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ABSTRACT

During the 20th century, the atmospheric methane mixing ratio has increased
substantially, albeit with varying growth rates. While the growth rate increased until the
1970s, in recent decades it has exhibited a declining trend. The goal of this study is to
analyze the extent to which the changes in methane lifetime are due to changes in the

strength of atmospheric methane sinks.

Simulations using the Chemistry Climate Model Solar Climate Ozone Links (SOCOL) v2.0
are analyzed over the period 1900 to 1999. Transient boundary conditions, including
sea-surface temperatures, greenhouse gases, and land-surface conditions, were included
in the model. In SOCOL, methane is not emitted; rather concentrations are prescribed
according to observations. In this thesis, methane destruction rates are analyzed,
allowing conclusions to be drawn regarding changes in methane lifetime. In the model,
methane lifetime increased in the 1900-1960 period (from 6.8 to 7.2 years), then
decreased from the late 1960s until the end of the 20th century (from 7.2 to 7 years).
This analysis shows that the increase in methane lifetime from 1900 to 1960 is related
to a reduction in tropospheric OH levels which is caused by an increase in the methane
mixing ratio. It also demonstrates that the decrease in methane lifetime after 1960 is a
consequence of the recovery of OH in troposphere which is caused by increases in NOx
emissions which results in enhanced ozone formation. Therefore, this study proposes
that a NOx induced methane oxidation mechanism over the continental troposphere

causes changes in methane lifetime and its growth rate in the long-term.



1. INTRODUCTION

Methane (CH4) is the most important greenhouse gas (GHG) after carbon dioxide (COz)
in terms of its radiative forcing (IPCC, 2007). At the same time it is an abundant reactive
gas that plays a key role in various chemical reactions in the atmosphere such as ozone
formation. Methane, together with ozone and aerosols, is therefore, one of the most
important agents in chemistry-climate interactions. For this reason, understanding the
factors that alter the lifetime of atmospheric methane and affect its growth rate is
particularly important for future climate research, since a profound change in its

lifetime has the potential to significantly affect the global climate.

Atmospheric methane concentrations have exhibited an increasing trend in 20t century.
The mixing ratio was 1774 ppb in 2005 and increased by 1059 ppb since pre-industrial
times (IPCC, 2007). While the strength of each source is not very well known, the
increase in the CHs mixing ratio could be caused by both anthropogenic and natural
emissions (Forster et al., 2007). Natural sources include natural wetlands, wildfires, and
geological processes, and the anthropogenic sources include flooded rice fields (Neue,
1993), landfills, waste treatment facilities, natural gas handling, biomass burning, and
fossil fuel combustion (EPA, 2010). Any shift in the emission trends of CHs, raises
concerns related to their impact on the climate since methane is a much more potent

greenhouse gas than CO2 on a per molecule basis.

The methane growth rate has decreased over the 1984-1996 period and this rate
exhibits significant inter-annual variability (Dlugokencky et al., 1998; 2001). The causes
of this declining growth rate have puzzled many scientists. Studies have proposed either
reductions in methane emissions (Karlsdottir and Isaksen, 2000), due to reduced fossil
fuel emissions (Aydin et al., 2011) and biogenic emissions (Kai et al., 2011), or changes

in sink mechanisms (Fiore et al., 2006) as the primary explanations for this trend.

In this study we focus on decadal changes in atmospheric methane sinks as a
determinant of methane lifetime and growth rates. The variability in methane lifetime in
the 20% century is investigated using simulations of the coupled chemistry-climate
model (CCM) SOCOL. Methane concentrations are prescribed in the CCM-SOCOL. Thus,
the same methane mixing ratio is defined in the lowest model layer globally and

transported through to the upper atmosphere.



1.1. Objectives

The aim of this Master’s thesis is to better understand the drivers that affect methane
lifetime and the mechanisms responsible for the land-sea contrast in methane sinks.
This thesis will demonstrate that the decadal change in methane lifetime could be
explained by either rising temperatures, as a consequence of climate change, or the
variability of OH levels due to changes in their associated sink or source mechanisms.
First, methane sinks are expected to be enhanced due to an increase in the temperature
dependent “CH4 + OH” reaction rate which is caused by rising tropospheric
temperatures. These rising tropospheric temperatures may also explain the land-sea
contrast in methane sinks as this temperature effect may vary due to the diurnal
variation over land and marine bodies.

Second, assuming that the long-term variability of OH sinks is caused by a long-term
change in methane lifetime, one could expect that OH sinks were initially enhanced until
the 1970s, at which point this enhancement stopped and receded in last 30 years of the
20th century. In this case, the trends of major OH sinks in the target period are expected
to exhibit a similar pattern to that related to methane lifetime.

Finally, the change in OH sources may be the cause of changes in decadal methane
lifetimes, therefore a reduction in OH concentrations until 1970 is expected. Then, due
to changes in OH sources, OH levels increase globally creating an opposing impact on
methane lifetime. In both cases, due to the changing OH levels, we also expect to see
changes in the land-sea contrast of the methane sink.

The analysis will allow us to understand whether increasing tropospheric temperatures,
OH sinks or sources, are responsible for the decadal methane lifetime change. The CCM
SOCOL simulations, sensitivity runs and calculations will enable the quantification and

the monitoring of the effects.



2. BACKGROUND
2.1. Methane Chemistry in Troposphere

The primary sink of methane occurs through its reaction with the hydroxyl radical (OH)
(Johnson et al., 2002). Smaller amounts of methane may be removed through other sinks
such as its absorption by soils (Born et al., 1990), transport to the stratosphere where
methane is removed by OH, Cl and O(1D), and reaction with Cl in the Planetary Boundary
Layer(PBL) (Platt et al., 2004; Allan et al., 2005). Some of these minor sinks are not
included in the model of the atmosphere used here e.g. absorption by soils. These minor
sinks account for approximately 10% of the total loss of tropospheric methane (Fung et
al., 1991; Hein et al., 1997;Lelieveld et al., 1998). Hence, in this model, approximately
90% of global tropospheric methane is oxidized by OH. Therefore, methane loss is

primarily determined by atmospheric OH and its temporal change.

Because OH is the dominant methane sink , OH density is an important consideration in
this study. Most OH is produced through the reaction of O(1D) with water vapor (R1) in
the lower troposphere (Chen et al., 2001).

