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Reduced methane growth rate explained by
decreased Northern Hemisphere microbial sources

Fuu Ming Kai'f, Stanley C. Tyler't, James T. Randerson' & Donald R. Blake?

Atmospheric methane (CH,) increased through much of the twentieth
century, but this trend gradually weakened until a stable state was
temporarily reached around the turn of the millennium'?, after
which levels increased once more®. The reasons for the slowdown
are incompletely understood, with past work identifying changes in
fossil fuel, wetland and agricultural sources and hydroxyl (OH) sinks
as important causal factors"*®. Here we show that the late-twentieth-
century changes in the CH, growth rates are best explained by
reduced microbial sources in the Northern Hemisphere. Our results,
based on synchronous time series of atmospheric CH, mixing and
13C/12C ratios and a two-box atmospheric model, indicate that the
evolution of the mixing ratio requires no significant change in
Southern Hemisphere sources between 1984 and 2005. Observed
changes in the interhemispheric difference of *C effectively exclude
reduced fossil fuel emissions as the primary cause of the slowdown.
The >C observations are consistent with long-term reductions in
agricultural emissions or another microbial source within the
Northern Hemisphere. Approximately half (51 +18%) of the
decrease in Northern Hemisphere CH, emissions can be explained
byreduced emissions from rice agriculture in Asia over the past three
decades associated with increases in fertilizer application’ and reduc-
tions in water use'>'".

Several mechanisms have been proposed to explain the long-term
slowdown of atmospheric CHy, including decreases in source emis-
sions***'%'?, changes in sink processes’, and a stabilization of CH, with
relatively constant global emissions'. Using a three-dimensional atmo-
spheric model, Bousquet et al.’> provide evidence from a Bayesian
inversion that the CH, slowdown in the 1990s was caused partly by
decreases in fossil emissions in the Northern Hemisphere. Carbon and
hydrogen isotope measurements have become an important means of
determining the magnitude of sources and sinks of atmospheric CH,
(ref. 13), including assessments of interannual- to centennial-scale
trends in the global budget>'*"'. Here we analysed isotope and mixing
ratio measurements from the University of California, Irvine (UCI),
National Institute of Water and Atmospheric Research (NIWA) and
the University of Washington, Stable Isotope Laboratory (SIL) net-
works™"*>""(Supplementary Table 1). Our goal was to quantify inter-
hemispheric differences (IHDs) of CHy, 8'°C-CH, and 8D-CH,, and
to assess how they constrain recent changes in the global CH, budget.

From the mixing ratio measurements, we could see that CH, growth
rates in both hemispheres declined during 1979-2005 (Supplemen-
tary Fig. 1). The IHD of CH, (defined as Northern Hemisphere CH,
minus Southern Hemisphere CH,) started at approximately 80 = 20
parts per billion (p.p.b.) during 1979-1981, and gradually increased to
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Figure 1| Long-term trends in atmospheric CH,, 8'*C-CH,, and 8D-CH,.
The left panels show CH,; the middle panels show 8'*C-CH, and the right
panels show 6D-CH,. a—c, Original measurements used to construct the
Northern Hemisphere and Southern Hemisphere time series. The observing
stations are Niwot Ridge (black circles), Montana de Oro (red triangles), the
Pacific Ocean cruise in the Northern Hemisphere (POCNH; magenta pluses),
the UCI network 40° N (green asterisks), the SIL-POCNH (magenta squares),
Baring Head (blue crosses), Scott Base (yellow asterisks), the Pacific Ocean
cruise in the Southern Hemisphere (POCSH; cyan squares), the UCI network
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40° S (green triangles), and the SIL-POCSH (cyan triangles). d—f, Twelve-
month smoothed trends in the Northern Hemisphere (red line) and Southern
Hemisphere (blue line). The smoothed trends were constructed after removing
an annual cycle and applying an offset to each station based on hemisphere-
specific reference sites. g-i, IHDs (green lines) were defined as the difference
between the Northern Hemisphere and Southern Hemisphere smoothed time
seriesin d to f. Error bars are one standard deviation (s.d.), on the basis of all the
adjusted observations in a 12-month window centred at each monthly time step.
For 8D-CH,, the error bars are one s.d. of the Pacific voyage measurements.
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93 = 11 p.p.b. during 1991-1995 (Fig. 1). The IHD subsequently
decreased from 1995 to 2002, reaching a mean of 79 = 10 p.p.b. during
2001-2005. For §'°C, the Southern Hemisphere measurements indi-
cated no significant long-term trend, with the mean during 1989-1993
(—47.16 = 0.09%0; mean = standard deviation, s.d.) almost the same
as the mean during 2001-2005 (—47.09 = 0.01%o). In contrast, 3Cin
the Northern Hemisphere increased from —47.40=0.07%o to
—47.19 * 0.03%o (Fig. 1e). As a result, the IHD of §"*C narrowed from
—0.24 £ 0.11%o to —0.10 £ 0.04%o over this time period (Fig. 1h).
Considered separately from other constraints, the trend towards rela-
tively enriched carbon isotope values in the Northern Hemisphere
implied (1) a decrease in sources with isotopically depleted signatures
(for example, agriculture, landfills or wetlands), (2) an increase in
sources that were isotopically enriched (for example, Northern
Hemisphere fossil fuel emissions or biomass burning), or (3) an
increase in atmospheric removal by reaction with hydroxyl radical
(OH) in the Northern Hemisphere.

