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Abstract:

To address the climate change caused by anthropogenic emissions of greenhouse

gases into the atmosphere, it is essential to understand and quantitatively elucidate their cycling on
the Earth’s surface. This paper first presents an overview of the global cycling of three greenhouse
gases, carbon dioxide (COs), methane (CH,), and nitrous oxide (N,O), followed by a description of
their variations in the atmosphere. This paper then presents the recent global budgets of these
greenhouse gases estimated using two different approaches, top-down and bottom-up. Discussions
on our current knowledge regarding the global cycling of the three gases are also presented.
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1. Introduction

The Earth’s atmosphere has greatly changed
since its birth 4.6 billion years ago. The present
atmosphere consists mainly of nitrogen (Ny; approx-
imately 78.084% by volume of dry air), oxygen (Os;
20.947%), and argon (Ar; 0.934%). It also contains
other constituents such as water vapor (HyO;
variable), carbon dioxide (COs; 0.04%), methane
(CHy; 0.0002%), and nitrous oxide (N2O; 0.00003%).
Because these constituents are almost transparent to
solar radiation while strongly absorbing terrestrial
radiation, they play an important role in producing
the greenhouse effect, by which the global average
surface temperature is raised by 33 °C to the observed
value of about 15°C. Thus, owing to their role in
producing the greenhouse effect, the aforementioned
atmospheric constituents are called “greenhouse
gases”.

It is known from the analyses of the air occluded
in polar ice cores that the atmospheric burden of
greenhouse gases fluctuated on timescales of glacial—
interglacial cycles due to the changes in the Earth’s
orbital parameters.!)®) It is also evident from polar
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ice core analyses and atmospheric observations®
that CO,, CHy, N5O, and other minor greenhouse
gases, such as halocarbons and sulfur hexafluoride,
have increased rapidly due to human activities. Such
an increase would enhance the greenhouse effect and
consequently change the state of climate globally.
Global climate change (or “global warming”) is one
of the most serious global environmental problems
encountered today. The Fifth Assessment Report of
the Intergovernmental Panel on Climate Change
(IPCC)'Y summarized our current scientific knowl-
edge and showed that the global average surface
temperature rose by about 0.85 °C from 1880 to 2012
and that its main cause is attributable to the increase
in atmospheric greenhouse gases emitted by human
activities.

Global warming is not just about the rise in
surface temperature but also about the changes in the
entire global climate system and poses a threat to the
whole biosphere. To cope with this human-induced
global climate change, it is important to predict
future climate change based on our present knowl-
edge of the global cycling of greenhouse gases. We
can thereby estimate the future permissible emissions
of greenhouse gases for the given climate stabilization
targets to mitigate excessive radiative forcing by
greenhouse gases. To achieve this objective, we need
to understand in detail the spatiotemporal variations
in atmospheric greenhouse gases and their related
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variables and quantitatively estimate the budgets of
anthropogenic greenhouse gases based on this knowl-
edge. Considerable efforts have been devoted to a
better understanding of the global cycling of the
gases not only by performing comprehensive obser-
vations using various platforms and tools but also
by employing top-down and bottom-up approaches
based on various types of models and data.

By analyzing the atmospheric CO, data ob-
tained using chemical measurement methods, G. S.
Callendar claimed for the first time that atmospheric
COs increased in the first half of the 20th century
due to fossil fuel combustion, causing the surface
temperature to rise.") After his study, C. D. Keeling
(Scripps Inmstitution of Oceanography) began to
systematically measure atmospheric CO; at the
South Pole in 1957 and Mauna Loa, Hawaii, in
1958 using a modern high-precision instrument called
non-dispersive infrared analyzer.*®) Similar system-
atic observations were also started by the scientists
at Stockholm University, Sweden, the National
Oceanic and Atmospheric Administration (NOAA),
U.S.A., the Commonwealth Scientific and Industrial
Research Organisation (CSIRO), Australia, Environ-
ment Canada (the current Environment and Climate
Change Canada), Canada, and Tohoku University,
Japan in the 1960s—1970s. Systematic observations
were also initiated for CHy,'2'®) N,0,' and hal-
ocarbons®'®) around 1980. Currently, similar obser-
vations are being conducted at 100—150 places
around the world, using in situ continuous measure-
ment methods and sampling of air in flasks with
subsequent laboratory analysis. In addition to these
ground-based stations, aircraft, ships, balloons, and
satellites are also used as part of the overall global
network of observations.0)-2?)

Analysis of polar ice cores also began in the
1980s to reconstruct the past variations in atmos-
pheric greenhouse gases.?® Quantitative studies on
the global budgets of greenhouse gases were initially
conducted for CO2Y720) and then for CH, and
N,0.2-2) These studies have made considerable
progress since the 2000s through the development
of various types of models and the enrichment of
related data.

This paper outlines our understanding of the
global cycling of three greenhouse gases, namely,
CO,, CH, and N,O, and then describes their observed
spatiotemporal variations in the atmosphere, along
with some recent estimates of their global budgets.
Further, this paper discusses the activities that must
be performed to better understand the global cycling
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of these gases. A similar review has been extensively
conducted five times by the IPCC since 1991, but
this paper concisely summarizes our current knowl-
edge on global cycling, including the results obtained
after the Fifth Assessment Report was published in
2013.

2. Global cycling of carbon dioxide,
methane, and nitrous oxide

Figure 1 shows the conceptual illustration of the
global cycling of CO,, CHy, and N5O. There are four
major carbon reservoirs on the Earth’s surface, i.e.,
the atmosphere, terrestrial biosphere, ocean, and
geological reservoir. Carbon is exchanged as COs
between the atmosphere and terrestrial biosphere or
ocean on timescales ranging from hourly to millen-
nial, and carbon exchanges with geological reservoirs,
such as limestone (CaCOs), occur on longer time-
scales. These exchanges among the four carbon
reservoirs constitute an essential aspect of the
carbon cycle. Carbon is stored as gaseous COj in
the atmosphere, as organic matter in the terrestrial
biosphere, and as dissolved inorganic carbon (DIC)
(CO,, HCO3™, and CO3>~, which are related by the
chemical equilibria COy + H,O = HY 4+ HCO3~ =
2H* 4+ CO3%7) or dissolved organic carbon (DOC) in
water. The carbon exchange with the terrestrial
biosphere is mainly governed by photosynthesis and
respiration, including the oxidation of organic matter
in soil, (6CO9 4+ 6Hy0 = CgH1206 + 605), and the
exchange with the ocean can be attributed to the
difference between the partial pressures of COy in
the surface ocean (pCOgy,,) and the atmosphere
(pCO,Q,air) (AP CO,= pCOQ,sea - pCOQ,(m‘)- There is
also a small but persistent natural carbon flow,
wherein organic carbon originating from the terres-
trial biosphere and HCO3~ produced by rock weath-
ering on land are transported to the ocean by rivers
and are then emitted into the atmosphere as CO,
or accumulate as sediments on the sea floor.>”) These
exchange processes are affected by climate change
induced, for example, by the changes in the Earth’s
orbital parameters (eccentricity, obliquity, and pre-
cession), the El Nifio—Southern Oscillation (ENSO)
events and volcanic eruptions. Thus, the atmospheric
COy level fluctuated even in times when the influence
of anthropogenic emissions was negligibly small.

The global carbon cycle has altered because of
a large amount of COy emitted into the atmosphere
by human activities, especially after the Industrial
Revolution in the late 18th century.®” Its main
sources are the combustion of fossil fuels such as coal,
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Fig. 1.

oil, and natural gas (CiHy + (x + y/4)O; — xCO5 +
(y/2)H20), and man-made changes in land use such
as deforestation and cultivation. A small amount of
CO, is also released into the atmosphere through
cement production (CaCOs— CaO + COj). The
global carbon cycle is also affected by the changes
in the COy exchange between the atmosphere and
terrestrial biosphere or ocean. Atmosphere—land CO,
fluxes have been changed by the CO, fertilization
effect caused by the increase in atmospheric CO,,
forest regrowth and reforestation. Atmosphere—ocean
CO, fluxes due to the CO4 partial pressure difference
have been enhanced by the increased atmospheric
CO,, and ocean warming and ocean acidification
have worked to decrease the fluxes. Both the
atmosphere—ocean and atmosphere—land exchange
processes would also have been affected by possible
climate change over the past 100 years to some
extent, and the magnitude of the exchange is likely
to increase in the future. Some of anthropogenic CO,
emitted into the atmosphere is absorbed by the ocean
and terrestrial biosphere, and the rest remains in the
atmosphere. Therefore, we must achieve sufficient
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Conceptual illustration of the global cycling of COq, CHy, and NyO.

quantitative understanding of the processes that
govern the partitioning of CO, among these major
carbon reservoirs under climate change (i.e., climate
change—carbon cycle feedback effect) to predict the
future atmospheric COs levels with a high degree of
confidence.