03 + hv> 0, + 0('D) (R1)
O(D) + H20 > 2 OH (R2)

Ozone (03), being a collateral source of methane oxidizing OH, is photochemically
destroyed (R1) (Penkett et al., 1994). The photolysis of O3, forming O(1D) as one of its
products, occurs at wavelengths shorter than 340 nm. If the increase in UV-B (280 - 315
nm) radiation in the troposphere (Bronnimann et al., 2001) due to stratospheric ozone
depletion (WMO, 2006) is considered, the production of OH could be enhanced by an

elevated R1 rate.

Another important mechanism that affects methane lifetime is enhanced ozone
formation, leading to increases in OH levels by ozone photolysis in industrialized regions
with high levels of air pollution (Whalley et al., 2010). The enhanced methane oxidation,
as a result of enhanced OH formation due to rising ozone levels, may increase the OH
mixing ratio by increasing tropospheric ozone levels. This mechanism, following R1, is

formulated as:



CH4 + OH-> CHz + H20 (R3)

CH3+ 02+ M > CHz02+ M (R4)
CH302 + NO - CH30 + NO; (R5.a)
CH30 + 02> CH20 + HO; (R6)

CH,0 + hv + 20, 2H02+CO  (R7)

CO + OH + 02> HO2 + CO; (R8)

4(HO; + NO > OH + NO;) (R9.a)
5(NO2 + hv> NO + O(3P)) (R10)
5(02 + O(3P) + M > 03 + M) (R11)

Net: CH4+ 902 + UV-> COz +40H +403

Ozone, following the pathways in R1 and R2, produces additional O(!D) over land by
photolysis where the mixing of NOx is higher. Thus, the elevated O(1D) leads to increased
OH levels and methane lifetime is decreased by repeating the methane oxidation cycle

given from R1 to R11.

On the other hand the methane oxidation mechanism has different avoided NOx
conditions, for example in the troposphere over the mid-ocean. This process following

R1-R4 is as follows:
CH302 + 03> CH30 + 202 (R5.b)
CH30 + 02> CH20 + HO: (R6)
CH20 + hv + 20;> 2HO2 + CO (R7)
CO + OH + 02> HO2 + CO: (R8)

4(HO2 + O3> OH + 202) (R9.b)

Net: CHj4+ 603+UV - C02+40H + 602

In NOx avoided regions such as in the marine troposphere, ozone is used for the
oxidation of methane (R5.b and R9.b). In these regions, because there is no surface-NOx
source for ozone formation, ozone is transported either from the stratosphere or
neighboring land masses. Ozone formation is thus lower than in continental areas in

these regions. As a result, the mixing ratio of OH is lower compared to NOx.rich



continental regions, due to a lack of tropospheric ozone. Methane oxidation by OH is also

not as efficient as it is on land, due to lower OH levels.

There are other species, such as NOx and Volatile Organic Compounds (VOCs), which are
oxidized by OH as well. VOCs are not part of the atmospheric chemistry modeled in CCM
SOCOL, however, any change in the removal of OH by NO2 would affect OH levels. As a
result, the removal of OH by NO: affects methane lifetime as a competitive agent. In this
study changes in the regional and global HNO3 concentrations, which are dependent on
the “NO2 + OH” reaction, are also investigated in order to analyze the direction of the OH

sink impact on methane lifetime.
2.2. ENSO, Temperature, Water Vapor and, Methane Lifetime

Khalil and Rasmussen (1986) postulated that the inter-annual variation of methane
measurements at Cape Meares (45°N, 124°W) is linked with El Nino Southern
Oscillation (ENSO) events which enhance the removal of methane through higher
concentrations of water vapor, which result in a greater a abundance of OH. Bekki and
Law (1997), using a 2-D global atmospheric chemistry model, explored the OH changes
resulting from variability in tropospheric temperatures. They found that these changes
could also cause variations in methane growth rates of a few ppb per year. Therefore,
the rate of methane oxidation may be influenced by an increase in temperature and

humidity due to climate change (Johnson et al., 1999; 2001; Stevenson et al., 2000).

El Nino (La Nina) is characterized by monthly mean SST anomalies in the Nino 3.4
region bounded by 120°W - 1709W and 5°S - 50N, that is + 0.5°C (- 0.5°C) higher
(lower) than the all times mean using the Oceanic Nino Index (Trenberth K.E., 1997). In

this study, analysis focusing on the ENSO region is bounded by the same boundaries.



3. METHODS
3.1. Chemistry Climate Model SOCOL(CCM-SOCOL)

The CCM SOCOL version 2.0 (Schraner et al.,, 2008) is a combination of the middle
atmosphere version of the general circulation model (GCM) MA-ECHAM4 (Roeckner et
al, 1996; Manzini and Bengtsson, 1996) and a modified version of the chemistry-
transport model MEZON (Model for Evaluation of 0ZONe trends) (Rozanov et al., 1999,
2001; Egorova et al., 2001, 2003; Hoyle, 2005). MA-ECHAM4 has a grid spacing of 3.759
with T30 horizontal truncation, and 39 vertical levels in a hybrid sigma-pressure
coordinate system covering the model atmosphere from surface to 0.01 hPa. The time
step for the dynamic processes and physical process parameterizations in MA-ECHAM is
15 minutes. The time step for full radiative transfer calculations is 2 hours where
heating and cooling rates are interpolated for every 15 minute period. The chemistry
component of the CCM SOCOL simulates 41 chemical species from the oxygen, hydrogen,
nitrogen, carbon, chlorine and bromine groups, driven by 118 gas-phase reactions, 33
photolysis reactions and 16 heterogeneous reactions on sulphate aerosols and polar

stratospheric clouds.

Some abilities of the CCM-SOCOL version 2.0 are limited with respect to both climate
and chemistry simulations. Starting with its GCM component, MA-ECHAM4, belongs to
an older generation of GCMs. There is increased spectral resolution of shortwave
radiation parameterization in MA-ECHAMS5 in the UV-B and UV-C bands. This is
accomplished by improving the parameterization of shortwave fluxes and heating rates

(Cagnazzo et al., 2006).

The absence of VOCs in the model also affects the reliability of the atmospheric
chemistry in the model. The variability of OH is partly hindered due to the lack of VOCs
in the model because VOCs could enhance the formation of ozone, as an OH source, and
buffer OH (Taraborelliet al., 2012). Similarly, the absence of prescribed methane
concentrations that vary annually, implies that the variability of methane emissions due

to other actors such as climate are also omitted from the model.

