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SOURCE GASES 

SCIENTIFIC SUMMARY 

The major anthropogenic source gases implicated directly in halogen induced stratospheric ozone loss, 
i.e., chlorofluorocarbons (CFCs), hydrochlorofluorocarbon-22 (HCFC-22), the halons, methyl chloroform and 
carbon tetrachloride, continue to grow in concentration in the background troposphere of both hemispheres. 
Total tropospheric chlorine is increasing by =0.1 parts per billion by volume (ppbv) per year. CFCs contribute 
approximately 75 percent to this increase, methyl chloroform 13 percent, and HCFC-22 —5 percent. 

The 1989 global mean concentrations and trends of the various source gases that can directly or indirectly 
influence the global abundance of stratospheric and tropospheric ozone are given in Table 1-1. In general, the 
data are similar to those reported for 1987 in the previous assessment (WMO, 1990b), but there have also been 
some important new developments. 

CFC-1 1 and CFC-12 trends have not changed significantly since the last assessment. The global CFC-1 13 
trend in 1989 (=5-6 parts per trillion by volume (pptv), 9 percent) is higher than observed in 1987 
(=4-5 pptv, 7 percent). Absolute calibration remains uncertain (±10 percent). The global average CC1 4 concen-
tration for 1989 (=107 pptv) is lower than that reported for 1987 in the last assessment (=140 pptv), due essen-
tially to a change in calibration based on a comparison of Atmospheric Lifetime Experiment—Global 
Atmospheric Gases Experiment (ALE—GAGE) data with data collected in several other programs. Absolute 
calibration remains uncertain (±10 percent). 

The CH3CC13 global trend in 1989 from the ALE—GAGE program (5.5 pptv, 3.7 percent) is lower than 
that reported for 1987 (6.0 pptv, 4.0 percent). Absolute calibration remains uncertain (±10 percent), and the 
ALE—GAGE calibration could be high by =15 percent, inferring a global mean 1989 concentration of 135 pptv 
rather than 150 pptv based on the current ALE—GAGE calibration scale. The oceans are a significant sink for 
CH3CC13, implying that computed OH levels are 5-10 percent too high if this sink is ignored. These varia-
tions are well within the uncertainty of the rate of methyl chloroform-hydroxyl radical reaction (±40 percent). 
By analogy, HCFCs and HFCs may also have an oceanic sink although HCFCs and HFCs are more resistant to 
hydrolysis than CH3CCI3 . Assuming that the ALE—GAGE calibration and industrial emissions are accurate, 
then the CH3CC13 trend implies that the CH 3CCI3 sink and hence global OH levels are increasing by 1.0±0.8 
percent per year. 

Spectroscopic and gas chromatographic measurements of HCFC-22 both show similar global increases of 
6-7 pptv per year. The calibration uncertainty is ±10 percent. 

Exponential increases in the bromine containing chemicals Halon-1211 and -1301 have been observed 
(=15 percent and =20 percent per year respectively), although absolute calibration remains quite uncertain 
(±15 and ±40 percent respectively). Methyl bromide is the major source of stratospheric bromine. While the 
possibility of a trend in methyl bromide cannot be assessed due to lack of data, a large anthropogenic methyl 
bromide source has been previously suggested. 

Nitrous oxide continues to increase globally about 0.8 ppbv per year. New global nitrous oxide sources 
have been proposed (adipic acid production, legume pastures), but the sum of all known sources is not suffi-
cient to balance the calculated atmospheric sink. 

The rate of increase of global tropospheric CH 4 continues to decline, with increases of 17-21 ppbv per 
year observed during 1978-1982 and 12-14 ppbv per year during 1988-1990, or even lower in the Southern 
Hemisphere. No satisfactory explanation of this phenomenon has been put forward. Ice core studies indicate 
that CH4 growth rates have shown significant temporal variability over the past 100 years. The problem of 
reconciling atmospheric CH4 observations with estimates of emission sources is severely limited by the lack of 
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observations in major source regions. There is significant uncertainty in the direct estimates of CH 4 emissions 
from rice agriculture. Indian studies suggest that the global CH4 source from rice agriculture may be signifi-
cantly lower than 100 Tg per year. Recent methane isotopic studies suggest that approximately 20 percent of 
the total methane source (500 Tg [1012 g] per year) is fossil, and 10 percent is from biomass burning. The CH4 
sink due to OH oxidation may be increasing due to increasing levels of OH radical. Global levels of H 2 are 
increasing (0.5-0.7 percent per year), presumably partly in response to growing CH 4 levels. 

Increasing CO concentrations of about 1 ppbv per year appear to be confined to the Northern Hemisphere. 
In the Southern Hemisphere there have been periods of CO growth (1986-1988) and decline (1983-1985), 
with no overall change from 1978 to 1990. Some CO sources are known to be increasing (CH 4) and others 
decreasing (fuel CO emissions from OECD* countries). The CO sink due to OH oxidation may also be 
increasing due to increasing levels of OH radical. 

* Organization for Economic Cooperation and Development (OECD) countries include Australia, Austria, 
Belgium, Canada, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Italy, Japan, Luxembourg, 
Netherlands, New Zealand, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, U.K., U.S., and 
Yugoslavia (Special Member).
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—h1--INTRODUCTLON-

Source gases are defined as those gases that 
influence levels of stratospheric ozone (Os) by trans-
porting species containing halogen, hydrogen, and 
nitrogen to the stratosphere that are important in O 
destruction. Examples are the CFCs, methane (CH), 
and nitrous oxide (N20). Other source gases that also 
come under consideration in an atmospheric 0 3-con-
text are those that are involved in the O; or hydroxyl 
(OH) radical chemistry of the troposphere. Examples 
are CH4, carbon monoxide (CO) and nonmethane 
hydrocarbons (NMHCs). Most of the source gases, 
along with carbon dioxide (CO 2) and water vapor 
(H20), are climatically significant and thus affect 
stratospheric O levels by their influence on strato-
spheric temperatures. Carbonyl sulphide (COS) could 
affect stratospheric 0 31 through maintenance of the 
stratospheric sulphate aerosol layer, which may be 
involved in heterogeneous chlorine-catalyzed % 
destruction. 

This chapter updates the previous reviews of 
trends and emissions of source gases, either from the 
context of their influence on atmospheric 03(WMO, 
4'986;1990a;-b) or global climate change (IPCC; 
1990) The current (1989) global abundances and 
concentration trends of the trace gases are given in 
Table ,1-i 

1.2 CFCs AND CARBON TETRACHLORIDE: 
GLOBAL DISTRIBUTIONS, TRENDS 
AND CALIBRATION 

The CFCs (41, -12, and -113) and carbon tetra-
chloride (CC1 4) compose 70 percent of the anthro-
pogenic organochlorine loading of the troposphere 
(CFC-12, 28 percent; CFC-11, 23 percent; CC1 4, 13 
percent; CFC-113, 6 percent). They are inert in the 
troposphere but photodissociate in the stratosphere 
and hence are a major source of stratospheric reactive 
chlorine. The CFCs are used as refrigerants, foam 
blowing agents and solvents. CC1 4 is used in the pro-
duction of CFCs. 

1.2.1 CFC-11 and CFC-12 

There are several long term measurement pro-
grams for CFC-12 and CFC-11. National Oceanic 
and Atmospheric Administration—Climate Monitor-

ing and Diagnostics Laboratory (NOAA—CMDL) 
have run a global program since 1977 based on week-
ly flask measurements at Barrow, AL; Niwot Ridge, 
CO; Mauna Loa, HI; Cape Matatula, Samoa; and the 
South Pole. The 1989 global mean concentrations for 
CFC-12 and CFC-11 were 452 and 268 pptv respec-
tively (mean of hemispheric means; Northern 
Hemisphere: Barrow, Niwot Ridge and Mauna Loa; 
Southern Hemisphere, Samoa), increasing at 
16.9±0.2 and 10.1±0.1 pptv per year, or 3.7 percent 
and 3.8 percent per year respectively in 1989, based 
on linear regressions. The data are reported in the 
original Oregon Graduate Institute for Science and 
Technology (OGIST) scale and are shown in Figures 
1-1 and 1-2 (Thompson et al., 1990). A possible 
CFC-12 calibration problem has been identified in 
the NOAA—CMDL data (J. Elkins, NOAA—CMDL, 
personal communication). A recent reevaluation of 
the flask data indicates that the long-term, linear, 
global growth of CFC-12 was 16.1±0.3 pptv per year, 
based on data from 1977 to 1991. NOAA—CMDL in 
Situ measurements (12 per day) of CFC-1 2 and CFC-
11 commenced at Barrow, Mauna Loa, and Samoa 
(1986) and at the South Pole (1987) (Thompson et 
al., 1990; Hall etal., 1990); preliminary CFC-12 data 
have been reported in the recently prepared 
NOAA—CMDL gravimetric scale. The 1989 global 
mean CFC-12 concentration was 462 pptv, increasing 
at about 20 pptv per year, or 4.4 percent per year in 
1989. The differences between the global mean 
derived from flask and in Situ measurements presum-
ably reflect differences between the OGIST and 
NOAA—CMDL CFC-12 calibration scales. 

In Situ measurements (4-12 per day) of CFC- 12 
and CFC-11 have been made in Ireland, Oregon, 
Barbados, Samoa, and Tasmania since 1978 as part of 
the ALE—GAGE program (Cunnold et al., 1986). The 
1989 global mean concentrations for CFC-12 and 
CFC-1 1 were 453 and 255 pptv respectively (mean of 
hemispheric means; Northern Hemisphere: Ireland, 
Barbados; Southern Hemisphere, Tasmania), increas-
ing at 18.2±0.3 and 9.3±0.1 pptv per year, or 4.0 per-
cent and 3.7 percent per year in 1989, based on linear 
regressions (Cunnold et al., 1986; Prinn et al., 
1991b). The data are in the GAGE scale (CFC-11, 
GAGE scale = OGIST scale x 0.96; CFC-12, GAGE 
scale = OGIST scale x 0.95) and are also shown in 
Figures 1-1 and 1-2. The long term stability of the 
OGIST CFC-1 1 scale has been possibly but not abso-
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Table 1-1 Updated global trends and tropospheric concentrations of source gases for 1989. Adapted 
'--from WMO (1990b). 

Source gas	 Concentration	 Increase 1989	 Calibration 
1989 (pptv)	 pptv/year	 percent/year	 uncertainty 

CH4 1689x103 (12-14)x103 0.7-0.8 ±1% 

H2 515x103 (2.7-3.7)x103 0.5-0.7 

N20 (307-308)x103 (0.6-0.9)x103 0.2-0.3 ±1% 

CO	 NH (100-150)x103 (0.4-1.2)x103 0.3-1.0 ±5% 

Sil (50-60)x103 0 0 

CO2 352.2x106 1.6x106 0.5 <0.1% 

C2116 NH 0.6-1.2 

CC12F2 453 16.9_18.2* 3.7-4.0 ±2% 

CC13F 255-268 9.3-10.1 3.7-3.8 ±1% 

CC12FCC1F2 64 5.4-6.2 9.1 ±10% 

CCIF2CCIF2 15-20 =1 =6 

CC12FCF3 -5 -0.3 =6 

CCLF3 =5 
CC14 107 1.0-1.5 1.2 ±10% 

CH3CC13 135 4.8-5.1 3.7 ±15% 

CHCIF2 110 5-6 6-7 ±10% 

CH3C1 600 
CHC13 =10 
CH2C12 =35 
CC12CC12 =30 
CH2CLCH2C1 =35 
CHC1CC12 =10 
CH3Br 10-15 
CH2Br2 2-3 

CHBr3 2-3 

CH2BrC1 1-2 

CHBr2C1 1 
CHBrC12 1 
C2H4Br2 1 
C2H5Br 2-3 
CBrC1F2 1.6-2.5 0.2-0.4 15 ±15% 

CBrF3 1.8-3.5 0.4-0.7 20 ±40%

COS	 =500	 ? 

Total Cl	 3800	 110	 2.9 

Percent anthropogenic	 =80 
Total Br	 40	 0.9	 2.3 

Percent anthropogenic	 =12 (halons only) 

*Data subject to revision; significantly lower trends may result (see text). 
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Figure 1-1 CFC-1 2 observations (pptv) in the four semihemispheres (NOAA: Thompson et al., 1990; GAGE: 
CunnoldetaL, 1986; Prinn etal., 1991b; UTI MakideetaL, 1987; Makide 1991). Some of the data are unpub-
lished and are subject to revision. Data should not be used for further analysis without consulting the principal 
investigators: NOAA, J. Elkins; GAGE, R. Prinn; UT, Y. Makide; UEA, S. Penkett; SlO, R. Weiss. 
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Figure 1-2 CPC- 11 observations (pptv) in the four semiliemispheres (NOAA: Thompson et al., 1990; GAGE: 
Cunnold et al., 1986: Prinn etal., 1991b; UT: Makide etal., 1987; Makide 1991) some of the data are unpub-
lished and subject to revision. Data should not be used for further analysis without consulting the principal 
investigators: I4OAA, J. Elkins; GAGE, R. Prinn; UT, Y. Makide; UEA, S. Penkett; SlO, R. Weiss; FIAER, 
H. Scheel:

1.6 



SOURCE GASES 

lutely demonstrated by extensive, periodic internal 
comparisons of several original ALE—GAGE calibra-
tion gases and by a comparison of measurements 
made in 1978-1979 in the ALE—GAGE program in 
Tasmania with modem measurements on air archived 
from that period. These experiments limit the magni-
tude of a calibration drift component of the observed 
trend to about 0.1 percent per year. A possible CFC-
12 calibration problem has been identified in the 
GAGE data, which are currently being reevaluated. 
Lower trends will probably result (D. Cunnold, 
GAGE—GIT, personal communication) although the 
changes are likely to be small. 

The global CFC-11 ratio (GAGE (in Situ) 
NOAA—CMI)L (flask) = 0.95) reflects the difference 
between the two calibration scales involved 
(GAGE/OGIST = 0.96), whereas the global CFC-12 
ratio (GAGE (in situ)INOAA—CMDL(flask) = 1.00) 
does not (GAGE/OGIST = 0.95). This requires fur-
ther investigation. The 1989 mean CFC-12 and CFC-
11 concentrations at Tasmania (41°S) were 441 and 
247 pptv, which, when compared to the South Pole 
observations above, suggest that the NOAA—CMDL 
and GAGE scales agree to within 2 percent (CFC-12) 
and 1 percent or better (CFC-11). 

In Situ CFC-11 measurements (24 per day) have 
been made at Cape Point, South Africa, since 1980 
(Scheel et al., 1990; Brunke and Scheel, 1991). The 
1989 annual mean CFC-11 concentration at Cape 
Point (34°S) was 256 pptv, increasing at 9.3±0.1 pptv 
per year or 3.6 percent per year in 1989 based on a 
linear regression. The data are reported in the original 
OGIST scale and are also shown in Figure 1-2. The 
1989 mean CFC-11 concentration and trend at Cape 
Point in the GAGE scale (OGIST x 0.96) are 246 
pptv and 9.0 pptv per year respectively, which com-
pare well with the 1989 mean CFC-1 1 concentration 
and trend in Tasmania (GAGE program, 41°S), 247 
pptv and 9.3±0.1 pptv per year respectively. 