CH, emissions are classified into three catego-
ries, namely, biogenic, thermogenic, and biomass
burning, based on their production processes.??)33)
CH, is emitted naturally into the atmosphere from
wetlands, rivers, wild animals, termites, wildfires,
geological processes, and oceans. CHy is also released
from anthropogenic sources such as consumption
and production of fossil fuels, biomass and biofuel
burning, ruminants, landfills, wastes, rice cultivation,
and manure. On the other hand, CHy is destroyed
primarily via chemical reaction with OH in the
troposphere and partly via reactions with OH, O(!D),
and Cl in the stratosphere (CHy+ OH — CHj+
H,0, CH, + O('D) — OH + CH3, and CHy + Cl —
HCl 4+ CHj3). Thus, because OH is produced by
O3 +hr (UV) — O+ O('D) and O('D) + Hy0 —
20H, the destruction of CH4 becomes the maximum
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in summer. There are two additional small CH, sinks,
i.e., methanotrophic bacteria in soils and reaction
with Cl in the marine atmospheric boundary layer.
The atmospheric CHy level is determined by the
balance of the source and sink strengths, and its
variations are considerably affected by the changes
in both these variables because the lifetime of CHy
in the atmosphere is relatively short, i.e., about 9
years.32)3%)

Ny,O is a long-lived gas with an atmospheric
lifetime of about 120 years,*”) 36 because this gas is
very stable in the troposphere and destroyed only
in the stratosphere through photolysis by ultraviolet
light and chemical reactions with O(*D) (N,O +
hv — Ny + O('D), NyO + O('D) — 2NO, and N,O +
O('D) — Ny + O5), and the contributions to the
destruction are approximately 90%, 6%, and 4%,
respectively.’”) N,O is produced naturally via the
microbial metabolic processes of nitrification under
aerobic  conditions  (NH;" — NH3 — NH,OH —
NO,;~ — NO3~, NH,OH — NyO) and denitrification
under anaerobic conditions (NO3z~ — NOy~ —
NO — N3O — Nj) in the soil and ocean, and via
the oxidation of NH3 in the atmosphere
(NH3 + OH — NH2 + HQO7 NH2 + NOQ — NQO +
H,0).%8)39) Anthropogenic N,O is produced by fossil
fuel combustion, industrial processes (mainly nylon
and nitric acid production), agricultural activities
such as the usage of nitrogenous and organic
fertilizers, biomass and biofuel burning, human
excreta, and the deposition of reactive nitrogen
species on the land and ocean.’® Due to the long
life of N5O in the atmosphere, its atmospheric
level on timescales ranging from a few decades to
hundreds of years is more effectively affected by
changes in emission rather than in destruction.

3. Variations in carbon dioxide, methane, and
nitrous oxide in the atmosphere

As expected from the abovementioned source/
sink processes, atmospheric COy, CHy, and NyO are
quite variable in time. They also exhibit spatial
variability characterized by the presence of unevenly
distributed sources and sinks on the Earth’s surface.
In this section, the spatiotemporal variations in the
three gases are concisely described.

3.1. Glacial-interglacial variations. As
mentioned above, atmospheric CO,, CHy, and N,O
vary in response to the naturally occurring changes
in the climate system. The most striking variation
observed on the one-million-year timescale is the
glacial—interglacial cycle that is spectrally consistent
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with the changes in the Earth’s orbital parameters,
as shown in Fig. 2.3 The results shown in the figure
were obtained by analyzing the air occluded in deep
ice cores collected from Dome C and Vostok in
Antarctica. The atmospheric abundance (in units of
dry air mole fraction) fluctuates between 180 ppm
during the glacial maximum and 280 ppm during the
interglacial period for CO; and between 350 and
700 ppb in the corresponding periods for CHy. The
N,O data are considerably scattered during the
glacial period, probably due to N5O produced in the
Antarctic ice sheet by microbes transported from
the continents. However, the mole fraction values
appear to be lower in the glacial period than in the
interglacial period.

To interpret the low COy mole fractions during
the glacial period, several hypotheses have been
proposed. As can be understood from Fig. 1, we need
to enhance the terrestrial biospheric and/or oceanic
CO, uptake to lower the atmospheric COy level.
However, the enhancement of the terrestrial bio-
spheric uptake would be a minor effect because the
weather was cool and dry, solar radiation was
reduced, and northern mid- and high-latitude con-
tinents with a large quantity of terrestrial biomass
were covered by ice and snow in the glacial period.
The isotope analyses of benthic foraminifera in the
ocean floor sediments indicated that the carbon
isotope ratio (6'®C), which will be defined in
Section 3.2, was decreased by 0.03%0—0.04%0 in the
glacial period, suggesting that there was an inflow
of isotopically light biospheric carbon of 300—
700 GtC from land.*”) Therefore, the oceanic CO,
uptake is the remaining major mechanism by which
atmospheric CO, decreased during the glacial period.
For this mechanism to work, the surface ocean CO4
partial pressure needs to be lower than the at-
mospheric CO» partial pressure, and several potential
processes have been proposed to achieve this. The
surface ocean COy partial pressure can be reduced
by (1) increasing the CO, solubility of seawater
because of decreasing temperature, (2) enhancing
the marine biospheric activities by increased supply
of nutrients, and/or (3) increasing the alkalinity of
seawater because of changes in the ocean carbonate
chemistry.*=*) Tt is also known that there is a good
correlation between the atmospheric CO; mole
fraction and Antarctic air temperature. Based on
this correlation, several studies have ascribed the
cause to the Southern Ocean, i.e., the enhancement
of marine biospheric activities by the increased
supply of Fe from the continents under dry and
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Fig. 2. Variations of atmospheric CO,, CH,, and N,O and 6Dy, obtained from the deep Antarctic ice cores (Schilt et al."‘)). The stars
plotted for N,O represent the data that could have been affected by NyO produced in the ice sheet. The numbers in the lowermost part
of the figure indicate the marine isotope stage, and the vertically shaded bars denote the interglacial periods.

windy weather conditions and the suppression of CO,
release due to the weakened upwelling of seawater
by northward movement of the westerly wind zone
or due to the expanded sea ice.*” ") Despite these
previous studies, our knowledge of the paleocarbon
cycle is still insufficient to conclude with certainty the
process that played a more definitive role in reducing
the glacial atmospheric CO5 mole fraction. However,
it seems likely that all the processes identified above
worked in combination to some extent to make an
overall contribution.

To explain the low glacial atmospheric CH,
levels, both the decrease in emission and increase in
sink should be considered. In the glacial period
with cool and dry weather conditions and reduced
solar radiation, the production of OH from H,O
would have decreased, leading to a reduction in CHy
destruction. On the other hand, the emission of non-
methane volatile organic compounds (NMVOCs),

which react easily with OH, was considerably
reduced due to the fact that northern mid- and
high-latitude forests were covered by snow. In this
regard, Levine et al.*® used a global atmospheric
chemistry model to report that both the effects
(decrease in OH production and NMVOC emissions)
offset each other. Murray et al.®) also suggested
that the tropospheric OH levels in the last glacial
maximum and in the pre-industrial era were similar.
Soil sinks are expected to be almost unchanged in
these two periods, because boreal forests decreased
while low-latitude deserts expanded in the last glacial
maximum.” Based on these results, the observed
low glacial CH4 mole fractions can only be attributed
to the reduction in CH, emissions. The strongest
natural CHy source is wetlands. Based on the
restoration of vegetation distributions and model
analysis, it is suggested that global wetlands have
halved in the last glacial maximum and that their
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Fig. 3. Variations in the mole fraction (upper panel) and growth rate (lower panel) of atmospheric CO, at Mauna Loa, Hawaii and the

South Pole. The smooth lines in the upper panel show a long-term trend, and the shaded vertical bars in the lower panel represent El

Nifio occurrences.

