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[1] We use a 3-D chemical transport model (the GEOS-Chem CTM) to evaluate a
global emission inventory for ethane (C,Hg), with a best estimate for the global source
of 13 Tg yr ', 8.0 Tg yr ' from fossil fuel production, 2.6 Tg yr~' from biofuel, and
2.4 Tg yr ' from biomass burning. About 80% of the source is emitted in the Northern
Hemisphere. The model generally provides a reasonable and unbiased simulation of
surface air observations, column measurements, and aircraft profiles worldwide,
including patterns of geographical and seasonal variability. The main bias is a 20%—-30%
overestimate at European surface sites. Propagation of the C,Hg seasonal signal from
northern midlatitudes to the equatorial western Pacific and the southern tropics demonstrates
the dominance of northern midlatitudes as a source of C,Hs worldwide. Interhemispheric
transport provides the largest C,Hg source to the Southern Hemisphere (1.7 Tg yr '),
and southern biomass burning provides the other major source (1.0 Tg yr~'). The
C,Hg emission inventory for the United States from the Environmental Protection
Agency (0.6 Tg yr ') is considerably lower than our estimate constrained by extensive
aircraft observations in the continental boundary layer (2.4 Tg yr~'). This appears to reflect a
factor 7 underestimate in the fossil fuel source over the south-central United States. Our
estimate of C,Hg emissions, together with observed ratios of CH,4:C,Hg, suggests that
CH,4 emissions from energy production in the U.S. may be underestimated by as much

as 50%—-100%.

Citation: Xiao, Y., J. A. Logan, D. J. Jacob, R. C. Hudman, R. Yantosca, and D. R. Blake (2008), Global budget of ethane and
regional constraints on U.S. sources, J. Geophys. Res., 113, D21306, doi:10.1029/2007JD009415.

1. Introduction

[2] Ethane (C,Hg) is the most abundant non-methane
hydrocarbon in the atmosphere. It is an important source
of peroxyacetylnitrate (PAN) which serves as a reservoir for
nitrogen oxide radicals [Singh and Hanst, 1981; Kanakidou
et al., 1991; Kasibhatla et al., 1993]. Its main sources are
production, processing and transmission of fossil fuels,
biofuel use, and biomass burning. It is the second most
abundant constituent of natural gas after methane (CHy).
Ethane differs from most other hydrocarbons in that its
fossil fuel source is primarily from various phases of natural
gas production, transmission, and distribution, rather than
from combustion. Atmospheric loss of C,Hg is by reaction
with OH, resulting in a mean atmospheric lifetime of
~2 months [Rudolph, 1995]. Strong correlations are often
observed between C,Hg and CHy in the atmosphere [Bartlett
et al., 1996, 2003; Shipham et al., 1998], which could
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provide valuable constraints on the fuel source of CHy4
and its contribution to radiative forcing of climate. Xiao et
al. [2004] demonstrated that C,Hg-CH4-CO correlations
observed downwind of Asia, when interpreted quantitatively
with a global chemical transport model, offer unique con-
straints on the magnitudes of CH, sources from Asia and
Europe. Simpson et al. [2006] used long-term measurements
of C,Hg to show that recent fluctuations in the growth rate of
CH, are caused by interannual variability in biomass burning.
General exploitation of C,H¢-CHy correlations requires a
better understanding of the global sources of C,Hg.

[3] Literature estimates for the global C,Hg source vary
from 8 to 18 Tg yr~' (Table 1). Most of these are simple top-
down estimates in which an OH distribution was used to
derive the source magnitude needed to match C,Hg observa-
tions. The EDGAR (Emission Database for Global Atmo-
spheric Research) V2.0 inventory [Olivier et al., 1996] is at
the bottom end of the range. It is based on activity rates and
emission factors for total non-methane hydrocarbons, with
C,Hg emissions derived from speciation profiles for various
types of sources. Wang et al. [1998] used the bottom-up
inventory of Piccot et al. [1992] for global emissions of
alkanes from fossil fuel combustion and industrial activity,
and assumed that 14% of these emissions were C,Hg (on a
carbon basis) using speciation measured at a rural site in the
eastern United States. However, since the higher alkanes are
emitted primarily from fossil fuel combustion, while the
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Table 1. Literature Estimates of the Global C,Hg Source (Tg yr™")

