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Methane (CH4) is the most abundant hydrocarbon in the atmosphere [Wubbles 

and Hayhoe, 2002; Tyler et al, 2007]. It is also one of the most abundant greenhouse 

gases in the Earth’s atmosphere after water vapor (H2O) and carbon dioxide (CO2). It 

absorbs infrared radiation strongly at 7.66 µm, a spectral region where CO2 and H2O 

absorb weakly [Nelson et al., 1948; Goody and Robinson, 1951]. Therefore, CH4 has a 

direct effect on the earth’s radiation budget; not only in the troposphere but also in the 

stratosphere [Donner and Ramanathan, 1980; Ramanathan et al., 1985]. The contribution 

of CH4 emissions to radiative forcing is 25 times that of CO2 on a per molecule basis, 

based on a 100 year time scale [IPCC, 2007]. It is understood that increasing the 

atmospheric CH4 concentrations will cause global temperature to increase [Lashof and 

Ahuja, 1990]. 

CH4 plays an important role in tropospheric and stratospheric chemistry [Tyler, 

1986; Dlugokencky et al., 1994]. In the troposphere, CH4 is oxidized primarily by 

hydroxyl radicals (OH), which is the major atmospheric oxidant [Cicerone et al., 1988]. 

CH4 consumes about 25% of OH and therefore CH4 strongly controls the concentration 

of OH in the troposphere. It is also a source of tropospheric ozone (O3), carbon monoxide 

(CO) and hydrogen (H2) [Thompson, 1992]. In the stratosphere, CH4 oxidation is a major 

source of the upper stratospheric H2O vapor. CH4 is also a primary sink for Cl radical, 
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which terminates the O3>destroying catalytic chain mechanism in the stratosphere 

[Ehhalt, 1974; Stolarski and Cicerone, 1974; Tyler, 1986; Cicerone and Oremland, 1988]. 

	�����������������������������������

The direct systematic measurements of atmospheric CH4 using gas 

chromatography (GC) did not begin until 1978 [Rasmussen and Khalil, 1981; Craig and 

Chou, 1982; Steel et al., 1987; 1992]. The trend of atmospheric CH4 from these direct 

time series measurements has been observed to increase with different rates over different 

time periods (e.g. 2%/yr [Rasmussen and Khalil, 1981], 1.3%/yr [Khalil and Rasmussen, 

1983], 0.8%/yr [Steele et al., 1987], and 1%/yr [Blake and Rowland, 1988]). Information 

about the mixing ratio of atmospheric CH4 for older atmospheres was obtained by 

measuring methane concentration in air bubbles trapped in polar ice [Legrand et al, 

1988]. Measurements of CH4 in air samples extracted from Antarctic and Greenland ice 

cores showed that the atmospheric CH4 during the last ice age (~30,000 years ago) was 

300>400 ppb [Stauffer et al., 1988; Brook et al.,1996] and the preindustrial era (around 

1750) was ~700 ppb [Craig  and Chou, 1982; IPCC, 2007]. It then increased dramatically 

(more than doubling) in the industrial era. The global average methane concentration 

from a network of surface air sampling sites was 1774 ± 1.8 ppb in 2005 [IPCC, 2007] 

and 1794 ppb in 2009 [Dlugokencky et al.2011]� 

The increase of atmospheric CH4 since the preindustrial era has been attributed to 

the increase in world population [Blunier et al., 1993] and intensified human activities 

such as fossil fuel extraction/consumption [Khalil et al., 1993(a)], biomass burning 

[Seiler and Crutzen, 1980], and agriculture activities [Khalil and Rasmussen, 1987]. 
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The growth rate of CH4 in the atmosphere averaged 1%/year between 1960 and 

1981 [Etheridge et al., 1998]. In fact, the rate of increase of atmospheric CH4 has been 

steadily slowing down since the beginning of NOAA’s global record in 1983. It 

dramatically dropped to zero in 1992 [Francey et al., 1999] and reached its first negative 

value in 2000 [Dlugokencky et al., 2003 and 2009; Khalil et al., 2007]. More recently, the 

growth rate has been increasing again (up to 10 ppb/ yr) since the beginning of 2007 

[Rigby et al., 2008]. The reasons of the interannual variability in the growth rate were 

explained due to the changes in emissions from biomass burning and wetlands 

[Dlugokencky et al., 2001] and changes in the concentration of OH [Dlugokencky et al., 

1996]. 

Neither the rapid increase nor the slowdown of the growth rate of atmospheric 

CH4 is fully understood but they are related to the imbalance between CH4 sources and 

sinks [IPCC, 2007]. Despite considerable research conducted on this topic, there are large 

uncertainties in the magnitude and spatial distribution of identified CH4 sources and sinks 

[Miller et al., 2002; Dlugokencky et al., 2003; Bousquet et al., 2006]. 

	������������������
�������

	���	��������������

CH4 is not only emitted from natural sources such as wetlands, lakes, and oceans 

but is also emitted from anthropogenic sources, which act together to influence the global 

burden of atmospheric CH4 [Rasmussen and Khalil, 1981]. Anthropogenic emissions 

come from biogenic sources due to anaerobic decomposition and reduction of organic 

material by bacteria in rice paddies [Cao et al., 1966], in animal ruminants [Johnson et 
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al., 2000], in waste disposal systems [Thorneloe et al., 2000]. Non>anaerobic sources  are 

also important such as CH4 emitted in biomass burning and from the extraction, 

transportation, and use of fossil fuels such as natural gas, coal and petroleum [Crutzen 

and Andreae, 1990]. The contribution of annual anthropogenic CH4 emissions is shown 

in figure 1.1 [Khalil, 2000]. 

 
 
Figure 1.1. Contribution of individual sources to the total anthropogenic CH4 emissions 
(Figure is generated using data from Khalil, [2000]). 

 

Natural sources of CH4 arise from wetlands [Bartlett and Harris, 1993], termites 

[Sanderson, 1996], wild ruminant animals [Crutzen et al., 1986], oceans [Bates et al., 

1996], geological sources and marine sediments [Judd, 2000], and wild fires [Kasischke 

and Bruhwiler, 2003]. The contribution of each natural source to the total annual natural 

CH4 source is shown in figure 1.2 [Khalil, 2000]. 
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Figure 1.2. Contribution of individual natural sources to the total natural CH4 emissions 
(Figure is generated using data from Khalil, [2000]). 

 

Estimates of the global magnitudes of emission (flux) from each CH4 source 

(either anthropogenic or natural) have been made by measuring the emission rates from 

unit source elements and multiplied by the global distribution of sources. This method 

was used to estimate the CH4 emission from termites, wetlands, oceans, biomass burning, 

landfills, and rice agriculture. Although this method is direct, it has many uncertainties 

due to spatial and temporal dependences of emission sources as well as source>specific 

parameters. For example, CH4 emission from the widely distributed wetlands depends on 

their soil type, vegetation type and cover, water depth, and soil temperature 

[Dlugokencky et al., 1994; Tyler et al., 1994]. For the case of rice paddies, CH4 emission 

depends on water management, fertilizer, type of rice plants and additives [Tyler et al., 

1994; Khalil et al., 1998]. 
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The number of known CH4 sinks is fewer than the number of its known sources.  

The main known three sinks of atmospheric CH4 are tropospheric OH, soil uptake, and 

transport to the stratosphere as shown in figure 1.3 [IPCC, 2007]. Tropospheric OH sink 

of CH4 constitutes about 88% of the total CH4 sink [IPCC, 2007], which makes OH 

concentration the most important factor of CH4 removal from the atmosphere. A smaller 

contribution to atmospheric CH4 removal is through dry soil>oxidation in “aerobic soils” 

(~5%) while the rest of CH4 removal is due to transport to the stratosphere [IPCC, 2007]. 

Finally, marine boundary layer oxidation by Cl radicals is a potential sink of CH4 [Allan 

et al., 2007]. 

OH can be formed through different mechanisms; the primary of which is the 

photodissociation of tropospheric O3 in the presence of sunlight and H2O, as shown in the 

following reactions 

 

O� + hν ���	
��
������ O( D) + O��                                                                                          (R1) 

(O D)� +  H�O �
�	������ 2OH                                                                                              (R2) 

In addition to CH4 oxidation, OH is also the primary oxidant for some 

tropospheric pollutants such as NOx, SO2, and CO [Zellner and Ehhalt, 1999]. The rate of 

CH4 destruction depends on temperature [Vaghijani and Ravishankara, 1991] as well as 

OH levels and CH4 burden. The rate of CH4 destruction can be written as  
�[���]

�
 = −k�[OH][CH%]                                                                                                 (1.1) 
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where k1 is the rate coefficient for the reaction is given as a function of T(oK) as 

k�(T) = (2.45 ∗ 10-��)e/0112
3    cm3molecule>1s>1                                                            (1.2) 

and [OH] and [CH%]  are the concentrations of OH and CH4 respectively. 

 

Figure 1.3. Contribution of individual sinks to the total CH4 sink (Figure is generated 
using data from [IPCC, 2007]). 

 

A few measurements for OH concentration have been made at certain locations 

using long path absorption spectroscopy. The measured OH concentrations in a 

moderately polluted location has a range (2.5 to 8)×106 molecules  /cm3[ Hard et al.1992; 

Poppe et al.1995]. However, the actual global concentration of OH is not known yet due 

to the short lifetime of OH in the atmosphere [George et al.1999]. Most estimates of 

global OH concentration have been obtained through measuring the concentration of a 

tracer molecule such as methylcholoform (CH3CCl3) since OH is the only sink of this 

compound while its known sources are only anthropogenic [Prinn et al.,1992]. By 
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measuring the CH3CCl3 emissions at different locations over certain time intervals, 

information about the destruction rate (due to OH) can be deduced and therefore the 

concentration of OH can be calculated. According to Prinn et al., (1992), the average OH 

concentration from 1978>1990 was 8.1(±0.9)×105/cm3. They also noticed the lower 

tropical troposphere showed positive OH trend because of the changes in OH and O3 

concentrations driven by tropical urbanization, biomass burning, land use changes, and 

long>term warming. In 2001, Prinn et al. calculated the global OH levels between 1978 

and 2000. Their analysis showed global OH levels increase from 1978 to 1988 and then 

began to decline after 1988. The global average OH between 1978 and 2000 was 

9.4(±1.3) ×105 /cm3 [Prinn et al., 2001]. 

The lifetime of CH4 can be calculated from the knowledge of the average 

hydroxyl radical concentrations (from CH3CCl3 concentrations), the OH rate constant, the 

observed temperatures, and the global concentration of CH4. CH4 lifetime was calculated 

to be 9.6 (+2.2,>1.5) yrs [Prinn et al., 1987], 11.3 yrs [Fung et al., 1991], 8.9 yrs [Prinn et 

al., 1995], 10 yrs [Dlugokencky et al., 1998], 7.9 yrs [Lelieveld et al., 1998], and 12 yrs 

[IPCC, 2007]. Changes in the abundance of OH in the atmosphere will result in changes 

in the CH4 lifetime and its global concentrations [Prather, 1996]. Consequently, long>term 

changes in OH will have a feedback on climate.�

	����
����������������������������

	���	����������������������������
������������������

The isotopic species of both carbon and hydrogen in CH4, i.e. 12CH4, 13CH4, 

14CH4 and CH3D can be used to study the different CH4 sources. Each CH4 source has its 
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own characteristic 13C/12C and D/H, which will depend on the mechanisms of CH4 

formation and consumption before its release to the atmosphere. Some sources are 

relatively enriched with respect to the atmospheric value while others are relatively 

depleted [Tyler, 1986].  

Small variations in the ratios of 13C/12C and D/H in CH4 sources are due to 

changes in the vibrational energy states of the isotopic species. The vibrational zero point 

energy Eo(ν) is proportional to the frequency of that vibration. Wolfsberg (1972) defined 

vibrational frequency, ν, as 

ν
 = �
�4 5 6

78
                                                                                                                      (1.3) 

where µi is the reduced mass of the molecular bond and k is the force constant. Increasing 

the mass of the isotopologue (for example, by changing carbon from 12CH4 to 13CH4), 

will act to decrease the zero point energy and to increase the strength of chemical bonds. 

Therefore, molecules containing heavy isotope 13CH4 are more stable, and consequently 

have higher dissociation energy than lighter molecules with the lighter isotope 12CH4. 

Hence, the reaction rate of 13CH4 (k13) is slower than that of 12CH4 (k12). 

The most commonly measured isotopes (or isotopologues) of atmospheric CH4 

are 13CH4 and CH3D. Because the variations that occur are on the order of one part in a 

thousand and smaller, they are denoted using the delta notation by δ13C and δD where  

δ(‰)) = 9 :;<=>?@
:;A<BC<DC

− 1E  1000                                                                                      (1.4) 

and  

R = �0G
�0H  or K

�                                                                                                                  (1.5) 
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Isotopic ratios are reported relative to Vienna Peedee Belemnite (VPDB) for 

13C/12C and Vienna Standard Mean Ocean Water (VSMOW) for D/H as established by 

the International Atomic Energy Agency (IAEA) in Vienna, Austria [IAEA Tec Doc 825, 

1995].  

Different CH4 sources have different levels of 13C and D depletion. For example, 

sources of biogenic origin have δ13C ~ >60 ‰ and δD ~ >300 ‰, whereas for nonbiogenic 

sources CH4 is less depleted with δ13C ~ >40 ‰ and δD ~ >200 ‰ [Bräunlich et al., 

2001]. The values of δ13C and δD from different sources such as wetlands, biomass 

burning, rice paddies, and marshes have been measured [Stevens and Rust, 1982; Tyler, 

1986; Quay et al., 1991]. The global budget of CH4 known sources and their isotopic 

signatures are shown in table 1.1 [Tyler et al., 2007].  

 
Table 1.1 CH4 budget from different sources with their δ13C and δD signatures 
 

������� �������������� ���

!� ����"��#�
δδδδ
	�
��

!$%&'(#�

δδδδ'�

!$%��)*#�

Tundra 10 >65 >317a 
Lakes(bogs, fens, and lakes) 75 >59 >322 

Swamps and marshes 106 >56 >322 
Rice paddies 80 >59 >323 

Animals 95 >62 >305 
Landfills 42 >50 >293 

Gas venting and leakage 54 >38 >175 
Oceans(costal margins) 10 >40 >220b 

Coal mining 27 >37 >175 
Biomass burning 45 >26 >210 

Termites 20 >57 >390b 
Gas hydrates 10 >52 >240b 

Atmospheric Background(NH)  >47.4a >96a 
Atmospheric Background(SH)  >47.2a >86a 

Mean Source  >52 >287 

a see [Stevens and Whalen, 2000] 
b see [Whiticar, 2000] 
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The δ13C and δD of the mean CH4 sources (in table 1.1) are calculated according 

to the following equation 

L̅ = ∑ O8∗δ8P8Q0
∑ O8B8Q0

                                                                                                                   (1.6)                           

where δi is either δ13C or δD for source i (‰) and Ei is the emission of the source i 

(Tg/yr). 

Sink processes also affect the isotopic composition of CH4 through differences in 

the rate constants between isotopic species, i.e., kinetic isotopic effects. Kinetic isotope 

effects (KIE or α) of CH4 oxidation are measured in controlled laboratory experiments 

[e.g., Cantrell et al., 1990; Tyler et al., 2000]. KIE is defined as the ratio of the reaction 

rate constant of the abundant isotope to the rate of reaction of the rare isotope. In the case 

of CH4, the carbon KIE is defined as 

 αR = 6S( �0H ��)
6S( �0G ��)

���
                                                                                          (1.7) 

and the hydrogen KIE is defined as  

αR = 6S(���)
6S(��GK)

K
                                                                                                                     (1.8) 

where j is an arbitrary sink reaction, i.e. OH,  Cl, or  O(1D) and kj is the rate coefficient 

for the reaction of 12CH4 ,13CH4, 12CH3D with OH, Cl, or O(1D). Because of a lower zero  

point energy from the larger molecular mass of 13CH4. kj(13CH4) is smaller than 

kj(12CH4). Consequently, 13C
αj ≥1 and therefore CH4 will become enriched in13CH4 as a 

reaction proceeds. Similarly, because kj(CH3D) is typically smaller than kj(CH4), then Dαj 
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≥1 and CH4 will become enriched in CH3D as a reaction proceeds . Table 1.2 summarizes 

the values of 13C
αj and Dαj of CH4 reactions with OH, Cl, and O(1D). 

 

Table 1.2. Summary of 13C
αj and Dαj 

�
+�������� 	��

αααα,�
'
αααα,� +����

CH4+OH 1.0054±0.0009 
1.0039±0.0004 

>>>>> 
1.294±0.018 

Cantrell et al.,1990 
Saueressig et al.,2001 

CH4+Cl 1.0621±0.0001 1.474±0.02 Tyler et al.,2000 
CH4+O(1D) 1.013±0.0006 1.06±0.011 Saueressig et al.,2001 
CH4+soils 
(grassland) 
(forest) 

1.022±0.004 
1.0173± 0.001 
1.0181± 0.0004 

 
1.099±0.030 
1.066±0.007 

Tyler et al.,1994 
Snover and Quay,2000 

 

 

Typically, the fractionation factor is defined as (Miller et al., 2002) 

εR(‰) = U �
VS

− 1W ∗ 1000                                                                                                     (1.9)  

The knowledge of εj (or αj) is important since the characterization of the CH4 

isotopic fractionation by different sinks (such as OH, Cl, and O (1D)) is needed to 

constrain the estimation of the global CH4 budget [Quay et al., 1991]. The fraction factor 

(εj) is convenient because at steady state the source δ value is depleted by ~ ε of the 

sinks. 

 Cantrell et al. [1990] used a simple equation to connect between δsource and αj (in 

two>sink processes: tropospheric OH and soil) by the steady state formula 

 
δ�X�YZ� = δ[
\ + ]F[
\ (�-α<A=)

α<A= + F�X
	 (�-α;_8?)
α;_8?

` ∗ ]1 + δ<A=
�aaa` ∗ 1000                      (1.10) 
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where  F[
\ is the fraction of CH4 that is removed chemically by tropospheric OH 

(F[
\ = 0.88 from figure 1.3), F�X
	 is the fraction removed by soils( F�X
	 ≈ 0.05). If  defgh 

is negligible, ijkl is 1.0054 (for tropospheric OH), and Ljkl is >47.7‰, hence δ�X�YZ� ≈
 −52.2‰. 

The measurements of the isotopic composition of atmospheric CH4 with CH4 

sources provide a major constraint on CH4 sources and sink processes [Steven and Rust, 

1982; Tyler et al.,1994; Francey et al., 1999; Tyler et al., 2007] and consequently can be 

used to reduce uncertainties in the CH4 budget (e.g. Table 1.1). The δ13C and δD of 

atmospheric CH4 depend on the flux weighted average source strength.   

Using the approach of Quay et al. (1999), the sources and sinks of methane are 

related through the mass balance equation 

             
��
�
 = S − 9�

τ
E                                                                                                                  (1.11) 

where C is the global burden of CH4 (Tg), S is the total CH4 emission in (Tg/yr), and τ is 

the methane life time (yr), which could be calculated from 

�
τ

= �
τpq + �

τ;_8?
+ �

τ;AD<A_                                                                                                  (1.12) 

τr�, τ�X
	, and τ�
Y[
X are the lifetimes of CH4 due to OH, soils uptake, and stratosphere. 

At steady state ( ��
�
 = 0), equation (1.11) will be reduced to  

S = 9�
τ
E                                                                                                                          (1.13) 

More generally, equations (1.11) and (1.13) could be written in the following forms  

��8
�
 = S
 − 9�8

τ8
E                                                                                                               (1.14) 

and 
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S
 = �8
τ8

                                                                                                                                                    (1.15) 

where the subscript i refers to one the CH4 isotopes such as 12CH4, 13CH4, or CH3D. In 

that equation Si, Ci, and τi are the global source, burden, and the lifetime of that isotopic 

species.   

