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Abstract

We assessed the global terrestrial budget of methane (CH,) using a process-based
biogeochemical model (VISIT) and inventory data. Emissions from wetlands, paddy
fields, biomass burning, and plants, and oxidative consumption by upland soils, were
simulated by the model. Emissions from livestock ruminants and termites were eval-
uated by an inventory approach. These CH, flows were estimated for each of the
model’s 0.5° x 0.5° grid cells from 1901 to 2009, while accounting for atmospheric com-
position, meteorological factors, and land-use changes. Estimation uncertainties were
examined through ensemble simulations using different parameterization schemes and
input data (e.g. different wetland maps and emission factors). From 1996 to 2005, the
average global terrestrial CH, budget was estimated on the basis of 576 simulations,
and terrestrial ecosystems were found to be a net source of 320.4 + 18.9 TgCH, yr‘1.
Wetland and ruminant emissions were the primary sources. The results of our sim-
ulations indicate that sources and sinks are distributed highly heterogeneously over
the Earth’s land surface. Seasonal and interannual variability in the terrestrial budget
was assessed. The trend of increasing net terrestrial sources and its relationship with
temperature variability imply that terrestrial CH, feedbacks will play an increasingly
important role as a result of future climatic change.

1 Introduction

Biogeochemical feedbacks within the terrestrial biosphere in response to climatic
change occur through the flows of trace gases, and especially greenhouse-effect gases
(GHGs, particularly CO,, CH, and N,O). These exchanges with the atmosphere play
a unique role in the Earth—atmosphere system, and have therefore attracted consider-
able attention (Arneth et al., 2010). After CO,, CH, is the second-most-important GHG
in accounting for past increases in atmospheric radiative forcing (IPCC, 2007). Vari-
ous biogeochemical processes control the global CH, budget, including anthropogenic
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factors such as emissions from the fossil fuel industry, landfills, ruminant livestock,
biomass burning, and rice cultivation. However, because of the complexity and het-
erogeneity of CH,-related processes, there remains a wide range of uncertainty in our
understanding of the global CH, budget and its variability (e.g. Matthews and Fung,
1987; Hein et al., 1997; Bousquet et al., 2006).

Terrestrial ecosystems are key components in the Earth-atmosphere system. In
terms of the global CH, cycle, the terrestrial ecosystem budget is highly uncertain
because (1) sources and sinks are heterogeneously distributed over the land sur-
face, (2) wetlands and animals (i.e. ruminants and termites) both produce substan-
tial CH, emissions, and (3) human impacts have severely altered the biogeochemical
processes related to atmosphere-ecosystem CH, exchange. Wetland ecosystem may
represent the largest sources of anaerobic CH, production and emission, but a consis-
tent value of total flux from these ecosystems has not been attained: recent estimates
range from 100 to 230 TgCH, yr‘1 (IPCC, 2007). Remarkably, a recently discovered
emission pathway, namely aerobic production in plants, is still being debated, but it is
potentially influential (Keppler et al., 2006). This newly discovered phenomenon and
the wide range of estimated values show our immature understanding of the global
CH, budget. In addition, many observations have indicated that the rate of increase of
atmospheric CH, is temporally variable, with high incremental rates during the 1980s
and markedly lower rates in the 1990s to the early 2000s (e.g. Dlugokencky et al.,
2003). We cannot reliably specify how much of this variability is attributable to changes
in terrestrial source and sink strengths. This may limit our ability to predict changes
and discuss options for mitigating future climate change.

Modeling of terrestrial CH,-related processes is also premature, because the pro-
duction and consumption processes are complicated and occur heterogeneously in
space and time. Low concentrations and small fluxes of the gas make it difficult to
obtain the CH, exchange data that are required for model development and validation.
Several empirical models have been developed to evaluate CH, exchange by wetlands
on the basis of observed data (e.g. Christensen and Cox, 1995; Cao et al., 1996;
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Walter and Heimann, 2000; Zhang et al., 2002; Zhuang et al., 2004; Petrescu et al.,
2010; Tian et al., 2010). However, it is still difficult to mechanistically model the effects
of the soil's chemical and physical environments (e.g. temperature, redox potential)
and biological regulation (e.g. substrate limitations, microbial functional composition).
Many process-based wetland models have adopted a multi-layer approach, which in-
curs high computational costs, because the water-table depth strongly influences CH,
production and consumption rates. Estimation of CH, budgets in wetlands and sea-
sonally flooded areas (e.g. inundation during rice cultivation) is important to evaluate
CH, emission at broad scales, but it requires precise topographic and hydrological in-
formation. In addition, it is generally difficult to simulate human-driven processes such
as irrigation, drainage, and crop and livestock farming, even on the basis of empiri-
cal data. Development and refinement of models that simulates CH, exchange are
therefore urgent issues in research to elucidate global GHG cycles.

The objectives of our study were (1) to estimate the CH, budget of terrestrial ecosys-
tems at a global scale by using a process-based model and inventory data, and (2) to
discuss the range of estimation uncertainty using multiple input datasets and calcu-
lation (modeling) schemes. We focused on the CH, budget of terrestrial ecosystem
compartments such as the vegetation, soil, and animals in both natural and human-
managed areas. However, we did not consider most other anthropogenic emissions,
such as fossil fuel extraction and use, mining, and landfills, as these occur mainly in
urban areas.