Flask measurements of CFC-12 and CFC-11 
(1 week every 6 months) have been made on 
Hokkaido, Japan (401-45°N), since 1979 (Makide et 
al., 1987; Makide, 1991) and at Syowa Station, 
Antarctica (69°S), several times per year since 1982 
(Makide 1991). On Hokkaido CFC-11 and CFC-12 
increases of 18.6±0.2 and 9.4±0.2 pptv per year 
respectively have been observed, based on linear 
regressions. The 1989 mean CFC-12 and CFC-11 
concentrations at Hokkaido are 481 and 259 pptv

respectively and at Syowa 441 and 235 pptv respec-
tively. The data are reported in independently pre-
pared University of Tokyo (UT) calibration scales 
and are shown in Figures 1-1 and 1-2. A direct inter-
laboratory comparison of the GAGE and UT CFC-12 
and CFC-11 calibration scales and a comparison of 
CFC-12 and CFC-11 data collected at Hokkaido 
(UT), Ireland (GAGE), Syowa (UT), and Tasmania 
(GAGE) has shown that GAGE data agree to within 2 
percent for CFC-12 (GAGE lower) and within 3 per-
cent for CFC-11 (GAGE higher) (Y. Makide and 
P. Fraser, unpublished data). 

Measurements of CFC-12 and CFC-11 have been 
made in the free troposphere via aircraft over Europe 
and the North Atlantic Ocean since 1976 (Scheel et 
al., 1988; Seiler and Scheel, 1991). CFC-12 and 
CFC-11 increases of 16.3±0.5 and 10.6±0.3 pptv per 
year have been measured over the period 1976-1987, 
similar to the trends observed from ground-based 
observations in the Northern Hemisphere. These air-
craft data are based on a commercially available 
Scott-Marrin standard. 

Free tropospheric measurements of CFC-1 2 and 
CFC-11 have been made via aircraft over Japan 
(33°-38°N) since 1978 (Hirota etal., 1988; Hirota and 
Sasaki, 1991). CFC-12 and CFC-11 increases of 
16.2±0.7 and 10.3±0.4 pptv per year have been mea-
sured over the period 1978-1990, similar to the trends 
observed over Europe. These aircraft data are based on 
a commercially available Seitetsu Kagaku and Nihon 
Sanso standards, whose absolute concentration is certi-
fied to ±5 percent. 

A comparison of shipboard measurements of 
CFC-12 and CFC-11 from 1981 to 1984 on the North 
and South Atlantic (Penkett, 1991a) to GAGE data 
from corresponding latitudes shows that the GAGE 
and Penkett data agree to within 3 percent for CFC-12 
(GAGE higher) and to within 1 percent for CFC-11 
(GAGE higher). Similarly, a comparison of shipboard 
measurements of CFC-12 and CFC-11 from 1983 to 
1990 on the North and South Atlantic (Weiss, 1991) to 
GAGE data from corresponding latitudes shows that 
the GAGE and Weiss data agree to within 2 percent for 
CFC-12 (GAGE lower) and to within 2 percent for 
CFC-11 (GAGE higher). 

1.2.2 CFC-113 
Flask measurements of CFC-113 have been made 

on Hokkaido, Japan (40°-45°N) since 1980 and at 
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Syowa Station (69°S) (10 days each winter) since 1987 
(Makide et al., 1987; Makide, 1991). On Hokkaido the 
mean CFC-113 increase over the period 1979-1990 
was 5.5±0.2 pptv per year and 7.9±03 pptv over the 
period 1987-1990, based on linear regressions. The 
data are reported in an independently prepared UT 
calibration scale and are shown in Figure 1-3. 

Real-time measurements (12 per day) of CFC-
113 have been made in Ireland, Oregon, Barbados, 
Samoa, and Tasmania since 1982 as part of the 
GAGE program (Fraser et al., 1991). The 1989 glob-
al mean CFC-113 concentration was 64 pptv (mean 
of hemispheric means; Northern Hemisphere: Ireland, 
Barbados; Southern Hemisphere, Tasmania), increas-
ing at 5.8±0.4 pptv per year, or 9.1 percent per year in 
1989, based on linear regressions (Fraser et al., 
1991). The GAGE CFC-113 data (Figure 1-3) are 
obtained relative to OGIST calibration gases, but are 
reported in the GAGE scale, which is based on an 
interlaboratory comparison to the UT CFC- 113 scale 
(Makide et al., 1987). This comparison showed that 
the UT/OGIST ratio is 1.4-1.5 (Y. Makide and 
P. Fraser, unpublished data). 

In Situ measurements of CFC-113 at Cape Point, 
South Africa (Brunke and Scheel, 1991) show a low-
er growth for CFC-113 (2.4±0.2 pptvper year; 7.3 
percent per year in 1989). The data are reported in the 
OGIST scale, so the increase would translate to =3.5 
pptv per year in the UT scale. Measurements of CFC-
113 in the free troposphere over Europe and the 
North Atlantic during the period 1982-1987 show an 
increase of 6.6±0.3 pptv per year (Seiler and Scheel, 
1991). The data are based on a Scott—Marrin calibra-
tion standard, which gives CFC-1 13 concentrations 
that are a factor of =2 higher than data obtained using 
OGIST calibration. 

NOAA—CMDL have produced a new gravimetric 
CGC-113 scale, which is about 40 percent higher 
than the OGIST scale (NOAA—CMDL/OGIST = 
1.37) (Thompson et al., 1990) and therefore presum-
ably about 3-5 percent lower than the UT (=GAGE) 
scale. Measurements of CFC-113 at Cape Grim, 
Tasmania (41°S), have been compared to CFC-113 
measurements on the South Atlantic at similar lati-
tudes and times, which were obtained using an inde-
pendent calibration scale University of East Anglia 
(UEA) (Penkett, 1991). The Atlantic data were 
approximately 10-20 percent lower, which probably 
reflects the difference in calibration scales (i.e.,

GAGE/UEA =1.1-1.2; thus UEAJOGIST =1.2-1.4). 
It would appear that three independent laboratories 
(UT, NOAA—CMDL and UEA agree to within ±10 
percent on CFC-113 calibration. 

1.2.3 CFC-114 and CFC-114a 

Rasmussen et al., (1990) has reported growth 
rates for CFC-114 (CC1F 2CC1F2) and CFC-114a 
(CC12FCF3) from the OGIST global flask sampling 
network from 1979 to 1990 of approximately 6 per-
cent per year. Absolute concentrations were not 
reported. There have been no new data reported for 
CFC-115. 

1.2.4 Carbon Tetrachloride 

In Situ CC14 measurements have been made at the 
GAGE stations since 1978 (Simmonds et al., 1988). 
The data (Figure 1-4) show a global mean 1989 con-
centration of 134 pptv, based on data from Ireland, 
Barbados, and Tasmania, and an increase over the 
entire record of 1.6±0.3 pptv per year, or 1.2 percent 
per year in 1989. 

A similar Cd 4 increase has been observed from 
in Situ measurements at Cape Point (1.7±0.1 pptv per 
year) over the period 1980-1990 (Figure 1-4). This 
program employs the same calibration scale as the 
GAGE program. The 1989 mean concentration (128 
pptv) at Cape Point (32°S) is very similar to that 
observed (130 pptv) at Cape Grim, Tasmania (41°S). 
However in situ measurements in 1989 at Samoa 
(14°S) and the South Pole using the new 
NOAA—CMDL gravimetric calibration scale gave 
mean concentrations of 104 and 106 pptv respective-
ly (Thompson et al., 1990; Hall et al., 1990), whereas 
GAGE measurements at Samoa in 1989 average 
about 132 pptv, suggesting that concentrations in the 
NOAA—CMDL scale are =20 percent lower than 
those in the GAGE scale. 

Flask measurements of CC1 4 on Hokkaido, 
(40°-45°N) over the period 1979-1990 show an 
increase of 1.4±0.2 pptv per year (Makide et al., 
1987; Makide, 1991). A direct interlaboratory com-
parison between GAGE and Makide indicate that the 
GAGE CC14 scale is =20 percent higher than Makide 
(Y. Makide and P. Fraser, unpublished data). 

Measurements of CC1 4 in the free troposphere 
over Europe and the North Atlantic during the period 
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Figure 1-3 CFC-1 13 observations (pptv) in the four semihemispheres (GAGE: Fraser etal., 1991; Prinn etal., 
1991b; UT: Makide, 1991). Some of the data are unpublished and are subject to revision. Data should not be 
used for further analysis without consulting the principal investigators: GAGE, R. Prinn; UT, Y. Makide; 
UEA, S. Penkett.

1.9 



SOURCE GASES 

150 

130 

110 

90 

150 

' 130 

4 110 

•	 90 

bD
150 

.-

130 

110 
0

90 

130 

110 

9C 

7c

I	 I	 II 

• 90°N - 30°N
i	 I	 I	 I	 I	 I	 I 

- - Ireland (GAGE) 
•	 -- Oregon (CAGE 

Hokkaldo (UT 
•	 Cruise (UEA)	 ,J\.t-.._i---- 

I

..- "--

*	 S	

•	

•S	

.	
S	

•	
S	 S	 S	 * 

I	 I	 I	 I	 I 

30°N - EQ 
- -

 
Barbados (GAGE) 

- Cruise (UEA)

oo 

I I	 I	 I	 I	 I 

EQ - 30°S 
- - Samoa (GAGE) 

• Cruise (UEA) 

I	 I	 I	 I I	 I	 I	 I 

• 30 0 S - 900S

U

-	 - Tasmania (GAGE) 
Cape Point (FIAER) -

' Syowa (UT) 
• Cruise(UA) 

I	 I	 I I	 I	 I	 I	 I	 I	 I

76	 78	 80	 82	 84	 86	 88	 90

YEAR 

Figure 1-4 Carbon tetrachloride (pptv) in the four semihemispheres. (GAGE: Simmonds etal., 1988; Prim et 
al., 1991b; UT: Makide etal., 1987; Makide, 1991; CSIR-FIAER: Scheel etal., 1990). Some of the data are 
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principal investigators: GAGE, R. Prim; UT, Y. Makide; UEA, S. Penkett; FIAER, H. Scheel 

1.10 



SOURCE GASES 

1976-1987 show an increase of 2.0±0.3 pptv per year 
(Seiler and Scheel, 1991). These data are based on a 
Scott-Marrin calibration standard, which gives CC14 
concentrations that are a factor of =1.15 lower than 
those based on the GAGE calibration. 

Measurements of CCI4 at Cape Grim (41°S) have 
been compared to Cd 4 measurements on the South 
Atlantic at similar latitudes and times, which were 
obtained using an independent calibration scale (UEA) 
(Penkett, 1991a). The Atlantic data were approximately 
15 percent lower, which probably reflects the difference 
in calibration scales (i.e., GAGE/UEA =1.15). A direct 
comparison of National Institute of Standards and 
Technology (NIST) and GAGE CC4 standards indi-
cates that the GAGE/NIST ratio is =1.35 (Fraser, per-
sonal communication, 1991). 

It would appear that five independent laborato-
ries (UT, NOAA—CMDL, UEA, Fraunhofer Institute 
for Atmospheric Environmental Research (FIAER) 
(Scott-Marrin), and NIST) agree to within ±10 per-
cent on CC14 calibration, and are =20 percent lower 
than GAGE. 

1.3 METHYL CHLOROFORM AND HCFC-22 

Methyl chloroform (CH3CC13) and HCFC-22 
(CHCIF2) are important trace gases in the global 
atmosphere. They constitute about 17 percent of the 
tropospheric anthropogenic organochlorine loading 
(CH3CC13, 14 percent; CHC1F2, 3 percent) and both 
are partially removed from the atmosphere by reac-
tion with OH. Assuming emissions and absolute 
abundances of these species are known, they can be 
used to calculate average tropospheric OH levels (for 
CH3CCI3 , see Prinn et al., 1987, 1992). Methyl chlo-
roform is used as an industrial solvent and HCFC-22 
is being increasingly used as a substitute for CFCs. 

1.3.1 Global distributions and trends 

Long-term, high-frequency measurements (4-12 
per day) of CH 3CCI3 have been made in Ireland, 
Oregon, Barbados, Samoa and Tasmania (Prinn et 
al., 1987, 1991a) since 1978 as part of the ALE-
GAGE program and on Hokkaido twice a year (10 
days every 6 months) since 1979 and at Syowa 
Station in Antarctica (several times per year) 
(Makide et al., 1987; Makide, 1991). January mea-
surements made in the Pacific North West (PNW) of

the United States and at the South Pole since 1975 
have been published (Rasmussen and Khalil, 1986; 
Khalil and Rasmussen, 1990b). Mid-tropospheric 
CH3CC1 3 data have been obtained by aircraft air 
sampling over Europe and the North Atlantic by 
FIAER since 1978 (Scheel etal., 1988). 

The available data are shown in Figure 1-5. 
Twelve years of ALE—GAGE CH 3CC1 3 data (July 
1978 to June 1990) have recently been analyzed 
(Prinn etal., 1992) showing a global trend of 5.5±0.2 
pptv per year or 4.4±0.2 percent per year (mid-
1984). The 1989 global mean concentration was 
150.0 pptv (based on data from Ireland, Barbados, 
and Tasmania), and the 1989 increase, based on a 
linear regression, was 3.7 percent. The free tropo-
spheric data over Europe and the North Atlantic 
(1978-1987) show a trend of 5.2±0.8 pptv per year 
or 4.5 percent per year in 1984 (Scheel et al., 1988; 
Seiler and Scheel, 1991). The Hokkaido data 
(Makide et al., 1987; Makide, 1991) show an 
increase of 4 pptv per year over the period 
1980-1990 (2.7 percent in 1989) and 5 pptv per year 
over the period 1987-1990 (3.4 percent in 1989). 
The concentrations of CH 3 CC1 3 observed on 
Hokkaido are about 15 percent lower than in Ireland 
or Oregon, although these differences could be due 
to different calibration scales (see 1.3.2). 

The available data on the global distribution and 
trends of HCFC-22 are limited, reflecting the relative 
difficulty in making atmospheric HCFC-22 measure-
ments, which can be achieved by spectroscopy (total 
column) or gas chromatographic techniques involv-
ing large volume air samples. 

HCFC-22 data have been regularly obtained 
from the PNW region of the U.S. and from the South 
Pole (Rasmussen etal., 1980; Khalil and Rasmussen, 
1981; Rasmussen and Khalil, 1982, 1983). The 
PNW data from 1976 to 1981 showed concentrations 
increasing by about 12±1 percent per year, with an 
absolute concentration uncertainty of ±10 percent. 
Combined PNW—South Pole data for 1979-1987 
have recently been reported (Khalil and Rasmussen, 
1990b), which show a concentration in January 1987 
of 105 pptv increasing by 6.4±0.3 pptv per year or 
6.1 percent in January 1987. Observations from Cape 
Grim (1984-1987), show a mean concentration and 
increase in 1987 of 91 pptv and 6.5±0.3 pptv per 
year, or 7.1±0.3 percent per year (Fraser et al., 
1989). These data are all in the same scale (OGIST) 
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Figure 1-5 Methyl chloroform observations (pptv) in the four semthemispheres (GAGE: Prinn et al., 1991, 

1992, UT: Makide etal., 1987 Makide, 1991. FIAER: Scheel etal., 1988; Seiler and Scheel, 1991. OGIST: 
Rasmussen and Khalil, 1986; Khalil and Rasmussen, 1990b.) Some of the data are unpublished and are subject 
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and are shown in Figure 1-6. The OGIST and UEA 
independent HCFC-calibration 22 scales agree to 
within 5 percent (Rasmussen etal., 1980). 