We also found that dD-CH, did not change substantially in the
Northern Hemisphere during 1989-2005 (Fig. 1f). Northern
Hemisphere 6D remained nearly at —94 * 1%, between 1998 and
2005. The THD of 6D-CH,4 ranged from —12.5 to —2.5%o during the
cruises made by the SIL network between 1989 and 1996 (Fig. 1i).
Because of the sensitivity of D-CH, to sink processes'®, the relatively
constant 8D-CH, suggested that there was not a substantial long-term
change in the OH sink between 1998 and 2005. Other factors poten-
tially influence 8D-CHy, however, and so to estimate quantitatively the
impacts of possible changes in the OH sink’, we conducted several
sensitivity simulations (Supplementary Table 2).

To assess the implications of the measurements described above and
to examine recent competitive hypotheses related to the levelling off of
CH, mixing ratios, we constructed global CH, budget scenarios using
a two-box atmospheric model" (see Supplementary Methods). In a
first step, we constructed a control simulation (scenario 1) that
included natural and anthropogenic CH, sources (Supplementary
Fig. 2). In this simulation, anthropogenic emissions associated with
fossil fuels and agriculture—two of the largest anthropogenic terms—
remained constant after 1980 (Supplementary Fig. 2a and b). We
compared model estimates of CH, mixing and isotope ratio with
observations, which were extended back in time with firn air and ice
core measurements of CH, (ref. 19) and 8'°C-CH, (ref. 20). The
control captured the long-term trends in CH4 and most of the varia-
tions in the CH, IHD (Supplementary Fig. 2c and d). Considering CH,
changes alone, these results appear to suggest that the long-term CH,4
slowdown can be explained by the levelling off of both fossil and
agricultural emissions. However, differences between the model esti-
mates and observations of 3'>C-CH, were substantial. For example,
the model THD of §'*C-CH, remained approximately the same during
1989-2005, whereas the observations showed an increasing trend (a
lessening of the IHD (Supplementary Fig. 2f). The differences between
the observed and modelled ITHD in §'*C-CH, implied that agricultural
and fossil emissions may have had diverging trajectories and provided
motivation for exploring the different emissions scenarios described
below.

In past work, decreases in fossil fuel emissions have been implicated
as an important driver of the methane slowdown®*'". To assess this
hypothesis using our isotope data, we constructed a second scenario
assuming that fossil fuel emissions were solely responsible for the
observed CH, trends and assuming that all the other sources were
the same as in the control. First, we estimated the total flux of CH, in
the two hemispheres using the smoothed observations (Fig. 1d) and a
simple mass-balance inversion during 1984-2005. Figure 2a shows that
the Northern Hemisphere flux decreased from 417 = 10 Tg CH,yr '
during 1984-1985 to 386 = 5 Tg CH,yr ' during 2004-2005. In par-
allel, the Southern Hemisphere flux showed no significant change,
starting at 148 =5 and ending at 150 = 5TgCH,yr ' during this
period.
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Figure 2 | Variations in CH, fluxes and the impacts of source composition
on isotopic trends. a, The CH, fluxes in both hemispheres were obtained from
a mass-balance inversion using the mixing ratio observations shown in Fig. 1d.
b, Comparison of the observed IHD of 8'°C with model scenarios during 1989-
2005. The simulation with decreases in fossil fuel emissions (scenario 2) did not
capture the trend in the observed IHD of 5"*C: the §"*C IHD in this scenario
widened over 1989-2005. In contrast, the simulation with decreases in
agricultural emissions (scenario 3) had an increasing trend in the IHD of §"°C,
similar to the observations. A scenario that included decreases in fossil fuels and
other sources from ref. 5 (scenario 4) had a negative slope that fell between the
control and fossil fuel scenarios. Additional sensitivity simulations with
changes in sink processes (scenario 7 as described in the Supplementary
Information) show the maximum potential for OH variability to contribute to
the observed trend. For the CH, fluxes, error bars are one s.d. estimates of the
fluxes derived from our inversion in a 12-month window centred at each
monthly time step. For comparison, error bars are one s.d. estimates of the
observations and model predictions in a 12-month window centred at each
monthly time step. The standard deviations of the observations are the same as
shown in Fig. 1. For the model predictions, the standard deviations take into
account variations in model parameters, including the interhemispheric
exchange time, the isotopic fractionation, and the isotopic composition of the
sources. The slopes of the regression lines and standard deviation estimates are
provided in Supplementary Tables 2 and 4.