2 Data and methods

Overview: CH, budget of terrestrial ecosystems was globally evaluated using a
process-based terrestrial biogeochemical model and inventory data during a period
from 1901 to 2009 (Fig. 1). Most of estimations were made at a spatial resolution
of 0.5° x 0.5° in latitude and longitude. The terrestrial model simulated CH, emission
from wetlands and paddy fields, oxidation by upland soils, biomass burning emission,
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and plant aerobic production. Estimation uncertainty was assessed by using differ-
ence calculation schemes (for wetland emission, upland oxidation, and plant aerobic
production) and parameter values.

2.1 Description of the VISIT terrestrial biogeochemical model
2.1.1 Model overview

VISIT (the Vegetation Integrative Simulator for Trace gases) is a process-based terres-
trial ecosystem model (Inatomi et al., 2010; Ito, 2010). We used VISIT in this study to
estimate biogeochemical CH, exchange fluxes (Fig. 1). Because this model focuses
on natural and agricultural ecosystems, we did not simulate anthropogenic (urban and
industrial). Processes driven by animals (i.e. by ruminant and termite emissions) were
not explicitly included in the model; in this study, these fluxes were evaluated sep-
arately using inventory data (see Sect. 2.2). The model was developed on the ba-
sis of a simple carbon cycle model (Sim-CYCLE; Ito and Oikawa, 2002), in which
atmosphere-ecosystem exchange of CO, (photosynthesis, respiration, and decompo-
sition) and intra-ecosystem carbon dynamics (allocation, litterfall, humus formation)
were simulated by using ecophysiological submodels. Carbon dynamics are captured
using a box-flow system, which incorporates the following plant and soil carbon pools
(i.e. “boxes”): leaves, stems, roots, detritus, and humus. VISIT was developed on the
basis of Sim-CYCLE by including a nitrogen cycle scheme and additional trace-gas
exchange schemes (e.g. CH, production and oxidation, biomass burning, emission of
biogenic volatile organic compounds).

The model has been validated through comparisons with a variety of observational
data at different scales. For example, comparison of the carbon dynamics at 17 sites
around the world showed that the model successfully captured the productivity and
biomass and soil stocks of ecosystems ranging from tropical rain forests to arctic tundra
(Ito and Oikawa, 2002). The net budget of GHGs (CO,, CH,, and N,O) in deciduous
broad-leaved forest was compared with chamber measurements, and the model was
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able to capture the observed source/sink patterns (Inatomi et al., 2010). Ecosystem-
scale carbon budgets were compared with those observed using the eddy-covariance
method, mainly at Asian sites, but again demonstrated the model’s validity (lto, 2008,
2010). The model has been applied in various global-scale studies, such as an anal-
ysis of interannual variability in CO, budgets (lto and Oikawa, 2000), off-line future
projections (Ito, 2005), coupling with climate model (Kato et al., 2009), linkage with
remote-sensing data (Hazarika et al., 2005), and climate data evaluation (Saito et al.,
2011).

2.1.2 A bulk scheme for evaluating CH, emission from wetlands and paddy
fields

Cao et al. (1996) developed a simple process-based scheme for describing CH, emis-
sion from wetlands, in which the total (i.e. bulk ecosystem-scale) exchange of CH, is
evaluated as the difference between CH, production and oxidation rates. Therefore,
the scheme is not intended to simulate fine-scale CH, dynamics such as the verti-
cal profile of soil CH, concentration and diffusion, but instead evaluating large-scale
CH, budgets using the least possible amount of data. The CH, production rate (P) is
obtained as follows:

P =DS-FP-f(WTP)-f(TEM) (1)

where DS is the decomposition rate of soil organic matter (simulated in the carbon cycle
scheme), FP is the proportion of the decomposed organic carbon transformed into CH,
(=0.47 as the average value), and f(WTP) and f(TEM) are the scalar coefficients of
regulation by the water table position (WTP) and temperature (TEM). Cao et al. (1996)
used exponential functions to evaluate the environmental effects on CH, production.
The CH,4 oxidation rate (O) in inundated wetlands is evaluated as follows:

O=P-(0.60+0.30-[GPP/GPP,.,]) )
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where GPP is the gross primary production (simulated in the carbon cycle scheme) and
GPP,.y is the seasonal maximum GPP. The parameters derived from VISIT’s carbon
cycle scheme (DS, GPP, and GPP,,,,) are updated annually.