Source Reference
13 Blake and Rowland [1986]"
15.0-16.3 Kanakidou et al. [1991]
10-15 Singh and Zimmerman [1992]
155 (12.4) Rudolph et al. [1996]
16.3-17.6 Boissard et al. [1996]

8.2 EDGAR [Olivier et al., 1996]°
10.4 Gupta et al. [1998]

10.8 Wang et al. [1998]°

18 Thompson et al. [2003]

13.5 Xiao et al. [2004]°
~12 Stein and Rudolph [2007]°
13.0 This work®

“This is based on air samples collected in remote Pacific surface locations
(71°N-47°S).

*Top—Down estimate is based on a global 2-D model and observed
atmospheric concentrations, and bottom—up estimate in parentheses
includes 6 Tg yr~! from natural gas and 6.4 Tg yr~' from biomass burning.

°Estimates are as follows: 3.2 Tg yr~! from natural gas; 1.8 Tg yr ' from
biofuels; 1.2 Tg yr~' from biomass burning; 1.3 Tg yr~' from landfills,
solvents, and waste treatment; and 0.7 Tg yr_ ' from fossil fuel combustion.

IEstimates are as follows: 7.8 Tg yr~! from fossil fuel sector and 3 Tg yr™!
from biomass burning.

°Estimates are as follows: 8.0 Tg yr~"' from natural gas; 2.6 Tg yr ' from
biofuels, and 2.4 Tg yr~' from biomass burning; this is the inventory used
in the present work, with minor modifications given in the text.

fOn the basis of EDGAR emission inventory, the 3-D model suggests that
the overall underestimate of ethane sources in that inventory is in the range
of 50%.

€As in Xiao et al. [2004] but with 30% decrease in the European and 30%
increase in the Asian anthropogenic sources.

fossil fuel source of C,H¢ is mainly from natural gas
[Nelson et al., 1983; Rudolph, 1995], this simple scaling is
probably not appropriate. We use here the source estimate
of Xiao et al. [2004] which is described in more detail in
section 2.

[4] The top-down estimates in Table 1 vary by almost a
factor of 2 because of different data used for C,Hg,
different types of models (1-, 2- and 3-dimensional) and
assumed OH distributions, and different assumptions about
the spatial patterns of emissions. Blake and Rowland
[1986] and Gupta et al. [1998] used observations from
remote surface locations along the Pacific Rim, while
Boissard et al. [1996] used aircraft data from flights
around the Atlantic Ocean. Rudolph [1995] used a more
comprehensive data set including shipboard and aircraft
observations from the remote troposphere in 1980—1992.
Their top-down estimate is consistent with their indepen-
dent bottom-up estimate. Thompson et al. [2003] and Stein
and Rudolph [2007] relied on the same data as Rudolph
and the OH fields from Spivakovsky et al. [2000]; they
used the EDGAR inventory and found that they needed to
scale the sources by a factor of 1.5-2.2 to match observed
C,He.

[5] Emission estimates for the United States compiled by
the Environmental Protection Agency (EPA) appear to be
2-3 times too low relative to top-down constraints. This
was first pointed out by Wang et al. [1998] for the 1985
NAPAP inventory which gave an estimate of 0.43 Tg yr'
for the U.S. source of C,Hg, and we find that the discrep-
ancy persists in the EPA National Emission Inventory for
1999 (NEI-99) which gives an estimate of 0.6 Tg yr .
Katzenstein et al. [2003] used their surface observations of
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C,H, to infer a source of 0.3—0.5 Tg yr ' in the south-
central United States where much of the natural gas
industry is located; the EPA inventory gives a source of only
0.15 Tg yr ' for the same region. The Energy Information
Administration (EIA) national inventory for CH4 gives an
estimate for emissions from fossil fuels of 10.5 Tgyr ' in the
U.S. for 2005 [EIA, 2007]. The top-down analysis of the
global CH,4 budget of Wang et al. [2004] implies that
emissions of CH, in the U.S. are 20 Tg yr ' for 1998
(J. Wang, personal communication, 2004).