Another important element to note is the failure of the model to include the impact of
clouds on ozone photolysis. Clouds are parameterized in the model, none-the-less, the
ozone photolysis rate (UV radiation for O(1D) formation) is independent of clouds. As a

result, the altitude of clouds and cloud intensity do not affect UVB radiation intensity,



which is important for O(1D) formation (R1). However, despite these short-comings, the
CCM-SOCOL is appropriate to study the key drivers of methane lifetime and to test our

hypothesis targeting methane sink mechanism(s).
3.1.1. Boundary Conditions

In the SOCOL model, atmosphere, solar irradiance, greenhouse gases (GHGs), NOx and
CO emissions, ozone depleting substances (ODSs), tropospheric aerosols, sea surface
temperature, sea ice, land surface change, quasi-biennial oscillations and stratospheric
aerosols have versatile temporal and spatial variability (Fischer et al, 2008).The
simulations carried out with the CCM SOCOL analyzed in this study, cover the 20t
century from 1901 to 1999.

GHGs (CO2, N20, CH4 and CFCs) (Etheridge et al.,, 1996) and ODSs (WMO, 2003) have
globally constant values that vary annually. Surface CO and NOx emissions (Schultz et al.,
2007; van Aardenne et al.,2001) have spatial, 19x1° resolution in the 1900-1960 period
and 0.59x0.5%resolution after 1960, both vary monthly. Monthly aircraft NOx emissions
are latitude and altitude dependent, and are included in the modeled atmosphere of the

SOCOL model starting in 1960 (Schmitt et al., 1997).

Hadley Center’s HadISST (Rayner et al., 2003) dataset is used for sea ice and sea surface
temperature simulations. Both parameters vary monthly and have a spatial resolution of

19x 10, This data set is available from 1870 to today.

The land surface change is simulated by HYDE data containing 20 vegetation classes in
the CCM-SOCOL (Goldewijk KK, 2001). From 1700 to 1950 land surface change is
updated on a 50-year interval, additionally for 1970 and 1990.

All input data is regridded to the model’s horizontal resolution and further detail on the
input data is available on the SOCOL-website! including information on quasi-biennial

oscillation, tropospheric and stratospheric aerosols.
3.1.2. Sensitivity Runs and Calculations

Ordinarily a sensitivity analysis would imply keeping all parameters except for one
constant and monitoring the resulting variation in all (calculated) variables.
Mathematically, this corresponds to a “variation”, which is equal to the partial derivative

of the variables in the case where these variables are linearly dependent.

1 Available on: http://www.iac.ethz.ch/en/research/socol/data.htm



In this study two sensitivity runs are analyzed in which the test parameters were CHa,
CO and NOx. In a “fixed methane” run, CH4_1901, the CH4 mixing ratio is kept constant at
1901 levels where all other trace gases such as GHGs, ODPs, NOx and CO vary monthly in
all years. In another sensitivity run, NOx_C0O_1951, CO and NOx levels are stabilized at
1951 levels, with all others varying.

Our analysis presents the findings of all three runs -all parameters varying, fixed

methane, and fixed CO and NOx-for the 20t century concerning CHs lifetime.

Table 3.1 Boundary conditions of CCM SOCOL runs in the study

Experiment name | Simulation period | Description

REF 1901 - 2000 Boundary conditions as described in

section 3.1.1

CH4_1901 1901 - 2000 CH4 boundary condition fixed to 1901, all
other boundary conditions according to
REF

NOx_CO_1951 1951 - 2000 NOx and CO emissions fixed to 1951, all

other boundary conditions according to

REF

The total calculated lifetime of atmospheric methane (tcwa) can be given by the

equation:

_ total CH4
" total CH4 destruction

TCH4

“Total CH4” and “total CH4 destruction” in equation 1 represent the sum of the methane
number densities (molecules/cm3) times their associated grid volumes and the rates of
total methane oxidation by OH, Cl and O(1D) (molecules/sec) of all grids, respectively.
Using the methane mixing ratios prescribed in the model, number densities are

calculated for each grid cell according to the grid temperature and pressure.

Total methane destruction is calculated for each grid cell as the sum of “CH4 + OH - CH3

+ H20”, “CH4 + CL - CH3z + HCI” and “CHs4 + O(*D) - CHs3 + OH” rates. Rates such as



temperature, pressure, ozone, H20, OH, HO2, NOx, HNO3, methane and Cl are written in
the model output data on a monthly basis for the 20t century. The monthly mean O(1D)
mixing ratios, where OH is determined with H20 (R2), are not written in the model
output. Using the ozone volume density and photolysis rates, monthly mean O(!D)

number densities are, however, calculated for each grid cell.

-
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Figure 3.1 The scheme shows how the areal average of the grids is calculated. The values of each
grid cell at the same pressure level are weighted by grid cross-section area, which vary with
latitude and longitude. The mean values of each pressure layer are also weighted by grid height for
atmospheric temperature and by density for trace gases in order to calculate tropospheric and
global mean values. 2

The grid pressure values written in the model output vary from 1000 hPa to 0.01 hPa. In
addition to vertical pressure layers, the grid center values vary with time (monthly),
latitude (50) and longitude (96). In order to calculate grid box height, the mean of the
two consequent pressure levels are used. The grid height is calculated from the pressure
difference in this manner. Grid area is calculated for each grid box depending on the grid
location (latitude/longitude). Following the calculation of grid volume and molecular

densities of the trace gases at each grid cell, the weighted areal mean of all grids at the

2Source: http://www.climateprediction.net/science/sci_images/PRECIS_resolution.jpg
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same pressure level is calculated (figure 3.1). The areal weighted average is used to
obtain one weighted-mean value for vertical pressures from 1000 hPa to 0.01 hPa.
Finally, Tropospheric mean values are calculated by weighting vertical level means by
density (molecular density and volume missing ratio) from 1000 - 250 hPa and from

1000 - 0.01 hPa for the atmosphere.

Grid cells below the topography are also considered in tropospheric and atmospheric
mean estimates. The values of modeled grid cells located in a mountain are imaginary.
These grids are not normally part of the atmosphere. By comparing the grid pressure
with the upper adjacent grid pressure, the weight of the value is given as “0”. To this end
the mean value of the grid cell which is normally covered by topography is omitted in

the tropospheric or atmospheric mean calculations.