2.1.3 A multi-layer scheme for CH,; emission from wetlands and paddy fields

Walter and Heimann (2000) developed a mechanistic scheme for CH, emission from
wetlands. Different CH, production and transport processes were explicitly consid-
ered in this scheme. Here, belowground processes were simulated by using a one-
dimensional multi-layer system, in which the soil from the surface to a depth of 1 m was
divided into 50 layers, each of 2 cm thickness. Temporal and vertical variations in CH,
concentration in the air (CCH4) are expressed by using the continuity equation:

%CCH4 (t,2) = —%DF(Z‘,Z) +EB(t,2)+PT(t,2)+P(t,2) +O(t,2) (3)
where t and z denote time and depth, respectively, DF is the diffusive flux, EB is the
ebullition flux to the atmosphere, PT is the plant-mediated (i.e. through aerenchyma)
CH, flux, and P and O are CH, production and oxidation, respectively, at time ¢ and
depth z. CH, production (P) is calculated for soil layers below the water table as
follows:

T(t.2)=Tmean)/10
P(t,z)=Po.forg(z).fm(t).f(r).ogo( 2)=Trean)/ @

where F, is a rate constant specific to each biome type, forg(z) and f,,(f) represent
the effect of substrate availability from soil organic matter and plant roots, respectively,
f(T) is a step-wise function of the effect of freezing on CH, production (i.e. f(T) =0 at
temperatures below freezing, and 7(T) = 1 at higher temperaures), Q4 is a parameter
that defines the temperature responsiveness of the processes (i.e. the change per
10°C temperature change), and T4, (in °C) is the annual mean temperature. CH,
oxidation (O) is calculated for soil layers above the water table, as follows:
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Vmax : CCH4 (t’ Z) (T(t.2)-Tmean)/10

O(t,z) = ——— ¢ "~
(t.2) Km+CCH4(t'z) 10

()

where V., is the maximum rate (20 pM h™") and K. is the Michaelis-Menten coefficient
(5 uM). The diffusive flux (DF) is calculated by using Fick’s first law:

DF(1.2)= ~D(2) 2-Con, (t.2) 6)

where D is the diffusion coefficient, which is a function of the soil’s coarse pore fraction.
As a boundary condition, CCH4 values at the bottom and top + 4cm of the soil are
assumed to be zero and equal to the atmospheric concentration, respectively. The
model assumes that CH, emission by ebullition (EB) occurs when C¢y, exceeds a
threshold. Because this scheme is applied only to the wetland fraction of a cell in the
model, we chose a threshold value for vegetated land surface (500 uM; the model’s
default value). Plant-mediated flux (PT) occurs within the rooting depth, and the model
accounts for the vertical distribution of roots and the plant’s growing stage. The total
flux (i.e. the summation of DF, EB, and PT) at the land surface represents the net CH,
budget against the atmosphere.

2.2 CH, oxidation by upland soils (Potter et al., 1996): algorithm 1

In this scheme, CH, uptake by soil microbial oxidation (OX) in upland (i.e. non-
saturated) soils is calculated on the basis of Fick’s first law:

ACch,

OX=D (7)

where D is the diffusivity coefficient and AC¢yy,/Az is the CH, concentration gradient.
Diffusivity (D) is a function of the soil temperature and water content:

D = Dy-(0.9734 +0.0055T) - f (SW) (8)
7040
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where D, is the diffusivity of CH, in air at 5°C (0.194cm™2s™"), T is soil temperature,
and f(SW) is a scalar coefficient function of soil water content (SW), and accounts
for the difference between intra- and inter-aggregate pore spaces. Volumetric soil wa-
ter content was simulated in the VISIT hydrology scheme and used to estimate the
water volumes contained in the intra- and inter-aggregate pore spaces. Originally,
Potter et al. (1996) assumed that the CH, concentration gradient was constant, at
0.04 ppmvcm‘1, for global applications. In this study, the gradient was multiplied by
the ratio of Ccy, to the base concentration (1.2 ppmv) to account for the influence of
atmospheric CH, accumulation.

2.2.1 CH, oxidation by upland soils (Ridgwell et al., 1999): algorithm 2

In this scheme, upland CH, consumption (OX) is also estimated by using Fick’s first
law (Eq. 7). However, although diffusivity (D) also varies with temperature (T') and soil
water content (SW), it is adjusted on the basis of the characteristics of the pore space:

AEP) 1:5+3/b
D =Dy-(1+0.0055T)- [TP4/3- ($) 9)
where D, is the diffusivity of CH, in free air, TP is the total pore volume, AFP is the
air-filled pore volume, and b is a parameter specific to the soil texture (Saxton et al.,
1986). In this scheme, microbial oxidation activity is also considered by using following
equation:

OX = ky-Co, (2) (10)
where k, represents oxidation activity and Ccy, (2) is air CH, concentration in the soil
at the depth of z. The activity, k, is an empirical function:

Ky =ko-T(N)-F(SW)-f(T) (11)
where kj is the base oxidation rate (0.00087 s‘1) and f(N), f(SW), and 7(T) are coeffi-

cients of scalar functions that indicate the regulation of oxidation by the nitrogen input
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in croplands, by soil water, and by temperature, respectively. In this study, the scheme
was separately applied to natural ecosystems ((N) = 1.0) and cropland (7(N) = 0.25),
and then the estimated fluxes were weighted by areal fractions of these two types of
land use in each cell of the grid. Also in this scheme, the CH, concentration gradient
was originally assumed by Ridgwell et al. (1999) to be constant at 0.04 ppmv cm'1, but
we modified the gradient to account for the atmospheric CH, increment over time.