The global atmospheric value for δ13C of atmospheric methane (in case of 13CH4) 

will depend on the δ13C of CH4 sources and the fractionation effect during CH4 loss 

[Quay et al., 1999] 

�
�
 [ CH�� %] = S ∗ U �0G

�0H W
�

− [���]
τ∗ α0Gs ∗ U �0G

�0H W                                                                       (1.16)                                

At steady state, equation (1.16) will be  

S ∗ U �0G
�0H W

�
= [���]

τ∗ α0Gs ∗ U �0G
�0H W                                                                                            (1.17) 

where (13C/12C)s is the average 13C/12C of the CH4 sources, (13C/12C) is 13C/12C of the 

atmospheric CH4, 13C
α was defined by equation (1.7). From equation (1.16), the δ13C of 

atmospheric CH4 depends on the total source strength (S), the average 13C/12C of the CH4 

sources, CH4 concentration [CH4], lifetime of CH4 (τ), and the fractionation effect during 

CH4 loss (13C
α). Similarly for δD in case of 12CH3D 

 
S ∗ ]K

�`� = [���]
τ∗ αt ∗ ]K

�`                                                                                                  (1.18) 

where (D/H)s is the average D/H of the CH4 sources, (D/H) is D/H of the atmospheric 

CH4, Dα was defined by equation (1.8). 
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The δ13C of atmospheric CH4 has been measured by some groups around the 

world. In the beginning of 1988, Stevens reported the first measurements of δ13C of 

atmospheric CH4 in some locations of Northern and Southern hemispheres in the period 

from 1978 to 1987 (see table 1.3). He deduced that δ13C of atmospheric CH4 is more 

enriched in the Southern hemisphere due to the increased CH4 flux from biomass burning 

associated with the rapid deforestation in that hemisphere [Stevens, 1988].  More recent 

work has shown that the average interhemispheric gradient in δ13C of CH4 is ~0.2 ‰ 

[Quay et al., 1999] or 0.3‰ [Miller et al., 2002] and ~10‰ for δD. Additionally, these 

studies determined that it is, in fact, the sink effects that are responsible for the 

enrichment in the Southern hemisphere. Since the majority of CH4 sources are located in 

the Northern Hemisphere (75% of  CH4 emissions are from Northern Hemisphere [Fung 

et al, 1991]), CH4 in the Southern hemisphere has had more time to react with OH, 

providing for the enriched values of δ13C and δD of CH4 in the Southern hemisphere. 

Typical values for δ13C and δD of atmospheric CH4 are >47.4‰ and >91‰ in the 

Northern Hemisphere and >47.2‰ and >81‰ in the Southern hemisphere [Quay et al., 

1999]. 

Different global averages of δ13C have been reported by several groups. Table 1.3 

summarizes some of these measurements. The global δ13C of atmospheric CH4 has 

changed from >47.6‰   in 1978 to >47.1‰ in 1987 according  to samples collected from 

Cape Meares, North Illinois, North Minnesota, Key largo, Mendocino, Potage, 

Greenland, Pacific, South Pole, Samao, Tasmonia, and Canberra [Stevens, 1988]. Later, 

Quay et al. reported the global δ13C of atmospheric CH4 >47.2‰ from 1987 to 1989 
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according to air samples collected from Point Barrow, Olympic Peninsula, Mauna Loa 

and Cape Grim [Quay et al., 1991], and >47.3‰ from 1990 to 1995 according to samples 

collected from Point Barrow, Olympic Pennsuila, Mauna Loa, American Samoa, Cape 

Grim, and Baring Head [Quay et al., 1999]. In 2002, Miller et al. reported the global δ13C 

of atmospheric CH4 was >47.1‰ from 1998 to 1999 according to air samples collected 

from Point Barrow, Niwot Ridge, Mauna Loa, American Samoa, Cape Grim, and South 

Pole [Miller et al., 2002]. 

Table 1.3 also shows that δ13C of atmospheric CH4 has been considerably studied 

in different locations while this is not the case for δD of atmospheric CH4. This is 

primarily due to the complexity of δD measurements. Quay et al. (1999) was the first 

group to measure δD of atmospheric CH4 and reported δD of atmospheric CH4 is >96‰ 

in the Northern Hemisphere and >86‰ in the Southern hemisphere during the time period 

between 1989 and 1995 [Quay et al.1999]. Bergmaschi et al. (2000) measured the 

isotopic composition of CH4 and found significant seasonal cycle for δD (as will be  

discussed in section 1.4.2) and also investigated the significant influence of bogs and rice 

paddies on δD at Izaña,�Tenerife (28oN, 16oW, 2370m above sea level). Yamada et al. 

(2003) measured δD at Yokohama, Japan (35.5oN, 139oW) during November 2001 and 

reported that δD fluctuated throughout the day from >96‰ to >118‰ and this was 

correlated to CH4 concentration. Tyler et al. (2007) compared δD for two locations; one 

mid continental: Niwot Ridge, Colorado (40oN, 105oW) and the other on the Pacific 

coast: Montaña de Oro, California (35oN, 121oW). They found that δD is more depleted 
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for the coastal site than for the mid continental site during the same time. They also noted 

a strong anticorrelation between δD and atmospheric CH4 concentration. 

The first global value of δD of atmospheric CH4 was reported by Quay et al. (1999) 

as >86 ‰ based on air samples collected on board ocean going vessels in Northern and 

Southern hemisphere between 1989 and 1995 (table 1.3). 
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Table 1.3. Summary of δ13C and δD of atmospheric CH4 measurements at fixed sites by location. 
 

-��������� &����
� δδδδ
	�
���!$#� δδδδ'�!$#� +����

Rural, IL 1980(May>
July) 

>47.0±0.3 >>>>> Stevens and 
Rust,1982 

*N.H {Cape Meares,OR; 
North llinoia,;North 

Minnesota; Key largo, FL; 
Mendocino,CA; 

Potage,AK;Greenland; and 
Pacific} 

*S.H.{Pacific; South Pole; 
Samao; Tasmonia; and 

Canberra} 

1978>1983 
1983>1987 
1978>1982 
1982>1987 

>47.7±0 
>47.6±0.38 
>47.6±0.35 
>47.6±0.55 

>>�>>>> Stevens,1988 

Baring Head, New 
Zealand(S.H.) 

1989(July)>
1992(june) 

>47.14±0.03 >>>>>> Lassey et al.,1993 

* N.H.{Point Barrow,AK; 
Olympic Pennsuila,WA; and 

Mauna Loa,HI} 
*S.H.{American Samoa; Cape 
Grim, Australia; and  Baring 

Head ,New Zealand} 

1990>1995 
 
 

1990>1995 

>47.4 
 
 

>47.2 
 

>96 
 
 

>86 

Quay et al.,1999 

Izana,Tenerife (N.H.) 1996>1998 >47.3±0.1 >81±2 Bergmaschi et 
al.,2000 

*N.H{Point 
Barrow,AK;Niwot Ridge,CO; 

and Mauna Loa,HI} 
*S.H.{American Samoa; Cape 

Grim, Australia; and South 
Pole} 

1998>1999 >47.28 
 

>46.93 

>>>>> Miller et al.2002 

Baring Head, New 
Zealand(S.H.) 

1989 >47.13±0.2 >>>>>>>> Lowe et al.,1991 

Suva, Fiji(S.H.) 1994>2002 >47.2 >>>>>> Lowe et al.,2004 
Ny Ǻlesund,Svalbard(N.H.) 1996>2004 >47.2±0.21 >>>>>> Morimoto rt al.,2006 

Independence Pass and 
Wolcott, CO and Denver, CO 

1984,1985 >46.5±0.4 >>>>>>> Tyler,1986 

N.H.(Niwot Ridge,CO; 
Montaña de Oro,CA) 

1995>2001 >47.22±0.13 
>47.26±0.17 

(>93.1±3)* 
(>97.3±3.7)** 

Tyler et al.,2007 

N.H.≡ Northern hemisphere location, S.H.≡ Southern hemisphere location 
* measured in the period (1999>2001) 
** measured in the period (2000>2001) 

�

�

�

�
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	�������������.����.�����δδδδ
	�
����
�δδδδ'�������������������� �

 The seasonal cycle of δ13C and δD has been characterized in several studies� 

Quay et al. (1991 and 1999) reported the amplitude of the seasonal cycle of δ13C to be 

~0.4‰ in the Northern hemisphere located at Point Barrow, Alaska (71oN, 156oW). This 

is higher than ~0.1‰ measured in the Southern hemisphere at American Samoa (14oS, 

170oW). The highest Northern latitudes had the strongest seasonal cycle of δ13C. The 

seasonal cycle of δ13C was determined to be ≈180o “out of phase” with the seasonal cycle 

in the CH4 concentrations, where the minimum δ13C values are in the fall and maximum 

values are in the summer. 

Lassey et al. (1993) reported δ13C data from Baring Head, New Zealand (41°25' 

S, 174°52' E) from 1989 to 1992.  Their data showed a large seasonal cycle (0.3‰ peak 

to peak). Their model explained the seasonality in the observed δ13C as due to seasonal 

burning of biomass during the Southern hemisphere spring. 

Later in 2000, Bergmaschi et al. studied δ13C and δD of atmospheric CH4 at 

Izaña, Tenerife (28oN, 16oW, 2370 m) from 1996>1998 and found the seasonal cycle of 

δ
13C and δD to be 0.2‰ and 3.5‰, respectively. The seasonal cycle of δD was found to 

be out of phase with the mixing ratio CH4. They also found δ13C wasn’t perfectly shifted 

by 6 months with CH4 mixing ratios. This indicates that δ13C is good indicator of sources 

while δD is more sensitive to sinks due to their large KIE. 

 Lowe et al. (1991) reported the δ13C seasonality for Baring Head, New Zealand 

(41°25' S, 174°52' E) during 1989. They explained that seasonality due to OH variations 
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and local meteorology. Later in 1997, Lowe et al. (1997) investigated the δ13C 

seasonality at  New Zealand (41°25' S, 174°52' E) and Scott Base, Antarctica (77° 51' S, 

166° 45' E) from 1989>1996. Their amplitudes were between 0.1 and 0.3‰, and there 

were no difference in the phase of the seasonal cycle for the two sites. Moreover in 2004, 

Lowe et al. found the seasonal cycles at Suva, Fiji (18o S, 178o W) were smaller and more 

irregular than Baring Head, New Zealand (41°25' S, 174°52' E) from 1994 to 2002. These 

cycles were driven by OH and Cl in tropical regions. They also noticed that the summer 

(1999) variability of δ13C at Suva, Fiji (18oS, 178oW) is larger than further southern 

locations during the same time period. Such variability was correlated to the La Niña 

conditions (1998>2000).  

In 2007, Tyler et al. reported that the seasonal cycles in δ13C and δD of 

atmospheric CH4 at Montaña de Oro, California (35oN, 121oW) were larger than those 

observed at Niwot Ridge, Colorado (40oN, 105oW). They also found a poor correlation 

between CH4 mixing ratios and δ13C, and a strong anticorrelation between CH4 mixing 

ratios and δD with the maxima and the minima approximately 6 month out of phase. 

 

	������
������������������������δδδδ
	�
�%���
�δδδδ'���������������������

 Studying old records of atmospheric CH4, δ13C, and δD can give a better 

understanding of the changes in CH4 sources and sinks in the past. Such understanding 

will allow for better predictions of the current and future trends of the CH4 sources and 

sinks. Using the air trapped in the polar ice and firn air provides us an analysis of the long 

–term behavior of CH4, δ13C, and δD over the past 2000 years. 
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Bräunlich et al. (2001) measured δ13C and δD in firn air for two Antarctica sites; 

Dronning Maud Land (77o S, 10o W; 2300 m above sea level) and Dome Concordia (75o 

S, 123o E; 3233 m above sea level) then reconstructed the trends of δ13C and δD via 

Monte Carlo approach using a firn air model. They found a positive trend in δ13C over 50 

years (1950>2000). δD had a declining trend from 1950 and reached a minimum value in 

1975 before staring a gradual increase (1975>2000). The minimum value of δD reflects 

the non>equilibrium state between atmospheric CH4 and its sources and sinks during 

changes in the budget of CH4. 

 In 2005, Ferretti et al. (2005) generated the first high resolution record δ13C of 

atmospheric CH4 over the last 2000 years. The record showed that δ13C between 0 and 

1500 A.D. had similar value to the present. After 1500 A.D., δ13C was depleted by about 

2‰ and reached to a minimum value ~ >49‰. This steady state value lasted for about 2 

centuries then it became enriched until the present value of ~ >47‰.  

 The reason for such enrichment of atmospheric δ13C (between 0 and 1500 A.D.) 

was thought to be due to biomass burning while its depletion (between 1500 and 1700 

A.D.) was due to the decrease of biomass burning associated with the decrease in the 

population in central and South America [Ferretti et al., 2005].  Another explanation for 

the trend of the δ13C over the past two millennia was proposed by Houwelling et al. 

(2008). They assumed that the enriched value of δ13C was due to the elevated emissions 

of aerobic methane from plants. The depletion of δ13C (1500>1700 A.D) was due to the 

higher emissions from some depleted sources of δ13C of CH4 such as rice cultivation, 

domestic ruminants, and waste treatment compared to the emissions from enriched 
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sources of δ13C of CH4 such as fossil fuel and biomass burning. After 1700 A.D., the 

rapid enrichment of δ13C of CH4 was due to increasing emissions from fossil fuel since 

the start of industrialization. 

Mischler et al. (2009) published the measurements of δ13C of CH4 and δD of CH4 

(900>1730 A.D.) from Antarctica, ice core (WDC05A). Their measurements showed that 

the trend of δ13C was consistent with δD. Both δ13C and δD were relatively stable and 

close to the present>day values from ~1000 to ~1500 A.D. They started to decrease at 

1460 A.D while CH4 began to rise.  They continued to decrease as CH4 reversed its trend 

and suddenly decreased starting in the 1580 A.D. CH4 remained low while δ13C and δD 

reached their lowest values. From the late of the 18th century, CH4, δ13C, and δD 

increased exponentially to the present>day values. Mischler et al. (2009) were first group 

to show the measurements of δD during this time period. To confirm the fidelity of their 

results, they compared between δ13 C of their results and of Ferretti et al. (2005). There is 

a good agreement between the two δ13 C data sets. 

�
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This Chapter will include results from measurements made at PSU and their 

analysis. The first section in this chapter (3.1) will show the results obtained from 

measuring the CH4 mixing ratio from Cape Meares (45.5
o
N, 124

o
 W) air archive samples 

collected from 1977 to 1999. These measurements will also show the stability of air 

samples over the time and the seasonal cycle in mixing ratio at this site. This section will 

also present a comparison of CH4 mixing ratios from Cape Meares archive samples with 

those of a continuous measurement by gas chromatography measured by Oregon 

Graduate Institute and flask samples measured by NOAA. The results of measurements   

of the δ
13

C and δD of atmospheric CH4 in Cape Meares air archive samples will be 

presented in section (3.2) and section (3.3), respectively. Their seasonal cycles will be 

discussed. The correlation between these seasonal cycles in CH4, δ
13

C, and δD will be 

discussed in section (3.4). The results of recent measurements of Cape Meares air 

collected from March 2012 until October 2012 will be shown in section (3.5). Section 

(3.6) will present other measurement made at Portland State University from the OGI 

archive for three locations: South Pole (90
o 

S), Samoa (14.1
o 

S, 170.6
o
 W), and Mauna 

Loa (21.08
o
 N, 157.2

o 
W).  
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Figure 3.1. The atmospheric CH4 mixing ratio measurements from air archive samples at Cape Meares, 

Oregon collected 1 October 1977 to 24 August 1999. The CH4 mixing ratio is expressed on the National 

Institute for Standards and Technology (NIST) scale. Error bars represent ±1σ (standard deviation) from 

six determinations for each sample. The peak height method (as explained in Chapter 2) is used to 

determine the CH4 mixing ratio. 

 

The trend of atmospheric CH4 for Cape Meares, Oregon from 1977 to 1999 is 

shown in figure 3.1. Tabulated values appear in table A.1 in Appendix A.� It shows an 

average increase of CH4 mixing ratio in the atmosphere by 12.89±0.65 ppb/yr (growth 

rate ± 1 standard error) during 1977 to 1999. The rate of increase during 1977;1988 

(16.38±1.32 ppb/yr) is faster than during 1988;1999 (5.57±1.84 ppb/y), in general 

agreement with the slowdown discussed in section 1.2.�
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To calculate the seasonal trend, the CH4 data in figure 3.1 was smoothed using the 

localized linear regression technique LOWESS with a wide span in (0.3) (more details 

about LOWESS will be discussed in section 4.2.1) to get the long term trend without 

seasonality and neglecting the inter;annual variability. The smoothed data produced by 

LOWESS was then subtracted from the observed value of CH4 mixing ratio to get the 

residual for each data point. Resulting residuals were then graphed by month of collection 

and the average of residual, its standard deviation, and its standard error was calculated, 

whatever the year of collection. These values appear in a table A.2 in Appendix A. 

The seasonal trend of atmospheric CH4 based on monthly observations at Cape 

Meares, Oregon from air archive samples collected from 1 October 1977 to 24 August 

1999 is shown in figure 3.2. This figure shows that atmospheric CH4 mixing ratio has a 

broad maximum from October until April. It reaches to the lowest level between July and 

August. After August, it increases again. Maximum residual values of CH4 mixing ratio 

occur in March at 8 ppb and minimum values of ;25 ppb occur in late of August. The 

peak to peak amplitude is 33 ppb. This seasonal trend is very close to the one obtained 

from continuous measurements of CH4 mixing ratios at Cape Meares from 1979 to 1992 

(see section 3.1.2) [Khalil et al., 1993]. The phase and amplitude of the seasonal cycle 

may change from year to year [Khalil et al., 1993; Dlugokencky et al., 1995]. 
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Figure 3.2. Seasonal trend of atmospheric CH4 mixing ratio from air archive samples. The residual CH4 

mixing ratio is expressed on NIST scale. Error bars represent ±1 standard error. 

 

The seasonal trend in atmospheric CH4 for any location gives us some indications 

about CH4 sources and sinks [Khalil et al., 1983; 1993]. When the CH4 mixing ratio is 

high, it means the effect of sink is low and/or emissions from sources are high. Based on 

the CH4 mixing ratio measurements and its seasonal trend, Khalil et al. [1993] found 

using different CH4 lifetimes 8, 10, and 12 years the highest CH4 emissions occur during 

the late summer and early fall. In terms of sinks, they deduced that the observed CH4 

mixing ratio seasonal cycle was not driven by reaction of CH4 with OH or transport. 

Therefore, a significant seasonal cycle of emissions is required to explain the CH4 

seasonal cycle from some sources such as wetlands, cattle and rice agriculture. The 

measurements of the stable isotopes δ
13

C and δD, their seasonal trend, and the correlation 
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with the seasonal trend of CH4 mixing ratio put more constraints to determine which 

source and/or sink causes this behavior [Tyler et al., 2007]. 

 
Figure 3.3. CH4 mixing ratio measurements of Cape Meares air archive samples at OGI (green star) and at 

PSU (red circle). Both measurements are on the NIST scale. 

 

The stability of the air samples was checked by GC;FID (as mentioned in Chapter 

2) by comparing the records of OGI (from measurements in 1992, 1993, and 1994) with 

the results measured by GC;FID at PSU (in 2010 and 2011). Both records are on the 

NIST calibration scale and so may be directly compared. Figure 3.3 shows the stability of 

air samples by comparing between measurements done at OGI (green star) and 

measurements done at PSU (red circle) of 211 samples. 
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Figure 3.4. Comparison between CH4 concentrations measured at OGI and at PSU using GC;FID.  

 

The OGI did not measure the CH4 mixing ratio of air samples collected after July 

20th 1994, so that there is no comparison after this date (27 samples). In addition, there 

are 3 samples measured at OGI against standards of unknown calibration scales. 