Solar spectroscopic HCFC-22 measurements from 
Kitt Peak, AZ (32°N), over the period 1980-1988 
show an increase of 7.8±1.0 percent per year, with an 
absolute error of ±25 percent, arising largely from the 
uncertainty in the HCFC-22 spectroscopic parameters 
(Rinsland et al., 1989). These parameters have been 
refined, and derived concentrations increased by about 
30 percent, resulting in reasonable agreement between 
spectroscopic and gas chromatographic measurements. 
Additional data from balloon-borne spectrometers and 
Atmospheric Trace Molecule Spectroscopy Experi-
ment (ATMOS) at 31-32°N (<15km) have been 
obtained (Rinsland et al., 1990) and the combined data 
are shown in Figure 1-6. The combined data show a 
mean concentration in 1989 of 93 pptv and an increase 
of 5.8±0.4 pptv per year or 6.2 percent per year, based 
on a linear regression. A trend of =10 percent per year 
has been reported from stratospheric observations for 
the period 1982-1987 (Fabian et al., 1989). 

1.3.2 Methyichloroform Calibration 

The absolute calibration of CH3CC13 measure-
ments in the GAGE program is based on the OGIST 
standard (Khalil and Rasmussen, 1984a). 
Unfortunately, there have not been any published com-
parisons of independently derived CH3CC13 standards. 
A preliminary and as yet unpublished comparison 
between the GAGE and UT CH3CC13 standards sug-
gests that the latter are lower by =25 percent 
(UT/GAGE = 0.75) (Y. Makide and P. Fraser, unpub-
lished data). 

A new gravimetric CH3CC13 standard has been 
prepared by NOAA-CMDL (Butler et al., 1991). No 
direct comparisons have been made between this stan-
dard and the GAGE standard, but an indirect compari-
son can be made from observations by both groups in 
the Southern Hemisphere in early 1990 (Butler et al., 

1991; Prinn et al., 1991a). This comparison suggests 
that the NOAA-CMDL standard is about 10 percent 
lower than the GAGE standard (NOAA-CMDL/ 
GAGE = 0.9). Shipboard measurements of CH3CC13, 
based on an independent calibration, have been made 
on the North and South Atlantic (Penkett, 1991a) 
between 1981 and 1984. A comparison of 
ALE-GAGE data at similar latitudes and times indi-

cates that the UEA standard is about 5 percent higher 
than the GAGE standard (UEA/GAGE = 1.05). Thus, 
the current range of CH 3CC13 measurements based on 
four independent standards (GAGE, UT, NOAA-
CMDL, UEA) would appear to be ±15 percent. The 
average of the four standards is =10 percent lower than 
GAGE. 

The long-term stability of the OGIST CH3CC13 
standard has been possibly but not absolutely demon-
strated by extensive, periodic internal comparisons of 
several original ALE-GAGE calibration gases and by 
a comparison of measurements made in 1978-1979 in 
the ALE-GAGE program in Tasmania with modern 
measurements on air archived from that period. These 
experiments limit the magnitude of a calibration drift 
component of the observed trend to about 0.2 percent 
per year, comparable to the uncertainty in the long-
term trend due to measurement variability (Prinn et al., 
1992). 

1.3.3 Methyichioroform Lifetime and the 
Global OH Abundance 

A three-dimensional model has been used to com-
pute tropospheric OH levels from observations of CH4, 
CO, 03, and NO (Spivakovsky etal., 1990a) and used 
to simulate the global distribution of CH3CC13 
(Spivakovsky et al., 1990b). The computed OH fields 
result in a model CH3CC13 lifetime of 5.5 years. The 
observed CH3CC13 annual cycle south of 25°S is domi-
nated by seasonal changes in OH (CH 3CC1 3 sink), 
whereas the seasonal variation of CH3CC13 in the trop-
ics and at northern mid-latitudes are dominated by the 
effects of transport. 

The measured ALE-GAGE trends of CH3CC13 
have been combined with industrial emission estimates 
(Midgley, 1989) to deduce a globally averaged 
CH3CC13 lifetime of 5.7 (+0.7, -0.6) years) and an 
average tropospheric OH concentration of (8.7±1.0) x 
iO5 radicals per cm3 (Prinnetal., 1992). 

Theoretical (Wine and Chameides, 1990) and 
observational (Butler et al., 1991) studies have sug-
gested that the ocean is a significant sink for CH3CC13. 
The data of (Butler et al. 1991) imply that OH levels 
computed from CH3CC13 data are 5-10 percent too 
high if the oceanic sink is ignored. Incorporating an 
oceanic sink into the GAGE CH3CC13 inversion study 
results in a lower average OH level of (8.1±0.9) x 10 
radicals per cm3 (Prinn et al., 1992). 
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The ALE—GAGE CH3CCI3 trend implies that the 
globally averaged OH levels have been increasing over 
the period 1978-1990 by 1.0±0.8 percent per year 
(Prinn et al., 1992). The deduced positive OH trend is 
qualitatively consistent with predicted changes in 
tropical tropospheric OH and 0 3 driven by tropical 
biomass burning (Keller et al., 1991). This possible 
trend in OH has major implications for other trace 
gases that are primarily removed by reaction with 
OH, e.g., CH4, CO, HCFC-22 and other HCFCs and 
HFCs. 

1.3.4 HCFC-22 lifetime 

A three-dimensional model simulation of HCFC-
22 estimates the lifetime of HCFC-22 to be 15.5 
years (Golombek and Prinn, 1989). With emissions 
increasing from about 100 million kg per year in 
1977 to 220 million kg per year in 1985, good agree-
ment is obtained between observations and model 
results at Cape Grim in 1984. There is a tendency for 
the model to overestimate the Cape Grim trend, 
which is probably due to an overestimation of emis-
sions and/or an underestimation of absolute HCFC-22 
concentration. 

1.4 OTHER CHLORINATED SPECIES 

1.4.1 Methyl Chloride 

There have been no data, further to (WMO, 
1990a), reported on the global distribution of methyl 
chloride (CH30). A global average background con-
centration of =600 pptv is assumed. 

1.4.2. Chloroform 

Chloroform measurements have been made regu-
larly at Cape Grim as part of the OGIST flask sam-
pling program and as part of the GAGE in Situ mea-
surement program. The GAGE data have been 
calibrated with respect to a NIST SRM (Fraser, 
1991). The global background concentration in 1989 
was =10 pptv, based on the previously reported ratio 
of Northern to Southern Hemispheric measurements 
(Khalil and Rasmussen, 1983b). Approximately 40 
percent of the CHC13 source required to maintain the 
observed global concentration (400 million kg per 
year) is anthropogenic (Khalil and Rasmussen,

1983b). Termite mounds were found to contain ele-
vated levels of CHC13, which were calculated to emit 
100 million kg per year (Khalil et al., 1990). 

1.5 LIALONS AND OTHER BROMINATED 
SPECIES 

Bromine enters the atmosphere through various 
processes, both natural and anthropogenic. The 
bromine source gases that are present in the tropo-
sphere are shown in Table 1-1. 

The most abundant is methyl bromide (CH3Br), 
which has both natural and anthropogenic sources. 
The main natural sources of CH3Br are oceanic bio-
logical processes (mainly algal), where it is formed 
with other hydrogen-containing molecules, such as 
CH2Br2, CHBr3 , CH2BrC1, and CHBrC12. However, 
measurements of CH 3Br made over the Atlantic 
Ocean show a marked interhemispheric gradient, 
with average concentrations of 15 pptv and 10 pptv 
being recorded in the Northern and Southern 
Hemispheres respectively (Penkett et al., 1985). This 
argues for a substantial land-based source, which 
could well be anthropogenic. The source strength 
required to produce the observed abundance is 100 
million kg per year, whereas the annual anthro-
pogenic production is about 20 million kg (SORG, 
1990). There may be other unaccounted sources of 
anthropogenic CH3Br. 

Observational data records of sufficient frequen-
cy and duration to determine possible trends in atmo-
spheric bromine species are rare. The available halon 
data from the OGIST flask sampling network up to 
1986 were recently summarized (WMO, 1990a), 
which suggested global mean concentrations and 
rates of increase of 1.7 and 2.0 pptv and 12 and 15 
percent per year respectively for CBrC1F 2 and CBrF3. 
Thompson et al. (1990) have reported NOAA-
CMDL shipboard data in 1987 and 1989 of 1.6 and 
1.8 pptv, increasing at 8 and 25 percent per year 
respectively for CBrC1F2 and CBrF3. 

Rasmussen, et al. (1990) has recently revised the 
global growth rates from the OGIST flask network to 
be =15 and =20 percent per year respectively for 
CBrC1F2 and CBrF3, but absolute concentrations were 
not reported. Based on the 1986 data and the latest 
growth rates, the concentrations expected in 1989 for 
CBrC1F2 and CBrF3 would be 2.5 and 3.5 pptv 
respectively. Singh et al. (1988) reported tropospheric 
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concentrations for CBrC1F2 and CBrF3 at the mid-lati-
tudes of the Northern Hemisphere in 1987 of 2.0 and 
1.3 pptv respectively. The CBrC1F2 data compare favor-
ably with the OGIST Northern Hemispheric data 
(WMO, 1990a), but the CBrF3 data are =50 percent 
lower. These data from three independent laboratories 
(OGIST, NOAA—CMDL, and Max Planck Institute for 
Aeronomy, or MPIA) suggest that the uncertainties in 
calibration of CBrC1F2 and CBrF3 are '±15 percent and 

±40 percent respectively. 

1.6 CARBONYL SULPHIDE 

Chlorine-catalyzed 03 destruction may be 
enhanced by heterogeneous processes on the ubiquitous 
stratospheric aerosol layer (Brasseur et al., 1990). In 
times of low volcanic activity this stratospheric aerosol 
layer (sulphate) is maintained by an upward flux of 
gaseous sulphur precursors, mainly carbonyl sulphide 
(COS), which are either oxidized or photolyzed in the 
stratosphere (Crutzen, 1976), while volcanic injections 
supply sulphur to the stratosphere mainly as sulphur 
dioxide (SO2) during individual volcanic eruptions. 

COS is the most abundant sulphur gas in the 
remote atmosphere. Global background concentrations 
of COS are 510±10 pptv (Khalil and Rasmussen, 
1984b). The major sources are the oceans (20-40 per-
cent), via the photooxidation of organic material (Ferek 
and Andreae, 1984), anthropogenic activities (20 per-
cent), soils (20 percent), biomass burning (10 percent) 
and the oxidation of carbon disulphide (CS 2) (30 per-
cent), while the major sinks are vegetation ('80 per-
cent), tropospheric oxidation (10 percent) and strato-
spheric loss (=10 percent) (Khalil and Rasmussen, 
1984b; Servant, 1989). Estimates of the atmospheric 
lifetime range from 2 to 6 years. 

1.7 NITROUS OXIDE 

Nitrous oxide is an important component of the 
background atmosphere, being a climatically signifi-
cant species and the major source of stratospheric nitro-
gen oxides, which are significant in regulating strato-
spheric ozone. 

Nitrous oxide is a long-lived atmospheric species, 
with a lifetime in excess of 150 years (Prinn et al., 
1990), whose dominant source is believed to be denitri-
fication in aerobic soils, which has a significant anthro-
pogenic component (deforestation and the use of

nitrogenous fertilizers). Biomass burning and fossil fuel 
combustion are now believed to be only small N20 
sources, although biomass burning may affect subse-
quent soil N20 releases (Anderson et al., 1988; Prinn et 
al., 1990; IPCC, 1990). The oceans are significant 
sources of N20, which vary considerably with location 
and ocean circulation processes (Butler et al., 1989; 
IPCC, 1990). The major sinks for N20 are stratospheric 
photodissociation and photooxidation. 

1.7.1 Atmospheric Distributions and Trends 

There are several long-term measurement pro-
grams studying N20. Shipboard and ground-based 
measurements have been regularly made by Scripps 
Institution for Oceanography (SlO) since 1976 (Weiss, 
1981; WMO, 1990a). NOAA—CMDL and ALE—
GAGE have operated independent five-station net-
works covering both hemispheres since 1977 and 1978 
respectively (Thompson et al., 1990; Prinn et al., 
1990). Long-term N20 measurement programs have 
been carried out at Cape Point since 1983 (Brunke et 
al., 1990; Scheel et al., 1990) and in the PNW of the 
United States and at the South Pole since 1975 
(Rasmussen and Khalil, 1986; Khalil and Rasmussen, 
1990b). Mid-tropospheric N 20 data have been 
obtained by aircraft air sampling over Japan 
(33°-38°N) since 1983 by Meteorological Research 
Institute (MRI) (Hirota et al., 1988; Hirota and Sasaki, 
1991) and over Europe and the North Atlantic by 
FIAER since 1979 (Scheel et al., 1988). 

The available data are shown in Figure 1-7 divided 
into the four semihemispheres, as well as global data 
derived by averaging spline fits to the individual 
CMDL and ALE—GAGE station data sets. From the 
SlO data (1976-1987) (not shown) a global average 
concentration and increase (1986) of 304.8 ppbv and 
0.61±0.04 ppbv per year or 0.20 percent per year have 
been deduced (WMO, 1990a). The NOAA—CMDL 
data (1977-1989) show a global concentration and 
increase for 1989 of 308.5 ppbv and 0.64±0.06 ppbv 
per year or 0.21 percent per year (Thompson et al., 
1990). The ALE—GAGE data (1978-1989) show a 
global concentration in 1988 of 307.2 ppbv and an 
increase (1978-1988) of 0.25-0.31 percent per year 
(Prim et al., 1990). The 1989 global mean was 307.0 
ppbv (mean of Northern Hemisphere (Ireland, 
Barbados) and Southern Hemisphere (Tasmania) (Prinn 
et al., 1991). The Cape Point data (1983-1988) show 
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Figure 1-7 Nitrous oxide observations (ppbv) in the four semthemispheres (NOAA: Thompson et al., 1990. 
OGIST Khalili and Rasmussen, 1990b) Some of the data are unpublished and are subject to revision. Data 
should not be used for further analysis without consulting the principal investigators: NOAA, J. Elkins; 
GAGE, R. Prinn; FIAER, H. Scheel.
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an increase of 0.6±0.1 ppbv per year or 0.21 percent 
per year in 1984 (Brunke et al., 1990; Scheel et al., 
1990), while the PNW-South Pole data show an 
increase of 1.0±0.1 ppbv per year or 0.34 percent per 
year in January 1985 (Rasmussen and Khalil, 1986). 
The global data from the OGIST network (1975-1988), 
(Khalil and Rasmussen, 1990b) show an average 
increase of 1.0±0.1 ppbv per year or 0.33 percent per 
year (1988). 

The mid-tropospheric N20 data over Japan show 
an average increase (1983-1989) of 1.7±0.2 ppbv per 
year (Hirota and Sasaki, 1991). The free tropospheric 
data over Europe and the North Atlantic between 
1979 and 1987 show an annual average increase of 
0.5 ppbv per year or 0.16 percent per year (1987) 
(Scheel et al., 1988). Spectroscopic observations of 
N20 from Kitt Peak between 1979 and 1985 place an 
upper limit on the growth rate of 0.3 percent per year 
(Wallace and Livingston, 1990b). 