2.2.2 CH, oxidation by upland soils (Del Grosso et al., 2000): algorithm 3

Using the US Trace Gas Network dataset, Del Grosso et al. (2000) proposed a general
model of CH, consumption in upland soils; the model consisted of two sub-models. The
following equation is used for the soils of grasslands, coniferous and tropical forests,
and agricultural soils:

OX = OXpay - F(W.FC)-f(T, Do) F(Ag, Dopr) (12)

where OX,,.x is the maximum CH, oxidation rate (a function of optimal diffusivity), and
f(W, FC), (T, Do), and f(Ag, Do) are scalar coefficients representing the regulation
of CH, oxidation by soil water content (W), the optimum diffusion coefficient (D), and
soil temperature (T). A second equation is used for deciduous forests:

OX = OX a5 - F(WFPS)-£(T) (13)

where WFPS is the water-filled pore space, which is derived from the soil water con-
tent estimated by the VISIT hydrology scheme and based on soil physical properties
(i.e. soil bulk density and solid phase density). This approach assumed that OX de-
creases moderately with increasing WFPS and increases linearly with increasing tem-
perature.

2.2.3 CH, oxidation by upland soils (Curry, 2007): algorithm 4

Curry (2007) modified the mechanistic scheme of Ridgwell et al. (1999) by introducing
an advanced scalar coefficient for the regulation exerted by soil water on microbial
7042
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oxidation activity (i.e. f(SW) in Eq. 11). In this scheme, the soil regulation coefficient is
calculated from the soil water potential, which in turn is calculated from the volumetric
soil water content and is more sensitive under dry conditions (Curry, 2007). Also, the
temperature dependence, f(T), at subzero temperatures was modified on the basis of
observations. In this scheme, the effect of atmospheric CH, concentration is explicitly
included on the basis of the assumption that most of the CH, consumption occurs in
the upper soil above a depth of 10 cm.

2.2.4 Biomass burning emission

Emission from biomass burning (BB, g CH, m~2 yr‘1) is evaluated in the model by using
a generic equation by Seiler and Crutzen (1980):

BB = BEF-BAF-FL-BE-BF (14)

where BEF is an emission factor that is specific to each gas and biome, BAF is the burnt
area fraction (i.e. the proportion of each cell in the model that burnt), FL is the fuel load
(dry-matter storage estimated by the carbon cycler model), and BE and BF are the
burning efficiency and burnt fraction, each of which is a specific parameters for each
biome type. We used the BEF values of Andreae and Merlet (2001) and van der Werf
et al. (2010): 6.8 t0 9.0gCH, (kgdry matter)~" for tropical forests and 2.2 to 2.3gCH,
(kgdry matter)'1 for grasslands. BAF is estimated by using the parameterization by
Thonicke et al. (2001):

BAF=s-exp( -1 ) (15)
0.45-(s—1)%+2.83-(5-1)2+2.96-(s—1)+1.04

where s is the fraction of the length of fire season expresses as a proportion of the total
year, which is affected by the fuel load (with a threshold fuel load to sustain combustion,
>2OOgdry-matterm‘2) and the fuel moisture content. We derived the fuel load and
moisture content from the carbon cycle and hydrological schemes, respectively.
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2.2.5 Plant aerobic emission

Methane emission by plants under aerobic conditions (VE) was evaluated by using
the emission factor of Keppler et al. (2006) and the up-scaling methods proposed by
Kirschbaum et al. (2006).

Leaf-mass-based up-scaling:

VE nass = SL-WL- [DL-VEF,, + (24 — DL)VEF 4] (16)

where SL is the growing season length, WL is leaf mass (derived from the carbon cycle
model), and DL is the day length. T and emission factors of living leaves (VEFg,, for
sunny condition and VEF,,, for dark condition) were assumed to be 374 and 119ng
(gdry mat‘[er)'1 h', respectively (Keppler et al., 2006).

Photosynthesis-based up-scaling:

- VEF
VE hoto — 2. E . NPP 1 + 24 DL . dark
P 12 DL VEF

(17)
sun

where NPP is net primary production (model estimation) and r is a unit conversion
coefficient.

2.3 Inventory-based estimation of CH, emissions
2.3.1 Emissions from ruminant livestock

Emissions from major ruminant livestock (buffalo, cattle, goats, pigs, and sheep) were
estimated on the basis of inventory data for animal density (number per unit area)
and specific emission factors (i.e. CH, emission per individual). The global distribu-
tion of livestock was derived from Gridded Livestock of the World 2007 data (http://
www.fao.org/AG/againfo/resources/en/glw/home.html) compiled by the Food and Agri-
culture Organization (FAO), of the United Nations. These data show the contempo-
rary animal density at a 0.05° x 0.05° resolution; we assumed that the data provided a
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baseline in 2005. Temporal changes in livestock density were estimated from two in-
ventory datasets: the FAOSTAT data compiled by the FAO (http://faostat.fao.org/) and
the HYDE global land-use and emission data (Klein Goldewijk et al., 2011). The FAO-
STAT dataset provides country-based livestock data from 1961 to 2009 (with a 1-yr
time step), and the HYDE dataset provides region-based data from 1890 to 1990 (with
a 10-yr time step). These country- and region-based data were assigned to each of
the 0.5° x 0.5° grids by using the national boundary data in the Gridded Livestock of
the World 2007 dataset. For the HYDE data, 1-yr step values were obtained from the
10-yr step data by means of linear interpolation. Emission factors were derived from
the work of Crutzen et al. (1986) and Lerner et al. (1988). To account for estimation
uncertainty, we conducted simulations using the upper- and lower-bound values of the
emission factors.