 The high degree of correlation (r
2
=0.994) between PSU and OGI measurements is 

shown in figure 3.4. and indicates an agreement between PSU measurements and OGI 

measurements and that sample integrity is good in storage. There are only 6 samples that 

differ by more than 10 ppb and 1 sample that differs by >20 ppb. This sample was 

collected 16 December 1981 (Tank# 192) has a PSU mixing ratio 46 ppb higher than 

expected from the OGI record. The reason for the discrepancy is unknown. Figure 3.5 

shows the difference in CH4 mixing ratio measurements between OGI and PSU with the 
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collected date. The best fit line has a slope 0.0004±0.0002 from 1977 to 1994 showing 

that CH4 stability is not linked to storage time. However, there is a small difference 

between OGI and PSU dataset of an average of 3.5 ppb. The lack of trend in figure 3.5 

suggests that the 3.5 ppb average difference between PSU and OGI measurements is due 

to small calibration offset between the laboratories rather than stabilizing issue. 

 

�
 

Figure 3.5. The difference in CH4 mixing ratio between OGI and PSU in [ppb] with the collected date after 

removing the outlier value.  

 

Finally, differences between PSU and OGI determined concentrations are 

expected due to measurement uncertainty. Therefore, we generated a random dataset 
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based on the average standard deviations of OGI and PSU measurements where this 

random dataset has a mean value of 0 and standard deviation defined by  

σ = ��σ����� + �σ
����                                                                                               (3.1) 

Sampling from a Gaussian distribution 181 times generates the random distribution 

shown in figure 3.6(b). This can be compared with the observed distribution shown in 

figure 3.6(a). 

 The distribution in figure 3.6(b) is normalized about the mean value zero rather 

than in figure 3.6(a) which was about 3.5 ppb. We used a T;test to measure the difference 

between OGI and PSU dataset (before random sampling) and the average value 0 (used 

for random sampling) and the p;value was much less than 0.01, showing a high level of 

confidence. Additionally, there were 3 data points that have a difference in CH4 between 

PSU and OGI greater than 12.5 ppb (as shown in figure 3.6(c)) that didn't exist in the 

random distribution. However, aside from these 3 points and the 3.5 ppb offset between 

datasets the distributions show remarkable similarity (figure 3.6(a) and figure 3.6(b)) For 

this reason, and the lack of trend in the 3.5 ppb offset (figure 3.5), we attribute this 

difference to calibration differences between the two laboratories.    
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�
Difference in CH4 before random sampling 

�
Difference in CH4 after random sampling 

�

�
 

Figure 3.6 (a).�Gaussian distribution of the differences of Cape Meares samples between OGI and PSU. (b). 

Gaussian distribution of a simulated dataset generated by a random sampling. (c). The difference between 

Gaussian distributions before  in Q;Q Plot. 
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 In this section, a comparison is made between the mixing ratio results from the 

archived samples measured at PSU with two data sets. The first is a continuous 

measurement dataset by Professors Khalil and Rasmusssen of OGI (available at 

http://cdiac.ornl.gov/ndps/db1007.html), which covers 1979 to 1992 and is reported on 

the Climate Monitoring and Diagnostics Laboratory (cmdl83) scale [Khalil et al., 1993].  

The other dataset is from the NOAA ESRL laboratory composed of flask samples 

(available at ftp://ftp.cmdl.noaa.gov/ccg), covers 1983 to 1998 and is reported in the 

(NOAA04) scale [Dlugokencky et al., 2012]. 1.0124 and 0.998 are  conversion factors  

used to transfer  from "cmdl83" and "NIST" scales, respectively to (NOAA04) scale 

[Dlugokencky et al., 2005]. The measurements of atmospheric CH4 for each dataset are 

shown in figure 3.7.  

�
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Figure 3.7 Atmospheric CH4 mixing ratio measurements at Cape Meares from different datasets. The 

average monthly mixing ratios of Cape Meares measured by OGI  (green star) [Khalil et al.1993] between 

1979 and 1992 and by NOAA (blue cross) [Dlugokencky et al. 2012], which spans (1983;1998), and at 

PSU (red circle) during 1977;1999. The first and third datasets have been adjusted to be on NOAA04 scale. 

 

The same procedures were followed to calculate the seasonal trend of these 

datasets as in section 3.1.1. Figure 3.8 represents the seasonal trend in CH4 mixing ratio 

observed  at Cape Meares based on these different sets. This figure shows a good 

agreement between the three datasets in all but one month (April). In this figure, monthly 

means overlap with one standard error of the PSU dataset with the lowest level between 

July and August and a broad maximum from October through April. The peak to peak 

amplitude for the continuous measurements, flask samples, and air archive samples are 

31, 37, and 33 ppb, respectively. The values of the average residual per month are 

tabulated in table A.3 in Appendix A. 
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Figure 3.8 Seasonal trend of atmospheric CH4 mixing ratio at Cape Meares from three different datasets. 

 

	� ������������!�δδδδ
�	
�"�������������������
�������

The results for δ
13

C of atmospheric CH4 in all air samples from Cape Meares 

(1977;1999) are shown in figure 3.9. Additionally, measured values are listed in table 

A.1 in Appendix A. Average precision obtained is 0.08‰ from all the measured samples 

and each sample measured three times. The average value of measured δ
13

C is ;47.6±0.2 

(±σ)‰ with a minimum value ;48.0‰  which occurred  on 22 November 1978 and a 

maximum value ;47.1‰ which occurred on 10 May 1995. The average rate of increase 

was 0.018±0.001 ‰/yr for 1977;1999. δ
13

C increased by 0.014±0.004 ‰/yr and 
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0.021±0.005 ‰/yr for 1977;1988 and 1988;1999, respectively, showing a distinct trend 

from CH4 mixing ratio. The secular trend in δ
13

C will be discussed in section 4.4.2 

 
 

Figure.3.9 The δ
13

C of atmospheric CH4 observed at Cape Meares, Oregon from 1 October 1977 to 24 

August 1999. Error bars are ±1σ  from the average of multiple runs of each sample.  

 

There is one sample outlier in this dataset which is shown in figure 3.9. This 

outlier measurement belongs to a tank number O;223 which was collected on 11 August 

1982. Its measured δ
13

C value is ;46.8±0.1‰. Based on its δ
13

C value, it is expected that 

this sample would show unstable mixing ratio in storage, but the measurement of CH4 

mixing ratio showed a reasonable stability, with the OGI value higher by 8.5 ppb. 

Comparing between the measured δ
13

C of this sample with the average δ
13

C of other 
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samples collected in the same month (August, ;47.5 ±0.1‰), the sample O;223 is > +3σ 

from average. Therefore, this value is rejected as an outlier for further analysis.   

The outlier samples from measured CH4 mixing ratios, which have more than 10 

ppb difference between OGI and PSU (see section 3.1.1), show no discernible difference 

with other samples collected over the same month or the same year as shown in table 3.1. 

Table 3.1 Samples with 10 ppb or more difference between measured values of CH4 mixing ratios at OGI 

and PSU and their measured δ
13

C values 

 

��

�!����

����� #��$�%���

�����������������

&��'(�

)*+��������

�����&��'(� ,����&��'(� δδδδ
�	
��&-(�

�.��� �����,�.� �.���

������

��.� )*+"���� �.��� ������,�.�

4/29/1980 O;087 1650.9 3.51 1665.4 1.2 14.5 47.7 0.20 

3/11/1981 O;138 1640.4 2.23 1659.6 0.8 19.2 47.6 0.06 

12/16/1981 O;192 1671.1 2.60 1625.0 1 ;46.1 ;47.8 0.12 

12/8/1982 O;238 1682.7 1.40 1701.9 2.9 19.2 47.7 0.06 

1/17/1989 R 346B 1770.2 1.70 1782.2 1.2 12.0 47.5 0.05 

10/25/1993 CO 435 1825.3 2.28 1835.6 1.3 10.3 47.7 0.04 

5/10/1994 CO 442 1813.1 4.02 1825.0 2 11.9 47.1 0.03 

 

The seasonal trend of δ
13

C of atmospheric CH4 was obtained by following the 

same procedures used to obtain the seasonal trend of CH4 mixing ratio: using a localized 

linear regression (LOWESS) with wide span ~(0.3) to get the long term trend; 

Calculating the residual which results from the subtraction of the predicted value of δ
13

C 

from the measured value; Aggregating the residuals by month; Calculating the average, 

standard deviation and standard error of the residual by month of collection. The result of 

these procedures is shown in figure 3.10. Their values are tabulated in table A.4 in 

Appendix A. 
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Figure 3.10. Seasonal trend of δ
13

C of atmospheric CH4 at Cape Meares from 1 October 1977 to 24 August 

1999. The error bars represent ± 1 standard error. 

 

The seasonal trend of δ
13

C in figure 3.10 shows that it becomes increasingly 

enriched in the atmosphere from January and reaches its highest value of (0.1‰) in May. 

Subsequently, values become gradually depleted during June;August then rapidly falling 

to minimum (;0.12‰) between September and October. δ
13

C then gradually becomes 

enriched through the end of the year. Peak;to;peak seasonal amplitude for δ
13

C at Cape 

Meares is 0.22 ‰. A comparison between the seasonal cycles of CH4 in figure 3.2 and 

δ
13

C in figure 3.10 at Cape Meares will show a poor correlation between of δ
13

C with 

CH4 seasonal cycle (see section 3.4).  
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The results for δD of atmospheric CH4 in all air samples from Cape Meares 

(1977;1999) are shown in figure 3.10. Tabulated values are found in table A.1 in 

Appendix A. The average δD of CH4 from these results is ;107.07±5.06‰ with a 

minimum value (;117.17‰) on 21 July 1981 and a maximum value (;91.16‰) on 31 July 

1996. The δD of atmospheric CH4 increased at average rate of 0.68±0.03 ‰/yr for 1977;

1999. The rates of change were 0.44±0.08 ‰/yr and 1.07±0.1 ‰/yr during 1977;1988 

and 1988;1999, respectively, similar in behavior to that observed in δ
13

C. The secular 

rate of change in δD will be discussed in more details in section 4.4.3. 

The seasonal trend of δD is shown in figure 3.12. The values in this figure are 

tabulated in table A.5 in Appendix A. Average precision obtained is 2.3‰ and each 

sample measured three times. Beginning in January, the δD of atmospheric CH4 

gradually increases in the atmosphere and reaches to the highest level (2.4‰) between 

July and August. During August, it drops rapidly reaching its lowest level (;1.7‰) by 

October through December. Peak;to;peak seasonal amplitude for δD is (4.1‰).  From the 

seasonal cycles of CH4 in figure 3.2 and δD in figure 3.12, it is noticed that CH4 seasonal 

cycle shows an anti;correlation with the δD seasonal cycle. More details about the 

relation between the seasonal cycles of CH4, δ
13

C, and δD and how their behaviors give 

information about CH4 sources and sinks will be discussed in the next section 3.4. 
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Figure 3.11. The δD of atmospheric CH4 observed at Cape Meares, Oregon from 1 October 1977 to 24 

August 1999. Error bars are ±1σ  from the average of multiple measurements of each sample. 

 

 
 

Figure 3.12 .Seasonal trend of δD of atmospheric CH4 at Cape Meares 1 October 1977 to 24 August 1999. 

The error bars represent ± 1 standard error. 
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This discussion examines two main effects. First, we explain the behaviors of 

CH4, δ
13

C, and δD in terms of sources and sinks. Second, we use the correlation between 

isotopic compositions and mixing ratio to determine the kinetic isotopic effects for the 

atmospheric loss process, 
13C
α and 

D
α. 

Bergamaschi et al. [2000] and Allan et al. [2001] describe a method to extract 

information about the isotopic signatures of the sources or the kinetic isotopic effects 

(KIE) of the sinks. They construct a phase ellipse to relate the seasonal change in the 

isotopic ratio either δ
13

C or δD to CH4 mixing ratio. They derive the following equation  

∆δ

∆�
~ ε	���δ��

��
                                                                                                                                (3.2) 

where ε is the kinetic isotopic effect (KIE) defined in section 1.4 and related to α from 

equation (1.9) for δ
13

C and for δD. δ0 
 
and Co are the mean values of δ and mixing ratio 

over a short time interval �t ( here taken to be one year). The left hand side of equation 

(3.2) can be obtained by plotting a correlation between the changes in the isotopic 

signatures of the atmosphere with the change in the mixing ratio of the atmosphere. The 

slope of the line is called "KIE line". According to equation (3.2), the slope of this line is 

determined by the magnitude of KIEs in CH4 sink reactions. This line should be exactly a 

straight line with negative slope if only the sinks control the relation between the isotope 

and mixing ratio. When the sources are important to seasonal changes of mixing ratio and 

isotope ratio, the points will fall off this line and will be distributed around that line in an 

ellipse. Therefore, plotting the observed mean residual monthly value of the isotopic 
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composition of  the atmosphere with the mean residual value of mixing ratio will give an 

ellipse shape. In a modeling study, Allan et al. [2001a] found that increasing source 

dominance of the seasonality will increase the eccentricity of the ellipse. 

Figures 3.14 (a) and (b) show the residual of δ
13

C and δD plotted versus the 

residual of CH4 mixing ratio at Cape Meares. For figure 3.14 (a), the slope is (;

0.0036±0.0004)‰/ppb and has r
2
=0.2 (n=211). The slope in figure 3.14(b) is (;

0.0905±0.0092)‰/ppb and has r
2
=0.4 (n=209). The uncertainty of the slopes represents 

the standard errors with 95% confidence interval. From these results, we note that δD has 

a stronger antiorrelation with CH4 mixing ratio than δ
13

C. This is thought to result from a 

considerably larger kinetic isotopic effect in CH3D reactions in sink processes (i.e. 
D
α >> 

13C
α). From these figures we deduce from the following calculations of 

13C
α and 

D
α. 

We choose 1980 to calculate Co (the mean mixing ratio), since this year has 

almost one sample for each month except for June, (δ
13

C)0 
 
,and

 
(δD)0 

 
which are 1637 

ppb, ;47.65‰, and ;110.8‰, respectively. The results of 
�	�
α and 

,
α from regression 

lines in figure 3.14(a) and 3.14(b) are 1.006±0.0007 and 1.19±0.02, respectively. Again, 

the confidence interval for these results is 95%. 

To check if this value agrees with theory, the expected value for the carbon 

atmosphere KIE can be calculated from 

α��� =��� f
� α
�
��� + f���� α���� +��� f������ α������

���                                                           (3.3) 

where fOH, fsoil, and fstrato are the fractional contribution of OH sink, soil sink and 

stratospheric sink, respectively. Their values are fOH=0.88, fsoil=0.05 and fstrato=0.07 

[IPCC, 2007]. Inserting 
�	�
αOH=1.0039±0.0004 [Saueressig et al., 2001],

�
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�	�
αsoil=1.0181±0.0004 [Snover and Quay, 2000],

� �	�
αstrato=1.0156± 0.0004 [Rice et al., 

2003], the weighted value of carbon KIE is
��	�

αave=1.0054±0.0007.  

The calculated value of KIE for carbon (1.0054) is lower than the value obtained 

from figure 3.14(a) (1.006).� This discrepancy may be due to the effect of marine 

boundary layer Cl as one of the sinks for atmospheric CH4 which is not taken into 

account in the calculations in equation (3.3).  The Cl sink has 
�	�
αCl=1.0621 [Tyler et al., 

2000]. This effect will cause to increase atmospheric carbon KIE [Gupta et al., 1996; 

Allan et al., 2001(a)]. However, the differences between expected and observed 
�	�
α 

agree within the error of measurement and may not be real. 

An equation similar to equation (3.3) is used to calculate the expected hydrogen 

atmospheric KIE. It has the following form 

α��� = f
� α
�
 + f���� α���� + f������ α������

                                                                      (3.4) 

fOH, fsoil, and fstrato are defined as for the carbon KIE and have the same values. Inserting 

,
αOH=1.294±0.018 [Saueressig et al., 2001],

� ,
αsoil=1.066±0.007 [Snover and Quay, 

2000],
� ,
αstrato=1.157± 0.008 [Rice et al., 2003], the average value of hydrogen KIE is 

,
αave=1.27±0.02. The hydrogen KIE value obtained from figure 3.14(b) is less than the 

KIE value obtained from equation (3.4). 

Tyler et al. [2007] calculated the KIEs for both isotopes for Niwot Ridge, Colorado (40° 

N, 105° W) (NWR) and Montaña de Oro, (35° N, 12° W) California (MDO) which both 

are northern hemisphere mid;latitude locations. For the carbon KIE, they obtained 1.009± 

0.003 and 1.010± 0.003 for NWR and MDO, respectively.  Their values for the hydrogen 
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KIE for NWR and MDO are 1.30±0.03 and 1.29±0.07, respectively. Their carbon and 

hydrogen KIE for both locations are higher than the obtained values for Cape Meares. 

Bergamashi et al. [2000] calculated the KIE of carbon and hydrogen for Izaña, Tenerife 

(28
o 

N, 16
o 

W). They obtained 1.009±0.003 and 1.23±0.04 for KIE of carbon and 

hydrogen, respectively, again higher but within uncertainty of Cape Meares values. 

The elliptical behavior of figure 3.14 reflects seasonal changes in CH4 sources.  

Early season (February;May) off;axis distortion show a significant enriched source of 

CH4, likely the result of biomass burning (δ
13

C= ;26‰ and δD= ;210‰). In contrast, late 

season (August;October) sources are depleted and are likely microbial in nature (δ
13

C= ;

60‰ and δD= ;330‰). The seasonal cycle of δD;CH4 is more sensitive to the sinks, due 

to the large KIE. However, the changes of δD with CH4 coincide with the changes of     

δ
13

C with CH4 mixing ratio and reflect an enriched source during Feburary;May and a 

depleted source during August;October. 
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Figure 3.13. Seasonal cycles of (a) atmospheric CH4 mixing ratio, (b) δ
13

C, and (c) δD at Cape Meares 

based on the measurements from air archive samples collected from 1 October 1977 to 24 Aug 1999. Error 

bars represent ±1 standard error. 
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Figure 3.14. Phase ellipse for CH4 at Cape Meares, Oregon, made by plotting (a) residual of δ
13

C;CH4 

versus residual of CH4 mixing ratio and (b) residual of δD;CH4 versus residual of CH4 mixing ratio. The 

black stars are mean monthly residual values of CH4, δ
13

C, and δD. The results of KIE of both 
�	�
α and 

,
α 

are 1.006±0.004 and 1.19±0.09, respectively. 
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Starting March 28th, 2012 monthly field work was initiated to collect air samples 

at the Cape Meares site. The main reason for these trips is to check the current values of 

atmospheric CH4 and its isotopes and to confirm the seasonal variability of the three 

measured parameters. Checking the forecast and more critically the wind trajectory is one 

of the important factors to collect air on the selected sampling days. The HYSPLIT 

forecast back trajectory NOAA ARL (http://www.ready.noaa.gov/HYSPLIT_traj.php 

[Draxler and Rolph, 2012]) is used to evaluate days of sample collection at Cape Meares 

(45.5
o 

N, 124
o 

W). A backward trajectory is run to predict the zonal wind direction that 

will hit Cape Meares on the day of collection for 72 hours prior to collection. From 

model run, we choose a day with wind prevailing from westerly directions to avoid 

sampling effects from regional continental sources. For measured meteorology 

information on the day of collection such as wind direction (WDIR),wind speed (WSPD), 

wind gust (GST) atmospheric pressure (PRES), and air temperature (ATMP), a NOAA 

National weather service Northwest station is used in Tillamook bay (45°33' N, 123°55' 

W) (http://www.ndbc.noaa.gov/station_page.php?station=TLBO3) is used which 

measures all the parameters mentioned. This station is the closest Northwest station to 

Cape Meares. Detailed information about the wind trajectory and all the measured 

parameters at Tillamook Bay for each sample collected is included in Appendix C. 
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The recent measurements of CH4 mixing ratios had a maximum measured value 

on 28 March 2012 which was 1891 ppb. After March, the atmospheric CH4 mixing ratio 

decreases and reaches the lowest value late July, 1823 ppb. During August, CH4 mixing 

ratio increases again to 1871ppb. From these measured values, the amplitude of the cycle 

is 68 ppb, though a full season has not been measured. The tabulated data for the 

measurements is found in table A.6 in Appendix A. The phase of recent seasonal cycle in 

figure 3.15 confirms the phase obtained from measured values of archive air samples in 

figure 3.2. 