Averaging the OH molecular density for comparison with previous studies is done using
the same method used to calculate the tropospheric and atmospheric means. However,
because previous studies have mean estimates below 100 hPa, vertical layer boundaries

are 1000 - 100 hPa.

In addition to the global mean methane destruction analysis, this study focuses on
selected terrestrial and marine regions. These regions are selected due to their varying
atmospheric properties. Europe is selected due to its pollution levels, i.e. it is NOx
abundant; the Sahara is selected because it has a NOx poor troposphere; and the ENSO
3.4 region is selected because tropospheric temperatures could be elevated for longer
periods (3 - 5 months) from the surface to the top of the troposphere. The borders of the

selected regions are given in table 3.2.

Table 3.2 Borders of the selected regions where methane destruction by OH analyzed

Region Borders (Longitude / Latitude)
EUROPE 400N - 60°N / 109W - 40°E
ENSO 3.4 1200W - 1709W / 50S - 50N
SAHARA 149N - 309N / 10°W - 30°E

Over the regions of interest, the variability in methane destruction rates caused by OH is
analyzed via sensitivity calculations. First, the global mean trend of the “CH4 + OH” rate
in the 20t century is calculated via monthly rates written in the model output. Then,

using monthly mean temperatures, molecular densities of CH4 and OH destruction rates

10



are calculated according to the scenarios given in the table 3.3, in order to quantify the

impact of all actors on methane lifetime: methane, OH and temperature.

Table 3.3 Description of the “CH4 + OH” rate sensitivity calculations in the study

Calculation Calculation period | Description

name

REF 1901 - 2000 “CH4 + OH” rate written in the model
output data. CH4, OH and temperature
vary according to REF

FX_CH4 1901 - 2000 “CH4 + OH” rate calculated for the CH4
boundary condition fixed to 1901. OH
and temperature vary according to
REF

FX_OH 1901 - 2000 “CH4 + OH” rate calculated for the OH
boundary condition fixed to 1901. CH4
and temperature vary according to
REF

FX_Temp 1901 - 2000 “CH4 + OH” rate calculated for the

temperature boundary condition fixed
to 1901. CH4 and OH vary according to
REF

11



4. RESULTS and DISCUSSION

Methane sinks increased globally in the 20t century as did its mixing ratio. In the CCM-
SOCOL, total global methane sinks amount to around 350 Tg annually at the beginning of
the model period and rise to 650-700 Tg by the end of the century. This increase in sinks
is enhanced in the last 40 years of the model period and its rise is steeper in that period

(figure 4.1).

Methane lifetime also increases by 0.6 per year in the first 70 years of the model period.
This increase then stops and the lifetime of methane starts to decrease in the last 30

years (figure 4.1).

Annual methane lifetime and sink trends in the 20t Century
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Figure 4.1 Annual atmospheric methane sinks (green) and methane lifetime (red) in the 1900-
2000 period. Methane lifetime increases from 6.8 years to 7.2 years until 1970, then decreases by
around 0.3 years in the last 30 years. Annual methane sinks (Tg/yr) increase overall in the target
century. The rise in sinks is enhanced after 1960 as is the atmospheric methane mixing ratio.

The primary methane sink, by the “CH4 + OH” reaction, varies spatially as well. Methane
sinks are greater in the tropics and decrease with increasing latitude in both
hemispheres. Figure 4.2 shows the sum of all “CH4 + OH” rate in the troposphere
spatially on the world map. The first panel (figure 4.2-A) shows the sum of all “CHs +
OH” rate in 1901 and second panel (figure 4.2-B) of figure 4.2 shows the sum of all “CHas
+ OH” rate in 1999. There is a land-sea contrast in the methane sinks in the CCM-SOCOL.
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In particular, over the tropical troposphere, the reaction rate increased with time. Over

most of the regions in the tropics the reaction rate doubled during the 20t century.

Spatial distribution of methane sink by OH on the world map: 1901 & 1999
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Figure 4.2 The annual sum of the "CHs + OH" reaction rate (molecules/cm3.sec) for the troposphere
in 1901 (A) and 1999 (B) are given. The sum of the reaction rates increased globally and doubled
over tropical regions. The OH causes a land-sea contrast in methane sinks, however the mixing
ratio of methane is spatially uniform, i.e. it has the same prescribed concentration in all of the
lowest model grids. At the beginning of the 20t Century (A), the Sahara and Middle-North Asia
regions have similar methane destruction rates as neighboring marine regions (Tropical Section of
the Atlantic). At the end (B), in both the Sahara and Middle-North Asia regions, methane destruction
increases more than in neighboring marine regions. We also see a land-sea contrast in methane
sinks over the troposphere of these regions, in 1999 this contrast extends into Europe and North
America as well.



4.1. Methane Lifetime Results of The Sensitivity Runs

In order to analyze the cause of the increase in methane lifetime between 1900 and
1970, the fall in methane lifetime after 1970, and the missing VOCs and cloud impacts,
sensitivity runs are used. The methane lifetimes calculated for the REF, as well as a

modified version of the REF, CH4_1901 and NOx_CO_1951 runs are shown in figure 4.3.

Methane lifetime of the sensitivity runs
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Figure 4.3 Methane lifetime, in monthly intervals, is shown for the REF run (red), CH4_1901 run
(blue), and NOx_C0_1951 run (green). The modified REF run (brown) reflects missing VOC and
cloud effects. In the REF run (red), methane lifetime increases from 6.8 to 7.4 years until the late
1970s, then decreases by about 0.3 years by the end of the century. In the NOx_CO_1951 run
(green), in which the NOx mixing ratio is kept constant at 1951 levels, methane lifetime rises
continuously. In CH4_1901 (blue), methane lifetime decreases continuously and the fall is
enhanced after 1960. Finally in the modified all forcings run (brown), the impact of VOCs and cloud
parameterization on methane lifetime is modeled. The combined impact of VOCs and cloud
parameterization leads to a reduction in OH levels by 20% globally. The methane lifetime pattern
in the modified run is consistent with the REF run, however the methane lifetime varies, between
8.5 to 9.3 years, due to the reduction of OH.