1.7.2. Global Nitrous Oxide Budgets 

The ALE-GAGE data have been interpreted 
(Prinn et al., 1990), using inverse theory and a nine-

box model of the global atmosphere, to show that the 
global distributions and trends are consistent with the 
hypothesis that stratospheric photodissociation is the 
major sink for N20 and that the cause of the N20 
trend appears to be a combination of a growing tropi-
cal source (probably tropical land use) and a growing 
northern mid-latitude source (fertilizer and fossil fuel 
use). The N20 budget that best fits the ALE-GAGE 
observations (not a unique solution) is shown in 
Table 1-2, together with the budget produced for the 
IPCC (IPCC, 1990). 

The IPCC budget indicates that there are proba-
bly unaccounted for or underestimated N 20 sources, 
while the (Prinn et al.) budget is essentially balanced. 
The difference between the two budgets is largely 
due to the significant biomass burning-tropical land 
clearing term in the latter, resulting from large post-
burn, postclearing N20 emissions (Anderson et al., 
1988; Luizao et al., 1989; Prinn et al., 1990). The 
global emissions of N20 due directly to biomass 
burning alone have been recently reassessed as less 
than 2 Tg (N20) per year (Cofer et al., 1991) or even 
less than 1 Tg (N20) per year (Crutzen and Andreae, 
1990; Hao etal., 1991). 

Table 1-2 The global N 20 budget, Tg (10 12g)(N20) per year (IPCC, 1990; Prinn etal., 1990; Sanhueza, 

1991).

IPCC	 Prinn et al.	 Sanhueza 
(1990)	 (1990)	 (1991) 

Sinks 
photodissociation	 11-20	 13-16	 11-20 
atmospheric growth	 5-7	 6-7	 5-7 

Total	 16-27	 19-23	 16-27 

Sources 

oceans	 2-4	 4	 2-4 
soils - tropical	 4-6	 6	 4-9 

temperate 1-2 1 <1-3 
fossil fuel use <1 2 4-1 
biomass burning <1 5 <1-2 
fertilizer use <1-4 2 4-5 
adipic acid production <1 4-1 

Total 7-16 20 8-25
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A revised N20 budget, prepared for IPCC 
(Sanhueza, 1991) is also given in Table 1-2. The esti-
mates were updated using new information on tropical 
soil fluxes (Sanhueza etal., 1990; Matson et al., 1990), 
temperate forest soil fluxes (Bowden et al., 1990), 
detailed evaluations of cultivated soils (Bouwman, 
1990; Eichner, 1990), and new estimates from biomass 
burning (Lobert et al., 1990; Cofer etal., 1991). Recent 
results have confirmed that the N 20 emissions from sta-
tionary combustion sources are very low (De Soete, 
1989; Linak et al., 1990; Sloan and Laird, 1990; 
Yokoyama et al., 1991). 

Other, possibly globally significant, N20 sources 
have been identified since the IPCC review and are 
included in Table 1-3. The worldwide production of 
nylon could contribute !!^ 1 Tg (N 20) per year 
(Thiemens and Trogler, 1991), and mobile combustion 
sources =0.6 Tg per year (De Soete et al., 1989). The 
revised N20 budget still indicates that there are uniden-
tified and/or underestimated N20 sources. 

Some possible candidates are the use of legume 
pastures as nitrogenous fertilizers, which account for 15 
percent of Australian N20 emissions (Galbally et al., 
1992) and the significant, but unidentified, emissions of 
N20 (2-3 Tg [N20] per year), possibly from stationary 
sources in Europe (Prather, 1988; Simmonds and 
Derwent, 1991). 

1.8 METHANE 

Methane is an important trace gas in the global 
atmosphere because it absorbs infrared radiation, thus 
impacting on climate. Methane is involved in tropo-
spheric chemistry via OH and 0 3 budgets, and it 
impacts on stratospheric chemistry as a source of 
hydrogen (H2) and H2O and as a sink for stratospheric 
chlorine. Methane is produced from a variety of anaero-
bic processes and is primarily removed by reaction with 
OH in the troposphere. 

1.8.1 Atmospheric Distributions and Trends 

There are several long-term CH4 measurement pro-
grams. Ground-based measurements at globally dis-
tributed sites have been regularly made by 
NOAA-CMDL (USA) since 1983 (Steele et al., 1987; 
Lang et al., 1990a, b), by CSIRO (Australia) since 1978 
(Fraser etal., 1986a), by UCI (USA) since 1978 (Blake 
and Rowland, 1988), and by 001ST (USA) since 1978

(Khalil and Rasmussen, 1983a; 1990a). Long-term CH4 
measurement programs have been carried out at Cape 
Point, South Africa, since 1983 by CSIR (South 
Africa)-FIAER (Germany) (Brunke etal., 1990; Scheel 
et al., 1990), in the PNW and at the South Pole since 
1975 (Rasmussen and Khalil, 1986), and at Tsukuba, 
Japan, since 1985 (Hirota et al., 1989). Mid-tropo-
spheric CH4 data have been obtained by aircraft air 
sampling over southeast Australia (Fraser et al., 1984, 
1986a) since 1980 and over Europe and the North 
Atlantic by FIAER since 1979 (FJAER, Scheel et al., 
1988). 

Selected available CH4 data are shown in Figure 1-
8, divided into the four semi-hemispheres and the pub-
lished CH4 trends are summarized in Table 1-3. 

The rate of methane increase has slowed during the 
last decade, as observed at Cape Grim, Tasmania, 
(1978-1983: >20 ppbv per year; 1983-1990: 12±2 
ppbv per year; (Steele etal., 1987; WMO, 1990; Fraser, 
1991) and in Antarctica (1983: 13.6 ppbv per year; 
1988: 10.4 ppbv per year; (Steele et al., 1989). The 
global University of California at Irvine (UCI) and 
Oregon Graduate Center (OGC) data have also shown a 
decline in CH4 growth rate, from 19-25 ppbv per year 
(1981-1983) to 11-20 ppbv per year (1984-1987), with 
most of the decline in the growth rate occurring in 
1983-1984 (Khalil and Rasmussen, 1990a). The 
observed growth rates as a function of time for the 
global OGIST and UCI and CSIRO Southern 
Hemispheric networks are shown in Figure 1-9. The 
data confirm high growth rates during 1978-1982 
(17-21 ppbv per year), which have since declined to 
8-13 ppbv per year (1988-1990). Satisfactory explana-
tions for this rapid decline in CH4 growth rates have yet 
to emerge. 

Prinn et al. (1992) have calculated from industry 
emission estimates and trend observations of CH3CC13 
that OH levels in the tropical troposphere are increasing 
about 1 percent per year. If correct, this has important 
implications for the CH4 budget. It suggests that the 
increasing levels of OH are as important as the 
approach to equilibrium in determining the slowing 
down in the CH4 growth rate. It also allows sources to 
grow at 1-2 percent per year, rather than the 0-1 per-
cent per year required if OH is constant. 

Stevens (1988) has noted that the change in atmo-
spheric CH4 growth rate was accompanied by changes 
in its 13C composition. This was true in both the 
Northern and Southern Hemispheres, where there were 
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11.9±0.2 0.7 1986 

16±1 1.0 1987 7-9 
12-13 0.7-0.8 1990 

17.5±1.3 1.1 1985 3,10-12 

13.1±0.1 0.8 1986 
16.6±0.4 1.0 1988 

13±3 0.8 1979 

10.3±0.3 0.7 1984 13 

9.0 0.5 1987 14 

20±4 1.2 1981 
19±1 1.2 1984 
12±1 0.8 1986

UCI Global 
(since 1978) 

OGIST Pacific N.W., U.S. 
(since 1978) South Pole 

Global 
Global 

1960-1980 Global 

FIAER Cape Point; 
(since 1983) South Africa 

MRI Tsukuba, 
(since 1985) Japan 

Free Tropospheric Measurements 

CSIRO S.E. Australia 
(since 1980)

3,5,6 

SOURCE GASES 
Table 1-3 Global and regional CH 4 trends (ppbv per year, percent per year) from various observational 
networks.
Network 

(period)
Region/Location

Increase 

ppbv per year	 percent per year
Year	 Reference 

Ground-based Measurements 

NOAA-CMDL Global 12.8 0.8 1984	 1-4 
(since 1983) Global 12.9±0.1 0.8 1986 

South Pole 11.9±0.1 0.7 1988 

CSIRO Southern 18±2 1.3 1981	 3,5,6 
(since 1978) Hemisphere 18±1 1.2 1984 

FIAER	 Europe and	 12.7	 0.8	 1987	 15 
(since 1987)	 North Atlantic 

Total Column Measurements 
1951-1986	 Jungfraujoch,	 0.7	 16 

Switzerland 

1979-1985	 Kitt Peak, U.S.	 1.1	 17 
1979-1989	 1.0	 18 
References: 1, Steele et al., 1987; 2, Steele et al., 1989; 3, WMO, 1990a; 4, Novell et al., 1990; 5, Fraser et 

at., 1984; 6, Fraser et al., 1986a; 7, Blake and Rowland, 1988; 8, Rowland, 1990; 9, Rowland and 
Blake, 1991; 10, Rasmussen and Khalil, 1986; 11, Khalil and Rasmussen, 1990a 12, Khalil etal., 
1989; 13, Brunke et al., 1990; 14, Hirota et al., 1989; 15, Scheel et al., 1988; 16, Zander et al., 
1989a; 17, Wallace and Livingston, 1990a 18, Thompson etal., 1990. 
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Figure 1-8 Methane observations (ppbv) in the four semihemispheres (NOAA: Steele et al., 1987; Lang et al., 
1990a, b. CSIRO: Fraser et al., 1986a, 1990; Fraser, 1991. OGIST: Khalil and Rasmussen, 1990a. UCI: Blake and 
Rowland, 1988; Rowland, 1990; Blake and Rowland 1991). The CSIRO (30°S-90°S) data are averages of Cape 
Grim (41 0S) and Mawson (670S) data. Some of the data are unpublished and are subject to revision. Data should 
not be used for further analysis without consulting the principal investigators: CSIRO, P. Fraser; UCI, D. Blake. 
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Figure 1-9 The global and Southern Hemispheric CH4 trends from 1978-1990. The trends are obtained from 
spline fits to the long—term CH 4 data records (Blake and Rowland, 1988, 1991; Rowland, 1990; Khalil and 
Rasmussen, 1990a; Fraser et a!, 1986a, 1990; Fraser, 1991). 

1.22



SOURCE GASES 

reductions in the 13C depletion. These changes have 
been tentatively interpreted as indicating that there were 
changes in the source distribution of CH4 (probably in 
the Northern Hemisphere) that were not of anthro-
pogenic origin. It was suggested that there may have 
been a decrease in the flux of isotopically light (more 
"C-depleted) CH4 of natural origin, such as that from 
wetlands. 

Recent results from a high-accumulation-rate ice 
core (Etheridge et al., 1992) show that there have been 
significant variations in the CH4 growth rate over the 
period 1840-1980, with accelerating growth from 1890 
(—<0.2 percent per year) to 1925 (0.5 percent per year), 
approximately constant growth from 1925 to 1950 
(=0.5 percent per year), followed by accelerating 
growth from 1950 (0.5 percent per year) to 1975 (=1 
percent per year). This pattern appears to correlate with 
the changing production rates of fossil fuels (Keeling, 
1973; Marland and Rotty, 1984), perhaps indicating a 
significant role for this CH4 source in determining glob-
al CH4 growth rates. 

1.8.2 Methane Sinks 

The dominant removal process for atmospheric 
CH4 is reaction with OH. A new measurement 
(Vaghjiani and Ravishankara, 1991) of the rate coeffi-
cient for the reaction of OH and CH4 found it to be 
approximately 25 percent lower than reported previous-
ly, implying that the OH-CH4 sink is approximately 420 
Tg per year. 

The magnitude of the OH-CH4 sink is estimated 
from models whose OH fields are calibrated by the esti-
mated releases and observed trends of methyl chloro-
form (CH3CC13 , see 1.3.3). A further uncertainty in the 
magnitude of the OH-CH4 sink has resulted from theo-
retical (Wine and Chameides, 1990) and observational 
(Butler et al., 1991) studies suggesting a biological or 
physical sink for CH3CCI3 in oceanic surface waters, 
which, if confirmed, could further reduce calculated 
OH levels (and the OH-CH4 sink) by 10-20 percent. 

Modeling studies suggest that OH levels, and 
hence the relative strength of the CH4 sink, in preindus-
trial times were higher than at present. Studies of the 
ratio of formaldehyde (HCHO), a CH4 oxidation prod-
uct, to CH4 in polar ice cores suggest that OH levels in 
preindustrial times were 30 percent higher than at pre-
sent (Staffelbach etal., 1991).

Studies in Arctic, temperate, and tropical environ-
ments have firmly established the importance of a glob-
al soil sink for atmospheric CH4 (Steudler et al., 1989; 
Keller et al., 1990; Mosier et al., 1991; Crill, 1991; 
Whalen and Reeburgh, 1990). However, there is con-
siderable uncertainty associated with the magnitude of 
the soil sink for methane (5-60 Tg per year) (Born et 
al., 1990). The destruction of CH4 in soils is a biologi-
cal process that is sensitive to both climatic variations 
and land use changes. Recent CH4 soil flux measure-
ments indicate that changes in land use or enhanced 
nitrogen input to soils by fertilization and/or deposition 
of atmospheric nitrogen are decreasing the Cl-I4 uptake 
by soils (Scharife et al., 1990; Mosier et al., 1991). 

1.8.3 Methane Sources 

A recently identified CH4 source that has not been 
considered previously is emissions from waste water 
and animal waste treatment facilities (40-65 Tg per 
year) (Harriss, 1991). Animal wastes contribute 20-30 
Tg per year (Casada and Shafley, 1990). The landfill 
source may be ameliorated by identified high CH4 oxi-
dation rates in landfill cover soils (Whalen etal., 1990). 
The preliminary data on CH 4 emissions from landfills, 
waste water treatment and animal wastes indicate a 
total emission of 85±20 Tg per year from anthro-
pogemc waste management systems (Harriss, 1991). 

Studies of the 14C and ' 3C isotopic composition of 
atmospheric CH4 have been used to evaluate the contri-
bution to total emissions made by fossil sources. Three 
independent estimates are (21±3) percent (Whalen et 
al., 1989), 25 percent (Manning et al., 1990; Lowe et 
at., 1991) and 16 percent (Quay etal., 1991). The latter 
value, combined with the reduction in the overall 
source inferred from the new estimate of the OH-CH4 
sink, would constrain the total fossil source to 90±10 
Tg per year. Current estimates of CH4 emissions from 
the production and use of oil, natural gas, and coal are 
compatible with this estimate for the total fossil source. 
Thus, the contributions of fossil sources such as CH4 
hydrate destabilization and the decomposition of old 
peat are apparently small. 

For 13C, differing amounts of depletion are found 
for different CH4 sources. Bacterially produced CH4, 
such as that from wetlands, rice paddies, ruminants, and 
termites, is typically more highly depleted in 13C than is 
nonbacterial CH4, such as that produced in biomass 
burning and in emissions of natural gas. Consideration 
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of the observed 13C depletion in CH4 sources together 
With that of atmospheric CH4 and the 12C-13C fraction-
ation factor associated with the reaction of CH 4 and OH 
indicates that bacterial CH4 makes up some 70 percent 
of CH4 sources (Quay et al., 1991). 