CH, emissions have decreased by 40% compared with
the values in the pre-industrial Holocene.??-5V)

It is not easy to exactly estimate the past
lifetime of atmospheric NoO, but some model studies
show that the lifetime varied within £15% from the
last glacial maximum to the present time, or that the
lifetime is slightly longer during the glacial period
than at the present time.?¥5253) If this is true, the
low glacial N5O levels are primarily ascribed to the
reduction in NoO emissions. From the analyses of
Antarctic ice cores for NyO and its nitrogen and
oxygen isotope ratios, it is reported that the N,O
emission was reduced by 30%—40% around the time
of the last glacial maximum compared to the pre-
industrial Holocene values, with nearly equal con-
tributions from soils and oceans.?-*)

3.2. Human-caused increase superimposed
on natural variations.

3.2.1. Carbon dioxide. Figure 3 shows the
temporal variations of atmospheric CO; at the South
Pole and Mauna Loa.’® It also shows the long-term
trends and growth rates derived using a digital
filtering technique,’” El Nifio periods, and volcanic
eruptions. It is clearly seen that atmospheric CO,
increased over time, accompanied by a seasonal cycle
and interannual variations with periods of a few or
several years. The yearly mean CQOy mole fraction
increased from 314—315 ppm in 1958 to 403—407 ppm
in 2017, indicating a time-dependent growth rate
from 1.0ppm/yr during 1958—-1960 to 2.6 ppm/yr
during 2015—2017.

The seasonal CO, cycle can be mainly attributed
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to the seasonally dependent CO, exchange between
the atmosphere and terrestrial biosphere. Under the
present condition, the &“C of atmospheric COs,
which is expressed as

(lsc/mc)sample
(13C/1QC)

standard

§°C =

- 1] x 1000 (%o), [1]

where the subscripts “sample” and “standard” repre-
sent the sample and international standard, respec-
tively, is affected by —0.05%0/ppm due to the CO,
exchange between the atmosphere and terrestrial
biosphere and by —0.003%0/ppm due to the ex-
change between the atmosphere and ocean. The
observed seasonal cycles of atmospheric COy and its
813C, especially in the northern hemisphere, yield
about —0.05%o/ppm, suggesting the cause to be the
atmosphere—terrestrial biosphere CO, exchange.'617)
Therefore, the seasonal amplitude is larger at Mauna
Loa than at the South Pole, reflecting the hemi-
spheric difference in the terrestrial biomass, and the
seasonal phases at the two stations are the opposite.

The interannual CQO, variations superimposed
on the observed long-term upward trend correlate
well with the El Nino events that generally result in
high temperatures and dry conditions in many areas
of the world, especially in the tropics. From the
results of the Atmospheric Tracer Transport Model
Intercomparison Project (TransCom) flux inversion
calculations based on global atmospheric transport
models constrained by the atmospheric COy obser-
vations, as shown in Fig. 4, the CO, exchange
between the atmosphere and terrestrial biosphere is
considerably affected by the occurrence of an El
Nifio event. This implies that a large amount of
terrestrial biospheric COy is emitted into the at-
mosphere through the enhanced respiration of plants,
the accelerated decomposition of organic matter on/
in soils, droughts, and forest fires. This idea is also
supported by the §"*C observations.'®-17)

The interannual variations in the atmosphere—
terrestrial biosphere CO, fluxes exhibited negative
values during a few years after the eruption of Mt.
Pinatubo, Philippines, in June 1991, although an El
Niflo event occurred at the same time. As a result
of the volcanic eruption, large amounts of sulfate
aerosols were produced in the stratosphere, reducing
the amount of direct solar radiation reaching the
surface and the surface temperature. This reduced
the terrestrial biosphere respiration while enhancing
photosynthesis by greater diffused radiation at the
canopy level. On the other hand, it is evident from
Fig. 4 that the CO, fluxes between the atmosphere
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and ocean show smaller temporal variability than
those between the atmosphere and terrestrial bio-
sphere, although some inversion studies have shown
an enhancement in oceanic sink during strong El
Nifio events, for example, in 1997-1998.5%):59) Ag
shown in Fig. 3, low growth rates are associated with
the eruption of Mt. Agung, Indonesia, in March—May
1963, but an opposite situation could be observed
after the eruption of Mt. El Chichon, Mexico, in
March 1982 when the growth rate increased. The
latter situation is likely due to the possibility that
the El Nino effect overwhelmed the volcanic eruption
effect.

Figure 3 indicates that the yearly mean COq
mole fraction is always higher at Mauna Loa than at
the South Pole and that the difference between the
two stations has gradually expanded with time from
0.5ppm at the beginning of the observation to
3.7ppm during 2013—2017. The observed north—
south difference implies that the CO, sources (sinks)
exist in the northern (southern) hemisphere and that
their strength is enhanced over time. Considering
the fact that atmospheric COy has increased rapidly
since the late 1950s, the north—south difference can
be attributed to the northern hemispheric sources,
i.e., fossil fuel consumption. 95% of fossil fuels are
currently consumed in the northern hemisphere.

To understand the global carbon cycle, it is
important to know the variations in atmospheric
COs before the modern systematic observations were
conducted. Therefore, considerable efforts have been
devoted to reconstruct the past CO, levels using
various methods. Among these methods, the analysis
of polar ice cores drilled at sites with high snow
accumulation rates was the most promising. Figure 5
shows the variations of atmospheric COy, CHy4, and
NyO over the past 300 years obtained from the
analysis of an ice core collected at H15, Antarctica
and the yearly mean values observed in the at-
mosphere at the South Pole or Cape Grim, Austral-
ia.0):8):56).60)61)  The (CO, mole fraction remained
almost constant at approximately 280 ppm in the
mid-18th century, and it increased gradually until
the mid-20th century and then quite rapidly there-
after toward the present level. The overall increase
between the mid-18th century and present time
amounted to more than 120 ppm, which is larger than
the interglacial—-glacial difference of about 100 ppm.
Similar variations were also observed in other
Antarctic ice cores.” The air samples extracted from
the ice cores were measured for obtaining the §'3C of
C0,.9%2) Results show that §'3C decreased gradually
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Fig. 4. The atmosphere—ocean (gray lines) and atmosphere—terrestrial biosphere (black lines) fluxes of CO, estimated by the TransCom
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et al.39)). The occurrences of El Nifio are indicated by the lightly shaded vertical bars in each of the upper four panels, and the heavily
shaded bars indicate the low-temperature period after the eruption of Mt. Pinatubo in 1991. The lowest panel shows the number of

models used for atmospheric inversion.

from —6.4%0 at around 1750 to —7.0%¢ at around
1950 and then rapidly to —7.8%o at around 1980. The
trend of 6'3C is similar to that of COy but with an
opposite sign. The observed good correlation between
CO, and 6BC suggests that the long-term CO,
increase over the last 250 years was mainly caused
by emissions of isotopically light CO, into the
atmosphere via fossil fuel combustion (—27%o) and/
or land-use change/deforestation (—25%0). The CO,
released from or taken up by the ocean (0%0—2%o)
has very little influence on atmospheric §'3C because

the kinetic isotope fractionation factors for the ocean-
to-atmosphere and atmosphere-to-ocean CQOy ex-
change flows are different. Therefore, the §'*C values
of COy added to and removed from the atmosphere
are close to the atmospheric §*C.10'7 The at-
mospheric §°C value continued to decrease until its
global average reached —8.5%o in the mid-2010s.5)
3.2.2. Methane. Asshown in Fig. 5, atmospheric
CH, was about 700 ppb in the early 1700s. Similar
values have also been obtained using other Antarctic
ice cores.” On the other hand, the ice cores from
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Fig. 5. Variations of atmospheric COy, CHy, and N2O recon-
structed from the shallow Antarctic ice core, H15 (circles). The
yearly means obtained from the systematic observations at the
South Pole are also plotted for CO, and CHy, and the values at
Cape Grim, Australia, are plotted for NoO (crosses).

Greenland indicate higher pre-industrial CH4 values
by 30-50ppb when compared with those from
Antarctica due to natural CH, emissions from boreal
wetlands.?)64%%) It can be observed from Fig. 5 that
the Antarctic CHy mole fraction increases constantly
from the pre-industrial levels to the present value
of about 1790 ppb, with the increase being more
than three times the interglacial—glacial difference
of 350 ppb.