Methane lifetime decreases by around 0.5 years from the beginning of the model
simulation until 1960 in the CH4_1901 run. The reduction then doubles and the
calculated lifetime decreases by one year in the remaining 40 years of the model run.
The increased reduction in methane lifetime after 1960 is similar to that seen in the REF

run. However, in contrast to the CH4_1901 and REF runs, methane lifetime rises
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continuously, by about 0.8 years, in the NOx_C0O_1951 run and this rise is larger than in
the REF run (figure 4.3).

Sensitivity runs help to understand the causes of the rise (1900-1960) and fall (after
1960) in methane lifetime shown by the red line in figure 4.3. The rise in methane
lifetime in the first 60 years could be due to the rise in the methane mixing ratio. After
1950, tropospheric NOx concentrations increase and there is a consequential rise in the
NOx mixing ratio in the troposphere, which results in increased O3z formation. Thus, the
rise in methane lifetime could stop due to the increase in OH, which is a consequence of
the rising O(1D) levels that result from ozone photolysis. This rising O(1D) level could
lead to an elevation of the “H20 + O('D)” reaction, forming OH as a product. As a result,

methane lifetime could be reduced after 1970.

The variability of methane lifetime in model studies is a further issue worth considering.
The CCM SOCOL results show that methane lifetime is 7-7.5 years in the REF run and
8.5-9.3 years in the modified REF run in the 20t century (figure 4.3). In the study of
Lelieveld et al. (1998) it is 7.9 for 1992, it is 8-9 years according to Prather et al. (2001)
and 9.6 years in [PCC estimates (IPCC, 2001).

The failure to include the effects of clouds on photolysis rates and of VOC emissions on
methane lifetimes are also important considerations. The lifetime, calculated for the
modified version of SOCOL, is given in figure 4.3 (brown line). Andrea Stenke mimics
VOCs in the model by implementing a condensed isoprene mechanism and a
parameterized cloud effect on photolysis rates in SOCOL. In this modified version OH
concentrations are reduced by 21.5% at 750 hPa and 15.3% at 250 hPa levels globally
(Personal Communication). The global reduction in OH levels by 20% (in
molecules/cm3) increased methane lifetime by about 1.7 years (8.5-9.3 years) due to a

positive feedback mechanism.
4.2. Impact of the Changes in Tropospheric Temperature on Methane Oxidation

Rising tropospheric temperatures due to climate change could be the cause of the
change in methane lifetime by affecting the “CHs + OH” reaction through the rate
constant, “k”. The reaction rate of “CHs4 + OH” is calculated using the molecular densities

of CH4, OH and the rate constant, “k”, which is dependent on temperature:

k = 2.45x10712xe=1775/T (eq.1)
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The increase in tropospheric temperature could cause a rise in methane sinks and the
diurnal temperature variability over the ocean and land could explain the land-sea
contrast in sinks. Because temperature variability is an important factor, in order to
quantify its impact on methane oxidation the “CH4 + OH” reaction rate is calculated for
selected regions of the land and marine troposphere with the help of sensitivity

calculations (table 3.3).

In these scenarios; FX_CH4, FX_OH, and FX_Temp, the monthly mean reaction rates are
calculated for different pressures (altitudes) in selected regions. The regions (table 3.2)
are selected according to their atmospheric properties, including abundance of NOx, CO,

and ozone.

The reaction rates for the different scenarios are displayed in figure 4.4 for different
altitudes over the ENSO region. The variability of the “CH4 + OH” reaction rate is given
for FX_CH4 (black line), FX_OH (red), FX_Temp (orange) and REF (blue). In FX_OH, the
reaction rate is elevated by about 100% at the end of century, whereas in FX_CH4 it is
reduced by about 50%. However, in FX_Temp, where the aim is to quantify the impact of
temperature variability on methane destruction and lifetime, the reaction rate is

reduced by about 1%.

From the plots in figure 4.4, we see that the increase in the tropospheric temperatures is
only a minor contributor to the increase in methane sinks. Tropospheric temperature
rise accounts for less than 1% of methane destruction in the ENSO 3.4 region and for
around 1% in Europe and the Sahara. The effect of temperature through the reaction
rate constant is not a major cause of the change in methane lifetime in the 20t century
where the sinks are doubled and the methane lifetime rises by about 7% in the 1900-
1975 period.
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Sensitivity calculations for “CH4 + OH” rate in ENSO 3.4 region
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Figure 4.4 Changes in the calculated "CH4 + OH" rate for the sensitivity calculations for a variety of
pressures over the ENSO 3.4 region. At the panel on top, the mean “CH4 + OH” reaction rate of REF
(blue), FX_CH4 (black), FX_OH (red), FX_Temp (orange) is shown at 1000 hPa. In FX_CH4 (black),
methane destruction follows the same pathway as the OH mixing ratio (figure 4.3). In FX_OH,
methane destruction is dominated by the CHs mixing ratio and follows the CH4 mixing ratio trend.
Temperature variability due to climate change affects the “CHs + OH” reaction far less than the
variability of OH and CH4 mixing ratios. FX_temp trend (orange) has mostly the same pattern as the
REF (blue).

The temperature rise due to climate variability and its impact on methane destruction
both over land and ocean is approximately 1% in the target century. However, the
methane destruction caused by the reaction methane undergoes with OH over land is
much stronger than over the ocean (figure 4.2). Thus the likely impact of temperature
change due to global warming on reaction rates is not significant and could not be

responsible for the centennial change in methane lifetime in the 20t century.
4.3. Changes in the Mixing Ratio of Trace Gases in the 20t Century

The methane oxidation process is a chain of reactions that include other trace gases such
as NO, NOz, and Os. It is also affected by the oxidation capacity of the atmosphere (the

amount of HOy, OH, etc.). Owing to the fact that the whole oxidation process is
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determined by these components, it is important to know their variability and

abundance during the target period as well.

Tropospheric mean trace gas and temperature trends in SOCOL
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Figure 4.5 12-month moving average of tropospheric (mean of 1000-250 hPa levels);0zone, NOx,
OH, HOx, CH4 and temperature in the CCM-SOCOL for the 1900-2000 period. Both tropospheric
NOx(brown) and ozone (black) rise in the 20t century. Increases in both substances become more
significant during the second half of the century. Tropospheric ozone increased by 5 ppbv during
the first half of the century and increases by 11 ppby after 1950. The increase in tropospheric
NOx(brown) is about 200% higher during the second half of the century than in the 1900-1950
period. The increase in HOx (blue), from 4 to 6 ppty, is mostly linear. The OH mixing ratio (red),
decreases until the late 1960s, then stops and starts to increase in last 30 years, opposing the
methane lifetime trend given in figure 4.1. The CH4 mixing ratio rises by about 1000 ppby in the
20t century, mean tropospheric temperature increases by about 1°K during the same period.