Methane emission rates from Chinese rice paddies 
(total emissions: 30 Tg per year, Khalil et al., 1991) 
were found to be 4-10 times higher than from U.S. and 
European rice fields. Matthews et al. (1991) calculate 
Chinese and Indian CH4 emissions from rice produc-
tion of approximately 20 and 30 Tg per year respective-
ly, assuming a global rice CH4 source of 100 Tg per 
year (Fung et a!, 1991). By contrast, recent results 
from the major rice producing areas of India and Japan 
(Parashar et al., 1991; Mitra, 1991; Yagi and Minami, 
1990) indicate emissions that are not significantly dif-
ferent from the U.S. and European data. The Indian 
data indicate an annual CH4 flux of only 3-4 Tg per 
year, an order of magnitude lower than calculated 
above. Large rice emissions from China and India are 
consistent with a global rice source of about 100 Tg per 
year, which is in agreement with constraints imposed

by atmospheric observations (Fung et al., 1991, see 
below). Based on the latest Indian data, Sanhueza 
(1991) has adopted a lower estimate of CI-L1 emissions 
from rice agriculture (60 Tg per year) for the IPCC 
review of global CH4 emissions. R. Cicerone (private 
communication) estimates that the uncertainty in global 
emissions from rice is still very large (= a factor of sev-
en). 

1.8.4 Global Methane Budgets 

The NOAA global CH4 data base have been inter-
preted with a three-dimensional model incorporating 
geographic and seasonal emission distributions of the 
major CH4 sources and sinks (Fung et al., 1991). 
Various source and sink scenarios were tested, con-
strained by the observed geographic and seasonal CH4 
distributions and the observed ' 3C and 14C composition 
of atmospheric CH4. A preferred, but not necessarily 
unique, budget for CH4 was derived, which is shown 
in Table 1-4 along with that derived for IPCC (IPCC, 
1990) and also recently by Crutzen (1991), Harriss 

Table 1-4 The global CH 4 budget (Tg (CH 4) per year). The numbers In parentheses are the range of 
uncertainties In sources and sinks. Adapted from: Fung etal. (1991); IPCC (1990); Crutzen (1991); Harriss 
(1991); Sanhueza (1991).

Fung et al. IPCC Crutzen Harriss Sanhueza 
(1991) (1990) (1991) (1991) (1991) 

Source 
Wetlands 115 (100-200) 115 (100-200) 115 (165- 110	 (60-160) 115 (100-200) 
Rice 100 (60-170) 110 (25-170) 100 -265) 100	 (50-150) 60 (200-100) 
Animals 80 (65-100) 80 (65-100) 80 (65-100) 80	 (65-95) 80 (65-100) 
Fossil fuels 75 (50-95) 80 (45-100) 95 (75-115) 90	 (80-100) 95 (80-120) 

Biomass burning 55 (50-100) 40 (20-80) 30 (15-45) 30	 (15-45) 30 (20-80) 
Land fills 40 (30-70) 40 (20-70) 50 (30-70) 85	 (65-105) 85 (65-105) 
Termites 20 (10-200) 40 (10-100) 20 (10-100) 20 (5-50) 
Oceans 10 10(5-20) 10 (5-20) 10 (5-20) 
Others 5 10(0-120) 5 50	 (25-75) 10 (1-30) 

Total 500 (380-950) 525 (290-960) 505 (370-720) 545 (360-730) 505 (360-805) 

Chemical loss 450	 (405-495) 500 (400-600) 430 (350-510) 430 (345-515) 430 (350-510) 
Soils 10	 (5-60) 30	 (15-45) 30	 (15-45) 30	 (15-45) 30	 (15-45) 
Atmospheric 45	 (40-50) 45	 (40-50) 45	 (40-50) 45	 (40-50) 45	 (40-48) 
Increase 

Total 505	 (450-605) 575 (455-695) 505 (405-605) 505 (400-610) 505 (405-605)
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(1991), and Sarihueza (1991). The global CH 4 bud-
get is an underdetermined problem where there are 
more sources and sinks than there are observations to 
constrain them. The largest uncertainties in CH4 
emissions are associated with landfills, tropical 
swamps, rice fields, biomass burning, and termites, 
due to a lack of direct measurements of fluxes in 
regions were these sources are concentrated. 

In contrast to the IPCC CH4 budget, there is now 
fairly good agreement between CH4 sources and 
sinks plus atmospheric accumulation. This is due 
largely to the revised (25 percent lower) atmospheric 
consumption of CH4 by OH radicals (Vaghjiani and 
Ravishankara, 1991). However, there still remains 
considerable uncertainty associated with the global 
methane budget. Recent estimates of methane emis-
sions from animal wastes and waste water treatment 
are included in Table 1-3 only in the Harriss (1991) 
and Sanhueza (1991) budgets, under landfills. A pos-
sibly large methane source from asphalt (Sackett and 
Barber, 1988), now appears to be less than 1 Tg per 
year (1Ier et al., 1990). 

1.9 HYDROGEN 

Oxidation of H2 in the stratosphere may affect 
stratospheric 0 3 by supplying H20 vapor to the 
stratosphere, in addition to that derived from H2O 
transported from the troposphere and CH 4 oxidation. 

1.9.1 Global Distribution and Trends 

Measurement of H2 in air samples collected in 
the OGIST global flask sampling program between 
1985 and 1989 shows that the concentration of H 2 has 
increased by 3.2±0.5 ppbv per year (Khalil and 
Rasmussen, 1990e). The global average concentra-
tion in 1989 was 515 ppbv, based on the global 
trend and the 1988 average concentration. The con-
centration of H2 in the Southern Hemisphere is about 
3 percent higher than in the Northern Hemisphere. 
The Cape Grim data (1984-1987) from the OGIST 
network have been reported separately (Fraser et al., 
1989). 

1.9.2 Sources and Sinks 

The global source and sink of H2 is estimated to 
be about 90 Tg per year (Khalil and Rasmussen,

1990e),the major sources being CH 4 oxidation (30 
percent), oxidation of NMHCs (25 percent), anthro-
pogenic activities (20 percent) and biomass burning 
(15 percent). The major sinks are removal by soils 
(85 percent) and oxidation by OH (15 percent). The 
increasing concentration of H 2 in the atmosphere is 
probably due to growing sources, for example, the 
observed CH4 trend may account for 50 percent of the 
observed H2 trend. The higher H2 concentrations in 
the Southern Hemisphere compared to the Northern 
Hemisphere have been interpreted as indicating that 
the soil sink is the dominant cause of the interhemi-
spheric difference. The observed seasonality in the 
Southern Hemisphere possibly reflects the local pro-
duction by CH4 and NMHC oxidation, while the sea-
sonality in the Northern Hemisphere may reflect the 
seasonality in the soil sink (Khalil and Rasmussen, 
1989). 

1.10 CARBON MONOXIDE 

Carbon monoxide (CO) is an important trace gas 
in the troposphere because it plays significant roles in 
controlling the chemistry of ozone production and 
hydroxyl radical destruction in the lower atmosphere. 
It directly affects the oxidizing capacity of the lower 
atmosphere and can thus influence the concentrations 
of other important trace gases such as CH4, CH3CC13, 
and the HCFCs. 

1.10.1 Atmospheric Distributions and Trends 

Because of its short residence time (2-3 months), 
coupled with an inadequate ground-based observa-
tional network, the determination of global average 
concentrations and long-term trends for CO is diffi-
cult. Due to larger sources in the Northern Hemi-
sphere, the concentration of CO in the background, 
marine atmosphere is a factor of about two greater 
than in the Southern Hemisphere, where the annual 
average for the background, marine atmosphere is 
about 50-60 ppbv. 

However, over continental sites in both hemi-
spheres, even in clean air, CO concentrations are ele-
vated and highly variable. For example, in the 
Southern Hemisphere average concentrations of 
about 100 ppbv over tropical Brazil are typical 
(Kirchhoff et al., 1989; Kirchhoff and Marinho, 
1989). 
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Remote sensing from space provides a global 
picture of CO spatial variability (Reichie et al., 
1990), indicating large biomass burning sources over 
South America and tropical Africa, which presum-
ably influence the local production of tropospheric 
ozone, which is subsequently transported over a sig-
nificant portion of the Southern Hemisphere (Watson 
et al., 1990). Long-term CO data are not yet available 
from space platforms. 

There are several long-term CO measurement 
programs. Ground-based measurements at globally 
distributed sites have been regularly made by OGIST 
since 1978 (Khalil and Rasmussen, 1988) and CSIRO 
since 1980 (Fraser et al., 1986a, b). Long-term CO 
measurement programs have also been carried out at 
Cape Point since 1979 (Brunke et al., 1990; Scheel 
et al., 1990). In the tropics, CO measurements have 
been made systematically since 1987 in the Brazilian 
savanna region. Besides a permanent station at 
Cuiaba (160S), another station at Natal (6°S) is also 
maintained for reference (Kirchoff and Rasmussen, 
1990). 

Mid-tropospheric CO data have been obtained by 
aircraft air sampling over southeast Australia (Fraser 
et al., 1986 a, b) since 1980 and over Europe and the 
North Atlantic by the FIAER since 1979 (Scheel et 
al., 1988). 

Selected available CO data are shown in Figure 
1-10, divided into the four semihemispheres. The 
FIAER—CSIR and CSIRO long-term data in the 
Southern Hemisphere (Cape Point, 1979-1988; Cape 
Grim, 1978-1991; middle troposphere, southeastern 
Australia, 1980-1991; Mawson, 1980-1990) do not 
show statistically significant trends (Fraser and 
Coram, 1990; Brunke et al., 1990; Scheel et al., 
1990; WMO, 1990b). An earlier report of a signifi-
cant CO growth at Mawson (1.5±0.6 ppbv per year) 
(Fraser et al., 1986a) was later proved to be an arti-
fact of the relatively short data record. By contrast, 
from the OGIST network (Khalil and Rasmussen, 
1988, 1990c) a CO trend in the Southern Hemisphere 
of 0.8±0.4 ppbv per year over the period 1980-1988 
has been reported. The Northern Hemispheric data 
from the OGIST network show a similar positive 
trend (0.8±0.4 ppbv per year or 0.8-1.4 percent per 
year) (Khalil and Rasmussen, 1988). 

A comparison of spectroscopic data recorded at 
Jungfraujoch Station, Switzerland, in 1950-1951 
with data collected at the same site in 1985-1987

indicates increasing CO levels (0.9±0.2 percent per 
year, 1950-1987), assuming an exponential growth in 
CO over this period (Zander et al., 1989b). 
Spectroscopic data collected at a frequency of about 
six times per year at Kitt Peak do not show a statisti-
cally significant trend for the period 1978-1986 
(Wallace and Livingston, 1990b). 

It is clear from the long-term ground-based and 
mid-tropospheric records in the Southern Hemisphere 
that the rate of CO change exhibits complex interan-
nual variability. Figure 1-11 shows the rate of CO 
change as a function of time. Between 1978 and 
1983, CO concentrations grew about 1 ppbv per year. 
From 1983 to 1985, CO concentrations declined, on 
average, 2 ppbv per year; 1986-1988: CO increased 
by 2 ppbv per year; 1988-1990: CO declined by 3 
ppbv per year. Over the period 1978-1990, the over-
all trend of CO in the mid-to-high latitudes of the 
Southern Hemisphere is not significantly different 
from zero. 

1.10.2 Carbon Monoxide Calibration 

There has been significant progress in the cali-
bration of CO measurements. (Weeks et al. 1989) 
have compared an ambient concentration OGIST cal-
ibration gas used in the CSIRO CO program to a 
dynamically-diluted NIST (formerly NBS) SRM 
(#2612a, 9.7 ppmv CO in air) and found that ambient 
levels of CO in the Southern Hemisphere in the NIST 
scale are =30-40 percent higher than those reported 
in the OGIST scale ('35-55 ppbv). The CSIRO data 
reported here (Figure 1-10) are in the NIST scale. 
Note that there is now good agreement between 
FIAER and CSIRO measurements at similar latitudes 
in the Southern Hemisphere. The FIAER CO scale 
has been found to be within 4 percent of the NIST 
scale (Brunke et al., 1990). The OGIST scale has 
recently been revised such that CO concentrations are 
now reported 20 percent higher than previously 
(Khalil and Rasmussen, 1990d). A comparison of 
NIST (U.S.) and National Physical Laboratory (NPL) 
(U.K.) gravimetric standards indicates agreement to 
within 0.2 percent at a range of concentrations from 
10 ppmv to 8 percent (Hughes et al., 1991). 

Novelli et al. (1991) at NOAA—CMDL have pre-
pared two series of gravimetric standards of CO in air 
at 25 to 1,000 ppbv, from pure CO as well as from a 
NIST SRM at 9.7 ppmv. The two sets of standards 
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Figure 1-10 Carbon monoxide observations (ppbv) in the four semihemispheres. All data are from the CSIRO 
global flask network (Fraser et al., 1986a, b; Fraser, 1991), except Cape Point (CSIR-FIAER: Brunke et al., 
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agree to within 1 percent. Comparison of the OGIST 
and NOAA—CMDL scales at CSIRO showed that CO 
concentrations determined using the NOAA—CMDL 
scale are 25 percent higher than those obtained in 
the 0(31ST scale (before the 20 percent revision). 

In summary, the NIST, NPL, and NOAA—CMDL 
CO standards agree to within 1 percent. The FIAER 
scale is within 4 percent of NIST, and the revised 
OGIST scale appears to be within 10-15 percent of 
the MIST scale. 

1.10.3. Global Carbon Monoxide Budgets 

At present, there are several uncertainties in evalu-
ating the sources and sinks of atmospheric CO. Carbon 
monoxide concentrations show a large degree of spatial 
(Reichle et al., 1990) and temporal (Khalil and 
Rasmussen, 1988) variability, especially in the 
Northern Hemisphere over continental regions, which 
has not yet been adequately described by observational 
data. This presents serious problems in budget sensitivi-
ty studies when trying to match observations and model

SOURCE GASES 

results (Fraser et al., 1986b). The various CO concen-
tration data sets reported to date in the literature are 
Probably not known to better 10 percent in an absolute 
sense. According to Lelieveld and Crutzen (1991), the 
oxidation of formaldehyde (HCHO) in the liquid phase 
does not produce CO but CO2 directly. Thus, the frac-
tion of CH4 and higher NMHCs that produce CO dur-
ing the oxidation process need to be reevaluated. 

Despite these uncertainties in evaluating CO bud-
gets, there have been several attempts to produce 
global budgets for CO (Table 1-5). The total emis-
sions of CO are probably between 2,000 and 3,000 
CO Tg per year, with as much as 2/3 being produced 
from anthropogenic activities, combustion processes 
(biomass (30 percent) and fossil fuel (20 percent)) 
being the dominant sources. 

It is interesting to speculate why CO levels are 
not increasing in the Southern Hemisphere when CO 
sources are so strongly anthropogenically influenced. 
However, it is not obvious that all of the anthro-
pogenic CO sources are increasing with time. Data on 
the temporal change of the magnitude of the biomass 

Table 1-5 The global CO budget, Tg per year

WMO Logan Seller and Khalil and Crutzen and 
(1986) (1990) Conrad (1987) Rasmussen (1990d) Zimmerman 

(1991) 
Sources 
Primary 
Fossil fuel 440 440 640 (440-840) 500 (400-1000) 500 
Biomass burning 700 660 1,000 (400-1600) 680 (340-1400) 600 
Vegetation 80 80 (50-100) 100 (50-200) 
Oceans 50 150 100 (10-190) 40 (20-80) 

Secondary 
NMHC oxidn 680 210 900 (400-1300) 690 (300-1400) 600 
CH4 oxidn 610 790 600 (300-900) 600 (400-1000) 630 
Total 2480 2,330 3,320 (1,600-4,930) 2,600 (2,000-3,000) 2,330 

Sinks 
OH reaction 1,910(1,200-2,600) 2,020 2,000 (1,400-2,600) =2200 2,050 
soils 260 390 390 (150-530) =250 280 
stratosphere 110 (80-140) =100 
accumulation 20 

Total 2,190(1,420-2,960) 2,410 2,500 (1,630-3,270) =2,550 2,330
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burning source are not readily available and the CO 
levels in urban areas of the developed countries 
appear to have declined over the past decade due to 
cleaner combustion processes (IPCC, 1990). The pos-
sibility of increasing levels of OH radical (Prinn et 
al., 1991a) also complicates the prediction of CO 
trends. 

