 1-5 3 no literature citation

Kroeze et al. [1999]
Olivier et al. [1998] 2.8-5.7 3.6 refers to work of Bouwman and Taylor [1996]
which is based on work of Nevison et al. [1995]
IPCC [2007] 1.8-5.8 38 refers to work of Nevison et al. [2003; 2004] which
are essentially based on work of Nevison et al. [1995]
Compilation of Data

Bange et al. [1996a] 7-11 compilation of literature

Open ocean 27-44

Coastal 43-6.7

Model Simulation

Suntharalingam and 2.7-8 38 based on a biogeochemical model in the water column

Sarmiento [2000]

[49] Consequently, the difference in mean ACH,4 must be
the key factor that accounts for such a large discrepancy in
CH, flux from the ocean. The estimate of ACH, in the open
ocean by Ehhalt [1974] is ~8—10 times larger than the
value estimated by Bates et al. [1996] and in this study
(Table 4). Given the fairly homogeneous distribution of CHy4
in surface seawater and the lack of change in ACH, with
time in the open ocean (see section 6.1), the value of ACH,4
adopted by Ehhalt [1974] appears to be biased by the
experimental technique used by Swinnerton and coworkers
[Lamontagne et al., 1973; Swinnerton and Linnenbom,
1967], leading to an overestimation in the emission of
CH4 from the open ocean by an order of magnitude. For
the same reasons, Bange et al. [1994] and Lambert and
Schmidt [1993] obtained similar emission rates of CH, from
the open ocean.

[s0] Estimates of ACHy4 for coastal regions are notori-
ously difficult because of variability and undersampling,
and we feel that recent measurements may also force
estimated fluxes from coastal regions to be revised down-
ward. For the estimates of ACHj in coastal regions, there is
an even larger discrepancy between the estimates by Ehhalt
[1974] and the present study. Because of the highly hetero-
geneous distribution of dissolved CH,4 in coastal regions,
extrapolation of a few measurements to the global scale may
lead to a bias in a global estimation. To avoid this, Bange et
al. [1994] compiled data from the literature and estimated
ACH, for the coastal regions, including the estuarine areas,
as 3.2, which is ~16 times larger than the value we
estimated. The estimate by Bange et al. [1994], however,
seems to be biased to the upper bound, according to recent
observations in various coastal regions. For example, in
estimating ACH, for the coastal regions, Bange et al.
[1994] assumed that ACH,4 is ~26 in the Sea of Okhotsk,
referring to the measurements by Lammers et al. [1995].

Recent measurements by Yoshida et al. [2004], however,
show much lower ACHy4 values of ~0.6. In addition,
Rehder and Suess [2001] observed that ACH4 was 0.10 —
0.15 in most of the western coastal regions of the Pacific,
though sporadic high values were encountered near the
Honshu coast and the South China Sea, yielding an area-
weighted mean ACH, value of ~0.3. Zhang et al. [2004]
also observed a conservative ACHy value of 0.3(£0.2) in
the East China Sea and the Yellow Sea. These ACH, values
are far lower than the ACH, value of 1.4 that Bange et al.
[1994] adopted for the coastal region of the Pacific. Bange
et al. [1998] also observed ACH4 of the Arabian Sea to be
as low as 0.03-0.16. Therefore, the coastal region world-
wide does not seem to be as highly supersaturated as Bange
et al. [1994] estimated. To the contrary, the recent observa-
tions of ACH,4 described above support the value we
estimated from the Atlantic coastal region, which strongly
suggests our estimate of CH, emission from the ocean as
being correct. We feel that reconsideration of the accepted
oceanic fluxes may be needed in light of this reinterpreta-
tion of the coastal fluxes and recent evidence of the differ-
ences in the instrumental determination of ACHj.

6.4. Global Emission of N,O From the Ocean

[51] The estimated N,O emissions from the ocean range
from 0.9 to 1.7 Tg N a~' in the present study (Table 6),
which is somewhat lower than that estimated by the recent
IPCC report [/PCC, 2007]. This is due largely to the lower
AN,O in the Atlantic than in the other oceans (see section
5.2.2). The third and fourth IPCC reports [Denman et al.,
2007; Ehhalt et al., 2001] are in principle based on the
results of Nevison et al. [1995], who estimated the AN,O in
the world oceans as 0.035, which is 2.3 times larger than the
value observed in the Atlantic in the present study. Nevison
et al. [1995] indicate that AN,O in the surface waters of the
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Pacific and the Indian Oceans is larger than that in the
Atlantic owing to large upwelling regions in the northern
Indian Ocean and Arabian Sea and in the tropical Pacific.
This trend may be associated with the ventilation of deep
waters in the world’s oceans as well [Bange and Andreae,
1999] which pushes deep water to the surface in upwelling
regions. As shown in Figure 8 and extensively in other
studies [e.g., Nevison et al., 2003], the N,O content in
surface waters is strongly linked to the upwelling of
subsurface waters in which N,O is produced by microbial
activity. Therefore, the large difference in AN,O in the open
ocean upwelling regions is a significant factor in determin-
ing the N,O source strength of the ocean. This also explains
the relatively low N,O emission from the ocean estimated
by Butler et al. [1989], as they obtained lower saturation
anomalies of 0.025 during an El Niflo year due to the
suppressed upwelling in the equatorial Pacific. Since the
early IPCC reports [[PCC, 1990, 1992] were based on
the observations by Butler et al. [1989], the oceanic source
strength for atmospheric N,O given there was smaller than
that in the later IPCC reports (Table 6).