 
 

Figure 3.15. The seasonal trend of CH4 mixing ratio starting from 28 March 2012 to October 2012. The 

measured CH4 mixing ratio is on the NOAA04 scale. Error bars represent ±1σ. 
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 δ
13

C of recently collected air samples at Cape Meares were measured. The 

measured values are shown in figure 3.16. δ
13

C of atmospheric CH4 becomes gradually 

enriched after March and reaches its highest value (;47.14‰) in July. Subsequently, δ
13

C 

becomes rapidly depleted and falling to its minimum value (;47.7‰) during late 

September. From these measurements, the amplitude of the cycle is 0.56‰.  From figure 

3.10 and figure 3.16, the highest value of δ
13

C is shifted from May to July. However, the 

minimum values of δ
13

C occur in September as observed in the archive. The measured 

values are tabulated in table A.6 in Appendix A. 

 

Figure 3.16. The seasonal trend of δ
13

C of atmospheric CH4 starting from 28 March 2012 to October 2012. 

Error bars represent ±1standard error. 

�����

����� �
��� ����� ����� ����� ����� �	
�� ����� �����

δ
)
'
�
%�
�
 
��
#:

$

% .5+

% .5.

% .5-

% .5,

% .5 

% .5'

% .5(

% .5)

% .5&



67 

 

δD of recently collected air samples at Cape Meares have yet to be measured. 

However, we plan to commence these measurements in the coming months which will 

confirm seasonal trend in δD from the archive. 

	�4����!��.�������
����������������
�/�������5��/������������

Additional samples collected at South Pole, Mauna Loa, and Samoa� were 

available from the OGI archive and were measured for their CH4 mixing ratio, δ
13

C and 

δD at PSU. One complication regarding these samples was that, for each location and 

month, all the samples that were collected over the same month were mixed into one 

canister. In contrast to the Cape Meares archive, these samples represent a mix of air and 

could present a significant source of uncertainty. Further, the fractional weighting for 

each individual date is unknown. NOAA began reporting average mixing ratios at these 

locations in 1983 [Dlugokencky, et al., 2012]. However, δ
13

C measurements at these 

locations didn't start until 1998 [White and Vaughn, 2011]. Our measurements provide 

some information on δ
13

C and δD during these periods at these selected stations. Records 

of δ
13

C are available for Mauna Loa and Samoa by Quay et al. [1999]. However, there is 

no recorded data available for δD during the period of collection at any of these locations. 
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There are 15 samples in the air archive collected from the South Pole during the 

period January 1992 to February 1995. Three of them had unknown collection dates. 

With the exception of discrete two samples, the samples are of mixed dates (i.e. samples 

are from different days during the month of collection are mixed in one canister). The 

measurements of CH4 mixing ratio, δ
13

C, and δD are shown in figure 3.16. Tabulated 

values can also be found table A.7 in Appendix A. 

The average value of mixing ratio of South Pole samples is 1689±22 ppb with a 

minimum measured value of 1663 ppb in March, 1992 and a maximum measured value 

of 1740 ppb in October, 1992. 

 Although there are not full data for one year, the measurements during 1992 show 

that the seasonal trend in CH4 mixing ratio has a minimum value during March and 

reaches a maximum in October and their values mentioned above. A comparison between 

these measurements and measurements made by NOAA;ESRL [Dlugokencky et al., 

2012] is shown in figure 3.17 (a).  According to NOAA measurements, the maximum and 

minimum values of mixing ratio occur during September and October, respectively. 

During 1992, the maximum value of mixing ratio observed by NOAA is 1703 ppb, and 

the minimum value is 1672 ppb. Overall, our archived samples follow the seasonality of 

NOAA data with a few exceptions. The June 1992 and October 1992 samples are ~23 

ppb and ~40 ppb higher than expected, respectively. The cause of these deviations is 
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unknown but may reflect differences in air masses sampled. All other samples are within 

± 2σ measurement error bars. 

The δ
13

C of atmospheric CH4 record from South Pole archived samples is shown 

in figure 3.17(b). The average value of these measurements is ;47.06±0.09 (1σ) ‰. From 

these measurements, the maximum observed value is in February, 1992 (;46.88‰) and 

the minimum observed value is in September, 1992 (;47.22‰). Measurements of δ
13

C of 

atmospheric CH4 at South Pole by NOAA didn't begin until 1998. However, the seasonal 

trend of δ
13

C for high latitude southern hemisphere locations has been discussed in the 

literature [Lowe et al., 1991; 1994; 1997; 2004; Miller et al., 2002]. Based on the 

measurements of atmospheric CH4 and its carbon isotope from 1989 to 1996 at Baring 

Head, New Zealand (41
o 

S and 174
o 

E) and at a Scott Base, Antarctica (77.85° S, 166.75° 

E), Lowe et al. [1997] found that the seasonal cycles of δ
13

C from both sites are 

approximately 6 months out of phase with mixing ratio [Lowe et al., 1997].  

Miller et al. [2002] showed that, during 1998;1999, δ
13

C seasonal cycle at South 

Pole (SPO) has a lower amplitude than those at Cape Grim (CGO) (40.7° S, 144.7° E) 

and Samoa (SMO) (13.8° S, 172° W). The amplitudes of seasonal cycles for SPO, CGO, 

and SMO during 1998 are 0.17‰, 0.28‰, and 0.39‰, respectively. In case of South 

Pole, the seasonal amplitudes of CH4 and δ
13

C are thought to be completely controlled by 

OH destruction. During the summer in Southern hemisphere, the OH has the highest 

concentration and CH4 will decrease the CH4 concentration and enrich the 
13

CH4 in the 
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atmosphere. Therefore, the seasonal cycle of δ
13

C will have 6 months out of phase, CH4 

will have maximum values in September and minimum values in February. 

 The δD of atmospheric CH4 for South Pole over the same period is shown in 

figure 3.17(c).  The mean value of these results is ;90.4±3.2 (1σ) ‰. The minimum value 

is found to be ;96.5‰ during May 1992 and maximum value of ;84.2‰ is found during 

February 1995. From the measurements of δD during 1992, the most enriched value is 

during August (;88.1‰) and the most depleted value occurs in May (;96.4‰). 

Because the measurements of δD are not as common as δ
13

C, there is no other 

data available to compare these results with. In fact, these are the only known 

measurements of δD of atmospheric CH4 from the southern hemisphere during this time. 

However, based on the sink;driven seasonality we anticipate δD to be in phase with δ
13

C 

with minimum values during September and maximum values during February. 
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Figure 3.17 (a) CH4 mixing ratio (b) δ

13
C;CH4, and (c) δD;CH4 measurements for South Pole from January 

1992 to February 1995. Error bars represent ±1σ. CH4 mixing ratio measurements at PSU were adjusted to 

be in NOAA scale. 
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There are 14 samples from this location which were part of OGI archive and 

collected from March 1995 to April 1996, with few missing months during this period. 

Figure 3.18 shows the results obtained from Samoa archived samples measured at PSU. 

The measurements of CH4 mixing ratio and its isotopic composition for these samples are 

tabulated in table A.8 in Appendix A. 

The average measured CH4 mixing ratio in Samoa over this period is 1698±8 (1σ) 

ppb. The CH4 mixing ratio changes from a minimum value of 1684 ppb in March 1995 to 

a maximum value of 1710 ppb in September 1995. The amplitude of the seasonal cycle is 

~26 ppb. Comparison between these measurements and others measured by NOAA 

[Dlugokencky et al., 2012] is shown in figure 3.18(a). Their data, from March 1995 to 

April 1996, show that there are two minimum values of the CH4 mixing ratio in March 

1995 and April 1996 with values of 1698 ppb and 1699 ppb, respectively. Their 

maximum values of mixing ratio occur during September 1995 and February 1996 with 

values of 1714 ppb and 1725 ppb, respectively.  All measurements performed at PSU 

from the archive agree within (±2σ) with NOAA measurements. However, there are 3 

samples that are more than 10 ppb lower than measured by NOAA. These samples were 

collected March 1995, August 1995, and January 1996. With the exception of two of 

these samples, the seasonal trend observed here in mixing ratio is consistent with the 

NOAA record. 
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The δ
13

C results for Samoa over the period are shown in figure 3.18(b). The 

average value of these measurements is ;47.03±0.07 (±1σ) ‰ with a minimum ;47.19‰ 

occurring January 1996 and a maximum value of ;46.93‰ occurring October 1995. A 

comparison between these measurements and measurements done by Quay et al. [1999] 

is shown on the same figure. Their measurements show, from February 1995 and April 

1996,  the highest values δ
13

C  occur during  March 1995, September 1995, and April 

1996 with values of ;47.2‰, ;47‰, and ;46.4‰, respectively. There are quite depleted 

values of δ
13

C from the Quay et al. dataset which occur during November 1995 and 

March 1996 with values of ;47.3‰ and ;47.5‰, respectively. However, we do not have 

samples during these months. All monthly values overlap within ±2σ error except one 

value during November, 1995. The seasonal cycle in our measurements has amplitude of 

~0.26 ‰ similar to the 0.2‰ based on the measurements at Samoa from 1988 to 1995 

from Quay et al. [1999]. They also assumed that the primary reason for the δ
13

C seasonal 

trend of atmospheric CH4 could be explained by the primary destruction of CH4 by OH. 

They found, based on the measurements from 1988 to 1995, that the δ
13

C minimum value 

occurs in February with a value of ;47.29‰ and the δ
13

C maximum value occurs in 

October with a value of ;47.16‰.  The δ
13

C measured at PSU for Samoa is on the Tyler 

δ
13

C of CH4 scale; however the Quay et al. [1999] data for Samoa is on the Quay δ
13

C of 

CH4 scale. Using a t;test, we compare between measured values of Samoa at PSU and 

Quay et. [1999] and find no high degree of statistical difference between both 

measurement sets suggesting that isotope scales are close. 
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The δD results from Samoa archive samples are shown in figure 3.17(c). The 

mean value of these results is ;90.9±2.5 (±1σ) ‰ with a minimum value of ;94.3‰ 

during April 1995 and a maximum value of ;86.7‰ during May 1995. It is difficult to 

discern any seasonal behavior in the δD data. These are some of the only δD data known 

for the southern hemisphere during this decade. 
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Figure�3.18 (a) CH4 mixing ratio (b) δ
13

C;CH4, and (c) δD;CH4 measurements at Samoa from February 

1995 to April 1996. Error bars in represent ±1σ. CH4 mixing ratio (a) measurements at PSU were adjusted 

to be in NOAA scale.  
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There were 11 samples as part of OGI archive from February, 1995 to December, 

1995 collected from Mauna Loa, Hawaii. Figure 3.18 shows the results obtained from the 

Mauna Loa archive samples measured at PSU. The tabulated results of these samples are 

in table A.9 in Appendix A. 

The results for CH4 mixing ratio at Mauna Loa are shown in figure 3.19(a). The 

average value of these results is 1758±9 (1σ) ppb with a minimum value (1747 ppb) in 

August and a maximum value (1775 ppb) in November. Figure 3.19(a) also shows 

measurements made by NOAA at Mauna Loa over the same period [Dlugokencky et al., 

2012]. Their data show, during 1995, the mixing ratio reaches 1764 ppb in March and 

starts to decrease in subsequent months and reaches the lowest value during July with a 

value of 1750 ppb. The mixing ratio increases and reaches to its maximum value through 

the year in December with a value of 1773 ppb. The PSU measurements overlap within 

±1σ with these of NOAA except for two measurements: October and December which 

are lower at PSU. 

The δ
13

C measurements at Mauna Loa during 1995 are shown in figure 3.19(b). 

The mean value of these measurements is ;47.2±0.1 (1σ) ‰ with a minimum of ;47.32‰ 

in October and a maximum value ;47.02‰ in November. The data of Quay et al. [1999] 

are also shown in the same figure.  Their data show, during 1995, δ
13

C becomes enriched 

after January and reaches its highest value of ;47.1‰ during May;June. Subsequently, it 

becomes depleted in July ;47.3‰ through the end of the year. The lowest of δ
13

C is 
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observed during November ;47.4‰. Based on Quay et al. [1999] for Mauna Loa, during 

1988;1995, the highest value of δ
13

C occurs during June;August, and the lowest values 

occurs in November. Overall, agreement with Quay et al data is quite good with values 

within ±1σ except in two cases. Our November data, in particular, appears quite enriched 

relative to data in October and December, and values from Quay et al.. In addition, our 

July value is enriched 0.2‰ compared that of Quay et al. However, it is consistent with 

overall annual trend and observed seasonality over a longer period by Quay et al. The 

significant difference between PSU measurements and Quay et al. [1999] has been 

checked using t;test. We found no statistical difference between the two datasets and 

scales (p; value is 0.4). 

The δD results from Mauna Loa archive samples are shown in figure 3.19(c). The 

mean value of these results is ;92.4±4.6 (1σ) ‰ with a minimum value ;99.6‰ during 

December 1995 and a maximum value ;82.5‰ during April 1995. As with South Pole 

and Samoa, these are the only δD of CH4 values reported from Mauna Loa 

We can also compare our Mauna Loa data with that from Bergamashi et al. 

[2000]  who measured CH4, δ
13

C, and δD from late 1996 to the end of 1998 at Izaña, 

Tenerife (26
o 

N,16
o 

W). They found that δ
13

C and δD seasonal cycle have their maximum 

occurring in June and August while the minimum seasonal cycle of CH4 occurs in 

August. Similar to Izaña, Mauna Loa has a minimum CH4 mixing ratio in July while the 

maximum of seasonal cycles of both δ
13

C and δD are in between April to June, 

respectively. Therefore, the seasonal cycles of δ
13

C and δD of Mauna Loa are similarly 
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controlled by both the effect of KIE of the sinks and the emission of sources. In 

particular, high values of δ
13

C and δD observed during spring indicate a biomass burning 

source signature and low values of δ
13

C and δD during October;November indicate a 

microbial CH4 source signature. This is similar to that observed at Cape Meares (section 

3.3).  
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Figure� 3.19 (a) CH4 mixing ratio (b) δ
13

C;CH4, and (c) δD;CH4 measurements at Mauna Loa from 

February 1995 to December 1995. Error bars in represent ±1σ. CH4 mixing ratio measurements at PSU 

were adjusted to be on the NOAA04 scale.�
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In this chapter, additional datasets from three mid�latitude sites are added to the 

Cape Meares dataset in order to describe the trend of CH4 and its isotopes from 1978 till 

2010. Before including such data, some adjustments are done to match scales and to 

remove latitudinal�dependence. LOWESS and Bootstrap statistical methods are described 

briefly in section 4.2. The seasonal cycles of CH4, δ
13

C, and δD calculation from the 

composite dataset during 1978�2010 and the calculations of the hydrogen and carbon 

kinetic isotopic effects are described in section 4.3. After removing the seasonality from 

the measured variables, the secular and interannual variability are described in section 4.4 

using LOWESS and Bootstrap methods. The growth rate of CH4 mixing ratio and the 

time rate of change of δ
13

C and δD of atmospheric CH4 are also obtained in this section. 

In section 4.5, we calculate the annual total emission of CH4 from 1978�2010 based on a 

CH4 lifetime 9.7 yrs. This section also includes the results of the average weighted δ
13

C 

and δD of CH4 sources.  These calculations provide insight how CH4 sources have 

changed over the 30 year period 1978�2010.  
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To understand the long trend of atmospheric CH4  from 1978 through 2010 in 

terms of its sources,  a composite record from  a single latitudinal zone of  CH4 and its 

isotopes (δ
13

C and δD) for the northern hemisphere is created. In order to include data 

collected by different groups at different locations, it is important to ensure that:  

1)� All the measured data is on the same reference scale, e.g. in case of CH4 

concentration, all the measured data should be on the NOAA04 scale. For δ
13

C 

calibrations are relative to VPDB and for δD calibrations are relative to VSMOW. 

2)� The dependence on latitude of each dataset is removed. In our case, this step is 

achieved by comparing between Cape Meares data and each other data set during 

the time period of intersection. 

3)� The seasonality from the datasets is removed which can reduce the fluctuations in 

CH4 and its isotope tracers that are regular. 

Four locations were chosen here: Cape Meares, Oregon (45.5
o 

N, 124
o
 W), 

Olympic Peninsula, Washington (48
o 

N, 123.62
o 

W), Montaña de Oro, California (35
o 

N, 

121
o 

W), and Niwot Ridge, Colorado (40
o 

N, 105
o 

W). The main reasons for using these 

datasets are: 

1)� They have available measurements for CH4 mixing ratios, δ
13

C and/or δD over 

periods of several years that either intersect with Cape Meares measurements in 
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time (such as Olympic Peninsula data) or give more details about the trends of 

these variables after 1999  (such as Montaña de Oro and  Niwot Ridge). 

2)� All sites are mid�latitude northern hemisphere which minimize the effects of 

latitude on seasonality and interannual variability. Cape Meares, Olympic 

Peninsula, and Montaña de Oro are all coastal sites located in the continental US 

and receive similar airmasses. Niwot Ridge is a mid continental site, but has a 

well established record for CH4 mixing ratios and its isotopes which has been 

compared with the coastal sites (e.g. Tyler et al., 2007). Comparisons of CH4 

mixing ratios, its isotopes, and their seasonal trends between Cape Meares and 

Niwot Ridge are shown from Figures B.1 to Figure B. 6 in Appendix B. 

	������
�������������	��������������

 The data we include in the CH4 mixing ratio are five datasets. The first record is 

from the Cape Meares archive (1977�1999) and was measured at Portland state 

University during 2010 and 2011. Samples were measured on the National Institute of 

Standards and Technology (NIST) scale (SRM 1659a). The second time series used  is 

from Olympic Peninsula, Washington from 1985 to 1990 and measured on the Climate 

Monitoring and Diagnostics Laboratory  1983 scale (CMDL83)  from Quay et al. [1999]. 

The third time series is from Montaña de Oro, California from 1996 to 2005 and is also 

measured on the CMDL83 scale from Tyler et al. in 2007 [Tyler et al., 2007]. Niwot 

Ridge, Colorado data from 1994�2005 is also taken from Tyler et al. and measured on the 

CMDL83 scale [Tyler et al., 2007]. The final set is also from Niowt Ridge, Colorado 
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measured by the National Oceanic and Atmospheric Administration (NOAA) and 

reported on the NOAA04 scale and covers 1983 to 2010 [Dlugokencky et al.,2012]. The 

relations between NIST and CMDL83 scales with respect to NOAA04 scale are defined 

[Dlugokencky et al.,2005] as follows 

[CH�]�NOAA04	scale� = 1.0124 ∗ [CH�]�CMDL83	scale�                                         (4.1) 

[CH�]�NOAA04	scale� = 0.998 ∗ [CH�]�NIST	scale�                                                  (4.2) 

Figure 4.1(a) represents the atmospheric CH4 mixing ratio trend from 1977 to 

2010 from Cape Measres, Olympic Peninsula, Montaña de Oro, and Niwot Ridge 

datasets after adjusting them to be on the NOAA04 scale using equations (4.1) and (4.2).  

The next step is to adjust all of these measurements to remove the latitudinal 

dependence. This process was done by comparing the CH4 mixing ratio measured at each 

location with the Cape Meares (CM) dataset during the collected time period of overlap. 

For example, figure 4.1(a) shows marginally higher concentrations observed at Olympic 

Peninsula consistent with known latitudinal trend in CH4 [Quay et al.,1999]. For Olympic 

Peninsula (OP) a comparison with Cape Meares during period of overlap (April 1985 to 

May 1990) finds that:  

[CH�]�CM� = [!"#]�$%�&.''()                                                                                                  (4.3) 

 The same procedures were used to get the ratios for Montaña de Oro and Niwot 

Ridge. These ratios are 1.0135 and 1.001 for and Montaña de Oro and Niwot Ridge, 

respectively. Figure 4.1(b) represents the CH4 mixing ratio of the four locations after 

making the latitude independent based on the 45
o
 CM site. 
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Figure 4.1 (a) atmospheric CH4 mixing ratios for mid�latitude Northern hemisphere sites (1977�2010) after 

adjusting them to NOAA04 scale. Error bars represent ±1σ. (b) Atmospheric CH4 mixing ratios for mid�

latitude Northern hemisphere sites (1977�2010) after adjusting for the latitude of each dataset based on CM 

site. Error bars represent ±1σ. 
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The data set in figure 4.1(b) includes a long term trend which describes how the 

CH4 mixing ratio changes from 1977 to 2010, seasonal trend which describes how the 

CH4 mixing ratio changes over one year from one season to another and inter�annual 

variability that spans one to several years. To isolate each trend, a smoothing technique 

based on LOWESS is used within the data analysis program MATLAB (2010a). This 

technique will be explained in section 4.2. 