[6] We present here a comprehensive evaluation of the
global C,H¢ budget by testing a bottom-up emission inven-
tory with surface and aircraft observations, as well as
ground-based column measurements. We also present a
focused analysis of U.S. sources by using an extensive data
set of aircraft observations for the U.S. boundary layer from
the NASA INTEX-A campaign in July—August 2004
[Singh et al., 2006].

2. Model Description
2.1. General Description

[71 We use the GEOS-Chem chemical transport model
(CTM) version 6.01.03 (http://www.as.harvard.edu/chemistry/
trop/geos/index.html), driven by assimilated meteorological
fields from the Goddard Earth Observing System (GEOS) of
the NASA Global Modeling and Assimilation Office
(GMAO). A general description of the model is given by
Bey et al. [2001]. Most of our analysis is based on a
simulation for 2001 (after 6 months of initialization). The
INTEX-A observations are interpreted with a simulation for
July—August 2004 (after two months of initialization). The
GEOS meteorological fields have 1° x 1° horizontal resolu-
tion and 48 vertical layers (GEOS-3, used for 2001), and 1° x
1.25° resolution and 55 layers (GEOS-4, used for 2004),
with 6 hour temporal resolution (3-hour for mixing depths
and surface properties). For computational expediency, we
degrade the horizontal resolution in GEOS-Chem to 2°
latitude x 2.5° longitude.

[8] Our simulation tracks separately the C,Hg origi-
nating from different regions in order to facilitate source
attribution. The sources of C,Hg are discussed below.
Loss of C,Hg is exclusively by reaction with OH, with
a rate constant of 8.7 x 107'? exp(—1070/T) cm?
molecule™ s™' from Sander et al. [2003]. Ethane is
removed primarily by reaction with Cl atoms in the strato-
sphere, but this process provides only 2% of the global sink
[Gupta et al., 1998]. Reaction with Cl may play a significant
role in some environments, such as the arctic and the marine
boundary layer [Jobson et al., 1994; Singh et al., 1996]. We
do not include reaction of C,Hg with CI because of its small
role in the global budget. We use archived monthly mean 3-D
OH concentrations from a GEOS-Chem simulation of tropo-
spheric chemistry [Fiore et al., 2003]. These concentrations
yield an annual mean lifetime of methylchloroform with
respect to loss by tropospheric OH of 6.3 years, as compared
with the range of 5.6—6.5 years given by Prinn et al. [2005]
and 5.7 years given by Spivakovsky et al. [2000], based on
methyl chloroform measurements. The resulting mean tro-
pospheric lifetime of C,Hg in the model is 80 days on a global
basis, 49 days in the tropics, and 57 days in the extratropics in
summer and 10 months in winter. We also include C,Hg loss
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Table 2. C,Hg Source Types and Regions Used in the Model
(Tg yr ")

Biomass
Fossil Fuel Biofuel Burning
Global 8.0 2.6 2.4
Northern Hemisphere 7.4 2.1 1.4
Asia (0—88°N, 65—153°E) 2.0 1.6 0.8
Europe (35-75°N, 1.9 0.2 <0.1
18°W—65°E)
North America 2.4° <0.1 <0.1¢
(24-80°N, 125-65°W)*
Other 1.1 0.2 0.5
Southern Hemisphere 0.6 0.5 1.0

“Note that the “North America™ defined here is different from the United
States, with the latter covering the geographical region of 25-50°N and
125-65°W.

bOptimized sources are based on the INTEX-A observations (section 5).

“The daily biomass burning emission inventory for Alaska and NW
Canada gives emissions of 0.030 Tg in July and August for 2004, as
compared to 0.014 Tg in July and August in the climatology.

in the stratosphere using zonal mean OH concentrations from
Schneider et al. [2000].