2.3.2 Emissions from termites

CH, emissions from termites, which live in symbiosis with methanogenic protozoa in
their guts, are among the largest in the terrestrial biosphere. We estimated termite
CH, emissions by using the simple up-scaling method of Fung et al. (1991), in which
biome-specific termite biomass density and emission factors were assumed. The av-
erage termite biomass densities were obtained from the work of Fraser et al. (1986);
e.g.5.6g m~2 for tropical forests, 3.0g m~2 for temperate forest, 4.5¢ m~2 for savanna,
and 7.8gm'2 for cultivated land. We assumed that termites were absent in boreal
forests. Emission factors were also from the work of Fraser et al. (1986); they ranged
from 1.0mgCH, kg-’termite'1 h™" in deserts to 8.0 mg CH, kg-termite'1 h~" in savanna.

2.4 Global simulation and analyses

The VISIT simulations were conducted by using a 0.5° x 0.5° grid mesh for the pe-
riod from 1901 to 2009, and we focued here on the outputs between 1960 and 2005.
The simulations were driven by time-series data for atmospheric GHG concentrations,
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15

climate, and land-use changes. The historical time-series for atmospheric CH, concen-
tration was derived from ice-core and ground measurements (Etheridge et al., 1998;
Robertson et al., 2001); it showed that the average CH, concentration increased from
978 ppbv in 1900 to 1227 ppbv in 1960 and then to 1850 ppbv in 2005. Climate data
(air temperature, cloudiness, precipitation, and humidity) for each grid cell was derived
from the CRU TS3.1 dataset (Mitchell and Jones, 2005). Historical land cover (i.e. the
fractions of cropland and pasture) was derived from Hurtt et al. (2006); a matrix of land-
use change (e.g. gross conversion from primary forest to cropland) was available. Soil
properties (clay/sand composition and bulk density) were derived from a global dataset
of the International Satellite Land Surface Climatology Project Initiative Il (Hall et al.,
2006). For each grid cell, a spin-up simulation was conducted for 300 to 4000 yr under
the atmospheric conditions that existed in 1900, until the simulation reached an equi-
librium state for the net carbon budget. Note that dynamic feedback from the terrestrial
biogeochemical cycle to the atmospheric GHG concentration and climate system was
not considered; that is, we conducted an off-line experiment.

Uncertainty in the estimated terrestrial CH, budget was evaluated on the basis of
alternative calculations using different assumptions and estimation schemes.

— Two schemes of wetland and paddy field CH, emission were used: those of Cao
et al. (1996) and Walter and Heimann (2000).

— Two datasets for the distribution of inundated wetlands were used: those of
Matthews and Fung (1987) and Lehner and Doll (2004; Fig. 2a). When using
the former dataset, the annual mean inundation fraction was used. In the latter
case, the seasonal change in the inundated fraction was derived from satellite
data (SSM/I; Prigent et al., 2007) and combined with the wetland map of Lehner
and Doll (2004).

— Two datasets of paddy field distribution were used: a global map produced by
Monfreda et al. (2008) and the Monsoon Asia map produced by the Institute of
Industrial Sciences, University of Tokyo (Takeuchi and Yasuoka, 2006; Fig. 2b).
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The former is based on statistical inventory data, and the latter is based on MODIS
image analysis.

— Four schemes of CH, oxidation in upland soil were used: those of Potter et
al. (1996), Ridgwell et al. (1999), Del Grosso et al. (2000), and Curry (2007).

— Two up-scaling schemes for plant aerobic CH, emission by Kirchbaum et
al. (2006) were used: a photosynthesis-based scheme and biomass-based
scheme. In addition, we considered the case of no plant emission, because a
general consensus has not yet been reached over the significance of this pro-
cess.

— Two sets of emission factors (i.e. lower-end and higher-end values within the plau-
sible range) from biomass burning were used for each biome.

— Two sets of termite density and CH, emission factors (similarly, lower-end and
higher-end values) were used.

— Two sets of livestock emission factors (similarly, lower-end and higher-end values)
were used.

On the basis of this summary, we obtained 576 different combinations of calcula-
tion methods and parameter values for the net terrestrial CH, budget, assuming that
each flow was independent. We expected that the distribution of the total budget pro-
duced by these simulations would reveal the range of estimation uncertainties caused
by variability in the base data and evaluation schemes. To facilitate our analysis and
discussion, we chose the following “baseline” estimation as the standard for compari-
son: the CH, emission scheme of Walter and Heimann (2000), the oxidation scheme
of Curry (2007), the wetland map by Lehner and Doll (2004), and the paddy field map
of Monfreda et al. (2008). For other emissions, we chose the average of the lowest and
highest emission factors in the baseline estimation.
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3 Results and discussion
3.1 Gilobal annual budget