[52] Upwelling at the coast also contributes to the supply
of subsurface dissolved N,O. As indicated in section 5.2.2,
the saturation anomalies in the northwest African coastal
upwelling zone are comparable to or, in some areas, even
larger than that observed in the equatorial upwelling zone
during the campaign (Figure 7). Nonetheless, our mean
AN,O of 0.057 in the coastal upwelling zone along the
cruise track appears to be much lower than the values in
other coastal upwelling zones (0.08-3.42) [Bange et al.,
1996a). Recently, Nevison et al. [2004] estimated the N,O
emission from coastal upwelling zones in the world as
~0.05 Tg N a~! (by a gas transfer model). Given that they
used global coastal upwelling areas of 1.76 X 10° km?, that
is ~5 times larger than the area we have chosen in this
study, and W92 model of &, AN,O in the coastal upwelling
zone should be no larger than ~0.2 (=0.05 Tg N a~' +
0.0037 Tg Na~' x 04 x 10° km® + 1.76 x 10° km? x
0.057) assuming that wind speed, SST, and SSS are similar
to what we observed in the Atlantic coastal upwelling
zones. Consequently, the emission rate of N,O in the coastal
upwelling zone is probably not as large as Bange et al.
[1996a] suggested. On the other hand, our estimation
implies that the AN,O in the coastal upwelling zones in
the Atlantic is smaller than in other regions such as the
Pacific West coasts of North and South America and the
Arabian Sea [Bange et al., 1996b; Cornejo et al., 2007,
Nevison et al., 2004].

[53] To summarize, the content of dissolved N,O in
upwelling waters, and the upwelling activity govern the
AN, O of surface waters in the ocean and, thus the emission
strength of N,O to a large extent. Up to now, the best
estimate of N,O emissions from the ocean is the work done
by Nevison et al. [1995] (~4 Tg N a~ "), because of the wide
coverage of ocean regions and time periods of the measure-
ments, as well as the methodology by which the oceanic
emissions are calculated. Addition of a considerable number
of new data points from the Pacific, Indian, and Atlantic in
work by Nevison et al. [2004] resulted in ncarly the same
estimate as that of Nevison et al. [1995]. However, as
Nevison et al. [1995] admitted, the measurements applied
for the estimation are biased to the summer season, which
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may lead to an overestimation. Thus, a reasonable range of
global marine N,O flux estimates for future IPCC assess-
ments may be 1.2—4.0 Tg N a~', where the lower bound is
defined by our work and that of Butler et al. [1988], and the
upper bound is based on the estimate of Nevison et al
[1995].

7. Summary and Conclusions

[54] 1. The saturation anomalies of CH,4 observed in the
open ocean by different research groups differ widely. It is
yet unknown what causes this discrepancy, but differences
in methods used to collect dissolved CH,4 are a likely cause.
The three basin-wide studies by Bates et al. [1996], Conrad
and Seiler [1988], and this study, all of which used the same
method to collect dissolved CHy, indicate that the open
ocean is supersaturated with respect to atmospheric CH, at a
level of ~0.04 on average. This is about an order of
magnitude lower than the ACH4 value of 0.3 suggested
by Ehhalt [1974], which was the basis for the oceanic CH,
source estimate in the IPCC reports.

[55] 2. We estimate the CHy4 source strength of the ocean
as 0.6—1.2 Tg a~', which is almost the same range obtained
by the two basin-wide measurements in the Atlantic and in
the Pacific, but is more than 10 times lower than the
estimated value in the IPCC reports.

[s6] 3. The basin-wide study by Conrad and Seiler
[1988] and the present study in the Atlantic show the same
ACH, across an interval of 20 years, even though the
atmospheric mixing ratio of CH, has increased continually
during the same period. The same trend has been observed
in the Pacific over an interval of 5 years. We speculate that
global warming may be an important driver to maintain the
same ACHj, in the ocean.

[s71 4. The global N,O emission from the ocean of 0.9~
1.7 Tg N a~ !, estimated from Atlantic data in the present
study, is ~3 times lower than the value estimated from
global ocean observations [Nevison et al., 1995]. This
implies that upwelling activities and/or the N,O content of
subsurface waters in the open ocean and on the coast of the
Atlantic are weaker than in the other oceans.

Appendix A: Note on Warming SST and
Constant Saturation Anomaly

[s8] Assuming saturation anomaly, Ag, is constant while
sea surface water is warming, the increment of the mixing
ratio of dissolved gas can be given from the definition of
Ag,

x = (Ag+ 1)y, (A1)
where x and y indicate the dry mixing ratio of dissolved and
atmospheric gas, respectively.

[s9] By differentiating (A1) with respect to time, ¢, we get

dx A ’dy (A2)

a” far

Since increasing SST does not affect the concentration of
dissolved gas but the mixing ratio, the derivative of
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concentration with respect to time should be zero. Gas
solubility can be defined as follows from Henry’s law:

C = KoPx, (A3)
where C indicates concentration, Ky is the reciprocal of the

Henry’s law constant, and P is total pressure.
[60] By differentiating both sides of (A3) with respect to ¢,

we obtain
dc dx dKy
= = P - il
dt <K° @ " dt)
dy dKy dT) . (A4)
= P Ag— K
<K" 8 YaT d@
= 0
Hence
dT  Ag (dInKy\~'dy
dt~ x < dT ) dr’ (A3)

Because the derivative of the natural logarithm of K is
the same as the derivative of the natural logarithm of the
Ostwald coefficient (L), we get after substitution, the
equation below:

Ag (dInL\™"
dT___g( nL) dy (A6)

dt - x \ dT dt
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