To examine the temporal variations in atmos-
pheric CHy in detail, the globally-averaged monthly
mean values obtained by the NOAA /Earth System
Research Laboratory (ESRL)/Global Monitoring
Division (GMD)% are plotted in Fig. 6 along with
the best-fit curve, long-term trend, and growth rate.
Similar to CO,, atmospheric CH4 shows a seasonal
cycle, interannual variations, and a long-term in-
crease. The seasonal CHy cycle is a combined effect
of the seasonally varying sources and sinks. Because
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the major sink of CH, is the reaction with OH, its
destruction is maximized during summer. The
seasonality of CH, emission is dependent on individ-
ual sources. For example, the CH, emissions from
wetlands and fossil fuel burning are enhanced in
warm and cold seasons, respectively. However,
because the seasonal CH; minimum is observed in
summer under baseline conditions, the sink effect
takes precedence over the source effect. The observed
interannual variations of atmospheric CHy are caused
by the ENSO events and volcanic eruptions. For
example, a large amount of CHy is released into the
atmosphere through increased biomass burning
under dry conditions during the El Nino event and
increased tropical land precipitation during the La
Nina event. High growth rates can be found even
with respect to the globally averaged CH, mole
fractions shown in Fig. 6, especially during El Niiio.
The CH, emissions from wetlands associated with
the ENSO events and from the El Nifo-related
Indonesian fires were examined by various research-
ers, including Hodson et al.% and Worden et al.%")
Figure 6 indicates that the growth rate of CHy is
increased just after the eruption of Mt. Pinatubo in
1991 and decreased considerably thereafter. This
can be attributed to attenuated ultraviolet actinic
flux in the 290—310 nm wavelength range due to the
absorption by SO, injected into the stratosphere
and perturbed ultraviolet flux by sulfate aerosols
produced from SO, and to decreased CH, emissions
from boreal wetlands due to low temperatures after
the eruption.%®

Figures 5 and 6 indicate that the atmospheric
CH, trend has behaved in an unexpected manner in
the last few decades. It rose rapidly until 1991 and
gradually from 1991 to 1999, leveled off in 1999—
2006, and then increased again. By inspecting the
CH; data in the north and south polar regions,
Dlugokencky et al.% found that the average differ-
ence between the two regions was 140 ppb during
1984—-1991, which is 3—5 times larger than the pre-
industrial values probably due to human activities at
northern mid- and high latitudes. It was also found
that the difference decreased suddenly in 1992 and
then gradually reduced with time until 2001. The
decreasing interpolar difference and the decelerating
CH, growth in the 1990s would have resulted from a
reduction in the fossil-fuel CH, emissions associated
with the collapse of the former Soviet Union and a
reduction in leakage during natural gas and oil
production and their transportation owing to sub-
sequent facility improvements.@’w)’m) Atmospheric
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Fig. 6. Globally averaged monthly means of the atmospheric CHy mole fraction (circles in the upper panel) and the growth rate

(solid line in the lower panel). El Nifio periods are indicated by shaded vertical bars. The best-fit curve to the observed data and the

long-term trend are shown by solid lines in the upper panel.

CH; began to increase in 2007 and the trend
continued until 2018. Because the observed 62C
values of CHy indicate a gradual decrease after
2007,7:7) the isotopically light biogenic CH, sources
would play an important role in the recent increase in
the observed mole fraction.

To interpret the renewed increase of CHy from
2007, scientists have analyzed the variations of CHy,
§3C, CyHg, or CH3CCl; in the atmosphere. However,
the cause is still under debate because there are large
uncertainties not only in anthropogenic and natural
sources but also in sinks.% ™))" As mentioned
above, the atmospheric CH, burden is governed by
the balance between emissions from various surface
sources and destruction in the atmosphere, mainly
by OH. However, it is impossible to derive a global
OH concentration field from observations because its
lifetime is very short, i.e., a few seconds, and its
tropospheric concentration is very low (in the order
of 10° molecules/cm?®) and spatiotemporally varia-
ble.™ The calculation results obtained using the

current atmospheric chemistry models are also
diverse.™ The CH, sources are unevenly distributed
on the Earth’s surface, and their strengths are
variable in time and space. Therefore, it is not easy
to identify the process (or set of processes) that
increased CH, after 2007. By assuming OH to be
invariant with time in case of global inverse modeling
calculation constrained by the atmospheric CHy
observations, Patra et al.™ reported that the re-
newed CH, increase from 2007 was caused by the
biogenic emissions in tropical Asia and southern
South America. Nisbet et al.™) suggested from their
analyses of atmospheric CH; and §'3C that the CH,
increase after 2007 can be attributed to the biogenic
CH, emissions particularly in the tropics, for
example, through the expansion of tropical wetlands
by positive rainfall anomalies or enhanced emissions
from agricultural sources such as ruminants and rice
paddies. They also reported that the changes in the
removal rate by OH appear to be a small effect.
Thompson et al.”™® proposed from their simultaneous
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Fig. 7.

Global averages of the atmospheric NoO mole fraction (circles in the upper panel) and the growth rate (solid line in the lower

panel). The solid line in the upper panel shows the long-term trend, and the dark and lightly shaded vertical bars in the lower panel

represent the El Nifio and La Nina periods, respectively.

analyses of CH,, 6'3C, and C,Hg that the biogenic
and fossil-fuel CH,4 emissions were responsible for the
CH, increase from 2007 and that the changes in the
removal rate by OH do not appear to be a major
factor. On the other hand, Rigby et al.” and Turner
et al.™ analyzed the observed trend of atmospheric
CH;3CCl3, the major sink of which is the reaction with
tropospheric OH, using a box model inversion and
reported that the global average OH concentration
decreased from around 2003, resulting in the CH,
increase after 2007. Naus et al.”” identified biases in
the two-box model approach based on the results of
full three-dimensional transport model simulations
and found that the tropospheric OH concentration
increased gradually with time from 1994 to 2014 and
that the CH, emissions increased from 2007. Further
advanced studies are required to obtain a more
definitive conclusion on the recent unexpected but
interesting CHy trend.

3.2.8. Nitrous ozide. Figure 5 shows that
atmospheric NoO was approximately 275 ppb before

the early 1800s and gradually increased from 1850 to
1960—-1970 and then rapidly to about 328 ppb in 2017.
The increase from the pre-industrial era to the present
time is 53 ppb, indicating a 20% increase relative to
the pre-industrial level. Similar variations were also
reported from the analyses of other ice cores.”)

The global average monthly mole fractions of
atmospheric NyO observed by the Advanced Global
Atmospheric Gases Experiment (AGAGE) are shown
in Fig. 7 along with the long-term trend and growth
rate. Atmospheric N,O also shows a seasonal cycle,
interannual variations and a long-term increase.
Because N,O is very stable in the troposphere, the
seasonal cycle and interannual variations would be
closely related with the source activities and at-
mospheric transport. From the beginning of the
atmospheric NoO observations, the seasonal N,O
cycle has been difficult to detect, but a very small
seasonality with a peak-to-peak amplitude of about
1ppb was recently observed due to the improved
measurement precision.®)?”) The cause of the seasonal
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N3O cycle is not fully understood yet. However,
because the timing of the appearance of the seasonal
maximum and minimum seems to depend on the
location of the observation, the seasonal NoO cycle
is probably a result of the combination of some
seasonally dependent processes such as, for example,
troposphere—stratosphere air exchange, air transport
in the troposphere, interhemispheric air mixing, N-O
production by bacteria, and N,O exchange between
the atmosphere and ocean. The NoO mole fraction is
lower in the stratosphere and southern hemisphere
when compared with those in the troposphere and
southern hemisphere, respectively, and bacterial
activities in soils and oceans are seasonally depend-
ent.8):18):20),80)

As shown in Fig. 7, the growth rate of N5O is
correlated with the occurrences of the El Nifio and La
Nifia events, showing low values during the former
and high values during the latter. It should be noted
that the measurement precision is not the same
throughout the period, but the good correlation can
be interpreted as follows. Because the NoO emissions
from the soil and ocean amount to 60% of the total
emissions and the anthropogenic NoO emissions are
considered to have very small year-to-year variations,
such a correlation is likely to arise from the changes
in NoO emissions from natural sources. It is known
that the soil moisture, temperature, and precipitation
are especially important for NyO production in
soils. In general, the tropical and subtropical regions
become hot and dry during El Nifio and become cold
and wet during La Nina. The oceanic NyO emissions
are reduced by the suppressed upwelling in the
eastern tropical Pacific during El Nifno. Therefore,
the NoO emissions from the soils and oceans at low
latitudes would play an influential role with respect
to the observed interannual variations of atmospheric
NyO. This idea is also suggested by terrestrial
biogeochemical modeling, atmospheric chemistry/
transport modeling and shipboard observations in
the Pacific Ocean.??)3D:82) The low N,O growth rates
observed after the eruptions of Mt. Pinatubo in 1991
and Mt. El Chichén in 1982 would be related to the
decreased N,O emissions from soils due to low
temperatures, in addition to the El Nifo effect.

Atmospheric N»O increased from about 300 ppb
in the late 1970s to the present value of 331 ppb, with
an average growth rate of 0.78 ppb/yr. The average
growth rates for 1979-1998 and 1999-2017 were
0.72 and 0.85 ppb/yr, respectively, implying that the
N,0 increase was enhanced more in the latter period
than in the former period. Weiss'¥) reported, based on
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their measurements in 1976—1980, that the average
N5O growth rate was about 0.5 ppb/yr, which is even
lower than the value obtained during 1979—-1998.
By analyzing the atmospheric N,O data col-
lected systematically by the NOAA/ESRL/GMD,
AGAGE and Tohoku University, it is found that
the average mole fraction is the lowest at the South
Pole, increases by about 1ppb toward the equator,
increases by an additional 1 ppb toward the northern
mid-latitudes, and then declines by 0.5ppb in the
northern polar region. This latitudinal NoO distribu-
tion indicates the existence of NyO sources in regions
extending from the tropics to northern mid-latitudes.