	������
�����������δδδδ
��
�����	�

The data included in the composite record δ
13

C of atmospheric CH4 is from the 

same sites as our composite CH4 mixing ratio record from same locations. The first is 

from the Cape Meares (CM) archive was measured at Portland State University during 

2009 to 2011 and described in section 3.2. The samples are from 1977 to 1999. The 

second dataset is from Olympic Peninsula (OP), Washington from 1988 to 1996 [Quay et 

al., 1999]. The third dataset is from Montaña de Oro (MDO), California and spans 1996 

to 2005 [Tyler et al., 2007]. Niwot Ridge (NWR), Colorado  data  from 1994�2005 is also 

taken from Tyler et al. [2007] .The final dataset is from to Niowt Ridge, Colorado and 

covers 1998 to 2010 [White and  Vaughn, 2011]. All of these measurements were 

reported relative to Vienna Peedee Belemnite (VPDB).  The measurements from CM, 

MDO and NWR are calibrated relative to the Tyler CH4 isotope scale (see e.g. Tyler et 

al., 2007). The difference between this scale and Quay et al. [1999] scale was not 

statistically significant based on the t�test on data for Samoa and Mauna Loa  combined 

p�value is 0.07 [see sections 3.6.2 and 3.6.3].  
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Figure 4.2(a) represents the δ
13

C record of atmospheric CH4 from October 1977 

to December 2010 from these datasets. To remove the dependence of the δ
13

C datasets on 

latitude and site, we compared the intersecting time periods between Cape Meares and 

each location separately. For Olympic Peninsula, the comparison extends from 1988 to 

1995. To convert measurements from Olympic Peninsula to the Cape Meares latitude, a 

factor of 0.02 ‰ was added to Olympic Peninsula measurements. For Montaña de Oro 

and Niwot Ridge, the factors were �0.02 ‰ and �0.12‰, respectively.  

Figure 4.2(b) represents the δ
13

C record shown in figure 4.2(a) after adjusting the 

datasets for latitude independence. The datasets in figure 4.2(b) will be used later to get 

the seasonal cycle, secular trend and inter�annual variability of δ
13

C. 
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Figure 4.2 (a) δ
13

C record of atmospheric CH4 from datasets in the Northern hemisphere mid�latitudes 

(1977�2010). All of the results are reported relative to VPDB. Errors bars represent ±1σ. (b) δ
13

C record of 

atmospheric CH4 from datasets in the Northern hemisphere mid�latitudes (1977�2010) after adjusting the 

latitude of each dataset based on the CM site. 
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	������
�����������δδδδ�����	�

There is considerably less δD of atmospheric CH4 data to use in this composite 

dataset. Here, we use: δD data from Cape Meares archive measurements which extend  

from 1977 to 1999; δD data from Montaña de Oro, California from 2000 to 2005 from 

Tyler et al. [2007]; and δD data from Niwot Ridge, Colorado is from 1998�2005 also 

taken from Tyler et al. [2007]. No data is available from Olympic Peninsula and from the 

NOAA record. Calibration of each of these sites is on the Tyler CH4 isotope scale so few 

inter�calibration issues are assumed to exist. All of these measurements were reported 

relative to Vienna Standard Mean Ocean Water (VSMOW).  

Figure 4.3(a) represents the δD record of atmospheric CH4 from October 1977 to 

December 2005 from these datasets. As with δ
13

C and CH4 mixing ratio, to remove the 

dependence of the datasets in latitude we compared the intersection time period between 

Cape Meares and each location separately. For Niwot Ridge, the comparison was from 

1998 to 1999 and to convert these measurements from the Niwot Ridge site to the Cape 

Meares site, a factor of �0.408 ‰ is added to Niwot Ridge measurements. For Montaña 

de Oro (MDO), there is no time intersected with Cape Meares therefore a comparison 

with Niwot Ridge is made and then data is converted to the Cape Meares latitude. The 

resulting conversion factor between MDO and CM was 1.28‰. Figure 4.3(b) represents 

the δD record after adjusting the datasets for latitude and site independence. 
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Figure 4.3 (a) δD record of atmospheric CH4 from datasets in the Northern hemisphere mid�latitudes (1977�

2005). All of the results are reported relative to VSMOW. Errors bars represent ±1σ. (b) δD record of 

atmospheric CH4 from datasets in the Northern hemisphere mid�latitudes (1977�2005) after adjusting both 

datasets based on CM site. 
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To get the seasonal, secular, and inter�annual trends and their uncertainty, 

LOWESS and Bootstrap techniques are used. This section describes in some detail how 

these methods are applied to our analyses. 

	������!"#$  �

In 1988, Cleveland and Devlin introduced a procedure for fitting a regression 

surface to data through multivariate smoothing based on locally weighted regression 

(LOWESS) [Cleveland and Devlin, 1988]. In case of the datasets used here, we define 

the collected date (the independent variable) as x+ and the corresponding variable as y+ for 

i=1 to n, where n is the number of measurements. LOWESS regression curve, g.�x�, is a 

smoothing of y at a given x. The estimation of  g. at x uses the q measurements, where q is 

an integer where 1≤q≤n, whose x+ values are closest to x. Therefore, a neighborhood in 

the space of the independent variables y+ is defined according to the weighting of each 

point. Points close to x have large weight while far points have smaller weight.  

The weight function is defined as a tri�cube function [Cleveland et al.1990] 

W�u� = 1 �1 − u(�(					for	0 ≤ u ≤ 1															0															for		u ≥ 1																8                                                             (4.4) 

The weight for any measurement x+ will be defined as 

 w+�x� = W:|<=><|
λ?�<�@                                                                                                        (4.5) 
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where λA�x� is the distance of the qth farthest x+ from x.  

 If the fitted function for the observations xi and yi is linear and defined as  

y = a + bx                                                                                                                      (4.6) 

where G is the intercept and H is the slope of regression. In case of weighted least square 

in LOWESS, it does two jobs: 

1� Determining these parameters by minimize the sum of squares between the observed 

and predicted  

2� Weighting each observed point according to how it is far or close from the predicted 

value  

These could be written as  

EJ = ∑ w++ �y+ − y�L = ∑ w+[�y+ − �a + bx+�]L+                                                           (4.7) 

where  w+	is defined in equation 4.5. 

Therefore, w+�x� has a maximum weight for  x+ close to x and decrease as x+ far 

away from x.  The weight of any measurement w+�x� becomes 0 at the qth farthest point. 

Instead of q, the number of points in the neighborhood, the fraction of points in the 

neighborhood  M N⁄  is used. In MATLAB, M N⁄ 	is defined as a span, which in some 

versions define M N⁄  as a percentage (%) and in others (as the one used in our calculations 

R2010a) define M N⁄  as a fraction that varies from 0 to 1. As the span increases, the 
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smoothing surface g.�x� becomes smoother. Reducing the span, however, makes the 

smoothing surface follow the data more closely and the hence amplifying data variability.  

LOWESS is initially used in the current calculations to estimate the seasonal 

cycles of CH4 mixing ratio and its isotopes (δ
13

C and δD) by choosing a wide span. 

Therefore, the resulting datasets describe the trend of these variables without seasonality. 

The fitted values of LOWESS are given for each point in the datasets. The residuals of 

the measurements are calculated by subtracting the fitted value (resulting from 

LOWESS) from the measured ones. The averages of the residuals, their standard 

deviations, and their standard errors are calculated based on the month of collection to 

obtain the seasonal cycles in CH4, δ
13

C, and δD (as discussed in section 4.3). 

Subsequently, after removing the seasonal trend LOWESS is again used with a smaller 

span to get the secular trend and interannual variability (as discussed in section 4.4).  

 

	������%���������

Bootstrap is one of the two techniques used in the analysis of the composite 

dataset for the CH4 mixing ratio, δ
13

C, and δD. In 1979, Erfon introduced the Bootstrap 

method [Efron, 1979]. Bootstrap is a method for estimating the sampling distribution of 

an estimator by re�sampling with replacement from the original sample [Diaconis and 

Erfon, 1983]. This can be done by creating an artificial list by randomly picking up 

elements from the original dataset. Some elements may be chosen more than once. This 

artificial list can be repeated for many times. Additionally, the mean, standard deviation, 

standard error, and confidence interval can be calculated from the distribution. Therefore, 
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Bootstrap  is  a good method to get information about the distribution of a sample when 

the sample size is small or the distribution of the sample can't  be described trivially.  

Bootstrapping has been used to calculate the uncertainty of the CH4 growth rate 

over long time period since 1992 (e.g. Steele et al., 1992; Dlugokencky et. 1994; 2001; 

2009; and 2011). 

In our analysis, Bootstrap is used after LOWESS to calculate statistical 

parameters such as the standard deviation, standard error, median, and others for the 

distribution of each variable as described later. 

 

	������	&�δδδδ
��
�&�����δδδδ�� ���������
����������	���������������������������

Initially, in order to look at the seasonality of CH4 and its isotopes (δ
13

C and δD), 

we use LOWESS to smooth data set with  a wide span of 0.3 in the case of CH4 mixing 

ratio and δ
13

C and 0.34 in the case of δD (due to the shorter dataset). 

In case of CH4 mixing ratio of the composite dataset for mid�latitude sites, the 

total number of points is 883 from 1977 to 2010. Using span=0.3 in LOWESS smoothing 

method for this dataset means each smoothing region has 30% of the whole dataset. This 

presents 265 points in each region and covers a window 8.25±3 years. 

In case of δ
13

C of atmospheric CH4 from the composite dataset for mid�latitude 

sites, there are 815 points from 1977 to 2010. Applying a LOWESS smoothing method 

with span=0.3 means the local regression is done for regions along the dataset. Each 

region contains 245 points and covers a window 8.3±3.7 years. 
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Since the measurements of δD of atmospheric CH4 stopped in 2005 and less data 

is available, there are 359 points included during 1977�2005. Running a LOWESS 

smoothing method with a span=0.34 means the regression is done through the whole 

datasets by dividing them into regions and each region includes 122 points and covers a 

window of time 9±4.32 years.   

 The localized regression is estimated based on the method explained in section 

4.2.1. Using MATLAB (version 7.10.0 R2010a), a predicted value for each measurement 

in the datasets is produced from LOWESS smoothing. The seasonal cycle for each 

variable is obtained by: 

1)� Calculating the residual of each point by getting the difference between the 

measured and predicted values 

2)� Organizing the residual according to the month of collection, regardless the year 

of collection 

3)� Calculating  the average, standard deviation, and standard error of the residual 

over the month of collection 

	������ 
����������� ��	� ��������� �
���� ���� ���� ���������� '�������� �����������

��������

� The CH4 mixing ratio seasonal cycle based on steps 1�3 in section 4.3 is 

represented in figure 4.4. It shows that the CH4 mixing ratio has a broad maximum value 

(10 ppb) from October to April. It starts to decrease after April and reaches to the lowest 

value (�23.6 ppb) between July and August. It rapidly rises again in August. Peak to peak 
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amplitude is 34 ppb. Tabulated values of residual of CH4 shown in figure 4.4 are in table 

A.10 in Appendix A.�

The CH4 seasonal cycles of composite datasets for the mid�latitudes in figure 4.4 

and of Cape Meares in figure 3.2 have the same phase and close minimum and maximum 

amplitudes. In the case of Cape Meares, the seasonal cycle is similar with the maximum 

amplitude of CH4 mixing ratio occurring in March (8.5 ppb) and its minimum amplitude 

(�24.8 ppb) occurring in late of July. The peak to peak amplitude is 33 ppb.  

 
 

Figure 4.4 Seasonal trend of CH4 mixing ratio from datasets in the Northern hemisphere mid�latitudes 

(1977�2010) from data in figure 4.1(b). Error bars represent ± one standard error. 
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	������
�����������δδδδ
��
����	�����������
����������������������'�������������������

��������

The seasonal cycle in δ
13

C of atmospheric CH4 based on steps 1�3 in section 4.3 is 

represented in figure 4.5. This figure shows that the δ
13

C of atmospheric CH4 gradually 

increases in the atmosphere and reaches its highest level by June (~0.12‰). It decreases 

after June and reaches the most depleted values during September and October (~�

0.12‰). After October, it again increases through the end of year. Peak to peak amplitude 

is 0.24‰. δ
13

C seasonal values from figure 4.5 appear in table A.11 in Appendix A. The 

δ
13

C seasonal cycle resulting from the composite datasets in the mid�latitude sites has the 

same phase as δ
13

C seasonal cycle observed at Cape in figure 3.10 and close maximum 

(0.1‰ during June), minimum (�0.12‰ during October), and peak�to�peak seasonal 

amplitude (0.22‰).  
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�
 

Figure 4.5 δ
13

C seasonal trend from datasets in the Northern hemisphere mid�latitudes (1977�2010) from 

data in figure 4.2(b). Error bars represent ± one standard error. 

 

�

	������
�����������δδδδ����	� ��������� �
���� ���� ���� ����������'�������������������

��������

The seasonal cycle in δD of atmospheric CH4 is shown in figure 4.6. Beginning in 

February, δD increases in the atmosphere gradually and reaches to the highest level 

around July with a value of 2.3‰ as shown in figure 4.6. After July, it becomes depleted 

and reaches its lowest level November with a value of �1.5‰. δD is approximately 

constant during October�November. Peak to peak amplitude of the seasonal cycle is 

3.9‰. Table A.12 in Appendix A gives tabular δD seasonal values represented in figure 
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phase as the seasonal cycle from the composite datasets with a maximum value of 2.4‰ 

during July, a minimum value of �1.6‰ during November, and peak�to�peak seasonal 

amplitude of 4‰. Table A.12 in Appendix A gives tabular δD seasonal values 

represented in figure 4.6. 

 
 
Figure 4.6 δD seasonal trend from datasets in the Northern hemisphere mid�latitudes (1977�2005) from 

data in figure 4.3(b). Error bars represent ± one standard error. 
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The seasonal cycles of CH4 mixing ratio, δ
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C, and δD from the composite dataset 

for the mid�latitude sites in the Northern hemisphere (as shown in figure 4.7) are very 
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similar to the seasonal cycles of CH4 mixing ratio, δ
13

C, and δD of the Cape Meares air 

archive samples (as represented in figure 3.13 and discussed in section 3.4). 

The following two questions are addressed in this discussion are 

1)� How does CH4 seasonal cycle relate to the seasonal cycles of δ
13

C and δD?  

2)� How do sinks and /or sources control the seasonal cycles of CH4, δ
13

C, and δD? 

Figure 4.7 shows the behavior of CH4 and its isotopic species together, with 

enriched values occurring during periods where CH4 is lower in the atmosphere. The 

most enriched values in δ
13

C and δD occur in June and July, respectively and the lowest 

CH4 mixing ratio through the year occurs during July and August. The CH4 seasonal 

cycle is better correlated with the δD seasonal cycle than the δ
13

C seasonal cycle. 

 The changing of sources and sinks of atmospheric CH4 during the seasons causes 

the changes of δ
13

C and δD seasonal cycles. To understand how the sources and sinks 

control the seasonal cycles of CH4, δ
13

C, and δD, we examine correlation between CH4 

and its isotopic species. The relation between the residual of CH4 mixing ratio with the 

residual of δ
13

C is represented in figure 4.8(a). This figure includes 581 points for CM, 

MDO and NWR from Tyler et al. [2007] and NOAA data. The slope, corresponding to 

these points, is (�0.0019±0.0002) ‰/ppb and has a correlation r
2
=0.11.  
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�

�
Figure 4.7 Seasonal cycles of (a) atmospheric CH4 mixing ratio,(b) δ

13
C, and (c) δD  from mid�latitude 

sites in the Northern hemisphere. Error bars represent ±1 standard error. 
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The relation between the residual of CH4 mixing ratio with the residual of δD is 

represented in figure 4.8(b). This figure includes 347 points belong to CM, MDO and 

NWR from Tyler et al. [2007]. The slope, corresponding to these points, is (�

0.086±0.0061) ‰/ppb and has a correlation coefficient r
2
=0.36. Therefore, δD has a 

stronger anti�correlation with CH4 mixing ratio than δ
13

C.  

 Calculating mean atmospheric the KIE based on the mean of CH4, δ
13

C, and δD 

in 2000 which are 1810 ppb, �47.25‰, and �94.6‰, respectively gives 
13C
α and 

D
α of 

1.0036±0.0004 and 1.21±0.02, respectively. The ± values are the KIE standard errors 

with a confidence interval 95%. The calculated KIE values are lower than the values 

obtained for MDO and NWR by Tyler et al. [Tyler et al., 2007]. 

 The change of the seasonal value of CH4 mixing ratio with that of its isotopes 

forms an ellipse as described in section 3.4. The more the seasonal change of the sources, 

the more eccentric the ellipse [Bergamaschi et al. 2000; and Allen et al., 2001; Tyler et al. 

2007]. 

The comparison between the slope from the whole composite dataset with each 

set individually is shown in figure 4.9(a). Although NOAA began measurements of CH4 

mixing ratio in 1983, δ
13

C �CH4 did not start until 1998. Therefore the data at NWR from 

NOAA represents the measurements during 1998�2010. Both slopes in figure 4.9(a), for 

CM and NWR (NOAA data), are very close in their values (SCM=�0.0033, SNWR=�0.0030).  

The carbon isotope effect at NWR (NOAA data) 
13C
α is 1.0057±0.001. Values of 

13C
α  

from MDO and NWR (from Tyler et al., figure 4.9(a)) are lower 1.0025±0.008 and 

1.0026±0.009, respectively 
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Figure 4.8 Phase ellipse for the composite datasets, made by plotting (a) residual of δ
13

C�CH4 versus 

residual of CH4 mixing ratio and (b) residual δD�CH4 versus residual CH4 mixing ratio. The black stars are 

mean monthly residual values of CH4, δ
13

C, and δD. The results of KIE of both 
���
α and 

�
αj are 

1.0036±0.0004 and 1.21±0.02, respectively 
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Figure 4.9 (a) Residual of δ
13

C�CH4 versus residual of CH4 mixing ratio as in figure 4.8(a) but with datasets 

individually and aggregated. (b) Residual of δD�CH4 versus residual of CH4 mixing ratio as in figure 4.8(b) 

with datasets individually and aggregated. 
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  In the case of δD, the composite dataset has the same slopes from each 

individual site as represented in figure 4.9(b). Values of Dα from MDO and NWR are 

1.22±0.04 1.22±0.03, respectively, in agreement with CM. 

 Overall, this data is describing a significant enriched source of CH4 (such as 

biomass burning) causes increase of δ
13

C and δD of atmospheric CH4 during January�

May. Depleted sources (such as microbial) cause a decrease in δ
13

C and δD during 

August�October (as discussed for Cape Meares in section 3.4). 

	�	��(���������������������������������)����*����
��������������������������������	&�

δδδδ
��
�&�����δδδδ��

After removing the latitude dependence in the composite data, the seasonality is 

removed from all trends. This step is accomplished by subtracting the average monthly 

residual of that variable during the month of collection from the measured value. For 

example, the equation (4.8) is used to deseasonalize the CH4 data 

[CH�]PQRSRTUV+WQP = [CH�]XQSRYZQP − [CH�]XTU[\V]	ZQR+PYSV                                                (4.8) 

where [CH4]measured is the value of CH4 defined by figure 4.1(b) and  [CH4]monthly residual  is 

the value of the average residual based on month defined by figure 4.4. 