2.2. Ethane Emissions

[9] The C,Hg sources used in the model are from Xiao et
al. [2004] with modifications described below. In our earlier
work, sources of C,Hg were derived by scaling emissions of
CH,, because the two gases have sources in common from
fossil fuel production, biofuel combustion, and biomass
burning. We scaled CH, sources inferred for 1998 by Wang
et al. [2004] from an inverse model analysis of CH,4 surface
observations. Wang et al. relied on the geographical dis-
tributions of Fung et al. [1991], along with temporal
scaling, for their prior sources of CHy. Xiao et al. [2004]
derived C,Hg emissions from the sum of CH,4 emissions
from natural gas and oil leakage, natural gas venting, and
coal mining (without attempting to differentiate among
these sources), with the following molar emission ratios
for CH4/C,Hg: 8 for eastern Russia, 24 for Europe, 40 for
East Asia, and 19 for the rest of the world (ROW), including
North America. The ratio of 40 for East Asia resulted from
using the inventory of Streets et al. [2003] for C,Hg. The
ratios in other regions were adopted to give a reasonable
simulation of C,Hg observations, but we did not evaluate
the global model in detail.

[10] In this work we conducted an extensive evaluation of
the C,Hg simulation with observations (section 4). On the
basis of the analysis shown below, we reduced the European
C,Hg emissions in the study of Xiao et al. [2004] by 30%
and increased Asian emissions by 30% to better match the
observations. (Note that all the results shown below are with
these modifications.) These changes imply CH4/C,Hg molar
emission ratios of 34 for Europe and 31 for Asia. We
distributed the C,Hg emissions over the United States
following spatial distribution in the EPA NEI-99 inventory
but retained the national total of Xiao et al., 2.2 Tg yr '
which is a factor of 3.5 higher than the EPA estimate of
0.6 Tg yr .

[11] The ratios used for CH4/C,Hg in different conti-
nents are reasonable given measurements of this ratio in
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natural gas. For example, the ratio is ~32 for natural gas/
oil distribution networks in the United Kingdom [U.K.
Photochemical Oxidants Review Group, 1997], and ~23
for natural gas use in Korea [Na et al., 2004]. Atmospheric
measurements of CH, and C,Hg near source regions give a
ratio of 19 for CH4/C,Hg in samples collected downwind
of natural gas plants in the southern United States and 7 in
a sample downwind of an oil storage tank [Katzenstein et
al., 2003], and 5-35 in Chinese cities where natural gas,
oil, and coal are expected to be the dominant fossil fuel
sources [Barletta et al., 2005].

[12] The ratio of CH4/C,Hg in natural gas varies with the
type of gas or oil field; ratios are highest for “dry” gas
fields (20—100), intermediate for gas condensate fields
(10-20) and lowest for oil fields (4—10) according to the
review by Jones et al. [1999]. Dry gas fields are those that
lack condensate or liquid hydrocarbons, and the natural gas
is almost pure CH,. In gas condensate fields, a low-density
liquid hydrocarbon phase occurs along with the natural gas,
and its presence as a liquid phase depends on temperature
and pressure conditions in the reservoir. Ratios for CH,/
C,Hg in coal mines gas are much higher if the CHy is
biogenic origin (>200 to >10,000), rather than of thermo-
genic origin (~10), as shown for example by Strapo¢ et al.
[2007] for coalbed gas from mines in Indiana and Kentucky
respectively. Coalbed methane is often a mix of biogenic
and thermogenic CHy. Use of these ratios in a bottom-up
estimate of C,Hg would require detailed information on
CH, emissions and on CH4/C,Hg ratios from specific gas,
oil, and coal fields, and is beyond the scope of the present
work.

[13] The source of C,Hg from biomass burning is scaled
to the gridded climatological biomass burning inventory for
CO from Duncan et al. [2003] with monthly resolution. The
annual source of CO from biomass burning is 410 Tg
[Duncan et al., 2007]. The C,H4/CO emission ratios applied
to the CO inventory [Staudt et al., 2003] depend on fuel
type and are (in 10> mol mol™") 4.7 for tropical defores-
tation, 5.8 for extratropical forest fires, 4.6 for savanna/
grassland, 6.8 for shrub fires, and 9.8 for agriculture
residue, taken from the review of Andreae and Merlet
[2001]. The resulting global biomass burning source of
C,Hg is 2.4 Tg yr !, with 40% in the Southern Hemisphere.
For the INTEX-A simulation, we superimpose a daily
biomass burning emission inventory for Alaska and NW
Canada for the summer of 2004, with injection of 60% of
emissions above the boundary layer [Turquety et al., 2007].
The fires were a major perturbation to CO over North
America that summer [Pfister et al., 2005; Turquety et al.,
2007] but the effect on C,Hg is modest on the continental
scale, amounting to 15% of the fossil fuel source for the
July—August period.