4. Global budgets of anthropogenic carbon
dioxide, methane, and nitrous oxide

Our understanding of the global budgets of
anthropogenic greenhouse gases is based on two
approaches: “top-down” in which fluxes are inferred
by analyzing the atmospheric observations using
global atmospheric chemistry /transport models, and
“bottom-up” in which inventories, extrapolation of
local flux observations, and process models are used
to estimate the fluxes. Both these approaches have
advantages and disadvantages. Time-dependent
global and/or regional fluxes can be derived using
the top-down approach even from short records of
atmospheric observations under the constraint that
budgets are balanced. However, this approach is
often afflicted by the coarse resolution of the data
obtained from the observation network, the biases
in measurement owing to the participation of various
institutes and the usage of various observation
methods, and our insufficient knowledge on atmos-
pheric transport and sinks. On the other hand, in the
bottom-up approach, we can estimate various fluxes
associated with each of the source and sink processes.
However, this approach is seriously affected by the
uncertainties and potential biases in the usable
statistical data, conversion factors for emissions and
extrapolation to geographically large scales from a
limited number of observations. Various budgets
estimated by the bottom-up approach are not
constrained for balance, for example, by atmospheric
observations. Therefore, to accurately evaluate the
global greenhouse gas budget, it is important to
achieve a scientifically consistent merger of the results
obtained using these multifaceted approaches.®?)

In this section, the global budgets estimated for
anthropogenic COy, CHy, and NyO using the top-
down and bottom-up approaches are presented and
discussed.
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Fig. 8. Terrestrial biospheric and oceanic uptake of anthropo-
genic COy estimated by the simultaneous analysis of atmos-
pheric COy and 6'*C (upper panel) and global fossil-fuel CO,
emissions (lower panel) for 1996-2013 (Goto et al.®¥).

4.1. Carbon dioxide. The global budget for
COs has been estimated using several methods. For
example, Francey et al.’ and Goto et al.?®) analyzed
the atmospheric CO, mole fraction and its 6">C. The
613C values in the atmosphere, ocean and terrestrial
biosphere are different, and the kinetic fractionation
factors of COy flow from the atmosphere to the
terrestrial biosphere or ocean and vice versa are
also different. Based on these isotope properties, the
global net terrestrial biospheric and oceanic carbon
fluxes can be estimated by simultaneously solving a
set of mass balance equations for atmospheric CO,
and '3CO,. The CO, uptake inferred using the data
obtained at Ny-Alesund, Svalbard during 1996—2013
is presented in Fig. 8 along with the global fossil-fuel
CO, emissions.®® The average terrestrial biospheric
and oceanic CO, uptake values over 18 years were
1.3 and 2.6 GtC/yr, respectively, which are relatively
consistent with the results obtained based on at-
mospheric Os analyses that will be discussed below.
It is also clearly shown in Fig. 8 that the terrestrial
biosphere shows larger year-to-year variations in CO,
uptake when compared with the ocean uptake, which
are correlated with the occurrences of the El Nifio
events. However, there was no considerable decrease
in the terrestrial biospheric COy uptake during the
2009/2010 El Nifio event, presumably due to the
insufficient spatial representativeness of the CO,
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Fig. 9. Terrestrial biospheric and oceanic uptake of anthropo-

genic COy estimated on the basis of atmospheric COy and Os.
Open circles, solid circles, triangles, diamonds, and squares
represent the respective results of Tohjima et al.,5") Ishidoya
et al.*® Keeling and Manning,*” Goto et al., and Tohjima
et al.%®)

and/or §"C data used in the analysis. It is also
obvious that the oceanic COs uptake increases with
time, especially after 2000 when the fossil-fuel CO,
emissions were rapidly increasing. Because anthro-
pogenic COy emitted into the atmosphere increases
the CO, partial pressure difference between the
atmosphere and ocean, it is expected that the oceanic
CO, uptake has steadily increased. Previous studies
reported that the oceanic CO, uptake has been
increasing for the past several decades,?!) although
the recent oceanic CO; uptake shown in Fig. 8
appears to be slightly larger than their estimates.
Keeling and Shertz®® proposed the mass balance
analysis of atmospheric CO, and O, for estimating the
global carbon budget. The atmospheric Oy/Ns ratio is
currently decreasing with time in contrast to the CO,
mole fraction, primarily due to fossil fuel consump-
tion, and its trend is also related with the uptake
or release of Oy by the terrestrial biosphere. The
terrestrial biospheric and oceanic COs uptake values
evaluated recently using this method are presented
in Fig. 9.89:8779) The CO, uptake ranges between 1.0
and 1.6 GtC/yr for the terrestrial biosphere and
between 2.2 and 2.6 GtC/yr for the ocean, with both
showing a tendency to increase with time. This time-
dependent increase is greater in case of the terrestrial
biospheric uptake than in case of the oceanic uptake.
Recently, Tohjima et al.®) analyzed their 19-year
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record of Oy/Nj in the western Pacific and found that
the b5-year average oceanic uptake monotonously
increased with time in 2001-2014 and that the 5-year
average terrestrial biospheric uptake showed a more
complicated behavior, i.e., a rapid increase in 2001—
2009 and a rapid decrease in the subsequent period.
Asindicated in Fig. 3, the growth rate of atmospheric
CO; exhibited almost no trend in the 2000s despite
the continuously increasing fossil-fuel COy emissions
(see Fig. 8) during the period. The observation of
Tohjima et al.®® would lead to the possibility that
anthropogenic CQOs emitted into the atmosphere
during this period was more efficiently absorbed by
the terrestrial biosphere, which is inconsistent with
the result shown in Fig. 8. To resolve this contra-
diction, it is required to observe §"*C and Oy/N,
over a wide geographical area and carefully assess
the parameters used in the respective methods, e.g.,
the isotopic disequilibrium flux in the §*C method
and the oceanic O, outgassing in the Oy/Ny method.

The estimations of the terrestrial biospheric and
oceanic CO, fluxes using the atmospheric Bayesian
inversion technique have also been actively per-
formed. In this approach, a priori fluxes (or a set
of guessed flux values) are optimized using global
atmospheric transport models and atmospheric COq
observations, resulting in spatially distributed poste-
rior flux values satisfying the uncertainties associated
with a priori fluxes and observation data. The first
extensive inversion project using three-dimensional
atmospheric transport models was TransCom 3%V
in which 16 different models participated to infer the
CO, fluxes for 22 assigned regions of the world (11
for land and 11 for ocean) based on common COy
observation data and a priori COy fluxes. Figure 10
shows the model average CO, fluxes over 1992—1996
for ten abbreviated areas. As shown in this figure,
the posterior CO4 fluxes are clearly different from the
a priori fluxes, especially for the northern land and
southern ocean regions, and the within-model un-
certainties are smaller than the prescribed values,
implying that the fluxes are well constrained by the
atmospheric CO, observations. However, the fluxes
estimated for the tropical land and southern land
areas exhibit large uncertainties due to a limited
number of CQO, observations. The terrestrial bio-
sphere serves as a source in the tropics and a sink
in the northern area and is neutral in the southern
area, and the ocean serves as a source in the tropics
and a sink in the northern and southern areas.

The TransCom 3 estimated the global oceanic
CO, uptake to be 1.3 (1.7-2.1), 0.8 (1.2-1.6), 1.4
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Fig. 10. Average terrestrial biospheric and oceanic CO, fluxes

for global, northern, tropical, and southern areas over 1992—1996
derived from the TransCom 3 atmospheric inversions (Gurney
et al”™V). The boxes represent the a priori fluxes (center) and
their uncertainties (upper and lower bounds), the crosses and
vertical bars indicate the average posterior fluxes and one-
standard deviations of the results from 16 models, respectively,
and the circles denote the average uncertainties of the posterior
fluxes.