Equation (4.8) is also used to deseasonalize the δ
13

C as well as δD. Figure 4.10 

represents the composite data of CH4, δ
13

C, and δD, respectively before and after 

removing the seasonal trends. The variables become more tightly distributed after 

removing the seasonality. 
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After removing the latitude dependence and seasonal variability from the 

composite dataset as we discussed in section 4.1 and here, we describe the longer trends 

in measured variables change using LOWESS. The smoothing windows of time (span) 

chosen for these analysis were 3, 4, and 5 years. The reasons for choosing these windows 

of time are: 

1)�  to reduce  the effect of the noise through the datasets on observed trends 

2)� to describing both the secular trend and interannaul variability over the time 

period. 

In case of CH4 and δ
13

C, these windows of time period 3, 4, and 5 years are 

equivalent to spans 0.09, 0.12, and 0.15, respectively. They are equivalent to spans 0.10, 

0.14, and 0.17, respectively for δD due to the shorter time period.  

The smoothed data here are then bootstrapped. Bootstrap method, as explained in 

section 4.2.2., is used to calculate the uncertainty (standard deviation) and other statistical 

parameters of the distribution of each variable.  The smoothed data and its uncertainty are 

then fit with a smoothing spine fit in MATLAB, to describe the resulting trends with 

regularly spaced points 1978�2010. In case of δD, the resulting trend is 1978�2005. This 

fitted function is then differentiated with respect to time to obtain a time rate of change. 

Using the Bootstrap technique with the same span we used for LOWESS, the averages 

and standard deviations of the smoothed data and time rate of change are calculated. The 

average yearly values for the 3 variables (CH4, δ
13

C, δD) and their time rates of change 

are also calculated. We calculate an average annual value about mid�year. 
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Figure 4.10 The composite data before and after removing the seasonal trend for (a) CH4 mixing ratio (b) 

δ
13

C�CH
4
 and (C) δD�CH4.  
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In the next subsections, the figures produced using spans 0.09, 0.09, and 0.10 for 

CH4, δ
13

C, and δD, respectively are represented. Table 4.1 provides average annual 

values for CH4, δ
13

C, and δD, and their growth rates during 1978�2010. Tables and 

figures for other LOWESS span values are included in Appendices A, and B for 

comparison.  

	�	����
�������������	������������+��������

The composite data (star points in figure 4.10(a)) are smoothed using LOWESS 

with spans equal to 0.09, 0.12, and 0.15. These spans are equivalent to windows of times 

3±1.1 years, 4±1.4 years, and 5±1.4 years, respectively.  

 

Figure 4.11 The instantaneous atmospheric CH4 mixing ratio (1978�2010) with mean values (black line), ± 

1σ (red dots), and average yearly values (black circles) with ±1σ by smoothing the deseaonalize data in 

figure 4.10(a). 
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Figure 4.11 represents the trend of atmospheric CH4 mixing ratio based on 

LOWESS and Bootstrap techniques with a span 0.09. Figure 4.12 shows the 

instantaneous and annual growth rate calculated from the slope of figure 4.11. The CH4 

mixing ratio increased from 1590 ppb in 1978 to 1800 ppb in 1996 with an average rate 

of 12.1 ppb/yr during this period. The rate of increasing the CH4 in northern hemisphere 

sites measured by NOAA from 1983 to 1993 was 11.2 ppb/yr [Dlugokencky et al.1994]. 

The rate of increase slowed and from 1996 to 2010 it averaged 3 ppb/yr with significantly 

inter�annual variability. There are some main features of the trend during this time 

period. There are four peaks in 1991, 1996, 1999, and 2003. The 1996 peak is followed 

by a decrease in 1997. The mixing ratio was constant from 2000 to 2002. After the 2003 

peak, the CH4 mixing ratio increased from 1820 ppb to 1850 ppb in 2010. The growth 

rate of the CH4 mixing ratio doesn't change significantly during 1978�1983. Its growth 

rate during this time period is 16.9±0.5 ppb/yr. After 1983, the CH4 growth rate decreases 

and reaches to a local minimum in 1990. Anomalously low growth rate occurs in 1990, 

1997, and 2004. 

Some of these spikes are explained in the literature. For example, the sudden 

increase in the growth rate of atmospheric CH4 in 1991�1992 is attributed to SO2 emitted 

during the eruption of Mount Pinatubo. The resulting sulfate aerosol absorbed UV and 

the decreased UV flux is thought to have decreased the steady state of [OH] which 

caused the large growth rate observed in 1991�1992 [Dlugokencky et al., 1996].  For 

1998, there were two main reasons for the anomalously large growth rate. First was the 
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both trends. Both the secular trend and much of the interannual variability is captured by 

the composite Northern hemisphere mid�latitude dataset. However, the values of the 

peaks are different. In most cases (e.g. 1991, 1998), the annual growth rate is larger for 

Dlugokencky et al. since their values are global. The correlation between Dlugokencky et 

al and composite data from 1984 to 2009 is highly significant r
2
=0.7 (excluding 1997 and 

2001 since their values of CH4 growth rate are not reported by Dlugokencky et al. 

[2011]).  

The figures of the CH4 mixing ratio, its growth rate, and a comparison of the CH4 

average yearly growth rate for composite data and Dlugokencky et al. are included in 

Appendix B for LOWESS smoothing of the data with spans of 0.12 and 0.15. The CH4 

lifetimes corresponding to these spans during 1983�2008 are 9.9±0.1 years and 10.5±0.1 

years, respectively.  The correlations between the CH4 annual growth rate from the 

composite data and Dlugokencky et al.  do not change significantly due to changing of 

the span in the analysis. 

	�	����
�����������δδδδ
��
����	�����������������������������

The composite data (star points in figure 4.10(b)) are smoothed using LOWESS 

with spans equal to 0.09, 0.12, and 0.15. These spans are equivalent to windows of times 

3±1.8 years, 4±1.7 years, and 5±1.7 years, respectively. Using the Bootstrap technique, 

the uncertainties in the trend and its time rate of change are obtained.  
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Figure  4.14  The instantaneous δ
13

C trend during 1978�2010 with mean values (black line), ±1σ (red dots), 

and average yearly values (black circles)  with ±1σ calculate from 1 January in one year to 1 January in the 

next year by smoothing the deseasonalize data in figure 4.10(b). 

 

Figure 4.14 represents the trend of δ
13

C of atmospheric CH4 from the composite 

dataset after using a LOWESS smoother with a span of 0.09 and Bootstrapping 
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C of atmospheric CH4 for 
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The relation between the changing of the growth rate of CH4, δ
13

C, and δD will 

be discussed later in section 4.4.4. Changes in δ
13

C of atmospheric CH4 will be related to 

changes in sources in section 4.5. 

	�	����
�����������δδδδ����	�����������������������������

�

Figure 4.16 The instantaneous δD trend (1978�2005) with mean values (black line), ±1σ (red dots), and 

average yearly values (black circles) with±1σ calculated from 1 January in one year to 1 January in the next 

year by smoothing deseasonalized data in figure 4.10(c) 

 

The instantaneous δD trend of the composite data is obtained by smoothing the 
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CH4 shows significant interannual variability similar to δ
13

C and CH4 mixing ratios. 

Periods where the time rate of change of δD is constant occur 1981�1987 and 1993�1995. 

Positive spikes for this change occur in 1989, 1997�1998, 2002, and 2005. Periods where 

the time rate of change is negative occur in 1979, 1999�2001, and 2003. The relation 

between the secular trends and interannual variability of δD, CH4, δ
13

C will be discussed 

in section 4.4.4.  The long�term trend and interannaul variability in δD of atmospheric 

CH4 are discussed in relation to changes in CH4 sources in section 4.5. 

	�	�	���������������� ������������������������������	&�δδδδ
��
������δδδδ�������������������

������,--��.�.�

 The growth rate of CH4 is the imbalance between sources and sinks [Khalil et al., 

2007]. Therefore, when its growth rate increases the strength of sources is larger than its 

sinks. Similarly, a decrease in the growth rate of atmospheric CH4 is caused when sinks 

are larger than sources.  

 The positive spike of CH4 growth rate in 1991 is thought to be due to the decrease 

of [OH] in the atmosphere after Mt.�Pinatubo erupted [Dlugokencky et al., 2001]. It was 

expected that the δ
13

C time rate of change would decrease due to the decrease of OH 

sink, however according to figure 4.18(b) its annual value becomes more enriched in the 

atmosphere during 1991�1993. From figure 4.18(c), the δD time rate of change is 

marginally lower by 0.8 ‰ than surrounding years then increases gradually during 1991�

1994. δD should be particularly sensitive to changes in OH due to the large KIE in 
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oxidation. That this departure is not particularly dramatic in δD and that it is opposite in 

sign for δ
13

C does not support the Pinatubo hypothesis. However, because δ
13

C shows a 

positive response and δD shows a negative response is somewhat ambiguous.  

 The 1998 spike of CH4 growth rate (as shown in figure 4.18(a)) was explained by 

the increase of CH4 emissions from wetlands and fires occur through this year 

[Dlugokencky et al., 2001]. From Figure 4.18(b), δ
13

C shows a positive response during 

1997�1998 which is consistent with an increase in biomass burning during this period. 

Similarly, figure 4.18(c) shows a smaller positive anomaly in δD, consistent with 

enhanced fire. Both isotopic tracers show a gradual decrease after this period during 

1999�2001.   

 The 2003 spike of CH4 growth rate (as shown in figure 4.18(a)), as recorded in 

the composite dataset and in the NOAA record, suggests that CH4 sources increased 

during this year. During 2003, δ
13

C time rate of change increased while δD time rate of 

change decreased (as shown in figure 4.18(b) and figure 4.18(c)). This is perplexing, but 

could require a change in CH4 sources and sinks. 

 The negative spike of CH4 growth rate during 1997 assumed CH4 sinks are larger 

than CH4 sources. There is less confidence in the trend in 1997 as it is not shown by the 

NOAA global dataset.  
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Figure 4.18 The annual time rate of change of (a) CH4 (b)δ
13

C(c) δD of composite data.  
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Table 4.1 Summary of the annual CH4,δ
13

C,δD and their growth rates  

 

/���� ��	�0��*1�

�2��	34���

0��*4
�1� δδδδ
����051�

�2δδδδ
���34���

054
�1� δδδδ�051�

�2δδδδ�34���

054
�1�

  Ave. 
Std 
Dev Ave. 

Std 
Dev Ave. 

Std 
Dev Ave. 

Std 
Dev Ave. 

Std 
Dev Ave. 

Std 
Dev 

�,-6� 1,604.0 15.5 17.6 0.6 �47.71 0.02 0.00 0.02 �110.4 0.2 0.6 0.6 

�,-,� 1,615.4 9.9 17.1 0.4 �47.70 0.01 0.03 0.02 �110.3 0.3 �0.1 0.5 

�,6.� 1,629.9 5.9 16.5 0.5 �47.66 0.01 0.03 0.02 �110.5 0.4 0.2 0.3 

�,6�� 1,645.7 3.3 16.7 0.4 �47.65 0.01 0.00 0.02 �110.0 0.2 0.6 0.2 

�,6�� 1,662.6 1.5 17.3 0.9 �47.65 0.01 0.01 0.01 �109.2 0.2 0.7 0.2 

�,6�� 1,679.5 0.8 16.2 0.4 �47.63 0.01 0.02 0.01 �108.8 0.1 0.5 0.1 

�,6	� 1,695.2 0.7 15.1 0.3 �47.60 0.01 0.02 0.01 �108.3 0.0 0.5 0.1 

�,67� 1,709.9 0.6 14.3 0.2 �47.59 0.01 0.00 0.01 �107.9 0.0 0.6 0.1 

�,68� 1,723.8 0.7 13.7 0.4 �47.59 0.01 �0.02 0.03 �107.4 0.1 0.5 0.2 

�,6-� 1,737.3 1.3 12.9 0.8 �47.60 0.02 0.01 0.02 �107.1 0.2 0.5 0.3 

�,66� 1,749.0 1.7 10.8 1.0 �47.58 0.02 0.06 0.04 �106.7 0.4 1.2 0.3 

�,6,� 1,758.3 2.0 7.1 1.5 �47.52 0.02 0.06 0.06 �105.7 0.2 1.9 0.7 

�,,.� 1,764.1 1.1 5.4 2.4 �47.51 0.01 �0.04 0.08 �104.4 0.2 1.3 0.3 

�,,�� 1,771.9 0.7 8.3 2.0 �47.51 0.01 0.03 0.04 �103.5 0.1 0.8 0.4 

�,,�� 1,780.0 1.1 7.3 1.0 �47.48 0.01 0.04 0.02 �102.6 0.2 1.0 0.1 

�,,�� 1,786.2 0.9 5.5 1.0 �47.43 0.01 0.03 0.01 �101.5 0.1 1.2 0.1 

�,,	� 1,791.4 0.7 5.2 1.0 �47.41 0.02 0.03 0.02 �100.2 0.1 1.2 0.1 

�,,7� 1,796.9 1.4 5.8 1.8 �47.41 0.02 �0.02 0.04 �99.1 0.1 1.1 0.1 

�,,8� 1,803.7 3.5 5.6 4.2 �47.42 0.04 0.02 0.02 �98.0 0.1 1.1 0.1 

�,,-� 1,803.1 2.5 �1.3 7.6 �47.36 0.02 0.07 0.04 �96.9 0.1 1.3 0.3 

�,,6� 1,807.6 1.4 7.2 7.2 �47.29 0.03 0.05 0.02 �95.7 0.3 1.2 0.5 

�,,,� 1,813.0 2.6 1.2 3.3 �47.27 0.02 0.01 0.01 �95.0 0.3 0.0 0.5 

�...� 1,813.2 1.2 0.2 2.0 �47.27 0.01 �0.01 0.02 �94.7 0.3 �0.1 0.4 

�..�� 1,813.6 1.8 1.2 1.9 �47.27 0.01 0.01 0.02 �94.8 0.2 �0.5 0.7 

�..�� 1,816.5 2.5 4.8 2.3 �47.29 0.03 0.00 0.04 �95.1 0.3 0.2 1.4 

�..�� 1,824.2 2.7 7.9 5.7 �47.25 0.02 0.08 0.07 �95.7 0.4 �1.8 1.9 

�..	� 1,826.5 2.0 �0.9 5.2 �47.20 0.05 0.00 0.03 �96.7 0.8 �0.1 1.1 

�..7� 1,825.7 1.6 0.3 2.5 �47.24 0.02 �0.06 0.05 �96.3 0.6 1.0 1.5 

�..8� 1,827.2 1.8 2.9 1.2 �47.28 0.02 �0.03 0.02         

�..-� 1,831.3 1.3 5.2 1.1 �47.29 0.01 0.00 0.02         

�..6� 1,836.6 1.6 5.9 0.8 �47.29 0.01 �0.01 0.01         

�..,� 1,841.6 3.1 5.8 0.6 �47.31 0.01 �0.03 0.01         

�.�.� 1,845.1 5.0 5.5 0.6 �47.34 0.03 �0.04 0.02         

 

 

 

	�7��(�����	����������,-6��.�.�

 In this section, calculations, which estimate the total CH4 sources and the δ
13

C 

and δD signatures of the combined CH4 sources are given based on observations from our 

composite time series.  
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	�7���(�������	������������,-6��.�.�

 From measured CH4 mixing ratio and its growth rate, we can calculate an estimate 

of CH4 emissions. Treating the atmosphere as a single box, from the mass balance 

equation 

P[!"#]P[ = S − [!"#]
τ

                                                                                                           (4.9) 

where 
P[!"#]P[  is the CH4 growth rate measured in parts per billion per year [ppb/yr], S is 

the total CH4 emission measured in teragram/year [Tg/yr], [CH�] is the CH4 mixing ratio 

measured in parts per billion [ppb], and ^ is the CH4 lifetime measured in years [yr]. To 

convert from [ppb/yr] to [Tg/yr], a factor of 2.75 is used [Khalil et al., 2007]. Both [CH4] 

and are d[CH4]/dt are known and the lifetime is taken to be 9.7  years which is calculated 

from our data and the approximate middle of the range of lifetimes as discussed in 

section 1.3.2. To calculate the CH4 emission from 1978 to 2010, we consider the CH4 

lifetime to be constant.    

Under these assumptions, the CH4 emission can be obtained as 

S = 2.75 ∗ aP[!"#]P[ + [!"#]b c                                                                                          (4.10)    

The results of the total emission during 1978�2010 are shown in figure 4.19. 

Tabulated values for annual CH4 emissions are given in table 4.2��
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Table 4.2 The annual total CH4 total emissions, δ
13

C and δD of CH4 sources 

/���� ��	�0��*1� �2��	34���0��*4
�1�  ,�-
��2(�4
�3� δδδδ
��
����������051� δδδδ����������051�

�,-6� 1,604.0 17.6 503.1 �52.36 �282.8 

�,-,� 1,615.4 17.1 505.0 �52.35 �283.3 

�,6.� 1,629.9 16.5 507.4 �52.35 �284.2 

�,6�� 1,645.7 16.7 512.4 �52.34 �283.8 

�,6�� 1,662.6 17.3 518.9 �52.32 �282.7 

�,6�� 1,679.5 16.2 520.8 �52.33 �283.4 

�,6	� 1,695.2 15.1 522.1 �52.35 �284.3 

�,67� 1,709.9 14.3 524.2 �52.36 �284.8 

�,68� 1,723.8 13.7 526.3 �52.37 �285.1 

�,6-� 1,737.3 12.9 527.9 �52.39 �285.7 

�,66� 1,749.0 10.8 525.6 �52.43 �287.4 

�,6,� 1,758.3 7.1 518.0 �52.47 �290.2 

�,,.� 1,764.1 5.4 514.9 �52.51 �290.9 

�,,�� 1,771.9 8.3 525.1 �52.43 �287.4 

�,,�� 1,780.0 7.3 524.6 �52.42 �287.7 

�,,�� 1,786.2 5.5 521.5 �52.43 �288.5 

�,,	� 1,791.4 5.2 522.2 �52.41 �287.8 

�,,7� 1,796.9 5.8 525.3 �52.40 �286.4 

�,,8� 1,803.7 5.6 526.7 �52.41 �285.8 

�,,-� 1,803.1 �1.3 507.7 �52.54 �291.8 

�,,6� 1,807.6 7.2 532.3 �52.25 �282.3 

�,,,� 1,813.0 1.2 517.3 �52.38 �287.8 

�...� 1,813.2 0.2 514.6 �52.41 �288.6 

�..�� 1,813.6 1.2 517.4 �52.39 �287.7 

�..�� 1,816.5 4.8 528.2 �52.30 �284.2 

�..�� 1,824.2 7.9 539.0 �52.19 �281.7 

�..	� 1,826.5 �0.9 515.2 �52.39 �291.4 

�..7� 1,825.7 0.3 518.3 �52.37 �289.8 

�..8� 1,827.2 2.9 526.0 �52.33   

�..-� 1,831.3 5.2 533.5 �52.29   

�..6� 1,836.6 5.9 536.8 �52.29   

�..,� 1,841.6 5.8 538.1 �52.31   

�.�.� 1,845.1 5.5 538.2 �52.33   

�



122 

 

  
Figure  4.19 Annual CH4 emission  during 1978�2010  using the mass balance equation  (4.10) and based 

on a CH4 lifetime of 9.7 yrs. 

 

 The average CH4 emission during 1978�2010 is 522±9 Tg/yr with a minimum 

value of  503 Tg/yr in 1978 and a maximum value of 539 Tg/yr in 2003 (as shown in 

table 4.2 and figure 4.19). The highest CH4 emission during 2003 was the reason of 

anomalously large growth rate in CH4 (as described in section 4.4.4).  

 Figure 4.19 shows that CH4 emissions increased rapidly from 1978 with a value 

of 503 Tg/yr to 1983 with a value of 520 Tg/yr and slowed down from 1983 to 1987 with 

a value of 528 Tg/yr.  After 1987, CH4 emissions decreased from 538 Tg/yr and reached 

515 Tg/yr during 1990. A rapid return to increased CH4 emissions followed during 1991, 

at 525 Tg/yr. In 1991�1996, CH4 emissions changed slowly. During 1997, CH4 emissions 

decreased sharply to 508 Tg/yr. The high CH4 emissions during 1998 with a value of 532 
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Tg/yr from wetlands and fires appear as a sharp increase in figure 4.19 and a sharp 

increase in the CH4 growth rate in figure 4.18(a).  CH4 emissions decreased again after 

1998 and reached  514 Tg/yr during 2000. After 2001, CH4 emissions increased again 

and spiked during 2003 with a value of 539 Tg/yr. They decreased again during 2004 

with a value of 515 Tg/yr and 518 Tg/yr in 2005. Emissions increased rapidly 2000�2005 

and leveled off 2008�2010 which explains the increase of CH4 growth rate during 2005�

2010. 