Crutzen and Zimmerman (1991) have devel-
oped a preindustrial CO emission scenario of about 
1,000 Tg CO per year, which in a two-dimensional 
model simulation results in preindustrial CO levels 
that are 50 percent (Southern Hemisphere) to 60 
percent (Northern Hemisphere) of current model 
levels (2,300 Tg per year CO emissions). 

1.11 NON-METHANE HYDROCARBONS 
(NMHCs) 

NMHCs could possibly play a significant role 
in determining the OH radical concentration in the 
remote marine boundary layer (Bonsang et al., 
1988; Donahue and Prinn, 1990) and act as a signif-
icant source of CO. Because of their role in OH 
chemistry, NMHCs are important in assessing the 
significance of the OH sink for CH4, CO, CH3CC13, 
as well as the HCFCs and HFCs. 

The number of NMHCs in the background 
atmosphere is quite large (in excess of 100), includ-
ing saturated, unsaturated, and aromatic compounds. 
The NMHCs can be classified by their atmospheric 
lifetimes: 

relatively long-lived (lifetimes > week), where 
the highest concentrations (up to 3 ppbv for 
ethane (C2H6)) are observed in the middle to 
high northern latitudes; 
more reactive (lifetimes between 12 hours and 
a week), such as C 2-05 alkenes, whose concen-
trations exhibit significant temporal and latitu-
dinal variability from <0.1 ppbv in remote 
areas to a few ppbv close to source regions; 
extremely short-lived (lifetimes of hours) such 
as terpenes or isoprene whose local concentra-
tions only may reach about 10 ppbv close to 
their sources. 

With the exception of C2H, trends in the atmo-
spheric concentrations of NMHCs have not been 
established. Recently (Ehhalt et al., 1991) have

reported a secular trend in the tropospheric concen-
tration of C2H6 over the Northern Hemisphere of 
0.9±0.3 percent per year, based on spectroscopic 
observations made at Jungfraujoch in 1951 and 
from 1984 to 1988, probably due to anthropogenic 
activities such as the use of fossil fuels and biomass 
burning. 

1.11.1 Sources and Sinks for NMHCs 

The oceans are a major source of NMHCs, main-
ly alkenes. Estimates of the source strength of ethene 
and propene range from =30 to 100 Tg C per year 
(Penkett, 1982; Bonsang et al., 1988). Emissions of 
NMHCs from terrestrial vegetation are species 
dependent, isoprene coming largely from deciduous 
plants (=500 Tg C per year) and terpenes from 
conifers (=500 Tg C per year) (Rasmussen and 
Khalil, 1988). These emission estimates are very 
uncertain. Grasslands emit =50 Tg C per year of light 
alkenes and higher hydrocarbons (Warneck, 1988). 
Anthropogenic emissions are =60 Tg C per year 
(Warneck, 1988) and biomass burning, 25 Tg C per 
year (Crutzen and Andreae, 1990). All these emis-
sions have uncertainty factors of 2-3. 

It has been generally accepted that the dominant 
loss mechanism for most NMHCs is reaction with the 
hydroxyl radical (OH). Other oxidants capable of 
removing hydrocarbons are ozone (0 3), the nitrate 
radical (NO3), and chlorine atoms (Cl). Unsaturated 
hydrocarbons react rapidly with 03 and NO3 such 
that the atmospheric lifetimes of isoprene for removal 
by OH, 03 , and NO3 are 18 hours, 1.2 days, and 20 
hours respectively; for a terpene such as a-pinene the 
lifetimes are respectively 3.4 hours, 4.6 hours, and 
2 hours (Corchnoy and Atkinson, 1990). It has also 
been proposed that chlorine atoms may remove large 
proportions of some saturated hydrocarbons such as 
ethane and propane (Singh and Kasting, 1988). This 
appears to be much less likely now after the findings 
of low HC1 concentration (the source of the Cl atoms 
over the ocean) (Harris etal., 1991). 

To improve our understanding of the role of 
NMHCs in the tropospheric OH chemistry, a global 
observational data base of the unsaturated hydrocar-
bons (up to CO at the 1 pptv level is required, both in 
the atmosphere and surface ocean waters, as well as 
concurrent 0 3 , CO, and UV flux observations 
(Donahue and Prinn, 1990). 
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1.12 CARBON DIOXIDE 

Next to H20 vapor, CO2 is the most important 
greenhouse gas in the atmosphere. Increasing concen-
trations of CO2 are predicted to cause a warming of 
the troposphere and a cooling of the stratosphere, the 
latter resulting directly in increased levels of strato-
spheric 03 , or indirectly, through the formation of 
stratospheric aerosols, reduced levels of stratospheric 
03. 

1.12.1 Atmospheric Distributions and Trends 

There are several long-term measurement pro-
grams for CO2 in the remote atmosphere. Recent pub-
lications from the NOAA—CMDL laboratory describe 
the results from in Situ (Mauna Loa, Thoning et al., 
1989; Samoa, Waterman et al., 1989) and flask obser-
vations (Conway et al., 1988). Data up to 1989 are 
summarized in Novelli et al. (1990). 

Concentrations in the Northern Hemisphere are 
typically 2-3 ppmv higher than in the Southern 
Hemisphere of CO2, although the difference between 
the hemispheres shows substantial interannual varia-
tion. The global average CO 2 concentration and 
increase in 1989, based on the NOAA—CMDL in situ 
data from Barrow, Mauna Loa, Samoa, and the South 
Pole, was 352.2 ppmv and 1.6 ppmv per year respec-
tively (Novelli et al., 1990). The global average 
growth rate shows considerable variation from year 
to year, with values as high as 2.6 ppmv per year 
(1987-1988) and as low as 0.4 ppmv per year 
(1981-1982). The long-term growth rate is increas-
ing.

Like CH4, the observed change in CO 2 amounts 
has been accompanied by a change in its 13C compo-
sition. CO2 has become more depleted in 13C as iso-
topically light (more ' 3C-depleted) CO2 is added to 
the lighter pool of atmospheric CO2 (Kaye et al., 
1989). 

Variations in atmospheric CO 2 are correlated 
with El Nifio-Southern Oscillation (ENSO) events 
(Keeling et al., 1989). Some clues to the cause of 
this correlation may be found in 13C/12C ratios of 
atmospheric CO2, which allow CO 2 of terrestrial and 
marine origin to be distinguished. The 13C/1 2C data 

- to date are somewhat contradictory (Keeling et al., 
1989; Francey et al., 1990), so that a wide range of

CO2 fluxes associated with ENSO events are possi-
ble. 

1. 12.2 Sources and Sinks of CO2 

The extent to which the terrestrial biota con-
tribute to long-term changes in atmospheric CO 2 has 
long been a contentious question in carbon cycle 
studies. Inversion calculations (two-dimensional 
model), using surface atmospheric CO2 observations 
(Enting and Mansbridge, 1989, 1991; Tans et al., 
1989), and three-dimensional model studies, supple-
mented by analysis of surface atmospheric and 
oceanic partial pressure data (Tans et al., 1990), con-
cluded that there is a large, previously unidentified 
sink for CO2 in the Northern Hemisphere, probably 
biotic uptake. More recently, it has been appreciated 
that the Tans et al. (1990) analysis neglects a natural 
cycle of CO2 taken up by the terrestrial biota, trans-
ported into the oceans via rivers and then outgased 
into the atmosphere to close the cycle (Sarmiento and 
Siegenthaler, 1991). The existence of this cycle repre-
sents a correction of perhaps 0.6 Gt to the net ocean 
uptake calculated by Tans et al. (1990). In addition, 
Enting and Mansbridge (1991) noted that the role of 
CO in the atmospheric budget implies a correction of 
about 0.25 Gt to budgets based in interpreting the 
spatial distribution of CO2. (The correction needs to 
be added to southern sinks and subtracted from north-
ern sinks.) The effect of these corrections is to bring 
the ocean fluxes estimated by Tans et al. (1990) into 
much better agreement with ocean uptake based on 
global-scale carbon cycle modeling. However, this 
still implies the need for some biotic uptake of com-
parable magnitude to the carbon release from defor-
estation. In particular, estimates of the spatial distri-
bution of CO 2 sources show a tropical source 
comparable to that expected from ocean outgasing 
without any additional contribution from tropical 
deforestation. 

REFERENCES 

Anderson, I., J. Levine, M. Poth, and P. Riggan, 
Enhanced biogenic emissions of nitric oxide and 
nitrous oxide following surface biomass burning, 
J. Geophys. Res., 93, 3893-3898, 1988. 

1.31



SOURCE GASES 

Blake, D., and F. Rowland, Continuing worldwide 
increase in tropospheric methane, 1978-1987, 
Science, 239, 1129-1131,1988. 

Blake D., and E Rowland, Personal communication, 
1991. 

Born, M., H. Door, and I. Levin, Methane consumption 
in aerated soils of the temperate zone, Tellus, 42B, 
1-8,1990. 

Bonsang, B., M. Kanakidou, G. Lambert, and P. 
Monfrey, The marine source of C 2-C6 alphatic 
hydrocarbons, J. Atmos. Chem, 6, 3-20, 1988. 

Bouwman, A., Exchange of greenhouse gases between 
terrestrial ecosystems and the atmosphere, in Soils 
and the Greenhouse Effect, A. Bouwman (ed.), J. 
Wiley New York, 62-125, 1990. 

Bowden, R., P. Steudler, J. Melillo, and J. Durham, 
Annual nitrous oxide fluxes from temperate forest 
soils in the northeastern United States, J. Geophys. 
Res., 95, 13997-14005, 1990. 

Brasseur, G., C. Granier, and S. Walters, Future 
changes in stratospheric ozone and the role of het-
erogeneous chemistry, Nature, 348, 626-628, 
1990. 

Brunke, E., H. Scheel, and W. Seiler, Trends of tropo-
spheric CO, N20, and CH4 as observed at Cape 
Point, South Africa, Atmos. Environ., 24A, 
585-595, 1990. 

Brunke, E., and H. Scheel, Tropospheric CFC measure-
ments at Cape Point, South Africa, Report pre-
pared for NASA Working Group Meeting on CFC 
and Halon Concentrations, Trends and Lifetimes, 
Newport Beach, July, 1991. 

Butler, J., J. Elkins, and T. Thompson, Tropospheric 
and dissolved N20 of the West Pacific and East 
Indian Oceans during the El Niflo Southern 
Oscillation event of 1987, J. Geophys. Res., 94, 
14865-14887,1989. 

Butler, J., J. Elkins, T. Thompson, B. Hall, T. Swanson, 
and V. Koropalov, Oceanic consumption of 
CH3CC1 3: implications for tropospheric OH, J. 
Geophys. Res., 96, 22347-22355,1991. 

Casada, M. and L. Shafley, Global methane emissions 
from livestock and poultry manure, Report to the 
Global Change Division, US EPA, Washington, 
DC, 1990. 

Cofer, W., J. Levine, E. Winstead, and B. Stocks, New 
estimates of nitrous oxide emissions from biomass 
burning, Nature, 349, 689-691, 1991.

Conway, T., P. Tans, L. Waterman, K. Thoning, K. 
Masarie, and R. Gammon, Atmospheric carbon 
dioxide measurements in the remote global tropo-
sphere, 1981-1984, Tellus, 40B, 81-115, 1988. 

Corchnoy, S., and R. Atkinson, Kinetics of the gas 
phase reactions of OH and NO3 radicals with 2-
carine, 1,8-aneole, p-cymene and terpinolene, Env. 
Sci. & Tech., 24, 1497-1502,1990. 

Crill, P., Seasonal patterns of methane uptake and car-
bon dioxide release from a temperate woodland 
soil, EQS Trans., 72, 80, 1991. 

Crutzen, P., The possible importance of COS for the 
sulfate layer of the stratosphere, Geophys. Res. 
Lett., 3, 73-76,1976. 

Crutzen, P., and M. Andreae, Biomass burning in the 
tropics: impact on atmospheric chemistry and bio-
geochemical cycles, Science, 250, 1669-1678, 
1990. 

Crutzen, P., Methane's sinks and sources, Nature, 350, 
380-381,1991. 

Crutzen, P., and Zimmermann, The changing photo-
chemistry of the troposphere, Tellus, 43AB, 
136-151,1991. 

Cunnold, D., R. Prinn, R. Rasmussen, P. Simmonds, E 
Alyea, C. Cardelino, A. Crawford, P. Fraser, and 
R. Rosen, Atmospheric lifetime and annual release 
estimates for CC13F and CCl21`2 from five years of 
ALE data, J. Geophys. Res., 91, 10797-10817, 
1986. 

De Soete, G., Updated evaluation of nitrous oxide 
emissions from industrial fossil fuel combustion. 
Report to the European Atomic Energy 
Community, Institut Francais du Petrole, 
Reference 37-559, 1989. 

Donahue, N., and R. Prinn, Nonmethane hydrocarbon 
chemistry in the remote marine boundary layer, J. 
Geophys. Res., 95, 18387-18411, 1990. 

Eichner, M., Nitrous oxide emissions from fertilized 
soils: summary of available data, J. Environ. 
Qual., 19, 272-280, 1990. 

Ehhalt, D., U. Schmidt, R. Zander, P. Demoulin, and C. 
Rinsland, Seasonal cycle and secular trend of the 
total and tropospheric column abundance of 
ethane above the Jungfraujoch, J. Geophys. Res., 
96,49875-4994,1991. 

Enting, I., and J. Mansbridge, Seasonal sources and 
sinks of atmospheric CO2: Direct inversion of fil-
tered data, Tellus, 41B, 111-126, 1989. 

1.32



SOURCE GASES 

Enting, I., and J. Mansbridge, Latitudinal distribution of 
sources and sinks of CO2: results of an inversion 
study, Tellus, 43B, 156-170,1991. 

Etheridge, D., G. Pearman, and P. Fraser, Changes in 
tropospheric methane between 1841 and 1978 
from a high accumulation-rate Antarctic ice core, 
Tellus, accepted, 1992. 

Fabian, P., R. Borchers, H. Duscha, B. Kruger, S. Lal, 
and B. Subbaraya, CHC1F2 (HCFC-22): distribu-
tion, budget and environmental impact, in Ozone 
in the Atmosphere, R. Bojkov and P. Fabian (eds.), 
294-297, A. Deepak Publishing, Hampton, 
Virginia, 1989. 

Ferek, R., and M. Andreae, Photochemical production 
of carbonyl sulphide in marine surface waters, 
Nature, 307, 148-150, 1984. 

Francey, R., F. Robbins, C. Allison, and N. Richards, 
The CSIRO global survey of CO 2 stable isotopes, 
in Baseline 88, S. Wilson and G. Ayers (eds.), 
Bureau of Meteorology/CSIRO, 16-27,1990. 