(1.8-2.2), and 1.1 (1.5-1.9) GtC/yr for 1992—1996,
1980—-1989, 1990—1999, and 1980—1999, respectively,
and the corresponding terrestrial biospheric COs
uptake to be 1.3 (0.9-0.5), 1.5 (1.1-0.7), 1.7 (1.3—
0.9), and 1.6 (1.2-0.8) GtC/yr. Because the atmos-
pheric inversion method infers only the net flux
between the atmosphere and terrestrial biosphere
or ocean at a specified time, it is necessary to correct
for the riverine transport of carbon from land to
oceans. The above numbers in parentheses represent
the results corrected by assuming the pre-industrial
steady-state fluxes to be 0.4-0.8 GtC/yr.3")

After the TransCom 3 exercise, atmospheric
inversions were conducted more extensively not only
by enriching the surface data but also by including
aircraft or satellite observations, revealing spatio-
temporal varying fluxes and changes in the global
carbon cycle due to human activities.?® 927100 Ag
mentioned above, TransCom 3 found a large tropical
land CO, source, but such a large source was later
found to be in contradiction to the results obtained
by Stephens et al.'’) Smaller or almost zero emis-
sions were suggested by the recent atmospheric CO,
inverse models with improved transport parameter-
ization and a more advanced data assimilation
framework.!%?) Although atmospheric inversion as-
sumes anthropogenic CO, emissions to be estimated
with sufficient accuracy, their uncertainties have a
non-negligible impact on the estimation of the
terrestrial biospheric and oceanic fluxes.!0):102)
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Table 1.

[Vol. 96,

Global budgets of anthropogenic CO, estimated by Le Quéré et al.V for six decadal periods from 1960 to 2017

Mean (GtC/yr)

1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 2008-2017
Total emissions (Eg + Ejyc)
Fossil CO, emissions (Eg) 3.14+0.2 47402 54403 6.3+0.3 78+04 9.44+0.5
Land-use change emissions (Ej,) 1.54+£0.7 1.24+£0.7 1.24+£0.7 1.44+£0.7 1.3+£0.7 1.54+£0.7
Total emissions 4.7£0.7 5.8+ 0.7 6.6 £0.8 7.6+038 9.0+0.8 10.8+£0.8
Partitioning
Growth rate in atmospheric CO5 conc.
(Gan) 1.7+ 0.07 2.8 £0.07 3.4+0.02 3.1+£0.02 4.0 £0.02 4.7 £0.02
Ocean sink (Socean) 1.0£05 1.34£05 17405 2.0+05 21405 24+05
Terrestrial sink (Sjanq) 1.24+0.5 21+04 1.8£0.6 24+0.5 2.7+0.7 3.2+0.7
Budget imbalance
Bin = Eg + Ene — (Gatm + Socean 1 Stand) 0.6 -0.3 -0.3 0.2 0.2 0.5

More detailed global carbon budgets were
examined by Le Quéré et al®V) for 1960-2017 as
part of the Global Carbon Project (https:/www.
globalcarbonproject.org/). In their study, five compo-
nents, i.e., the atmospheric COs growth rate (Gaim),
COy emission from fossil fuel consumption/cement
production (Eg), CO, emission from land-use change
(Ewe), oceanic COy sink (Speean), and terrestrial
biospheric COy sink (Sjang), were evaluated by
primarily using the globally averaged surface COs
data obtained by the NOAA/ESRL/GMD, energy
consumption data combined with emission factors/
cement production data, bookkeeping models, global
ocean biogeochemistry models and dynamic global
vegetation models, respectively. They also inspected
Ene and Sgeean using the global vegetation models
and ApCO, observations, respectively, and Sycean and
Siand using atmospheric inversions. It was found from
their results that the CO; fluxes derived using
different methods for each component were close on
average to each other, but the respective fluxes had
large uncertainties. Their results are summarized in
Table 1. Eg increases from 3.1 GtC/yr in 1960—1969
to 9.4 GtC/yr in 20082017, whereas Ej,. is almost
constant at 1.4 GtC/yr, indicating that the recent
emissions of anthropogenic CO; are mainly caused by
fossil fuel combustion. The growth rate of atmospher-
ic COs (Gagp) increases from 1.7 GtC/yr in 1960—1969
to 4.7GtC/yr in 2008—2017. The terrestrial bio-
spheric (Sjanq) and oceanic (Soeean) sinks also intensify
from 1.2 GtC/yr in 1960—1969 to 3.2 GtC/yr in 2008—
2017 and from 1.0 to 2.4 GtC/yr in the corresponding
periods, respectively. The global CO5 emissions must

be equal to their partitions among the atmosphere,
terrestrial biosphere, and ocean, but there is a small
imbalance between Eg+ Ep. and Gy + Siana +
Socean- Because the uncertainties of G, and Eg are
small, the budget imbalance is primarily attributed to
the model estimates of Ejue, Siand, and Socean-

The zonal mean CO, fluxes deduced by Le Quéré
et al.?V) using the atmospheric inversions and process
models show different temporal variations depending
on the latitude zone. In the northern extratropics
(north of 30°N), the atmosphere-to-land/ocean CO4
fluxes gradually increase with time, but the ensem-
ble-mean total fluxes of the process models are lower
than the estimates obtained using the inversions,
mainly due to the difference in land flux between the
two approaches. In the tropics (30°N—30°S), both
the process models and inversions indicate that the
carbon balance is almost neutral on average for land
and ocean, with large year-to-year variability of land
flux. In the southern extratropics (south of 30°S), the
oceanic COy sink is gradually enhanced with time,
while the land source and sink are almost balanced,
and the oceanic uptake inferred from the atmospheric
inversions is slightly higher than that obtained from
the process models.

Le Quéré et al®V reported the global anthro-
pogenic carbon budget for 1750—2017. The five
component values before 1960 were estimated using
the energy consumption/cement production data for
fossil-fuel CO, emissions, the bookkeeping models for
land-use change CO, emissions, the ice core data for
the growth rate of atmospheric CO,, the diagnostic
ocean models for the oceanic COy uptake, and the
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Fig. 11. Global carbon budget based on two emissions of fossil

fuels and land-use change and three sinks of oceanic uptake,
terrestrial biospheric uptake, and atmospheric residue (from top
to bottom in the figure) for 19002017 (Le Quéré et al.*V). The
gray line in the lower panel represents the total emissions, the
sign of which is reversed.

global vegetation models for the terrestrial biospheric
CO; uptake. The results obtained are presented in
Fig. 11. The fossil-fuel CO, emissions increased
gradually before and rapidly after the Second World
War, and the terrestrial biospheric CO, emissions
gradually increased until around 1960 and then
gradually decreased toward an almost constant value
after 1980. The cumulative CO5 emissions for 1750—
2017 are 430 + 20 GtC for Eg and 235 £ 95 GtC for
Ene, showing a large uncertainty for FEp. The
anthropogenic CO, is partitioned among the at-
mosphere (275 + 5 GtC), terrestrial biosphere (215 £
50GtC), and ocean (165 =+ 20GtC), with large
uncertainties for the terrestrial and oceanic COs
uptake. Thus, the cumulative budget imbalance is
10 GtC. If the period is limited to 1850—2017, the
budget imbalance increases to 25 GtC. This imbal-
ance is probably due to the overestimation of Ej,.
and/or underestimation of the terrestrial and oceanic
CO, uptake from the mid-1920s to the mid-1960s
because atmospheric CO, shows no appreciable
increase during this period.

4.2. Methane. By assuming the atmosphere to
be one well-mixed box, the global mass balance of
atmospheric CHy can be expressed as
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Fig. 12. Global CH; emission and destruction (upper panel)
calculated for each year from 1984 to 2018 and the corresponding
growth rate of atmospheric CH, (lower panel).

dCcp,
dt

Ccn
= SCH4 - mCH4nair—47 2]

mCH4nair
CH,

where mcyy is the average molecular weight of CHy,
Mg is the number of moles of the atmosphere, Ccpy
is the atmospheric CH4 mole fraction, Scp; is the
CH, emission, and 7¢p, is the lifetime of CHy in the
atmosphere. Figure 12 shows the global CH, emission
and destruction calculated for each year from 1984 to
2018 using the NOAA/ESRL/GMD global average
CH, data and the corresponding growth rate of
atmospheric CH, constrained by adopting an at-
mospheric CH, lifetime of 9.1 years.?*) As mentioned
before, the CH, growth rate gradually declined from
around 1990 to the mid-2000s, which means that
the global CH4 budget approached a steady state
with no CH,; emission trend. The calculated CH,
emissions were almost constant at 542 TgCHy/yr
for 1984—2005, and then increased with time until it
became 587 TgCH,/yr in 2018. On the other hand,
the CH; destruction increased gradually from
498 TgCH,/yr in 1984 to 562 TgCH,/yr in 2018,
and both the CH, emission and destruction were
537 TgCH,/yr in 2000—2005 when the atmospheric
CH, increase stagnated.

Kirschke et al.®? evaluated the atmospheric
CH, lifetime to be 8-10 years by inspecting the
results of earlier studies in terms of uncertainty and
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variability. If 8 and 10 years are employed as the
lifetimes, the average CH, emissions for 1984—2005
are 614 and 495 TgCH,/yr, respectively, with the
difference between the two values being as much as
119 TgCHy/yr. This implies that an accurate deter-
mination of the CHy lifetime, i.e., of the atmospheric
OH concentration, is extremely crucial to understand
the global CH4 budget.