Mean ozone, HOx and tropospheric temperatures have an increasing trend in the 1900-
2000 period. The mean ozone mixing ratio increases by about 40% to 35 ppb at the end
of the 20t century, from its initial level of 25 ppb at the beginning of the century. The
increase in HOx, similar to ozone, is about 40%. The mean tropospheric temperature,

increases in the target period by about 1°K, mostly after 1980 (figure 4.5).
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Methane has an overall increasing trend; the rise approximately doubled after 1960. The
NOx mixing ratio rises with increasing emissions after the 1950s, however, increases in
NOx are lower after the 1980s due to the installation of catalytic converters, finally the

mean mixing ratio reaches a level of 0.16 ppb (figure 4.5).

The main oxidizing agent for methane, OH, has a decreasing trend until 1960. At this
point, the decrease in OH stops simultaneously with the rise in NOx, and starts to

increase until the end of the century.
4.4. Impact of Varying OH on Methane Lifetime

Variability in the concentration of OH radicals due to changes in its source or sink
mechanisms may shed some light on the mechanism causing changes in methane
lifetime, which first increases in the 1900 - 1960 period and then starts to decrease over
the last 30 years. Since over 90% of atmospheric methane is removed by the reaction it

undergoes with the OH.
4.4.1. Snapshot of the OH Sink by HNO3 in the 20th Century

The reaction that OH undergoes with NO2 is one of the major sinks of OH. Since OH is
particularly important for changes in atmospheric methane, any shift in its sink could

impact methane levels.

Tropospheric mean HNO3 mixing ratio trend in SOCOL
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Figure 4.6 Monthly mean (orange line) and twelve-months moving average (blue line) of HNOsrises
in the 20th century. Elevation in the tropospheric HNO3; mixing ratio is enhanced after 1950 due to
the increasing NOx mixing ratio in the troposphere.

The OH sink, due to its reaction with NO, increased in the 20%* century with an
enhanced growth after the 1960s (figure 4.6). By the start of the 1960s, HNO3 formation

increased along with the elevated NOx mixing ratio in the troposphere (figure 4.5).

Tropospheric HNO3 mixing ratio over Europe, Sahara and ENSO 3.4
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Figure 4.7 HNO3; mixing ratio increases over Europe, the Sahara and the ENSO 3.4 region. The
twelve-month moving average of the HNO3 mixing ratio, sinks of OH by NO., is given for surface
level (1000 hPa) in Europe (brown, y-axis on left), the Sahara (red, y-axis on left) and the ENSO 3.4
region (blue, y-axis on right). Tropospheric HNO3 elevation is higher over land in theSahara and
Europe, than in the marine ENSO 3.4 region, due to NOx emissions.

The strength of the OH sink over the ENSO region is mostly constant in the 1900-2000
period. The OH sink is enhanced over land, by about 300% over the Sahara and about
200% over Europe, due to higher NOx levels (figure 4.7).

The variation in OH sinks, as the primary cause for tropospheric methane variability, is
considered as the main actor of methane destruction. A possible increase in OH sinks
would lead to the consumption of OH and methane lifetime could be enhanced.
However, the primary sink of OH, “OH + NO2”, is enhanced. Thus, the amount of HNO3
formed increases, not only regionally (figure 4.7) but also globally (figure 4.6) in the

20



20th century. Moreover, HNO3 formation is enhanced over land in Europe and the
Sahara (figure 4.7). Elevated HNO3 formation would have led to an increased methane
lifetime through decreasing OH. Therefore, the variation in OH sinks by the reaction OH
undergoes with NOg, is not responsible for the simulated long-term variability in OH and

methane lifetime.
4.4.2. Snapshot of OH Mixing Ratio in the 20t Century

There is a strong exponential correlation between OH (ppt) and CH4 lifetime (years) at
the surface level (1000 mbars) in Europe (figure 4.8.a), the Sahara and the ENSO 3.4

region (figure 4.8.b). This strong correlation also exists at the remaining vertical levels.

Scatter Plot of OH - Methane lifetime and their trends in Europe, the
Sahara and the ENSO 3.4 region
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Figure 4.8.a Scatter plot of the mean methane lifetime and OH concentrations over Europe:
Methane lifetime over Europe (1000-250 hPa) and Tropospheric OH mixing ratio (on Y-axis) are
negatively correlated.
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Figure 4.8.b CH, lifetime, OH mixing ratio and their correlation at surface level (1000 hPa) in
Europe, the Sahara and the ENSO 3.4 Region: Methane lifetime (left y-axis) and OH mixing ratio
(right y-axis) are given for the 20t century in the figure. Over Europe (top-panel), methane
lifetime increases due to the decreasing OH mixing ratio until 1980. Then the elevation in
methane lifetime stops like the decrease in OH mixing ratio in last 20 years due to the increase in
the NOx mixing ratio. Over the ENSO 3.4 region (lower-panel), methane lifetime rises over the
entire period, meanwhile the OH mixing ratio is reduced. Over the Sahara, similar to Europe,
methane lifetime falls until 1950, then rises back to the levels seen at the beginning of the century
due to the increased transport of NOx, ozone and H20.

In Europe, CHy lifetime increases until 1980 and then the rise slows and then halts.
Simultaneously OH mixing ratio decreases until 1980 and this decrease stops by the end
of the century (figure 4.8.b). The decadal variation in methane lifetime in Europe and the
Sahara is due to changes in OH levels. NOx emissions in Europe rise through to the end of
the century along with the tropospheric ozone mixing ratio. The rise in ozone leads to an
increase in O(!D) which is the primary source of OH. Finally, the OH mixing ratio
increases in the last 30 years of the model simulation, reducing methane lifetime in

Europe.