Fraser, P., M. Khalil, R. Rasmussen, and L. Steele, 
Tropospheric methane in the mid-latitudes of the 
Southern Hemisphere, J. Atmos. Chem., 1, 
125-135,1984. 

Fraser, P., P. Hyson, R. Rasmussen, A. Crawford, and 
M. Khalil, Methane, carbon monoxide and methyl 
chloroform in the Southern Hemisphere, J. Atmos. 
Chem., 4,3-42,1986a. 

Fraser, P., P. Hyson, S. Coram, R. Rasmussen, A. 
Crawford, and M. Khalil, Carbon monoxide in the 
Southern Hemisphere, Proc. of the Seventh World 
Clean Air Congress, 2, H. Hartmann (ed.), 
341-352, International Union of Air Pollution 
Preventation Associations/Clean Air Society of 
Australia and New Zealand, 1986b. 

Fraser, R, R. Rasmussen, and M. Khalil, Atmospheric 
observations of chlorocarbons, nitrous oxide, 
methane, carbon monoxide and hydrogen from the 
Oregon Graduate Center flask sampling program, 
in Baseline 87, B. Forgan and G. Ayers (eds.), 
Bureau of Meteorology/CSIRO, 40-44, 1989. 

Fraser, P., and S. Coram, Atmospheric methane, carbon 
monoxide and carbon dioxide by gas chromatog-
raphy, 1988, in Baseline 88, S. Wilson and G. 
Ayers (eds.), Bureau of Meteorology/CSIRO, 
54-56, 1990. 

Fraser, P., P. Steele, R. Francey, and G. Pearman, The 
CSIRO latitudinal study: methane data from air 
samples collected at CMDL Baseline Observa-

tories and at Cape Grim, Tasmania, in Climate 
Monitoring and Diagnostics Laboratory, No. 18 
Summary Report 1989, W. Komhyr and R. Rosson 
(eds.), U.S. Department of Commerce, 
NOAA-ERL, Boulder, Colorado, USA, 97-103, 
1990. 

Fraser, P., Personal communication, 1991. 
Fraser, P., F Alyea, A. Crawford, D. Cunnold, R. Prinn, 

R. Rasmussen, R. Rosen, and P. Simrnonds, 
Lifetime and emission estimates of 1,1,2-
trichlorotrifluoroethane (CFC-1 13) from daily 
global background observations 1982- 1990, to be 
submitted July 1992. 

Fung, I., J. John, J. Lerner, E. Matthews, M. Prather, L. 
Steele, and P. Fraser, Three-dimensional model 
synthesis of the global methane cycle, J. Geophys. 
Res., 96,13033-13065,1991. 

Galbally, I., P. Fraser, C. Meyer, and D. Griffith, 
Biosphere-atmosphere exchange of trace gases 
over Australia, Proceedings of the IGBP 
Workshop No. 14: Utilization of Renewable 
Biological Resources, October 3-5, 1990, 
Canberra, Australia, in press, 1992. 

Golombek, A., and R. Prinn, Global three-dimensional 
model calculations of the budgets and present-day 
atmospheric lifetimes of CC1 2FCCIF2 (CFC-113) 
and CHCIF2 (HCFC-22), Geophys. Res. Lett., 16, 
1153-1156,1989. 

Hall, B., J. Elkins, J. Butler, T. Thompson, and C. 
Brunson, Improvements in nitrous oxide and halo-
carbon measurements at the South Pole, Ant. J. 
US., 25,252-283, 1990. 

Hao, W., D. Scharffe, J. Lobert, and P. Crutzen, 
Emissions of N20 from the burning of biomass in 
an experimental system, Geophys. Res. Len., 18, 
999-1002,1991. 

Harris, A.W., D. Kiemp, and T. Zenker, An upper limit 
on the HCl near surface mixing ratio at 28°N 
30°W measured using TDLAS., submitted, 1991. 

Harriss, R., Personal communication, 1991. 
Hirota, M., H. Muramatsu, T. Sasaki, Y. Makino, and 

M. Asahi, Atmospheric concentrations and distri-
butions of CC12172, CCI3F and N20 over Japan 
between 1979 and 1986, J. Meteorol. Soc. Japan, 
66, 703-708,1988. 

Hirota, M., H. Muramatsu, Y. Makino, M. ilcegami and 
K. Tsutsumi. Gas-chromatographic measurement 
of atmospheric methane in Japan, Atmos. Environ, 
23,1835-1839,1989. 

1.33



SOURCE GASES 

Hirota, M., and T. Sasaki, Unpublished data presented 
at the NASA CFC and Halons Trends, Emissions 
and Lifetimes Meeting, Newport Beach, 
California, July 1991. 

Hughes, E., A. Davenport, P. Woods and W. Zielinski. 
Intercomparison of a range of primary gas stan-
dards of carbon monoxide in nitrogen and carbon 
dioxide in nitrogen prepared by the National 
Institute of Standards and Technology and the 
National Physical Laboratory, Environ. Sci. Tech., 

25,671-676,1991. 
IPCC, 1990, Watson, R, H. Rodhe, H. Oeschger and U. 

Siegenthaler. Greenhouse Gases and Aero-sols, 
Chapter 1, in Climate Change: the IPCC Scientific 
Assessment, WMO-UNEP Intergovernmental 
Panel on Climate Change, Cambridge University 
Press, 1-40, 1990. 

Kaye, J.A., Stable isotopes as probes of changing atmo-
spheric composition. In Our Changing Atmo-
sphere (Proc. 28th International Astrophysical 
Colloquium, June 26-30, 1989), P. Crutzen, J.-C. 
Gerard, R. Zander (eds.), pp. 149-161, Universite 
de Liege, Cointe-Ongree, Belgium, 1989. 

Keeling, C., Industrial production of carbon dioxide 
from fossil fuels and limestone, Tellus, 25, 
174-198,1973. 

Keeling, C., R Bacastow, A. Carter, S. Piper, T. Whorf, 
M. Heimann, W. Mook, and H. Roeloffzen, A 
three-dimensional model of atmospheric CO2 
transport based on observed winds: 1. Analysis of 
observational data, in Aspects of Climate 
Variability in the Pacific and in the Western 
Americas, D. Peterson (ed.), American 
Geophysical Union, 165-236,1989. 

Keller, M., M. Mitre, and R. Stallard, Consumption of 
atmospheric methane in soils of central Panama: 
effects of agricultural development, Glob. 

Biogeochem. Cyci., 4,21-28, 1990. 
Keller, M., D. Jacob, S. Wofsy, and R. Harriss, Effects 

of tropical deforestation on global and regional 
atmospheric chemistry, Climatic Change, 19, 
139-158,1991. 

Khalil, M., and R. Rasmussen, Increase of CHCIF 2 in 
the Earth's atmosphere, Nature, 292, 823-824, 
1981. 

Khalil, M., and R. Rasmussen, Sources, sinks and sea-
sonal cycles of atmospheric methane, J. Geophys. 

Res., 88, 5131-5144, 1983a.

Khalil, M., and R. Rasmussen, Atmospheric chloro-
form (CHC1 3): ocean-air exchange and global 
mass balance. Tellus, 35B, 266-274, 1983b.


Khalil, M., and R. Rasmussen, Methyl chloroform: 
global distribution, seasonal cycles and anthro-
pogenic chlorine, Chemosphere, 13, 789-800, 
1984a. 

Khalil, M., and R. Rasmussen, Global sources, life-
times and mass balances of carbonyl sulfide 
(COS) and carbon disulfide (CS2) in the Earth's 
atmosphere, Atmos. Environ., 18, 1805-1813, 
1984b. 

Khalil, M. and R. Rasmussen, Carbon monoxide in the 
Earth's atmosphere: indications of a global 
increase, Nature, 332, 242-245, 1988. 

Khalil, M. and R. Rasmussen, Seasonal cycles of 
hydrogen and carbon monoxide in the polar 
regions: opposite phase relationships, Ant. J. US., 
238-239,1989. 

Khalil, M., R. Rasmussen, and M. Shearer, Trends of 
atmospheric methane during the 1960s and 1970s, 
J. Geophys. Res., 94, 18279-18288, 1989. 

Khalil, M., and R. Rasmussen, Atmospheric methane: 
recent global trends, Environ. Sci. Technol., 24, 
549-553, 1990a. 

Khalil, M., and R. Rasmussen, Trace gas data reported 
in Atmosphere and Climate, Section 24 in: World 
Resources 1990-91, a report by the World 
Resources Institute, UNEP-UNDP, Oxford 
University Press, 345-356,1990b. 

Khalil, M., and R. Rasmussen, The global cycle of car-
bon monoxide: trends and mass balance, 
Chemosphere, 20,227-242,1990c. 

Khalil, M., and R. Rasmussen, Atmospheric carbon 
monoxide: latitudinal distribution of sources, 
Geophys. Res. Lett., 17, 1913-1916,1990d. 

Khalil, M. and R. Rasmussen, Global increase of atmo-
spheric molecular hydrogen, Nature, 347, 
743-745, 1990e. 

Khalil, M., R. Rasmussen, J. French, and J. Holt, The 
influence of tennites on atmospheric trace gases: 
CH4, CO2, CHC13, N20, CO, H2 and light hydro-
carbons, J. Geophys. Res., 95, 3619-3634, 1990. 

Khalil, M., R. Rasmussen, M. Wang, and L. Ren, 
Methane emissions from rice fields in China, 
Environ. Sci. Technol., 24, 979-981, 1991. 

Kirchhoff, V., and E. Marinho, A survey of continental 
concentrations of atmospheric CO in the Southern 
Hemisphere, Atmos. Environ., 23, 461-466, 1989. 

1.34



SOURCE GASES 

Kirchhoff, V., A. Setzer, and M. Pereira, Biomass burn-
ing in Amazonia: seasonal effects on 0 3 and CO, 
Geophys. Res. Lett., 16,469-472,1989. 

Kirchhoff, V. and R. Rasmussen, Time variations of CO 
and 03 concentrations in a region subject to 
biomass burning, J. Geophys. Res., 95, 7521-
7532, 1990. 

Lang, P., L. Steele, R. Martin, and K. Masarie, 
Atmospheric methane data for the period 
1983-1985 from the NOAA/GMCC global coop-
erative flask sampling network, NOAA Technical 
Memorandum ERL CMDL-1, CMDL Boulder, 
Colorado, 1990a. 

Lang, P., L. Steele, and R. Martin, Atmospheric 
methane data for the period 1986-1988 from the 
NOAA/CMDL global cooperative flask sampling 
network, NOAA Technical Memorandum ERL 
CMDL-2, CM])L, Boulder, Colorado, 1990b. 

Lelieveld, J., and P. Crutzen, The role of clouds in tro-
pospheric chemistry, J. Atmos. Chem., 12, 
229-267,1991. 

Linak, W., J. McSorely, R. Hall, J. Ryan, R. Srivastava, 
J. Wendt, and J. Mereb, Nitrous oxide emissions 
from fossil fuel combustion, J. Geophys. Res., 95, 
7533-7541,1990. 

Lobert, J., D. Scharffe, W. Hao, and P. Crutzen., 
Importance of biomass burning in the atmospheric 
budgets of nitrogen-containing gases, Nature, 346, 
552-556,1990. 

Logan, J., Personal conununication, 1990. 
Lowe, D., C. Brenninkmeijer, S. Tyler, and E. 

Dlugokencky, Determination of the isotopic com-
position of atmospheric methane and its applica-
tion in the Antarctic, J. Geophys. Res., 96, 
15435-15467,1991. 

Luizao, E, P. Matson, G. Livingston, R. Luizao, and P. 
Vitousek, Nitrous oxide flux following tropical 
land clearing, Glob. Biogeochem. Cycl. 3, 
281-285,1989. 

Makide, Y., A. Yokohata, Y. Kubo, and T. Tominaga, 
Atmospheric concentrations of halocarbons in 
Japan in 1979-1986, Bull. Chem. Soc. Jpn., 60, 
571-574,1987. 

Makide, Y., Unpublished data presented at the NASA 
CFC and Halons Trends, Emissions and Lifetimes 
Meeting, Newport Beach, California, July 1991. 

Manning, M., D. Lowe, W. Methuish, R. Spaarks, G. 
Wallace, C. Brenninkmeijer, and R. McGill, The

use of radiocarbon measurements in atmospheric 
studies, Radiocarbon, 32, 37-58, 1990. 

Marland, G., and R. Rotty, Carbon dioxide from fossil 
fuels: a procedure for estimation and results from 
1950-1982, Tellus, 36B, 232-261, 1984. 

Matson, P., P. Vitousek, G. Livingston, and N. 
Swanberg, Sources of variation in nitrous oxide 
flux from Amazonian ecosystems, J. Geophys. 
Res., 95,16789-16798,1990. 

Matthews, E., I. Fung, and L. Lerner, Methane emis-
sion from rice cultivation: geographic and season-
al distribution of cultivated areas and emissions, 
Glob. Biogeochem. Cyc., 5, 3-24, 1991. 

Midgley, P., The production and release to the atmo-
sphere of 1,1 ,1-trichloroethane (methyl chloro-
form), Atmos. Environ., 23, 2663-2665, 1989. 

Mitra, A., Overview: Global Change and Indian 
Experience, in Impact of Global Climatic Changes 
on Photosynthesis and Plant Productivity, Oxford 
and IBH Publishing Company, 1991. 

Mosier, A., D. Schimel, D. Valentine, K. Bronson, and 
W. Parton, Methane and nitrous oxide fluxes in 
native, fertilized and cultivated grasslands, Nature, 
350,330-332,1991. 

Novelli, P. (ed.), T. Conway, D. Kitzis, P. Lang, R. 
Martin, K. Masarie, L. Steele, P. Tans, K. 
Thoning, and L. Waterman, Carbon Cycle Group, 
Section 4 in Climate Monitoring and Diagnostics 
Laboratory, No. 18 Summary Report 1989, W. 
Konthyr and R. Rosson (eds.), U.S. Department of 
Commerce, NOAA-ERL, Boulder, Colorado, 
USA, 31-39,1990. 

Novell, P., J. Elkins, and P. Steele, The development 
and evaluation of a gravimetric reference scale for 
measurements of atmospheric carbon monoxide, 
J. Geophys. Res., 96, 13109-13121, 1991. 

Parashar, D., J. Rai, P. Gupta. and N. Singh, Parameters 
affecting methane emissions from paddy fields, 
Ind J. Radio Space Phys., 20, 12-17, 1991. 

Penkett, S.A., Nonmethane organics in the remote tro-
posphere, in Atmospheric Chemistry, E. Goldberg 
(ed.), 329-355. Dalilem Konferenzen, Berlin, 
Springer.Verlag, 1982. 

Penkett, S., B. Jones, B. Rycroft, and D. Simmons, An 
interhemispheric comparison of the concentrations 
of bromine compounds in the atmosphere. Nature, 
318,550-553, 1985. 

Penkett, S., 1991a, Unpublished data presented at the 
NASA CFC and Halons Trends, Emissions and 

1.35



SOURCE GASES 

Lifetimes Meeting, Newport Beach, California 
July 1991. 

Prather, M., European sources of halocarbons and 
nitrous oxide: update 1986, J. Atmos. Chem., 6, 
375-406, 1988. 

Prinn, R., D. Cunnold, it Rasmussen, P. Simmonds, F 
Alyea, A. Crawford, P. Fraser, and R. Rosen, 
Atmospheric trends in methyl chloroform and the 
global average for the hydroxyl radical, Science, 
238,945-950, 1987. 