For this simulation (scenario 2), we assumed that all of the adjust-
ments to the fluxes in both hemispheres (shown in Fig. 2a) were attri-
buted to changes in fossil fuel emissions—with an isotopic signature
specific to this source (Supplementary Table 3). The only difference
between this scenario and the control run was the inventory of fossil fuel
emissions (Supplementary Figs 2 and 3). As expected, this simulation
reproduced most of the CH, mixing ratio observations (Supplementary
Fig. 3¢ and d), with decreases in fossil fuel emissions after 1990 (Sup-
plementary Fig. 3a). The decreases in fossil fuel, however, failed to meet
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the constraints offered by the measurements of 3'*C-CH, (Supplemen-
tary Fig. 3e). Importantly, the §'>C THD in this scenario widened during
1989-2005 (Fig. 2b and Supplementary Fig. 3f). This contrasts with the
observed 3'*C THD that narrowed during the same time period (Fig. 2b
and Supplementary Table 2). In this context, the §'*C THD observations
did not support the hypothesis that decreases in fossil fuel emissions
were the main contributor to the CH, slowdown during 1989-2005.

Agriculture, including animal®' and rice* emissions components, is
alarge term in the contemporary budget® and one that has been subject
to considerable modification over the past four decades®*. To assess
the role of agriculture, we created another scenario (scenario 3) in
which we assigned the isotope ratio of the Northern Hemisphere
and Southern Hemisphere fluxes needed to match the CH, observa-
tions solely to agricultural sources (Supplementary Fig. 4a and b)
following the same approach as described above for the fossil fuel
scenario. As expected, the agricultural scenario also matched the mix-
ing ratio observations (Supplementary Fig. 4c and d). In contrast with
the fossil fuel scenario, however, the '°C IHD from this run had a
positive slope that captured most of the observed trend during 1989-
2005 (Fig. 2b and Supplementary Fig. 4f).

We also constructed additional sensitivity and Monte Carlo simula-
tions with our box model examining uncertainties associated with the
OH sink, the north-south interhemispheric exchange time for atmo-
spheric mixing, and the isotopic composition of different source terms
(as well as potential trends in the isotopic signature of these sources)
(Supplementary Tables 2 and 4). Together, these scenarios suggested
that our simulation results were robust with respect to our choice of
model parameters. Other key uncertainties in our analysis were asso-
ciated with the representativeness of our reference stations in the
Northern and Southern hemispheres, the large variations in CHy
and 8'>C-CH, observed at the beginning of our time series, and the
challenges involved in combining stable isotope observations from
several laboratories into one long-term time series (comparisons with
other available mixing ratio and isotope observations are provided in
the Supplementary Information). The mechanisms causing the large
variations in the global methane cycle during the early 1990s have not
been fully resolved'® and may influence the long-term trend in the
8'3C-CH, IHD reported here.

What possible explanations are there for the long-term reductions in
microbial sources within the Northern Hemisphere required by the
atmospheric isotope observations? Important microbial sources
include wetlands, ruminant animals, landfills and rice agriculture. We
summarize below evidence that decreasing emissions from rice agricul-
ture probably accounted for some of the observed source reductions in
the Northern Hemisphere, using a biogeochemical model to synthesize
information from country-level agricultural statistics and recent field
studies. Improved management of landfills also may have contributed
to Northern Hemisphere source reductions®. For ruminant animals
and wetlands, however, key processes regulating these sources have
not changed in a way that is consistent with the long-term decreases
in emissions needed to explain the atmospheric observations* .

Reductions in rice agriculture emissions have occurred primarily
from land use intensification rather than changes in the area of rice
production. Statistics compiled by the International Rice Research
Institute*® show that the world’s rough rice (that is, unprocessed paddy
rice) areas did not change by a substantial amount between 1980 and
2005 (Fig. 3a). Considering rice production areas alone, trends over the
past several decades are consistent with a stabilization of fluxes, but not
the overall reduction needed to explain the CH, mixing ratio and
isotope observations presented here.