We estimated the global terrestrial CH, budget by using the model and inventory data;
Table 1 summarized the results. From 1996 to 2005, natural wetlands comprised the
largest terrestrial CH, source, producing 170 to 193 TgCH, yr'1 for the range of wet-
land data and emission calculation schemes; these values were within the range of
values estimated in previous studies (Table 1). Paddy fields were also a consider-
able source, with values ranging from 39 to 44 TgCH, yr‘1. The paddy field emission
was comparable to that in previous studies (Table 1), but slightly higher than a recent
inventory-based estimate of 25.6 TgCH, yr’1 in 2000 (Yan et al., 2009). The estimated
CH, emission from biomass burning, 16 to 18 TgCH, yr'1, falls within the range of
previous studies, but was close to the lower end of those values. Plant emissions
ranged from 9 to 15TgCH, yr'1; this is lower than the value estimated by Keppler
et al. (2006), but still represents a moderate source in vegetated areas. Through the
inventory-based estimation, we found that domestic ruminants were the second-largest
terrestrial CH, source, with values ranging from 65 to 95 TgCH, yr‘1, and that termites
were also a considerable source, with values ranging from 15 to 27 Tg CH, yr'1. Both
sets of value were within the range of previous reports. On the other hand, upland soils
were estimated to provide a strong sink, with values ranging from 25 to 35 Tg CH, yr‘1 ,
depending on the oxidation estimation scheme that was chosen. Again, these values
were within the range reported in previous studies.

The estimated global CH, budget was consistent with those in previous studies (Ta-
ble 1), such that intermediate total source and sink values, 350 and 30 TgCH, yr‘1,
respectively, were obtained in this study. We plotted a frequency distribution for the
estimated total CH, budget (Fig. 3): the budget averaged 320.4 + 18.9TgCH, yr'1
(mean £ estimation uncertainty), excluding emissions from landfill and wastes, wild
animals, and anthropogenic combustion. Several key gaps were found in current
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estimation techniques; for example, differences among the available wetland and in-
undation maps resulted in an estimation difference of more than 20 TgCH, yr'1 for
wetland emission (Table 1). This suggests the necessity of continuous observation of
soil water depth and areas of flooding around the world. In addition, the existence or
absence of plant aerobic CH, emissions affected the net budget, especially in densely
vegetated areas; the mean value of 12.2TgCH, yr'1 amounted to nearly 4 % of the
mean total budget (Fig. 3).

3.2 Spatial pattern of sources and sinks

As expected from the distribution of wetlands and paddy fields, northern wetlands
(e.g. in North America and West Siberia) and Asian paddy fields were strong sources of
CH, with values as high as 8gCH, m~% yr’1 (Fig. 4). Tropical wetlands and river flood
plains (e.g. Amazonia, the Pantanal, and the Mississippi delta) were also substantial
emission sources. High rates of emission from ruminants were found in parts of South
Asia, East Asia, Europe, South America, and east Africa, where large numbers of
livestock are raised (Fig. 5a). The CH, sources from wetlands and ruminants exhib-
ited high spatial heterogeneity, with certain localized areas representing “hot spots”.
Emissions from termites occurred mainly in the subtropical areas of Australia, Africa,
and South America (Fig. 5b). The maximum estimated area-based emission rate
(~0.5gCH, m~2 yr'1) was low compared with wetland and ruminant emissions (<10 %
of the corresponding maxima), but the wide area of termite habitat resulted in a sub-
stantial net CH, source.

In terms of upland soil oxidation, the four schemes estimated comparable total up-
take (25 to 35TgCH, yr_1; Table 1), but with different spatial distributions. Potter
et al’s (1996) scheme estimated higher oxidation rates in tropical and temperate re-
gions, but with weaker overall geographical contrasts (Fig. 6a). Ridgwell et al’s (1999)
scheme estimated higher rates in tropical and subtropical areas, including in several
dry regions (e.g. Middle East, Central America, South America, and Australia; Fig. 6b).
In this case, latitudinal contrasts were stronger. Del Grosso et al’s (2000) scheme
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estimated clear contrasts between deciduous forests and other types of ecosystems
(Fig. 6¢c), because it assumed that the thick litter layer at the surface of deciduous
forests would have higher CH, oxidation capacity. Correspondingly, arid regions,
which typically have a thinner litter layer, showed lower oxidation rates. Curry’s (2007)
scheme produced results similar to those of Ridgwell et al. (since it is a revised version
of their scheme), but revealed clearer contrasts between humid and dry ecosystems
(Fig. 6d).

3.3 Temporal variability

Seasonal changes in the terrestrial CH, budget were most evident at northern latitudes
(42 to 68° N; Fig. 7), where a vast area of northern wetland performs active CH, emis-
sion during the summer growing period. At lower latitudes, tropical wetlands and paddy
fields made these areas a net CH, source throughout the year. At other latitudes, small
net sinks occurred as a result of upland oxidation, except where emissions from ter-
mites and ruminants were significant (Fig. 5).