Over the Sahara, CH4 lifetime increases until the late 1950s at the surface level and then
it falls to its 1900 level where OH mixing ratio, opposing CH4 lifetime, decreases until the
1950s and then recovers to its initial level in 2000 (figure 4.8.b). Similar to the situation
seen in Europe, OH levels increase in the Sahara after 1950. This elevation could be due
to the transport of NOx and ozone from neighboring land masses turning the Sahara into

a NOX-rich environment.

CH4 lifetime, 3.5 years in 1900, increases to 5 years in 2000 in the ENSO 3.4 region
(figure 4.8.b). The mixing ratio of OH is reduced by about 50% in the target period. The
OH mixing ratio falls continuously in the ENSO 3.4 region since there are no surface NOx

sources and ozone transport is less than in Europe and the Sahara.

OH concentrations decrease until 1975, then their fall stops and starts to increase
through to the end of the century. Since more than 90% of tropospheric methane is
oxidized by OH, the decadal change of OH could be the cause for the variability in
methane lifetime in the long-term. Methane lifetime, opposing OH, rises until 1975 and

starts to decrease after 1975 (figure 4.9).
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Mean tropospheric OH mixing ratio (pptv)
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Figure 4.9 Monthly mean (orange) and twelve-month moving average (blue) OH levels in the
troposphere for the 20t century. The OH mixing ratio has inter-annual and long-term variability.
Due to the higher OH abundance in the northern hemisphere (NH), the monthly mean OH mixing
ratio is highest globally during the NH summer when the OH mixing ratio reaches to its annual
maximum level in the NH. Over the long-term, the OH mixing ratio goes down by around 12%.Then
the fall in tropospheric OH levels stop and start to rise again in the last 20-25 years of the model
simulation.

Mean OH molecular density is calculated for pressures ranging from 100 to 1000 hPa.
OH levels in the SOCOL model are approximately 50% less compared to the reference

study of Bousquet et al. (2005)
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Molecular Density of OH in the CCM SOCOL
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Figure 4.10 Mean molecular density of OH below 100 hPa in the CCM SOCOL and from the study by
Bousquets et al., 2005. OH levels vary from 4-5.2 in the CCM SOCOL and from 8-12
molecules/cm3/105in the reference study.

4.4.3. Snapshot of O(1D) Mixing Ratio in the 20t Century

The reaction of H,0 with O(!D) is the primary source of OH. In this section, the
variability of the O(!D) mixing ratio in the CCM SOCOL is monitored to analyze its impact
on the tropospheric mean OH. Ozone formation is enhanced by rising NOx emissions in
the 20t century. The increase in tropospheric ozone leads to increases in O(!D). Thus,

due to the reaction that O(1D) undergoes with H20 (R2), OH formation is enhanced.

In figure 4.11, the O(!D) mixing ratios for 1000 and 450 hPa pressure layers of the
model troposphere are given in the form of monthly means and 12-month averages.
Over the continental troposphere, Europe and the Sahara, the O('D) mixing ratio
increases by around 100% on an annual basis in the 20t century. In the ENSO 3.4 region

the rise in O(1D) is 40-50% during the same period, varying with altitude.
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O('D) mixing ratio at 1000 and 450 hPa for Europe, the Sahara and the
ENSO 3.4 region
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Figure 4.11 Twelve-month moving averages for O('D) mixing ratio over Europe (brown), the
Sahara (red) and the ENSO (blue) regions for 450 and 1000 hPa. Tropospheric O('D)
concentrations are higher over land than marine bodies.

Two other important mechanisms that impact OH abundance in the atmosphere are
NOx-rich (i) and (ii) NOx-poor air conditions, partly producing or reducing OH. In order
to monitor the impact of NOx abundance on CH4 destruction, the mean reaction rate of
“HOz + 03” and “HO2 + NO” are calculated. These two reactions are particularly
important to evaluate the strength of the CHs sink using two different mechanisms.
Because in the NOx-rich case(i), “HO2 + NO” reaction leads to enhanced ozone
production, whereas in the NOx-poor case(ii), the “HO2 + 03” reaction reduces ozone
during methane oxidation. In figure 4.11, the rates are given for Europe, the Sahara and
the ENSO 3.4 regions to evaluate methane sink mechanisms in the troposphere over

land and marine bodies.

Mean “HO; + 03” and “HO2 + NO” rates are calculated for Europe, the Sahara and the
ENSO 3.4 region at the surface level (1000 hPa). Over Europe, both reaction rates are
higher with respect to the Sahara and the ENSO regions due to the greater abundance of
NOx and ozone (figure 4.12). Higher “k[HO2][NO]” implies that NOx-rich conditions

prevail and tropospheric ozone formation is enhanced as part of methane oxidation.
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Over the Sahara the operating mechanism is similar to Europe. However, the difference
between the rates is much higher than over the other regions of interest. The “HO2 + NO”
rate is about 6 times higher than “HOz + 03”. The rise in both reaction rates is enhanced

after the late 1950s as well (figure 4.12) due to increases in surface NOx emissions.

Twelve months moving average of the reaction rates
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Figure 4.12 Mean reaction rates (molecules/cm3.sec/104) of "HO: + 03" (blue) and "HO; + NO"
(red) at the surface level for Europe, the Sahara and the ENSO 3.4 region. The mean rate of “HO: +
NO” is higher, by about 100 times, over land in the Sahara and Europe, due to higher NO levels.
However in the marine troposphere, for example in the ENSO 3.4 region, the mean rate of "HO; +
03" is about 6 times higher than the “HO; + NO” rate.

In the ENSO 3.4 region, opposing conditions prevail. The “HO2 + 03" rate is about 4 times
higher than the “HO2 + NO2” rate. This implies that, due to lower NOx abundance, ozone
formation is less. Both ozone and NOxare transported either from the stratosphere or

neighboring land masses (figure 4.12).

Due to inter-hemispheric contrast, the contrast in tropospheric NOx abundance,

tropospheric ozone concentrations are higher in the northern hemisphere and are
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increasing globally with rising NOx emissions (figure 4.5). As a result, O(1D) levels are
elevated by ozone photolysis and this rise is greater over land where NOx emissions are

higher (figure 4.11).
k[HO2][NO] - k[HO2][O3] on world map
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Figure 4.13 The spatial mean of “(k[HO2][NO] - k[HO2][03])/105” on the world map (on the left) and
the zonal mean “(k[HO:][NO] - k[HO2][03])/105” (on the right) for 1901 (panel A) and 1999 (panel B).
The difference between these rates is one of the surrogates used to analyze how methane is oxidized.
A higher positive number implies ozone formation is a more likely consequence than ozone reduction.
The higher positive numbers are calculated for land which are growing in time and extend to a wider
spread spatially (panel A and B - on left). The zonal mean values of the mean rate differences indicate
that the difference is higher in the northern hemisphere (NH) (panel B - on the right).