 Decreasing the lifetime of CH4 in the atmosphere from 9.7 yrs to 8.7 yrs ( and 

fixing the CH4 mixing ratio and its growth rate), the effect of sinks will increase and 

therefore CH4 emissions are increased from 503 Tg/yr in 1978 (as calculated from 

equation 4.8 with a CH4 lifetime=9.7 yrs) to 555 Tg/yr in 1978. The maximum value of 

emission occurs in 2003 with a value 560 Tg/yr. Contrastingly, increasing the CH4 

lifetime means a decrease of  the atmospheric sink. Therefore, an increase CH4 lifetime to 

10.7 yrs changes minimum and maximum annual emission strengths to be 460 Tg/yr and 

491 Tg/yr, respectively. A figure B.21 in Appendix B shows the difference of CH4 

emission when the CH4 lifetime is 8.7 yrs, 9.7 yrs and 10.7 yrs. 

 

	�7����(���δδδδ
��
�����������	����������,-6��.�. 

Recall equation (4.9), the total emission of CH4 can be defined as  

S = P[!"#]P[ + [!"#]
τ

                                                                                                         (4.11) 
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where [CH4] is the total mixing ratio of CH4 in the atmosphere which includes all 

isotopologues, CH4= 
12

CH4+
13

CH4+CH3D 

considering isotopologues 
12

CH4 and 
13

CH4 and how our measurements of δ
13

C are made, 

contributions from other isotopologues are not important. As in equation (4.11), the mass 

balance equations for 
12

CH4,
13

CH4 can be written as  

S&L!"� = PP[ d CH�&L e + d !"#fg e
τfghi#                                                                                       (4.12) 

S&(!"� = PP[ d CH�&( e + d !"#fj e
τfjhi#                                                                                       (4.13) 

Dividing   equation (4.13) by (4.12) , the isotopic ratio of the source has the form                              

RRTYZlQ = m nnod !"#fj ep hi#fj
τfjhi#nnod !"#fg ep hi#fg
τfghi#

q
S+Z

                                                                                      (4.14) 

Multiplying the right hand side of equation (4.14) with  
bfjhi#bfjhi#  and using 

 ^&(rs# = t		τ&L!"#                                                                                                      (4.15)  

we obtain 

RRTYZlQ = v τfjhi#	 nnod !"#fj ep !"#fj
τfjhi#	 nnod !"#fg epw !"#fg xS+Z                                                                           (4.16) 

since R = !"#fj
!"#fg   therefore 

 CH�&( = R	 CH�&L                                                                                                         (4.17) 

and its time derivative has the form  

PP[ [ CH�] = Ry	 CH&L �&( + R ∗ d CH&L �e′                                                                        (4.18) 

where R' and [
12

CH4]' are the time derivatives of R and [
12

CH4] and will be defined here.  
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From Equations (4.15),(4.16), (4.17), and (4.18) and after some simplification, 

equation (4.14) can be re� written simply as  

RRTYZlQ = RS+Z + !"#{bfghi#|′}=~p|}=~af�>&c�fg
bfghi#∗[ !"#]′fg p !"#fg                                                                 (4.19) 

 The terms in the right hand side of equation (4.19) can be calculated from 

measured parameters as follows 

RS+Z = R�%�� :δ !}=~fj
&''' + 1@                                                                                          (4.20) 

R′S+Z = |����&''' PP[ δ CS+Z&(                                                                                                 (4.21) 

CH� = !"#&p|}=~	&L                                                                                                              (4.22)   

  CH′� = !"#fg !"′#>|y}=~� !"#fg �g!"#	
&L                                                                                 (4.23)            

The carbon kinetic isotopic effect (KIE) α is taken as 1.0054 based on the 

calculations from equation (3.2). τ&L!"#	is the lifetime of 
12

CH4 in the atmosphere and 

will be taken as the lifetime of CH4 9.7 yrs. Finally,  δ CRTYZlQ&(   can be obtained  from  

δ CRTYZlQ&( = {|���~��|���� − 1� 	1000                                                                               (4.24) 

where RVPDB =0.0112372 for carbon isotope ratios [ Coplen,1995]. 
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                               Figure 4.20 The annual δ
13

C of the CH4 sources during 1978�2010.   

 

 

 The flux weighted average δ
13

C of the global CH4 source based on our composite 

data is represented in figure 4.20. Values are represented in figure 4.20 are tabulated in 

table 4.2. The average value during 1978�2010 is �52.4±0.1‰. The most depleted value 

of the δ
13

C of CH4 sources during 1978�2010 occurred in 1997 with a value of �52.5‰ 

while the most enriched of the δ
13

C of CH4 sources occurred in 2003 with a value of �

52.2‰, a range of 0.3‰. 

 Figure 4.20 shows that δ
13

C of CH4 sources increases slowly during 1978�1982 

from an annual value of �52.4‰ in 1978 to be �52.3‰ in 1982.  It then decreases rapidly 

and reaches a depleted value of �52.5‰ in 1990. During 1991�1996, δ
13

C of CH4 sources 

is constant with a value of �52.4‰. A sharp decrease in CH4 emission during 1997 (as 
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shown in figure 4.19) may be explained by a decrease in enriched source emissions (as 

shown in figure 4.20) such as biomass burning or fossil fuel. Therefore, δ
13

C of the CH4 

sources become more depleted value during this period. The large spike of CH4 emissions 

(as shown in figure 4.19) during 1998 due to the increase in CH4 emissions from 

wetlands and boreal fires is also observed in figure 4.20. This spike (�52.25‰) confirms 

that the effect of boreal fires on atmospheric CH4 (δ
13

C~ �25‰). δ
13

C of CH4 sources 

returns to �52.4‰ after 1998 till 2001.  This is followed by a sharp increase of δ
13

C of 

CH4 sources reaching to an enriched value of �52.2‰ during 2003. This may be the result 

of wildfires which occurred across Europe during August 2003 due to the extremely hot 

and dry weather conditions [Hodzic et al. 2007]. There were also Southern California 

wildfires which occurred in 2003 between October 20th and   November 3rd 

[http://www.nws.noaa.gov/os/assessments/pdfs/Signed�Wildfire.pdf; 

http://map.sdsu.edu/fireweb/]. A sharp dip to �52.4‰ occurs in 2004 followed by a 

gradual increase through 2007. CH4 emission from sources increases rapidly from 2004 

to 2008 and slows during 2008�2010 (as shown in figure 4.19). During this period, the 

δ
13

C of the CH4 sources increases gradually during 2004�2007 and decreases slowly 

during 2008�2010. This may occur due to an increase in emissions from enriched sources 

(such as fossil fuel with δ
13

C~ �38‰ or biomass burning with δ
13

C~ �25‰) during 2004�

2007. The gradual depletion of δ
13

C of sources may be explained from increased 

emission from microbial sources (δ
13

C~ �60‰) during 2008�2010 or the decrease in 

emissions from an enriched source such as biomass burning or fossil fuel.  

�
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	�7����(���δδδδ�������	����������,-6��..7
 

 The same procedures are followed to calculate the hydrogen isotope of methane 

sources δDs. The mass balance equations for CH4 and CH3D can be written as in equation 

(4.11) 

S!"# = [CH�]′ + [!"#]bhi#                                                                                                   (4.25) 

S!"j� = [CH(D]′ + [!"j�]
τhij�                                                                                             (4.26) 

Dividing equation (4.26) by (4.25) , the ratio of the source has the form                              

�hij��hi# = 4R�.RTYZlQ = �[!"j�]′p[hij�]τhij�[!"#]′p[hi#]�hi#
�
S+Z

                                                                     (4.27) 

Multiplying the right hand side of equation (4.27) with  
���j����j�  and using 

 ^rsj� = t	^rs#                                                                                                            (4.28)  

we got 

RRTYZlQ = &� vτhij� nno[!"j�]p!"j�
τhij� nno[!"#]pw∗!"# xS+Z                                                                              (4.29) 

In case of hydrogen  R = &� !"j�!"#   therefore 

 CH(D = 4	R	CH�                                                                                                         (4.30) 

and its time derivative has the form  

PP[ [CH(D] = 4	Ry	CH� + R	[CH�]′                                                                                (4.31) 

where R' and [CH4]' are the time derivatives of R and [CH4].  

From Equations (4.28), (4.30), and (4.31) and after some simplifications, equation (4.29) 

can be re� written simply as  
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RRTYZlQ = RS+Z + !"#{bhi#|′}=~p|}=~af�>&c�bhi#!"′#p!"#                                                                      (4.32) 

The terms in the right hand side of equation (4.32) can be calculated from measured 

parameters as follows 

RS+Z = R���$� aδ�}=~&''' + 1c                                                                                          (4.33) 

R′S+Z = |�����&''' PP[ δDS+Z                                                                                                (4.34) 

  Here α is the hydrogen kinetic isotopic effect (KIE) which can be taken as 1.27 

based on the calculations from equation (3.4) and the CH4 lifetime is taken as 9.7 yrs.  

δDRTYZlQ		can be obtained  from equation (4.32) as  

δDRTYZlQ = { |���~��|����� − 1� ∗ 1000                                                                                (4.35) 

where RVSMOW =0.00015574 for hydrogen isotope ratios [Coplen, 1995]. 

 The annual flux weighted average δD of CH4 sources during 1978�2005 is shown 

in figure 4.21.  Values in this figure are included in table 4.2. During 1978�2005, δD of 

the CH4 sources has an average value of �286±3‰ with a minimum value of �292‰ 

occurring in 1997 and a maximum value of �282‰ in 2003. δD of the CH4 sources 

decreases slowly from �283‰ in 1978 to �284‰ in 1980. It increases gradually from �

284‰ in 1981 to �283‰ in 1982. Another slow decrease in δD of the CH4 sources begins 

in 1982 to a value of �286‰ in 1987 and is followed by a more rapid decrease to �291‰ 

in 1990. δD of the CH4 sources increases after 1990 and reaches to a value of �286‰ in 

1996. A sharp dip occurs in 1997 with a value of �292‰ followed by a large peak in 
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1998 with a value �282‰. This large 1998 peak in figure 4.21 is consistent with a large 

peak in CH4 emission (as in figure 4.19) and with a large peak δ
13

C of CH4 sources (as in 

figure 4.20). The main reason for this peak during 1998, as mentioned before, is CH4 

emissions from boreal fires. Clearly, the effect of large spike during 1998 in both δ
13

C 

and δD of CH4 sources supports the hypothesis, that CH4 emissions from fires was 

greater than CH4 emission from wetlands. After the large spike in 1998, δD of CH4 

sources decreases sharply and reaches �289‰ in 2000. The sources become enriched in 

δD again in 2002�2003 with a value of �282‰ during 2003. This large peak in δD of CH4 

sources (as shown in figure 4.21) is consistent with a large peak in CH4 emission (see 

figure 4.19) and with a large peak in δ
13

C of CH4 sources (see figure 4.20). Therefore, 

these results suggest the 2003 spike in CH4 was caused by enriched sources, likely fire. A 

sharp decrease in δD of CH4 sources occurs after 2003 and reaches to �291‰ in 2004 and 

�290‰ in 2005. Since there are no available measurements of δD of atmospheric CH4 

2005�2010, a continued description is not feasible. 
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Figure 4.21. The annual δD of the CH4 sources during 1978�2005. 

 

 

  

 A classification of the CH4 emitted from sources has been discussed according to 

CH4 emitted from natural sources or anthropogenic sources [Khalil, 2000; IPCC2007]. 

Another classification was described according to their δ
13

C and δD values [Quay et 

al.1991; 1999]. In 1991, Quay et al. divided the CH4 emitted sources into three 

categories: biogenic sources such as wetlands, lakes, rice paddies; fossil fuel sources such 

as coal and natural gas; and biomass burning sources [Quay et al., 1999]. The biogenic 

sources are characterized by a depleted value of δ
13

C which ranges from �65‰ for tundra 

to �50‰ for landfills. The biogenic sources also have depleted values in δD and range 

from �380‰ for termites to �293‰ for landfills. Fossil fuel sources are characterized by 

with higher values of δ
13

C than biogenic sources. Their δ
13

C values range from �37 to �38 
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‰. However, their δD values are the most enriched sources of these categories at �175‰. 

Biomass burning sources are the most enriched value of δ
13

C between �24 to �26‰ and 

their δD values are approximately �210‰. For more information on isotopic signatures of 

CH4 sources see table 1.1. 

 Figure 4.22 shows the three main categories of CH4 emission sources. Using 

figure 4.20 and figure 4.21, we can plot the annual values of δ
13

C of CH4 sources versus 

the annual values of δD of CH4 sources and correlate the resulting plot with the three 

categories of CH4 sources as shown in figure 4.23. This approach shows effect of three 

distinct source categories on the isotopic composition of CH4. This figure shows a 

decreasing contribution from fossil fuel emissions occurring during 1978�1980. This is 

followed by an increase in the emissions of biomass burning from 1981�1982. After 

1982, (1983�1990) the fractional contributions from biomass burning and /or fossil 

sources gradually decrease while the fractional contributions from microbial sources 

increases. From 1991�1996, the prior CH4 trend in emissions between microbial and 

enriched sources reverses and enriched sources increase relative to microbial sources.  

The decrease in emissions from biomass burning and fossil fuel show up in 1997 as a 

dramatic anomaly in figure 4.23. The high CH4 emissions from boreal fires during 1998 

appears as an increase in the biomass burning component.  Another increase of biomass 

emission occurs during 2003. After 2003, the microbial emission increases relative to 

fossil fuel and biomass burning. 
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Figure  4.22. δ
13

C�CH4 source vs. δD�CH4 source for Microbial, Fossil Fuel, and Biomass Burning with the 

results obtained from figure 4.20 and figure 4.21 during 1978�2005. 

 

 
 

Figure 4.23. The annual values of  δ
13

C�CH4 sources vs. the annual values δD�CH4 sources from figure 

4.20 and figure 4.21 during 1978�2005. 
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Collected date  Can # Ave. Std Err Ave. Std Err Can # Ave. Std Err Ave. Std Err 

3/28/2012 ST-433 1894.7 1.8 1890.9 1.8 BI3059 1898.0 2.6 1894.2 2.6 
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8/27/2012 MLO 136 1874.7 3.7 1870.9 3.7 BI3098 1872.4 2.0 1868.7 2.0 

9/25/2012 SMO355 1879.9 2.4 1876.2 2.4 B959 1881.8 3.2 1878.1 3.2 
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!""� ���   � ��� ��� # $
� #�% � &��� %
'�� ���%�

!(
� ��� �(� �
� ��� ����� �)�� �)�� �%�� ���	�

42	4� 5� 4+� 		� 2� 	5+� 	2�5� 	4�+� 	224�+� 6�7�

42	4� 5� 4+� 		� 8� 	17� 7�	� 	4�*� 	224�+� 6�7�

42	4� 5� 4+� 		� 	4� 	*4� 	2�4� 	4�1� 	225� 6�7�

42	4� 5� 4+� 		� 	+� 	1+� +�5� 	2� �#� �#�

42	4� 5� 4+� 		� 41� 	1+� 7�5� 		�7� 	225�	� 6�6�

42	4� 5� 4+� 		� 52� 	*2� 7�4� 		�+� 	225� 6�8�

42	4� 5� 4+� 		� 58� 	*6� +�8� 		�5� 	224�7� 6�6�

42	4� 5� 4+� 		� 14� 	8*� +�*� 	2�+� 	225�	� 6�6�

42	4� 5� 4+� 		� 1+� 	1*� +�*� 	2�8� �#� �#�

42	4� 5� 4+� 		� *1� 	1+� 7�	� 	4�4� 	225�4� 6�6�

42	4� 5� 4+� 	4� 2� 	56� 7�7� 		�*� 	225�	� 6�6�

42	4� 5� 4+� 	4� 8� 	56� 7�	� 	4�4� 	225� 6�6�

42	4� 5� 4+� 	4� 	4� 	55� 7�7� 		�6� 	225�	� 6�6�

42	4� 5� 4+� 	4� 	+� 	57� 7�7� 	4�5� �#� �#�

42	4� 5� 4+� 	4� 41� 	17� 7�*� 	4�4� 	225�	� 6�+�

42	4� 5� 4+� 	4� 52� 	*4� +�7� 	4�7� 	225�	� 6�7�

42	4� 5� 4+� 	4� 58� 	18� 7� 	2�*� 	225�	� 6�7�

42	4� 5� 4+� 	4� 14� 	18� 7�8� 		�7� 	225�	� 6�+�

42	4� 5� 4+� 	4� 1+� 	56� 	2�4� 	4�+� �#� �#�

42	4� 5� 4+� 	4� *1� 	5*� 		�1� 	5�4� 	225�5� 6�6�

42	4� 5� 4+� 	5� 2� 	5+� 	2�7� 	4�8� 	225�5� 6�6�

42	4� 5� 4+� 	5� 8� 	17� 7�*� 		�8� 	225�1� 6�8�

42	4� 5� 4+� 	5� 	4� 	51� 	2�4� 	1�5� 	225�5� 6�6�

42	4� 5� 4+� 	5� 	+� 	5+� 		�8� 	1� 	225�*� 6�6�

42	4� 5� 4+� 	5� 41� 	1	� 	4�4� 	1�5� 	225�6� 6�+�

42	4� 5� 4+� 	5� 52� 	1	� 		�5� 	1�4� 	225�6� 6�+�

42	4� 5� 4+� 	5� 58� 	17� 7�	� 	5�*� 	225�6� 6�6�

42	4� 5� 4+� 	5� 14� 	*6� +�*� 	2�8� 	225�7� 6�6�

42	4� 5� 4+� 	5� 1+� 	*7� 		�+� 	8�7� �#� �#�

42	4� 5� 4+� 	5� *1� 	62� 		�6� 	6�*� 	221�	� 6�6�
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!""� ���   � ��� ��� # $
� #�% � &��� %
'�� ���%�

!(
� ��� �(� �
� ��� ����� �)�� �)�� �%�� ���	�

42	4� 1� 48� 		� 2� 	54� 4� 4�1� 	225�6� +�*�

42	4� 1� 48� 		� 8� 		7� 	�1� 4� 	225�+� +�1�

42	4� 1� 48� 		� 	4� 78� 	�*� 	�+� 	225�7� +�5�

42	4� 1� 48� 		� 	+� 	41� 	�4� 	�+� 	221� +�5�

42	4� 1� 48� 		� 41� 	*	� 4�1� 4�7� 	225�7� +�5�

42	4� 1� 48� 		� 52� 	*7� 4� 4�7� 	221� +�1�

42	4� 1� 48� 		� 58� 	5*� 4�1� 4�+� 	225�7� +�*�

42	4� 1� 48� 		� 14� 	47� 4�4� 5�4� 	221� +�*�

42	4� 1� 48� 		� 1+� 	5*� 4�8� 5� �#� �#�

42	4� 1� 48� 		� *1� 	4+� 4�5� 4�6� 	221�	� +�*�

42	4� 1� 48� 	4� 2� 	46� 4�*� 5�4� 	221�	� +�1�

42	4� 1� 48� 	4� 8� 	27� 4�*� 4�+� 	221� +�1�

42	4� 1� 48� 	4� 	4� 		7� 4�*� 5�	� 	221� +�*�

42	4� 1� 48� 	4� 	+� 	5*� 4�+� 5�	� 	221�	� +�1�

42	4� 1� 48� 	4� 41� 	56� 4�4� 4�7� 	225�7� +�1�

42	4� 1� 48� 	4� 52� 	4	� 	�6� 4� 	225�7� +�1�

42	4� 1� 48� 	4� 58� 	55� 	�1� 4�5� 	225�7� +�1�

42	4� 1� 48� 	4� 14� 	88� 2�8� 	�+� 	225�7� +�1�

42	4� 1� 48� 	4� 1+� 	1*� 	�	� 	�8� �#� �#�

42	4� 1� 48� 	4� *1� 	45� 4�	� 5� 	221�	� +�1�

42	4� 1� 48� 	5� 2� 4	6� 	�+� 4�7� 	221�	� +�5�

42	4� 1� 48� 	5� 8� 4*8� 4�	� 5�4� 	221�	� +�5�

42	4� 1� 48� 	5� 	4� 481� 5�4� 1�4� 	221�4� +�5�

42	4� 1� 48� 	5� 	+� 4*6� 5�8� 1�	� 	221�4� +�5�

42	4� 1� 48� 	5� 41� 488� 5�*� 1�	� �#� �#�

42	4� 1� 48� 	5� 52� 4*+� 5�6� 1�4� 	221�5� +�5�

42	4� 1� 48� 	5� 58� 488� 5�4� 1�4� 	221�5� +�4�

42	4� 1� 48� 	5� 14� 416� 5�6� 1�4� 	221�*� +�4�

42	4� 1� 48� 	5� 1+� 416� 5�6� 1�	� �#� �#�

42	4� 1� 48� 	5� *1� 4*2� 5�8� 1�1� 	221�8� +�4�
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'�� ���%�
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� ��� �(� �
� ��� ����� �)�� �)�� �%�� ���	�

42	4� *� 52� 		� 2� 	1	� 4�6� 5� 	244�	� 7�1�

42	4� *� 52� 		� 8� 	5+� 5� 5�4� 	244�	� 7�1�

42	4� *� 52� 		� 	4� 	5+� 4�6� 5�4� 	244�	� 7�1�

42	4� *� 52� 		� 	+� 	57� 4�4� 4�6� �#� �#�

42	4� *� 52� 		� 41� 	57� 4�5� 4�+� 	244�5� 7�5�

42	4� *� 52� 		� 52� �#� �#� �#� 	244�5� 7�5�

42	4� *� 52� 		� 58� �#� �#� �#� 	244�4� 7�5�

42	4� *� 52� 		� 14� �#� �#� �#� 	244�4� 7�	�

42	4� *� 52� 		� 1+� 	5	� 5� 5�7� 	244�4� 7�	�

42	4� *� 52� 		� *1� 	57� 	�+� 4�6� 	244�5� 7�	�

42	4� *� 52� 	4� 2� 	54� 4�*� 4�7� 	244�5� 7�4�

42	4� *� 52� 	4� 8� 	45� 5�5� 5�6� 	244�5� 7�	�

42	4� *� 52� 	4� 	4� 	46� 4�*� 5�8� 	244�	� 7�

42	4� *� 52� 	4� 	+� 	4*� 4�7� 5�4� �#� �#�

42	4� *� 52� 	4� 41� 	4	� 4�8� 5�4� 	244�4� +�7�

42	4� *� 52� 	4� 52� 	46� 4� 4�+� 	244�1� +�7�

42	4� *� 52� 	4� 58� �#� �#� �#� 	244�1� 7�

42	4� *� 52� 	4� 14� 	5	� 4�5� 4�6� �#� �#�

42	4� *� 52� 	4� 1+� 	45� 4�6� 5�1� �#� �#�

42	4� *� 52� 	4� *1� �#� �#� �#� 	244�5� 7�	�

42	4� *� 52� 	5� 2� 	11� 4�7� 5�4� �#� �#�

42	4� *� 52� 	5� 8� 	1*� 5�6� 1�1� 	244�*� 7�

42	4� *� 52� 	5� 	4� 	5	� 8�5� 6� 	244�5� 7�

42	4� *� 52� 	5� 	+� 	58� *�*� 8�8� �#� �#�

42	4� *� 52� 	5� 41� 	14� *�8� 8�1� 	244�5� 7�1�

42	4� *� 52� 	5� 52� 	14� *�	� *�+� 	244�5� 7�5�

42	4� *� 52� 	5� 58� 	12� 1�+� *�*� 	244�5� 7�5�

42	4� *� 52� 	5� 14� 	11� 1�8� *�1� 	244�5� 7�4�

42	4� *� 52� 	5� 1+� �#� �#� �#� 	244�1� 7�5�

42	4� *� 52� 	5� *1� 	5*� 5�*� 1�1� �#� �#�
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!""� ���   � ��� ��� # $
� #�% � &��� %
'�� ���%�

!(
� ��� �(� �
� ��� ����� �)�� �)�� �%�� ���	�

42	4� 8� 4+� 		� 2� 	57� 1�7� *�4� 	2	4�7� 	2�

42	4� 8� 4+� 		� 8� 	58� *�	� *�*� 	2	5� 	2�	�

42	4� 8� 4+� 		� 	4� 	55� *�*� 8�	� 	2	5�	� 	2�	�

42	4� 8� 4+� 		� 	+� 	5*� *�6� 8�5� �#� �#�

42	4� 8� 4+� 		� 41� 	5+� 8� 8�5� 	2	5�	� 	2�4�

42	4� 8� 4+� 		� 52� 	57� *�7� 8�5� 	2	5�4� 	2�	�

42	4� 8� 4+� 		� 58� 	56� *�7� 8�1� 	2	5�4� 	2�

42	4� 8� 4+� 		� 14� 	51� *�+� 8�4� 	2	5�4� 	2�

42	4� 8� 4+� 		� 1+� 	57� *�+� 8�4� �#� �#�

42	4� 8� 4+� 		� *1� 	58� 8� 8�8� 	2	5�4� 7�7�

42	4� 8� 4+� 	4� 2� 	57� *�7� 8�*� 	2	5�4� 7�7�

42	4� 8� 4+� 	4� 8� 	5+� *�7� 8�8� 	2	5�4� 7�7�

42	4� 8� 4+� 	4� 	4� 	55� 8�4� 8�8� 	2	5�4� 	2�

42	4� 8� 4+� 	4� 	+� 	5+� *�7� 8�6� �#� �#�

42	4� 8� 4+� 	4� 41� 	12� *�+� 8�8� 	2	5�4� 	2�

42	4� 8� 4+� 	4� 52� 	*2� *�6� 8�*� 	2	5�4� 7�7�

42	4� 8� 4+� 	4� 58� 	1	� *�7� 8�*� 	2	5�4� 7�7�

42	4� 8� 4+� 	4� 14� 	11� 8�6� 6�1� 	2	5�4� 7�7�

42	4� 8� 4+� 	4� 1+� 	15� 8�6� 6�5� 	2	5�4� 	2�

42	4� 8� 4+� 	4� *1� �#� �#� �#� 	2	5�4� 	2�4�

42	4� 8� 4+� 	5� 2� 	18� 8�5� 6�4� �#� �#�

42	4� 8� 4+� 	5� 8� 	16� 8�6� 6�5� 	2	5�5� 	2�5�

42	4� 8� 4+� 	5� 	4� 	11� 8�1� 6� �#� �#�

42	4� 8� 4+� 	5� 	+� 	1*� 8�+� 6�5� �#� �#�

42	4� 8� 4+� 	5� 41� 	16� 8�5� 6�	� �#� �#�

42	4� 8� 4+� 	5� 52� 	1	� 8�8� 6�4� �#� �#�

42	4� 8� 4+� 	5� 58� 	15� 8�7� 6�*� 	2	5�1� 	2�8�

42	4� 8� 4+� 	5� 14� 	15� 8�1� 6� �#� �#�

42	4� 8� 4+� 	5� 1+� 	16� *�7� 6�4� 	2	5�5� 	2�*�

42	4� 8� 4+� 	5� *1� 	*2� 8� 6� �#� �#�
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42	4� 6� 46� 		� 2� 		� 	�4� 	�+� 	2	8�4� 	5�+�

42	4� 6� 46� 		� 8� 	7	� 	� 4�	� 	2	8�5� 	5�+�

42	4� 6� 46� 		� 	4� 	+4� 	� 4�4� 	2	8�5� 	5�+�

42	4� 6� 46� 		� 	+� 	8+� 	�5� 	�8� �#� �#�

42	4� 6� 46� 		� 41� 	55� 	� 	�1� 	2	8�5� 	5�6�

42	4� 6� 46� 		� 52� 	22� 	�4� 	�+� 	2	8�5� 	5�6�

42	4� 6� 46� 		� 58� 7*� 	�+� 4� 	2	8�5� 	5�6�

42	4� 6� 46� 		� 14� 88� 4� 4�6� 	2	8�1� 	5�6�

42	4� 6� 46� 		� 1+� 12� 2�+� 	�+� �#� �#�

42	4� 6� 46� 		� *1� 45*� 	�	� 	�8� 	2	8�1� 	5�6�

42	4� 6� 46� 	4� 2� 44	� 2�+� 	�1� 	2	8�1� 	5�+�

42	4� 6� 46� 	4� 8� 48	� 	�5� 	�8� 	2	8�*� 	5�6�

42	4� 6� 46� 	4� 	4� 458� 2�6� 	�	� 	2	8�*� 	5�6�

42	4� 6� 46� 	4� 	+� 447� 2�4� 2�*� 	2	8�8� 	5�6�

42	4� 6� 46� 	4� 41� 447� 2� 2�4� 	2	8�6� 	5�6�

42	4� 6� 46� 	4� 52� 447� 2� �#� 	2	8�+� 	5�6�

42	4� 6� 46� 	4� 58� 442� 2�1� 2�6� 	2	8�+� 	5�6�

42	4� 6� 46� 	4� 14� 42*� 2�6� 2�+� 	2	8�7� 	5�6�

42	4� 6� 46� 	4� 1+� 4*2� 2�8� 	�	� �#� �#�

42	4� 6� 46� 	4� *1� �#� �#� �#� 	2	6� 	5�8�

42	4� 6� 46� 	5� 2� 45	� 2�6� 2�7� �#� �#�

42	4� 6� 46� 	5� 8� 	72� 2� 2�8� 	2	6� 	5�*�

42	4� 6� 46� 	5� 	4� 	+*� 2�6� 2�+� 	2	6� 	5�8�

42	4� 6� 46� 	5� 	+� 424� 2�6� 2�+� �#� �#�

42	4� 6� 46� 	5� 41� 	+4� 2�8� 2�6� 	2	6�	� 	5�8�

42	4� 6� 46� 	5� 52� 	67� 2�6� 2�+� 	2	6�4� 	5�8�

42	4� 6� 46� 	5� 58� 	86� 2�7� 	�	� 	2	6�4� 	5�8�

42	4� 6� 46� 	5� 14� 	67� 	�4� 	�5� 	2	6�4� 	5�8�

42	4� 6� 46� 	5� 1+� 	88� 	�5� 	�1� �#� �#�

42	4� 6� 46� 	5� *1� 	8+� 	�8� 	�6� 	2	6�4� 	5�8�
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42	4� +� 48� 		� 2� 	57� 1� 1�1� 	22+�1� 	4�6�

42	4� +� 48� 		� 8� 	56� 1� 1�1� 	22+�1� 	4�6�

42	4� +� 48� 		� 	4� 	5+� 5�6� 1�1� 	22+�1� 	4�6�

42	4� +� 48� 		� 	+� 	11� 1�	� 1�*� �#� �#�

42	4� +� 48� 		� 41� 	18� 5�7� 1�8� 	22+�5� 	4�6�

42	4� +� 48� 		� 52� 	*1� 5�8� 1�5� 	22+�5� 	4�6�

42	4� +� 48� 		� 58� 	1+� 5�+� 1�4� 	22+�1� 	4�6�

42	4� +� 48� 		� 14� 	1*� 1� 1�*� 	22+�5� 	4�6�

42	4� +� 48� 		� 1+� 	56� 5�+� 1�1� �#� �#�

42	4� +� 48� 		� *1� 	56� 1� 1�1� 	22+�5� 	4�+�

42	4� +� 48� 	4� 2� 	51� 1�6� *� 	22+�5� 	4�+�

42	4� +� 48� 	4� 8� 	55� 1�+� *�5� 	22+�4� 	4�+�

42	4� +� 48� 	4� 	4� 	1	� 1�6� *�	� 	22+�	� 	4�+�

42	4� +� 48� 	4� 	+� 	1*� 1�1� 1�6� �#� �#�

42	4� +� 48� 	4� 41� 	57� 1�4� 1�1� 	22+�4� 	4�+�

42	4� +� 48� 	4� 52� 	56� 1� 1�5� 	22+�4� 	4�+�

42	4� +� 48� 	4� 58� 	58� 1�4� 1�*� 	22+�4� 	4�+�

42	4� +� 48� 	4� 14� 	16� 1�8� 1�+� 	22+�4� 	4�7�

42	4� +� 48� 	4� 1+� 	56� 1�8� 1�7� �#� �#�

42	4� +� 48� 	4� *1� 	1	� 1�8� *� 	22+�4� 	4�7�

42	4� +� 48� 	5� 2� 	57� 5�7� 1�6� 	22+�	� 	4�7�

42	4� +� 48� 	5� 8� 	11� 1�*� 1�6� 	22+�	� 	4�7�

42	4� +� 48� 	5� 	4� 	1*� 1�8� *� 	22+�	� 	4�7�

42	4� +� 48� 	5� 	+� 	*5� 1�*� 1�7� 	22+�	� 	4�7�

42	4� +� 48� 	5� 41� 	82� 1�6� *�	� 	22+�4� 	4�7�

42	4� +� 48� 	5� 52� 	15� 1� 1�8� 	22+�4� 	4�7�

42	4� +� 48� 	5� 58� 	*2� *�	� *�1� 	22+�4� 	4�7�

42	4� +� 48� 	5� 14� 	18� *�	� *�*� 	22+�5� 	5�

42	4� +� 48� 	5� 1+� 	18� *�4� *�+� �#� �#�

42	4� +� 48� 	5� *1� 	*2� *�*� *�7� 	22+�5� 	5�
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42	4� 7� 4*� 		� 2� 5*+� 5�4� 5�7� 	2	7�6� 	2�*�

42	4� 7� 4*� 		� 8� 5*6� 5�1� 5�7� 	2	7�6� 	2�5�

42	4� 7� 4*� 		� 	4� 582� 5�1� 5�+� 	2	7�6� 	2�5�

42	4� 7� 4*� 		� 	+� 5*7� 1� 1�5� �#� �#�

42	4� 7� 4*� 		� 41� 5*7� 5�*� 1�4� 	2	7�+� 	2�4�

42	4� 7� 4*� 		� 52� *� 5�8� 1�4� 	2	7�+� 	2�	�

42	4� 7� 4*� 		� 58� 5*7� 5�8� 1�4� 	2	7�+� 	2�

42	4� 7� 4*� 		� 14� 4� 5�7� 1�	� �#� �#�

42	4� 7� 4*� 		� 1+� �#� �#� �#� 	2	7�+� 7�+�

42	4� 7� 4*� 		� *1� 5� 1�	� 1�1� 	2	7�+� 7�6�

42	4� 7� 4*� 	4� 2� 5*7� 5�+� 1�5� 	2	7�+� 7�6�

42	4� 7� 4*� 	4� 8� 5*7� 5�6� 1�5� 	2	7�+� 7�8�

42	4� 7� 4*� 	4� 	4� �#� �#� �#� 	2	7�7� 7�*�

42	4� 7� 4*� 	4� 	+� *� 5�8� 1�5� 	2	7�7� 7�*�

42	4� 7� 4*� 	4� 41� 		� 5�*� 1�6� 	242� 7�*�

42	4� 7� 4*� 	4� 52� 1� 5�*� 1�1� 	242� 7�1�

42	4� 7� 4*� 	4� 58� 7� 5�7� *�*� 	242� 7�1�

42	4� 7� 4*� 	4� 14� *� 1�4� *�6� 	242� 7�5�

42	4� 7� 4*� 	4� 1+� 	� 5�1� *�4� �#� �#�

42	4� 7� 4*� 	4� *1� +� 1� *�+� 	242�4� 7�1�

42	4� 7� 4*� 	5� 2� 	5� 1�	� *�7� 	242�	� 7�5�

42	4� 7� 4*� 	5� 8� 4	� 1�+� 8�4� 	242�4� 7�1�

42	4� 7� 4*� 	5� 	4� 	6� 1�6� 8�1� 	242�	� 7�5�

42	4� 7� 4*� 	5� 	+� 	8� *� 8�8� �#� �#�

42	4� 7� 4*� 	5� 41� 48� 1�7� 8�5� 	242� 7�1�

42	4� 7� 4*� 	5� 52� 5+� 5�6� 8�1� 	242� 7�5�

42	4� 7� 4*� 	5� 58� 54� 5� 1�7� 	242� 7�5�

42	4� 7� 4*� 	5� 14� 55� 5�5� 1�7� 	242�	� 7�4�

42	4� 7� 4*� 	5� 1+� 12� 5�5� *�*� �#� �#�

42	4� 7� 4*� 	5� *1� 16� 	�1� 1�5� 	242�	� 7�	�
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42	4� 	2� 46� 	5� 2� 	58� *�4� 8�7� 	2	+� 	4�	�

42	4� 	2� 46� 	5� 8� 	51� *�8� 8� 	2	6�8� 	4�	�

42	4� 	2� 46� 	5� 	4� 	15� 8�	� 8�+� 	2	6�*� 	4�

42	4� 	2� 46� 	5� 	+� 	*	� *�4� 8� �#� �#�

42	4� 	2� 46� 	5� 41� 	58� 8� 8�*� 	2	6�5� 	4�

42	4� 	2� 46� 	5� 52� 	55� *�7� 8�+� 	2	6�4� 	4�

42	4� 	2� 46� 	5� 58� 	5*� 8�*� 6�	� 	2	6�5� 	4�	�

42	4� 	2� 46� 	5� 14� 	5+� 8�1� 6�	� 	2	6�4� 	4�	�

42	4� 	2� 46� 	5� 1+� 	*	� *�+� 8�7� 	2	6�	� 	4�4�

42	4� 	2� 46� 	5� *1� 	*	� 8� 8�6� 	2	6�4� 	4�	�

42	4� 	2� 46� 	1� 2� 	17� *�*� 8�1� 	2	6�5� 		�7�

42	4� 	2� 46� 	1� 8� 	16� 8�8� 6�*� 	2	6�1� 		�7�

42	4� 	2� 46� 	1� 	4� 	11� +�4� +�7� 	2	8�+� 		�6�

42	4� 	2� 46� 	1� 	+� 	14� 7�4� 	2�1� �#� �#�

42	4� 	2� 46� 	1� 41� 	18� +�4� 	2� 	2	8�5� 		�8�

42	4� 	2� 46� 	1� 52� 	16� +�	� 7�	� 	2	8�4� 		�+�

42	4� 	2� 46� 	1� 58� 	*	� 6�7� 7�8� 	2	8�5� 		�7�

42	4� 	2� 46� 	1� 14� 	*4� +�+� 	2�	� 	2	8�1� 		�7�

42	4� 	2� 46� 	1� 1+� �#� �#� �#� 	2	8�4� 		�+�

42	4� 	2� 46� 	1� *1� 	1	� +� 7�1� 	2	8�	� 		�6�

42	4� 	2� 46� 	*� 2� 	14� 6�7� 7�4� 	2	*�7� 		�8�

42	4� 	2� 46� 	*� 8� 	18� +�1� 7�*� 	2	*�+� 		�6�

42	4� 	2� 46� 	*� 	4� 	*5� +�	� 7�*� 	2	*�+� 		�6�

42	4� 	2� 46� 	*� 	+� 	*2� +�*� 	2� 	2	8�	� 		�6�

42	4� 	2� 46� 	*� 41� 	11� 7�	� 	2�8� 	2	*�+� 		�6�

42	4� 	2� 46� 	*� 52� 	1*� 7�+� 	4�4� 	2	*�8� 		�6�

42	4� 	2� 46� 	*� 58� 	18� 	2�6� 	4�7� 	2	*�*� 		�6�

42	4� 	2� 46� 	*� 14� 	*	� 7�	� 		�	� 	2	*�6� 		�+�

42	4� 	2� 46� 	*� 1+� 	*	� +�	� 7�6� 	2	*�+� 		�+�

42	4� 	2� 46� 	*� *1� 	16� +�5� 	2�4� 	2	*�6� 		�+�
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