The Global Carbon Project has published two
papers to depict a current picture of the global CHy
budget based on the knowledge obtained using the
bottom-up and top-down approaches.??3%) In this
paper, we mainly discuss the results reported by
Saunois et al.?®) for 2003-2012 by citing Kirschke
et al.*? when necessary. The average global CH,
budget obtained by Saunois et al.?® for 2003—2012
are presented in Table 2 along with that obtained by
Kirschke et al.?? for 2000-2009. As can be under-
stood from the maximum and minimum estimates in
brackets, there is a considerable amount of uncer-
tainty associated with the mean value reported for
each sector. Based on the inventories for fossil fuels,
agriculture, wastes, and biomass and biofuel burning,
Saunois et al.*®) estimated the mean anthropogenic
CH, emissions to be 352 TgCH,/yr for 2003—2012
and 338 TgCH,/yr for 2000—2009 (not shown in the
table). The latter value is consistent with the value
of 331 TgCH,/yr reported by Kirschke et al.’? for
the same period using the same approach. The
“agriculture and waste” sector constitutes the largest
anthropogenic emission of CHy, followed by “fossil
fuels”, with “biomass and biofuel burning” as the
lowest contributor. On the other hand, natural CHy
emissions are clearly different between the two
studies. Saunois et al.*®) estimated the mean natural
emissions to be 384 TgCH,/yr for 2003—2012 and
382TgCHy/yr for 2000—-2009, showing very little
change in the emission between these two periods.
However, their estimates are 10% larger than the
value obtained by Kirschke et al.?? for 2000-2009. A
large discrepancy between the two studies is found
in case of “other natural sources”, resulting from
“fresh waters” being grouped into ‘“other land
sources”, probably due to the use of different land
surface models as well as the prescribed difference in
the size of the wetland extent between the two
studies. A large discrepancy is also found in “natural
wetlands”. The CH, emissions estimated by Saunois
et al.*® for 2003-2012 and 2000-2009 are in good
agreement with each other, but their estimates are
15% smaller than the value of Kirschke et al.?? for
2000—2009. With respect to the CH, sinks, Saunois

[Vol. 96,

et al®® adopted a climatological range, similar to
Kirschke et al.?? for 2000-2009. As shown in the
table, tropospheric Cl destroys only a small amount
of CHy4, but it is known that this element consid-
erably affects the interpretation of the observed §*C
of atmospheric CH, due to the large kinetic isotope
effect in the reaction with CH,.'%%)

The top-down estimates by Saunois et al.?®) for
individual sources were obtained as ensemble aver-
ages of multi-atmospheric inversions, wherein the
atmospheric lifetime of CH4 was reasonably assumed.
The total global CH, emission was 558 TgCH,/yr for
2003—2012 and 552 TgCH,/yr for 2000—2009. The
latter value is very close to the value of 553 TgCH,/
yr given by Kirschke et al.’? for the same period,
indicating the effectiveness of the flux constraint
based on atmospheric observations. However, these
top-down estimates are considerably smaller than
the high bottom-up value of 736 TgCH,/yr that
can be primarily attributed to overestimation by
the bottom-up method with no constraint based on
atmospheric CH; measurements. Among the total
global CH,; emission for 2003-2012, 60% was
allocated to anthropogenic sources, and the remain-
ing 40% was allocated to natural sources. The
atmospheric inversion results of 188, 105, and 34
TgCH,/yr for “agriculture and waste”, “fossil fuels”,
and “biomass and biofuel burning”, respectively, are
statistically consistent with the values obtained
using the bottom-up approach. On the other hand,
the CH, emissions from natural sources are consid-
erably different between the two approaches, and
the top-down estimate of 231 TgCH,/yr is 60% of
the bottom-up value of 384 TgCH,/yr, mainly due to
a big discrepancy in the estimates for “other natural
sources”. Similar agreement and disagreement be-
tween the two approaches are found in Kirschke
et al.’?

Saunois et al.*®) found that in 2003-2012, 64%,
32%, and 4% of the total global CHy emissions
originated from the tropics and southern latitudes
(<30°N), the northern mid-latitudes (30°—60°N), and
the northern high latitudes (>60°N), respectively.
Majority of the emissions originated from Africa,
South America, and South East Asia (73—86 TgCHy/
yr), constituting about 44% of the total global
emissions. These high-emission regions were then
followed by China, central Furasia and Japan,
contiguous U.S.A., Russia, India, and Europe (28—
58 TgCH,/yr). The remaining regions emit 7—
20 TgCH,/yr of CH,. Saunois et al.*®) reported that
different CH, budget estimates were obtained by
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Table 2. Global budgets of CH, (TgCH,/yr) estimated by Saunois et al.?® for 2003-2012 and Kirschke et al.?? for 2000-2009 using the

bottom-up and top-down approaches

Saunois et al.

Saunois et al.

Kirschke et al.

Kirschke et al.

(2016) (2016) (2013) (2013)
Bottom-up Top-down Bottom-up Top-down
Period of time 2003-2012 2003-2012 2000-2009 2000-2009
Natural sources 384 [257-524] 231 [194-296] 347 [238—484] 218 [179-273]
Natural wetlands 185 [153-227] 167 [127-202] 217 [177-284] 175 [142-208)
Other natural sources 199 [104—297] 64 [21-132] 130 [45—232] 43 [37-65]
Other land sources 185 [99-272] 112 [43-192]
Fresh waters 122 [60-180] 40 [8-73]
Geological (onshore) 40 [30-56] 36 [15-57)
Wild animals 10 [5—15] 15 [15-15]
Termites 9 [3-15] 11 [2-22]
Wildfires 3 [1-5] 3 [1-5]
Permafrost soils 1 [0-1] 1 [0-1]
Vegetation
Ocean sources 14 [5-25] 18 [2—40]
Geological (offshore) 12 [5—20]
Other (including hydrates) 2 [0-5)
Anthropogenic sources 352 [340-360] 328 [259-370] 331 [304-368] 335 [273-409]
Agriculture and waste 195 [178-206] 188 [115-243] 200 [187—224] 209 [180-241]
Enteric fermentation & manure 106 [97-111] 101 [98-105]
Landfills & waste 59 [52-63| 63 [56—79]
Rice cultivation 30 [24-36] 36 [33-40]

Fossil fuels 121 [114-133] 105 [77-133] 96 [85-105] 96 [77-123]
Coal mining 41 [26-50]
Gas, oil & industry 79 [69-88]

Biomass & biofuel burning 30 [27-35] 34 [15-53] 35 [32-39] 30 [24—45]
Biomass burning 18 [15-21]
Biofuel burning 12 [10-14]

Sinks

Total chemical loss 515 604 [483-738| 518 [510-538|
Tropospheric OH 528 [454—617|
Stratospheric loss 51 [16-84]
Tropospheric Cl 25 [13-37]

Soil uptake 33 [28-38] 28 [9-47] 32 [26—42]
Sum of sources 736 [596-884] 558 [540-568] 678 [542-852] 553 [526-569]
Sum of sinks 548 632 [592-785] 550 [514-560]
Imbalance 10 3 [—4-19]
Atmospheric growth 10.0 [9.4-10.6] 6

replacing ground-based observations with satellite-
based observations, especially in the tropical region
in which surface observations were sparse. This
attests to the fact that an extensive observational
spatial coverage is crucial for obtaining realistic CHy
fluxes using the inversion approach.

4.3. Nitrous oxide. To estimate the global
N30 budget over the last 40 years, the one-box mass
balance equation, i.e.,

Cn,o

dChn,0
- = S . — MN,0Ngir ——, 3
dt N,O N, OMair ™,0 ]

MN,0N air
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is applied to the N,O data shown in Fig. 7. Here, the
respective variables have almost the same meaning as
the variables in Eq. [2]. The atmospheric lifetime is
an essential factor for evaluating the NoO budget.
Previous lifetime estimates range from 114 to 131
years, with an associated uncertainty of 10 to 30
years.?)30)39) Here, we employ 120 years as the NyO
lifetime, which is widely used in other studies. The
results obtained for 1979—2017 show that the at-
mospheric burden is 1513.7 TgN, the destruction is
12.6 TgN/yr, the atmospheric growth is 3.8 TgN/yr,
and the emission is 16.4TgN/yr. Based on the
assumption that the atmospheric mole fraction and
lifetime of N5O in the pre-industrial era were 270 ppb
and 120 years, respectively, NoO emitted naturally
from soils and oceans was calculated to be 10.8
TgN/yr, yielding an anthropogenic NyO emission of
5.6 TgN/yr for 1979—2017. With regard to the NoO
lifetime, Prather et al.*¥) reported the current and
pre-industrial (around 1750) values to be 131 and
142 years, respectively. If these lifetime values are
used, the NoO destruction and emission for 1979—
2017 decrease to 11.6 and 15.4 TgN/yr, respectively,
and the natural N,O emission also decreases to
9.1 TgN/yr. Further, the anthropogenic NyO emis-
sion increases to 6.3 TgN/yr.