Accumulating evidence suggests, however, that application of
chemical fertilizer” and more efficient water use'® substantially reduces
CH, emissions per unit of area of rice production. CH, fluxes in rice
fields are strongly regulated by levels of organic fertilizer input®.
Chemical fertilizer application in China and India increased substan-
tially from 1970 to 2005 (Fig. 3c). The rapid rise in chemical fertilizer
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Figure 3 | Evidence for intensification of rice agriculture in Asia. The total
world area under rice production has not substantially changed since the late
1970s and is dominated by production in Asian countries (a). The two largest
rice-producing countries during 1960-2005 were China and India (b). The use
of chemical fertilizer in both countries, especially China, increased substantially
during the same time period (c). The increase in rice yield (d) was consistent
with rapid increases in chemical fertilizer application and implied a weakening
dependence on organic fertilizer, which is both labour-intensive and a primary
substrate for CH, production. Growing industrial water demand after the 1980s
reduced the percentage of water withdrawals available for agriculture in China
(e) and may be one factor contributing to new mid-season drainage practices.
After the early 1980s, decreases in global CH, emissions from rice agriculture
were predicted to occur on the basis of an analysis from a biogeochemical
process model driven by climate, rice area, fertilizer and water management
information (f).

use is consistent with concurrent increases in rice yield (Fig. 3d) and
reductions in organic amendments that are more labour-intensive’.
Other studies have shown that changing the water management of rice
paddies can reduce CH, emissions by about 10-80% (refs 10, 11 and
27). At the country level, increasing urban and industrial demands for
water have increased since 1980 and have limited the water available
for agriculture®® (Fig. 3e).

To assess the magnitude of emissions changes associated with rice
agriculture during 1960-2005, we modified an empirically based bio-
geochemical process model**° to include fertilizer application and
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water management impacts on rice yield and methane fluxes (see
Supplementary Information). Using this model, which is driven by
climate, production area statistics, fertilizer inputs and management
information, we estimated that the Northern Hemisphere rice emis-
sions reached a maximum in the early 1980s and decreased by about
155+ 1.9 Tgyr ' between 1984 and 2005 (Fig. 3f). The decreasing
trend in emissions explained approximately half (51 = 18%) of the
observed trend inferred from the atmospheric CH, measurements
(Fig. 2a).

Here we found that the increasing enrichment of §°C in the
Northern Hemisphere and a narrowing of the §'°C THD provided
new information about the causes of the CH, slowdown between
1989 and 2005. Model simulations indicated that decreases in
Northern Hemisphere microbial sources had an isotopic signature con-
sistent with the observed atmospheric changes. Although changes in
atmospheric OH levels and fossil fuel emissions probably contributed to
some of the variability during this period>”*, the trends in the §'*C THD
presented here excluded these changes as the most important contri-
butors to the long-term CH, slowdown. Changes in management of rice
agriculture probably contributed to some of the observed decline in
Northern Hemisphere emissions, on the basis of estimates from a bio-
geochemical model. Evaluating the net impact of these management
changes on climate requires careful consideration of other greenhouse
gas fluxes, including production of N,O (see, for example, ref. 11). The
future trajectory of CH, remains difficult to predict, with recent
increases after 2006 potentially attributable to emissions from
Northern Hemisphere wetlands* and biomass burning in the tropics’.
Our work demonstrates the importance of considering changing agri-
cultural practices in addition to climate effects on natural sources as key
drivers of future atmospheric CH, levels.

METHODS SUMMARY

To quantify the IHDs of CH,, 8'*C-CH, and 8D-CH,, we constructed a long-term
time series in each hemisphere (at 40° N and 41° S) by using measurements from
the UCIL, NIWA and SIL networks>'>""”. These data were selected because they
possessed multi-year §'>C and 8D measurements of atmospheric CH, required in
our analysis for constraining CH, source and sink processes. We then used a two-
box atmospheric model'® that included information about CH, source and sink
processes (and their impacts on isotopic fractionation) to examine various hypo-
theses formulated to explain the overall decline in the CH,4 growth rate. We forced
the model using emissions inventories (see, for example, ref. 22) for anthropogenic
emissions from 1700 to 1980, and in our control simulation these emissions were
held constant thereafter (through 2005). The model included changes in soil and
animal CH, source isotopic composition over the past two centuries induced by
changes in 8'*C-CO,. Finally, to evaluate changes in rice agricultural sources over
the past few decades, we used an empirical process-based biogeochemical model
with parameterizations derived from field measurements®**’. We forced the bio-
geochemical model with time series of rough rice area and fertilizer application
rates using data from the International Rice Research Institute®. Details of the
sampling and measuring procedure, comparisons of our measurements with
observations from other networks, analysis methods, and modelling approaches
are described in the Supplementary Information. The main constraints offered by
the observed mixing and isotopic ratios described above are summarized in a
schematic figure (Supplementary Fig. 5).
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