[14] The biofuel source is derived from the gridded
aseasonal CO emission inventory of Yevich and Logan
[2003] with an emission ratio of 14 x 10~ mol mol ™'
for C,Hg/CO [Bertschi et al., 2003], except for Asia where
we superimpose the biofuel source of C,Hg from Streets et
al. [2003]. The latter inventory has a similar magnitude to
that of Yevich and Logan but a different spatial distribution.
The C,H¢/CO emission ratio is considerably higher than for
biomass burning, possibly due to flaming combustion
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Locations of C,Hg observations used in our analysis: surface sites with year-round data

(number sign); surface data from Blake [2005] (asterisk) for Alaska (red), western U.S. (green), Hawaii
(blue), equatorial western Pacific (magenta), southern tropical Pacific (cyan), and southern extratropics
(black); ground-based column sites (plus); and aircraft missions (red boxes) with region numbers
indicated. Flight tracks for INTEX-A are shown. Further details are given in Table 3.

[Bertschi et al., 2003]. The global biofuel source of C,Hg is
2.6 Tg yr~', with 70% from Asia and most of the rest from
Africa.

[15] Biogenic and ocean sources of C,Hg are negligibly
small, and were not considered in this work [Plass-Diilmer
et al., 1995; Rudolph, 1995].

[16] Table 2 gives the global emission of C,Hg used in
our study and the contributions from different source types
and continents. The global source is 13.0 Tg yr ' including
62% from fossil fuel, 20% from biofuel, and 18% from
biomass burning; 84% of the source is in the Northern
Hemisphere. The fuel sources in Asia (3.6 Tg yr '), Europe
(2.1 Tg yr ') and North America (2.4 Tg yr ') are of
similar magnitude and represent the major regions of
emissions.

3. Observations Used for Model Evaluation

[17] Figure 1 shows the locations of C,Hg measurements
from surface stations (in situ and column) and aircraft
missions used to evaluate model results. Details are given
in Table 3. Measurements from the surface stations in
Table 3 have year-round data and are grouped regionally
for model evaluation. To expand coverage in the remote
troposphere (particularly in the tropics), we include also
the network of surface Pacific sites maintained by the
University of California at Irvine [Blake, 2005], referred to
below as the UCI data. These data are from flask samples
taken 4 times a year between 1996 and 2003. We group
them into 6 geographic regions (Figure 1) and exclude
samples outside the median +2¢0 range to avoid local

contamination. The column observations are from multi-
year tropospheric records, omitting data from September
1997 to September 1998 because of the unusual fire
influence [Rinsland et al., 1999].

[18] Monthly mean model results for 2001 are sampled
at the individual stations and over the aircraft flight
regions (Figure 1). The model results are compared to
the observed multi-year monthly means at the stations and
to the observed regional vertical profiles for the aircraft
missions. Station data show that interannual variability in
C,Hg is relatively small. Temporal mismatches for the
model-data comparison may introduce uncertainty in the
model evaluation, but the use of averages over several
years reduces this problem for the station data. The
meteorology in 2001 can be considered as typical because
of lack of the large-scale anomalies in transport patterns.
Differences in meteorology are most likely to influence the
aircraft comparisons, as the data are often from only a few
days. This is the case for results for SONEX (1997) and
PEM Tropics A (1996) as discussed in section 4.2. Long-
term decreases in C,Hg columns have been reported for
Kitt Peak, Arizona, for 1977—1997 (—1.20 + 0.35% yrfl;
Rinsland et al. [1998]) and for Jungfraujoch, Switzerland,
for 1985-1995 (=2.7 £ 0.3% yr '; Mahieu et al.
[1997]). Most of the observations that we use in this
work (Table 3) are from the 1990s, and large trends are
not evident during this period.