The global terrestrial CH, budget and its components changed from 1900 to the
present (Fig. 8). Wetland and paddy field emissions were affected by meteorological
conditions, leading to stochastic interannual variability (IAV). Because of the expan-
sion of paddy fields in Asia, paddy field emissions increased from 24 TgCH, yr'1 in
the early 1900s to 45 TgCH, yr‘1 in the 2000s. Emission from livestock ruminants in-
creased from 35TgCH, yr‘1 in the early 1900s to 80 Tg CH, yr‘1 in the 2000s; this
inventory-based estimate contains little stochastic variability because it depends on
human rather than environmental factors. Among the livestock, the temporal increment
was largely attributable to increased cattle emission, from 22 TgCH, yr‘1 in the early
1900s to 60 TgCH, yr‘1 in the 2000s. In contrast, emission from buffaloes peaked at
14TgCH, yr~" in the 1950s and declined to 8TgCH, yr~"in the 2000s. The estimated
termite emission, using either the high or low emission factors, slowly decreased to less
than 1 TgCH, yr'1 during the experimental period as a result of land-use conversion
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from natural vegetation to cropland or pasture. Plant aerobic emission increased grad-
ually in parallel with increased photosynthetic productivity and leaf mass as a result of
the CO, fertilization effect. Biomass burning emission showed substantial IAV due to
variations in fuel and moisture conditions, but did not show a clear linear trend. CH,
oxidation by upland soils increased, mainly as a result of the increase in CH, gradient
between the atmosphere and the soil air space that resulted from using Curry’s (2007)
scheme.

The global relationship between annual mean temperature and terrestrial net CH,
exchange (Fig. 9) showed a weak to moderate linear relationship (R? =0.38, P <0.05).
On the basis of the results of this regression, net terrestrial CH, emission has increases
at a rate of 41.6 TgCH, yr‘1 per 1°C of warming, suggesting the existence of a posi-
tive biogeochemical feedback in response to climatic warming (and partly to historical
land-use change in parallel with temperature change). On the basis of the 100-yr
Global Warming Potential for CH, (=25; IPCC, 2007), this responsiveness of the CH,
budget corresponded to an increase of 0.283 PgCyr‘1 in the climate—carbon (CO,)
cycle feedback. As implied by a study using an Earth System model (Gedney et al.,
2004), the interaction between climate and methane cycle can exert a positive feedback
to human-induced climate change. The feedback would be accelerated by additional
emissions from permafrost melting and methane hydrates (Archer et al., 2009), sug-
gesting the necessity of further studies at both biogeochemical and socio-economical
dimensions.

4 Conclusions

We simulated the global terrestrial CH, budget by using the VISIT model, and we ac-
counted for uncertainties in the estimation scheme used and the input data; the result
was a mean of 320+19TgCH, yr'1. Fortunately, the coefficient of variation (the stan-
dard deviation divided by the mean), 5.9 %, was smaller than that of the global CO,
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budget, which equaled 15 % in a recent meta-analysis of net primary production (lto,
2011). The estimated flows and the total budget were both comparable with previous
studies based on inventories, biogeochemical models, and atmospheric inversion mod-
els (Table 1). The contemporary natural source value of 220 TgCH, yr'1 in our study
was comparable to the range of 145 to 260 TgCH, yr_1 in previous studies (IPCC,
2007). However, it should be noted that several leakages (i.e. sources that were not
accounted for) remain in the present study, namely emissions from wastes and landfills,
wild ruminants, geological sources, and anthropogenic combustion. Modeling these
ancillary sources is difficult, so an alternative inventory-based appraisal is required. In
terms of the estimation uncertainty, additional differences among estimates could be
produced by using different climate datasets (e.g. Ito and Sasai, 2006).

We simulated the global terrestrial CH, budget to discuss the unique roles of var-
ious components of the terrestrial biosphere in determining the global budget. The
spatial pattern and temporal variability of the simulated CH, fluxes have implications
for efforts to interpret the characteristic variability in these studies. Figure 10 presents
the estimated anomaly in the terrestrial CH, budget (cf. Fig. 8), which represents the
deviation of the value in a given year compared with the 1981-2000 average value,
and compares this anomaly with the atmospheric CH, growth rate at the Mauna Loa
and the South Pole observatories monitored by the US National Oceanic and Atmo-
spheric Administration (Dlugokencky et al., 1994). It is apparent that the amplitude of
interannual variability in the estimated net terrestrial CH, budget was smaller than that
in the observed atmospheric CH, accumulation, and that the variations in the terres-
trial budget therefore might not fully explain the decrease in the CH, increment that
was observed from the 1990s to the 2000s (Dlugokencky et al., 2003; Bousquet et al.,
2006). This suggests that other factors such as chemical reactions in the atmosphere,
anthropogenic emissions, and troposphere-atmosphere exchanges may contributed
substantially to the temporal variability in the atmospheric CH, accumulation rate. On
the other hand, several anomalies in the estimated terrestrial budget coincided with
atmospheric anomalies (e.g. a rapid deceleration in the growth rate in 1992 and an
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acceleration in 1998), suggesting dominant impacts by the terrestrial biosphere during
some periods.