Prinn, R., D. Cunnold, R. Rasmussen, P. Simmonds, F 
Alyea, A. Crawford, P. Fraser, and R. Rosen, 
Atmospheric emissions and trends of nitrous oxide 
deduced from 10 years of ALE-GAGE data, J. 
Geophys. Res., 95,18369-18385,1990. 

Prinn, R., F. Alyea, D. Cunnold, P. Fraser, and P. 
Simmonds, Unpublished, provisional trace gas 
data from the ALE-GAGE program, 1991b. 

Prinn, R., D. Cunnold, P. Simmonds, F. Alyea, R. 
Boldi, A. Crawford, P. Fraser. D. Gutzler, D. 
Hartley, R. Rosen, and R. Rasmussen, Global 
average concentration and trend for hydroxyl radi-
cals deduced from ALE/GAGE trichloro-ethane 
(methyl chloroform) data for 1978-1990, J. 
Geophys. Res,.97, 2445-2461, 1992. 

Quay, P., S. King, J. Stutsman, D. Wilbur, P. Steele, I. 
Fung, R. Gammon, T. Brown, G. Farwell, P. 
Grootes, and F Schmidt, Carbon isotopic compo-
sition of atmospheric methane: fossil and biomass 
burning source strengths, Glob. Biogeochem. Cyc., 
5,25-47, 1991. 

Rasmussen, it, M. Khalil, S. Penkett, and N. Prosser,. 
CHC1172 (F-22) in the Earth's atmosphere, 
Geophys. Res. Letts., 7, 809-812, 1980. 

Rasmusssen, R., and M. Khalil, Atmospheric fluorocar-
bons and methyl chloroform at the South Pole, 
Ant. J. US., 17, 203-205,1982. 

Rasmusssen, R, and M. Khalil, Rare trace gases at the

South Pole, Ant. J. US., 18,250-252, 1983. 

Rasmussen, R., and M. Khalil, Atmospheric trace gas-
es: trends and distributions over the last decade, 
Science, 232, 1623-1624, 1986. 

Rasmussen, R., and M. Khalil, Isoprene over the 
Amazon Basin, J. Geophys. Res., 93, 1417-1421, 
1988. 

Rasmussen, R., M. Khalil, R. Gunawordera, L. 
Daihige, J. Moher, and K. Walker, Data reported 
at the Generic Cylinder Workshop, Boulder, 
Colorado, October 22, 1990.

Reichle, H., V. Connors, J. Holland, R. Sherrill, H. 
Walilo, J. Casas, E. Condon, B. Gormsen, and W. 
Seiler, The distribution of middle tropospheric car-
bon monoxide during early October 1984, J. 
Geophys. Res., 95, 9845--9856,1990. 

Rinsland, C., D. Johnson, A. Goldman, and J. Levine, 
Evidence for a decline in the atmospheric accumu-
lation rate of CHC1F2 (HCF-22), Nature, 337, 
535-537,1989. 

Rinsland, C., A. Goldman, F. Murcray, R. Blatherwick, 
J. Kosters, D. Murcray, N. Sze and S. Massie. 
Long-term trends in the concentrations of SF6, 
CHC1172 and COF2 in the lower stratosphere from 
analysis of high-resolution infrared solar occulta-
tion spectra, J. Geophys. Res., 95, 16477-16490, 
1990. 

Rowland, F, Stratospheric ozone depletion by chlo-




rofluorocarbons, Ambio, 19, 281-292, 1990. 
Rowland, F, and D. Blake, Changing trends in global 

methane concentrations, EQS Trans., 72, 67, 1991. 
Sackett, W., and T. Barber, Fossil carbon sources of


atmospheric methane, Nature, 334, 201, 1988. 
Sanhueza, E., W. Hao, D. Scharife, L. Donoso, and P. 

Crutzen, NO and NO emissions from soils of the 
northern part of the Guayana Schield, Venezuela, 
J. Geophys. Res., 95, 22481-22488,1990. 

Sanhueza, E., IPCC WG1 Science Update, Section A:

CH4, N20, CO and NMHC, in press, 1992. 

Sarmiento, J., and U. Siegenthaler, New production and 
the global carbon cycle, Presented at NATO 
Advanced Study Institute on Global Carbon 
Cycle, Ii Ciocco, Italy, September, 1991. 

Scharffe, D., W. Hao, L. Donoso, P. Crutzen, and E. 
Sanhueza, Soil fluxes and atmospheric concentra-
tion of CO and CH4 in the northern part of the 
Guayana Schield, Venezuela, J. Geophys. Res., 95, 
22475-22480,1990. 

Scheel, H., F Slemr, P. Matuska, J. Werhahn, and W. 
Seiler, Measurement of the global distribution of 
tropospheric trace gases and their time dependent 
variations, Final Report, Fraunhofer Institute for 
Atmospheric Research, Garmisch- Partenkirchen, 
Germany, 216pp., 1988. 

Scheel, H., E. Brunke, and W. Seiler, Trace gas mea-
surements at the monitoring station Cape Point, 
South Africa, between 1978 and 1988, J. Atmos. 
Chem., 11, 197-210,1990. 

Seiler, W., and R. Conrad, Contribution of tropical 
ecosystems to the global budget of trace gases, 

1.36



SOURCE GASES 

especially CH4, H2, CO and N20, in The 
Geophysiology of Amazonia, R. Dickenson (ed.), 
John Wiley, New York, 133-160,1987. 

Seller, W, and H. Scheel, Long-term trends and latitu-
dinal distribution of CFCs from aircraft measure-
ments, Report prepared for the NASA Working 
Group Meeting on CFC and Halon Concen-
trations, Trends and Lifetimes, Newport Beach, 
CA, July 1991. 

Servant, J., Les sources et les puits d'oxysulfure de car-
bone (COS) a l'echelle mondiale, Atmos. Res., 
b23,105-116,1989. 

Simmonds, P., D. Cunnold, F. Alyea, C. Cardelino, A. 
Crawford, R. Prinn, P. Fraser, R. Rasmussen, and 
R Rosen, Carbon tetrachloride lifetimes and emis-
sions determined from daily global measurements 
during 1978-1985, J. Atmos. Chem., 7, 35-58, 
1988. 

Simmonds, P., and R. Derwent, Measurement of ozone 
and other radiatively active gases at Mace Head in 
the Republic of Ireland, Atmos. Environ., 25A, 
1795-1808,1991. 

Singh, H., and J. Kasting, Chlorine hydrocarbon photo-
chemistry in the marine troposphere and lower 
stratosphere, J. Atmos. Chemistry, 7, 261-285, 
1988. 

Singh, 0., R. Borchers, P. Fabian, S. Lal, and B. 
Subbaraya, Measurements of atmospheric BrOx 
radicals in the tropical and mid-latitude atmo-
sphere, Nature, 334, 539-542, 1988. 

Sloan, S., and C. Laird, Measurements of nitrous oxide 
emissions from P. F. fired power stations, Atmcs. 
Environ.,24A, 1199-1206,1990. 

SORG, 1990, Stratospheric Ozone 1990. Report of the 
UK Stratospheric Ozone Review Group, H. M. 
Stationery Office, 1990. 

Spivakovsky, C., S.Wofsy, and M. Prather, A numerical 
method for parameterization of atmospheric 
chemistry: computation of tropospheric OH, J. 
Geophys. Res., 95, 18433-18439,1990a. 

Spivakovsky, C., R. Yevich, J. Logan, S. Wofsy, and M. 
McElroy, Tropospheric OH in a three-dimensional 
chemical tracer model: an assessment based on 
observations of CH3CC13, J. Geophys. Res., 95, 
18441-18471, 1990b. 

Staffelbach, T., A. Neftel, B. Stauffer, and D. Jacob, A 
record of the atmospheric methane .sink from 
formaldehyde in polar ice cores, Nature, 349, 
603-605,1991.

Steele, L., P. Fraser, R. Rasmussen, M. Khalil, T. 
Conway, A. Crawford, R. Gammon, K. Masarie, 
and K. Thoning, The global distribution of 
methane in the troposphere, J. Atmos. Chem., 5, 
125-171,1987. 

Steele, L., P. Lang, and R. Martin, Atmospheric 
methane in Antarctica, Ant. J. U.S., 24, 239-241, 
1989. 

Stevens, C., Atmospheric methane, Chem. Geol., 71, 
11-21,1988. 

Steudler, P., R. Bowden, J. Melillo, and J. Aber, 
Influence of nitrogen fertilization on methane 
uptake in temperate forest soils, Nature, 341, 
314-316,1989. 

Tans, P., T. Conway, and T. Nakazawa, Latitudinal dis-
tribution of sources and sinks of atmospheric car-
bon dioxide derived from surface observations and 
an atmospheric transport model, J. Atmos. Chem, 
94,5151-5172,1989. 

Tans, P., I. Fung, and T. Takahashi Observational con-
straints on the global atmopspheric CO 2 budget, 
Science, 247, 1431-1438, 1990. 

Thiemans, M., and W. Trogler, Nylon production: an 
unknown source of atmospheric nitrous oxide, 
Science, 251,932-934, 1991. 

Thompson, T. (ed.), J. Elkins, J. Butler, B. Hall, K. 
Egan, C. Brunson, J. Sczechowski, and T. 
Swanson, Nitrous Oxide and Halocarbons Group, 
Section 8, in Climate Monitoring and Diagnostics 
Laboratory, No. 18 Summary Report 1989, W. 
Komhyr and R. Rosson (eds.), US Department of 
Commerce, NOAA-ERL, Boulder, Colorado, 
64-72,1990. 

Thoning, K., P. Tans, and W. Komhyr, Atmospheric 
carbon dioxide at Mauna Loa Observatory, 2. 
Analysis of NOAA GMCC data, 1974-1985, J. 
Geophys. Res., 94, 8549-8565, 1989. 

Tyler, S., D. Lowe, E. Diugokeneky, P. Zimmerman, 
and R. Cicerone, Methane and carbon monoxide 
emissions from asphalt pavement: measurements 
and estimates of their importance to global bud-
gets, J. Geophys. Res., 95, 14007-14014, 1990. 

Vaghjiani, G., and A. Ravishankara, New measurement 
of the rate coefficient for the reaction of OH with 
methane, Nature, 350,406-409, 1991. 

Wallace, L., and W. Livingston, Spectroscopic observa-
tions of atmospheric trace gases over Kitt Peak. 1. 
Carbon dioxide and methane from 1979 to 1985, 
J. Geophys. Res., 95, 9823-9827,1990a. 

1.37



SOURCE GASES 

Wallace, L., and W. Livingston, Spectroscopic observa-
tions of atmospheric trace gases over Kitt Peak. 2. 
Nitrous oxide and carbon monoxide from 1979 to 
1985, J. Geophys. Res., 95, 16383- 16390, 1990b. 

Warneck, P., In Chemistry of the Natural Atmosphere, 
Academic Press, San Diego, California, 757pp., 
1988. 

Waterman, L., D. Nelson, W. Komhyr, T. Harris, K. 
Thoning, and P. Tans, Atmospheric carbon dioxide 
measurements at Cape Matatula, American 
Samoa, 1976-1987, J. Geophys. Res., 94, 
14817-14829,1989. 

Watson, C., J. Fishman, and H. Reichle, The signifi-
cance of biomass burning as a source of carbon 
monoxide in the Southern Hemisphere tropics: a 
satellite analysis, J. Geophys. Res., 95, 16443-
16450, 1990. 

Weeks, I., I. Galbally, P. Fraser, and G. Matthews,. 
Comparison of the carbon monoxide standards 
used at Cape Grim and Aspendale, in Baseline 87, 
B. Forgan and G. Ayers (eds.), Bureau of 
Meteorology/CSIRO, 21-25,1989. 

Weiss, R., The temporal and spatial distribution of tro-
pospheric nitrous oxide, J. Geophys. Res., 86, 
7185-7195,1981. 

Weiss, R., Unpublished data, presented at the NASA 
CFC and Haloris Trends, Emissions and Lifetimes 
Meetings, Newport Beach, California, USA, July 
1991. 

Whalen, S., and W. Reeburg, Consumption of atmo-
spheric methane by tundra soils, Nature, 346, 
160-162,1990. 

Whalen, M., N. Tanaka, R. Henry, B. Deck, J. Zeglen, 
J. Vogel, J. Southon, A. Shemesh, R. Fairbanks, 
and W. Broecker, Carbon-14 in methane sources 
and atmospheric methane: the contribution from 
fossil carbon, Science, 245, 286-290, 1989. 

Whalen, S., W. Reeburg, and K. Sandbeck, Rapid 
methane oxidation in a landfill cover soil, App!. 
Environ. Micro biol., 56, 3045-3411, 1990. 

Wme, P., and W. Chameides, Possible atmospheric life-
times and chemical reaction mechanisms for 
selected HCFCs, HFCs, CH3CC13 and their degra-
dation products against dissolution and/or degra-
dation in seawater and cloudwater, in Scientific 
Assessment of Stratospheric Ozone: 1989, WMO 
Global Ozone Research and Monitoring Project 
Report Number 20, Volume 2,269-295, 1990.

WMO, 1986, Gammon, R., S. Wofsy, R. Cicerone, A. 
Delany, R. Harriss, M. Khalil, J. Logan, P. 
Midgley, and M. Prather, Tropospheric Trace 
Gases, Chapter 3, in Atmospheric Ozone, 
Assessment of Our Understanding of the 
Processes Controlling its Present Distribution and 
Change, World Meteorological Organization/ 
Global Ozone Research and Monitoring Project, 
Report No. 16, Volume 1, 57-116,1986. 

WMO, 1990a, Ehhalt, D., P. Fraser, D. Albritton, R. 
Cicerone, M. Khalil, Y. Makide, E Rowland, L. 
Steele, and R. Zander, Trends in Source Gases, 
Chapter 8, in Report of the International Ozone 
Trends Panel 1988, World Meteorological 
Organization/Global Ozone Research and 
Monitoring Project, Report No. 18, Volume 2, 
543-569,1990. 

WMO, 1990b, Chanin, M., D. Ehhalt, P. Fraser, J. 
Frederick, J. Guile, M. McCormick, G. Megie, and 
M. Schoeberl, Global Trends, Chapter 2, in 
Scientific Assessment of Stratospheric Ozone: 
1989, Volume 1, World Meteorological Organ-iza-
tionlGlobal Ozone Research and Monitoring 
Project, Report No. 20,162-281, 1990. 

Yagi, K., and K. Minami, Effects of organic matter 
applications on methane emissions from Japanese 
paddy fields, in Soils and the Greenhouse Effect, 
A. Bouwman (ed.), 467-473, John Wiley, New 
York, 1990. 

Yokoyama, T., S. Nishinomiya, and H. Matsuda, N20 
emission from fossil fuel fired power plants, 
Environ. Sci. Technol., 25, 347-348, 1991. 

Zander, R., P. Demoulin, D. Ehhalt, and U. Schmidt, 
Secular increase of the vertical column abundance 
of methane derived from solar spectra recorded at 
Jungfraujoch Station, J. Geophys. Res., 94, 
11029-11039,1989a. 

Zander, R., P. Demoulin, D. Ehhalt, U. Schmidt, and C. 
Rinsland, Secular increase of the total vertical col-
umn abundance of carbon monoxide over central 
Europe since 1950, J. Geophys. Res., 94, 
11021-11028,1989b. 

1.38