[19] The other possible sources of uncertainties for model
evaluation include model OH concentrations, the reaction
rate of C,Hg with OH, intrinsic model transport errors, and
errors in prescribed emission distribution. Our model repro-
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Location Period Reference
Surface stations®
Arctic
Alert (82°N, 63°W) 1989-1996 Gautrois et al. [2003]
Zeppelin (78°N, 11°E) 1989-1994 Solberg et al. [1996]
Northern Europe
Pallas (68°N, 24°E) 1994-1994 Laurila and Hakola [1996]
Uto (60°N, 21°E) 1993-1994 Laurila and Hakola [1996]
Birkenes (58°N, 8°E) 1988—1994 Solberg et al. [1996]
Rorvik (57°N, 12°E) 1989-1990 Lindskog and Moldanova [1994]
Central Europe
Waldhof (52°N, 10°E) 1992-1994 Solberg et al. [1996]
Melpitz (52°N, 13°E) 1993-1994 Gnauk and Rolle [1998]
Kosetice (49°N, 15°E) 1992-1994 Solberg et al. [1996]
Harvard Forest (43°N, 72°W) 1992-1994 Goldstein et al. [1995]
Extratropical Southern Hemisphere
Baring Head (41°S, 174°E) 1991-1996 Clarkson et al. [1997]
Scott Base (78°S, 166°E) 1991-1996 Clarkson et al. [1997]
Ground-based column stations

Spitsbergen (79°N, 12°E) 1992-1999 Notholt et al. [1997]
Jungfraujoch (47°N, 8°E, 3.6 km) 1985-1999 Mabhieu et al. [1997]
Japan (44°N, 143°E)" 1995-2000 Zhao et al. [2002]
Kitt Peak (32°N, 112°W, 2.1 km) 1982-1997 Rinsland et al. [1998]
Mauna Loa (20°N, 156°W, 3.5 km) 1995-1998 Rinsland et al. [1999]
Lauder (45°S, 170°E, 0.4 km) 1997-2003 Rinsland et al. [1998, 2002]

Aircraft missions

: ABLE-3A, Alaska (50—75°N, 150—170°E)
: SONEX, Maine (41-50°N, 55-72°W)

: SONEX, Ireland (49—-54°N, 3—-13°W)

O 00O L BN —

: PEM-West A, south Japan coast (25-40°N, 140—150°E)

: PEM-West A, southeast China coast (15—-30°N, 120-140°E)

: TRACE-P, China coast (25-40°N, 122—-126°E)

: TRACE-P, south China coast (13—-23°N, 112—126°E)

: TRACE-P, south Japan coast (25—35°N, 126—140°E)

: TRACE-P, west tropical Pacific (13—25°N, 126—146°E)

10: PEM-Tropics B, southern tropical Pacific (10-30°S, 100—130°W)
11: PEM-Tropics A, southern tropical Pacific (10—35°S, 170-215°E)
12: TRACE-A, African west coast (0—20°S, 0—10°E)

13: INTEX-A, northern North America (40—55°N, 105-76°W)

Jul-Aug 1988
Oct—Nov 1997

Sep—Oct 1991
Sep—Oct 1991
Feb—Apr 2001

Mar—Apr 1999
Aug—Sep 1996
Sep—Oct 1992
Jul—Aug 2004

14: INTEX-A, southern North America (25—40°N, 105-76°W)
15: INTEX-A, offshore North America (30—55°N, 76—35°W)

Harriss et al. [1992]
Thompson et al. [2000]

Hoell et al. [1996]
Hoell et al. [1996]
Jacob et al. [2003]

Raper et al. [2001]
Hoell et al. [1999]
Blake et al. [1996]
Singh et al. [2006]

“These are stations with continuous measurements for at least a year. We also use the University of California at Irvine (UCI) Pacific data network of
Blake [2005], including 4 flask samples per year for 1996—2003, to expand geographical coverage, particularly in the tropics. See Figure 1 and text for

details.

®Placed are as follows: Moshiri (44°N, 142°E) and Rikubetsu (44°N, 144°E).

duces the seasonal variation of C,H, [Xiao et al., 2007], a
species with shorter lifetime than that of C,Hg, validating
the seasonal variation of OH in the model [Goldstein et al.,
1995]. The uncertainty in the rate constant for OH with
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C,Hg is only 15% [Atkinson, 2000]. Uncertainty in model
transport or in emission distributions are difficult to quan-
tify. As shown below, the good agreement between modeled
and observed C,H¢ indicates that the model realistically
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Figure 2. Simulated monthly mean atmospheric C,Hg columns (10" molecules/cm?) in January and July.
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