In order to monitor the areas where NOx rich conditions are dominant, the mean
difference between “HO2 + NO” and “HO2 + O3” rates are calculated (figure 4.13). In panel
A of figure 4.13, the mean difference in the rates (molecules/cm3.sec/10°) on the world
map (left) and the zonal means on the vertical section on right are given for 1901.

Similarly, the zonal mean difference in rates for 1999is shown in panel B.

27



NOx rich conditions become stronger in Middle Asia, especially over China and India,
Europe, Northern America, Anatolia and the Middle East. Rising industrial and fossil fuel
combustion are the primary causes of rising NOx emissions (van Aardenne et al., 2001).
This issue has been discussed by Lelieveld et al. (2009) and Smoydzin et al. (2012) for
the Arabian Peninsula. Due to rising NOx emissions and its resulting ozone transport, the
Sahara partly evolved into a NOx rich environment by the end of the century where NOx

induced methane oxidation prevails (figure 4.2-4.13) in 1901-1950 period.

According to the previous studies, the methane growth rate also has hemispheric
dependence. The study of Spivakovsky et al. (2000) showed the inter-hemispheric
difference in OH concentrations, which is particularly important for methane growth
rates. The inter-hemispheric methane discrepancy could be caused by microbial activity

(Kai etal., 2011) or source emissions (Aydin et al., 2011).

Mean reaction rates: Global, NH and SH
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Figure 4.14 Global, Northern and Southern Hemispheric mean k[HO;][NO] and k[H20][0D] in
molecule/cm3.sec. The rate of “HO2 + NO” reaction is higher in the Northern Hemisphere (NH). Due
to higher abundance of O(1D), the production of OH is higher in the NH. The rise in the “H>0+0H”
rate after 1960 is about 100% higher in the NH as well.
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Same discrepancies in OH levels are observed between the hemispheres, however
methane concentrations are globally homogeneous in the modeled atmosphere. Global,
Northern and Southern Hemispheric mean reaction rates of k[HO2][NO] and
k[H20][01D]are given in figure 4.14 for the 20t century. Both reactions occur at a higher
frequency especially after 1950. Moreover, the rise in the rates is twice as large in the
Northern Hemisphere due to the increasing NOx and O3z levels (figure 4.13-4.14).
Consequently, globally increasing k[H20][01D] is about 100% higher in the Northern

Hemisphere when compared to the Southern Hemisphere (figure 4.14).

The model results imply that NOx abundance and its variation is the cause of the
methane lifetime alternation after 1960. Both methane emissions and the change in sink
mechanisms are important to explain methane growth rate variability. The land-sea or
the inter-hemispheric contrast in OH is due to the changing NOx regime which

determines methane lifetime.
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5. CONCLUSIONS

The factors which are likely to determine the decadal change in methane lifetime and
the land-sea contrast in methane sinks are investigated with the help of the CCM SOCOL.
The variability of the determinants of methane sinks and its lifetime, including
tropospheric temperature, methane sinks, and the oxidizing capacity of the atmosphere
are monitored in the 20t century. The impacts of these determinants on methane sinks
are analyzed for regions such as Europe, the Sahara and the ENSO 3.4 region, and for the
whole troposphere. Our results imply that increasing NOx abundance in the troposphere
causes methane lifetime to decrease after 1960 (i) and the contrast in land-sea methane
sinks (ii).

During the 1900-1960 period, methane enhances its own lifetime through an increasing
methane mixing ratio. The amount of OH produced by the rising H,0 and O(1D) levels is
also lower than the OH amount that is reduced by the increasing methane mixing ratio
during this period. Since methane itself is the dominant sink for OH in the atmosphere,

the rising methane mixing ratio results in a reduction of OH by around 12% (figure 4.6).

After 1960,“H20 + NO” and “O'D + H20” reaction rates(figure 4.11, 4.13) and the fixed
NOx sensitivity run (figure 4.5) are addressing an additional increase in OH due to an
increase in tropospheric ozone over the continental troposphere. Because of rising NOx
emissions, ozone formation is enhanced. This ozone enhancement produces an increase

in the O('D) abundance in troposphere.

The “O1D + H20” reaction, the primary source of OH, is enhanced with increasing 01D
availability (figure 4.10). This rise in the sources of OH lead to a reduced methane
lifetime and growth rate by increasing the OH mixing ratio in the troposphere after

1960.

The impact of rising tropospheric temperatures on methane oxidation through the
reaction rate constant, is analyzed with the help of sensitivity calculations. Mean
tropospheric temperature rises by about 0.5°K in the 20t century (figure 4.3).This rise
affects methane oxidation through the reaction rate constant (“CH4 + OH” reaction) by

an increase of 1%, however this rising temperature impact is not significant (figure 4.4).

There is a land-sea contrast in methane sinks even though the methane mixing ratio is
spatially homogeneous in the CCM-SOCOL (figure 4.2). Because the tropospheric NOx

mixing ratio is higher over the land, especially in the northern hemisphere, ozone
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formation is higher over the land. By the photolysis of ozone, more O(1D) is formed over
land compared to marine bodies (figure 4.11). Increasing O(1D)levels lead to increased
OH levels through the enhanced “O'D + H20” reaction. Since the NOx mixing ratio is
higher in the northern hemisphere, OH formation by the elevated O(1D) is higher in the

northern hemisphere as well (figure 4.13).

This study focuses on the sinks of methane. Temperature change due to global warming
is not the cause of the change in methane lifetime in CCM SOCOL. OH sinks are also not
the cause since major sinks of OH, by methane and NOZ2, are increasing overall in the
20t century. Although the SOCOL model has deficiencies including its failure to include
VOC emissions in the troposphere, to include the clouds direct impact on chemical
reactions (not only through radiation), and prescribed methane concentrations that are
spatially homogeneous, it demonstrates that NOX emissions could play a significant role
in determining methane lifetime which in turn affects atmospheric methane
concentrations. This analysis could also imply that better OH estimates are required to

accurately calculate methane lifetime.
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