Measuring CH, flux at broad scales remains difficult, resulting in inadequacy of
model constraints and validation. Indeed, the model used in this study has been
compared only with a limited number of chamber measurements (e.g. Inatomi et al.,
2010). Recent progress in micrometeorological techniques has enabled CH, flux mea-
surement at an ecosystem-scale using the eddy-covariance method (McDermitt et
al., 2011). Although there remain several methodological difficulties with this method
(e.g. correcting for atmospheric stability and advection; Baldocchi, 2008), this new
methodology will enable us to use more data to constrain biogeochemical models and
reduce estimation uncertainty. Furthermore, recent satellite remote-sensing methods
may soon permit measurements of atmospheric CH, at a global scale. For example,
the SCIAMACHY sensor on the ENVISAT satellite is being used to observe atmo-
spheric trace gases including CH,, and the data are being used as inputs for atmo-
spheric inverse models to estimate surface fluxes (Bergamaschi et al., 2009). More
and more satellite data will be available to estimate the global CH, budget, including
those from Japan’s Greenhouse gas Observation SATellite (GOSAT; Yoshida et al.,
2011). In the near future, model-based estimates such as those described in this pa-
per, will be compared with satellite observations for validation. Despite these advances
in observational techniques, model studies will remain an important tool for analyzing
the mechanisms underlying the global budget and for predicting future budgets and
climate change.

Acknowledgements. This study was supported by Grant-in-Aid for Scientific Research
(No. 19310017 and No. 21114010).
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Table 1. Comparison of the global CH, budget for terrestrial ecosystems (TgCH, yr ') in the
different simulations in the present study and in several previous studies.

O
b .
Heinet  Wuebblesand Scheehleet Wanget Mikaloff Fletcher Chen and Patra et c A Ito and M . Inat0m|
The present study (mean + s.d. [IAV]) al. (1997) Hayhoe (2002) al. (2002)  al. (2004) etal. (2004) Prinn (2005) al. (2009) %
Base year 1996-2005 1983-1989 - 1990 1994 2004  1996-2001 2000 6
Sources Walterand ~ Walter and Potter =)
Heimann Heimann etal’s )
Wetlands 172.0+7.2 193.4+£6.7 180.5+5.1 231 100 - 176 231 145 153.3 8
Paddy fields 40.1+1.8 435+15 38.7x16 83 60 31 57 54 112 39.4 - ! !
Low est. High est.
Biomass burning 15.8+1.8 18.0£2.1 43 52 14 41 88 43 59.8
Livestock ruminants®  64.940.4  952£0.6 92 81 76 83 91 189° 119.3° w)
Termites 14.7+0.01 27.1+£0.04 - 20 - 20 29 23 20.5 a
Upland soil oxidation 1 2 3 4 [77)
32.5+0.7 351+09 246+02 33308 26 30 - 34 30 - - g
> [
! Using the Walter-Heimann scheme and (1) the wetland map of Lehner and Dol (2004) and the paddy field map of g?
Monfreda et al. (2008) or (2) the wetland map of Matthews and Fung (1987) and the Asian paddy field map of Takeuchi 8 ! !
and Yasuoka (2006). =
2 Including emissions from landfills and wastes. . ! !
8 Including anthropogenic fire emission.
* Estimated on the basis of inventory and geographical map data. S _
5 Algorithm 1, Potter et al. (1996); 2, Ridgwell et al. (1999); 3, Del Grosso et al. (2000); 4, Curry (2007). I
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Fig. 1. Schematic diagram of process used to evaluate the terrestrial CH, budget using the
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Fig. 2. Global maps of the distribution of (a) natural wetlands and (b) paddy fields that were
used in the baseline simulation. The wetland extent was derived from the Global Lake and
Wetland Database (Lehner and Dall, 2004), and the paddy field extent was derived from the
MODIS-based estimation for Asia (Takeuchi and Yasuoka, 2006; 10° S to 50° N, 65° to 150° E)
and data by Monfreda et al. (2008) for other areas.
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Fig. 3. Frequency distribution for the estimated terrestrial CH, budget (=wetland emis-
sion + paddy field emission + ruminant emission + termite emission + biomass burning emis-
sion + plant aerobic emission — oxidation in upland soils) estimated by different input data and
parameterization schemes. Table 1 presents the details. The thick black line shows a normal

distribution fitted to the data.
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Fig. 7. Seasonal and latitudinal distribution of terrestrial CH, budget (=wetland emis-
sion + paddy field emission + biomass burning emission — upland soil oxidation) for the case

of baseline experiment (1996—2005).
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Terrestrial CHy4 flux (Tg CH4 yr-1)

Fig. 8. Temporal changes in the estimated terrestrial CH, budget components in the baseline

experiment.
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Fig. 9. Relationship between the annual global mean land temperature and the estimated net
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terrestrial CH, budget in the baseline simulation.
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Fig. 10. Temporal change in the anomalies (defined as the deviation from the 1981-2000
average value, represented by the horizontal line at 0) in the annual global terrestrial CH,
budget estimated by using the VISIT model and inventory data. Values represent means and
the minimum-maximum range in the 576 estimates based on the different combinations of input
data and calculation and parameterization schemes. The orange and light blue lines show the
atmospheric CH, growth rates at the Mauna Loa and South Pole observatories (data from the
NOAA/ESRL/GMD dataset; Dlugokencky et al., 1994). Note: 1 ppbv =2.123TgCH,-C.
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