The atmospheric inversion technique was first
applied by Hirsch et al.'® and then by Huang
et al.,'%) Saikawa et al.,'"9 and Thompson et al.%?
In addition to these studies, TransCom N-O inter-
comparison'’” and the analysis proposed by
Thompson et al.'%®) were also conducted using differ-
ent atmospheric inversion frameworks. The global,
land, and ocean N,O fluxes obtained from these
atmospheric inversions are shown in Fig. 13 along
with the results of the aforementioned one-box
model analysis with a lifetime of 120 years. The
results obtained from different studies are generally
consistent with each other within estimated uncer-
tainties, except for the global NyO fluxes derived by
Thompson et al.¥?) and by one of the participants in
TransCom N>O, the values of which are appreciably
higher than others. The results of Thompson et al.'*%)
and the one-box model analysis indicate that global
N,O emissions increased steadily with time. It is
also shown in this figure that the NoO emissions from
land are clearly higher than those from the ocean.
The results of Hirsch et al.'% and Huang et al.!%)
allocated 2%, 28%, 50%, and 20% of the total global
N,O emissions to 90°—30°S, 30°S—0°, 0°—30°N, and
30°-90°N, respectively, and 7%, 28%, 41%, and 23%
were estimated for the corresponding latitude bands
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Fig. 13. Global, land, and ocean N,O fluxes inferred from

atmospheric inversions. The global flux obtained using the
one-box mass balance analysis (cf. text) is also shown in the
upper panel.

by the TransCom N,O intercomparison exercise.
These values indicate that the northern tropics and
subtropics are most important for NoO emissions, as
suggested by the observed latitudinal distribution
of atmospheric NoO. The results of the atmospheric
inversions show high NyO emissions in East and
South Asia, North, South, and Central America, and
Africa on land and in the tropical (30°S—30°N) ocean.

The global NyO budget was quantified using the
bottom-up methods.??19-111) For example, on the
basis of the existing bottom-up estimates, Ciais
et al.* reported global N,O budgets for 2006 and
the mid-1990s, as shown in Table 3. The 2006
budget indicates that agricultural activities are the
strongest anthropogenic sources. The total NO
emissions from “rivers’, “estuaries”’, “coastal zone”,
and “atmospheric deposition on land and ocean”
associated with anthropogenic reactive nitrogen
species are also high (1.2 TgN/yr in total), followed
by “fossil fuel combustion and industrial processes”,
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Table 3. Global budgets of NoO (TgN/yr) estimated by Ciais
et al*® for 2006 and the mid-1990s

2006 mid-1990s
Anthropogenic sources
Fossil fuel combustion &
. . 0.7 (02-1.8) 0.7 (0.2-1.8)
industrial processes
Agriculture 4.1 (1.7-4.8) 3.7 (1.7-4.8)
Biomass & biofuel burn-
. 0.7 (0.2-1.0) 0.7 (0.2-1.0)
ing
Human excreta 0.2 (0.1-0.3) 0.2 (0.1-0.3)
Rivers, estuaries, coastal
0.6 (0.1-2.9) 0.6 (0.1-2.9)
zones
Atmospheric depositio
HIOSPREE CEPOSIHON 0 4 (0.3-0.9) 0.4 (0.3-0.9)
on land
Atmospheric deposition
P P 0.2 (0.1-04) 0.2 (0.1-0.4)
on ocean
Total anth: eni
oral antiroposenic 6.9 (27-11.1) 6.5 (2.7-11.1)
sources
Natural sources
Soils under natural vege-
. 6.6 (3.3-9.0) 6.6 (3.3-9.0)
tation
Oceans 3.8 (1.8-9.4) 3.8 (1.8-9.4)
Atmospheric chemistry 0.6 (0.3-1.2) 0.6 (0.3-1.2)

Surface sink —0.01 (0-—1.0) —0.01 (0——1.0)

Total natural sources 11.0 (5.5-19.6) 11.0 (5.4-19.6)

Total natural + anthropogen-
POBIT 179 (8.1-30.7) 175 (8.1-30.7)

ic sources

Stratospheric sink 14.3 (4.3-27.2)

3.6 (3.5-3.8)

Observed growth rate

“biomass and biofuel burning”, and “human excreta”.
The N5O emissions from agriculture increase from
3.7TgN/yr in the mid-1990s to 4.1 TgN/yr in 2006,
resulting in an increase of 6% with respect to the
total global anthropogenic emissions. On the other
hand, the natural NoO emissions from “soils under
natural vegetation”, “oceans”, and ‘“atmospheric
chemistry” (mainly by NHj oxidation) contribute
60%, 35%, and 5%, respectively, to the global total.
The surface sink of N,O is also presented in the
table, but its strength is negligibly small. The
stratospheric NoO loss is usually inferred using
atmospheric chemistry models,*” but a value of
14.3 TgN/yr for “stratospheric sink” in Table 3 was
derived by adjusting the model-calculated sinks to
become equal to the difference between the total
emission and the observed growth rate. If we use this
value for the stratospheric sink, then the lifetime
of NyO is estimated to be 107 years because the
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atmospheric NoO burden was 1535 TgN in 2006. This
lifetime is slightly shorter than the aforementioned
lifetime of 114—131 years. It is likely that the natural
and/or anthropogenic N,O emissions are overesti-
mated. Table 3 shows that 6.5-6.9 TgN/yr of N,O
has been recently emitted into the atmosphere due to
human activities and that 11.0 TgN/yr of NoO has
been emitted due to natural causes, with the total
being 17.5-17.9 TgN/yr. These values are at the
upper end of the results deduced from the above-
mentioned mass balance analyses and atmospheric
inversions. The individual estimates are still rather
scattered, and their uncertainties are considerably
large. Further studies are required to more accurately
infer the global N,O budget.

5. Concluding remarks

The observation of anthropogenic changes in
atmospheric greenhouse gases serves as an indicator
of the progress of human-induced climate change and
is necessary for elucidating their global cycling. Such
scientific knowledge forms the basis for formulating
and implementing strategies to mitigate the radia-
tively forced climate change.

The present global network of greenhouse gas
observations consists mainly of 100-150 ground-
based sites. However, these sites are unevenly
distributed in space, with a very limited number of
observations in the tropics, such as Africa, South
America, and continental interiors. To obtain a
detailed picture of the wvariability of atmospheric
greenhouse gases (mole fractions, isotope ratios, and
other relevant elements) in space and time, it is
important to not only fill in the geographically blank
areas in the observation network with additional
stations but also perform measurements using air-
craft, balloons, and satellites. Because the satellite
observations retrieve related variables from spectral
radiance, careful validation of the results is indis-
pensable for use along with direct and calibrated
measurements. The data thus obtained will contrib-
ute to constraining the global budget estimations of
anthropogenic greenhouse gases more robustly. They
are also useful for developing and validating various
types of models, including atmospheric chemistry/
transport models, global ocean biogeochemistry
models, and dynamic global vegetation models.

It is also important to know the temporal
variations of atmospheric greenhouse gases before
conducting modern systematic observations. The
analysis of the air occluded in the polar ice cores
was one of the most promising methods for this
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purpose. For example, deep Antarctic ice cores
revealed that atmospheric CO,, CH,;, and N-O
fluctuated considerably over the last 800 kyrs, show-
ing interglacial-glacial and interstadial-stadial
cycles. The low mole fraction values observed in the
glacial periods have been interpreted as an enhance-
ment in the oceanic uptake of CO, and a reduction
in the emissions for CH,; and N,O, but their detailed
processes and impact on global climate change are
not yet fully understood. The high-resolution varia-
tions in atmospheric greenhouse gases over the past
2000 years have also been reconstructed from the
air bubbles in polar ice cores drilled at locations with
high snow accumulation rates, as well as from the
firn air collected from the surface layer of the ice
sheet. These data, which include isotope ratios, have
been used to estimate the time-dependent emissions
and sinks of greenhouse gases. However, to obtain
more robust and quantitative knowledge on the
global cycling of natural and anthropogenic green-
house gases and their impact on climate, further
detailed analyses using mole fraction and isotope
data, climate proxies, and models are required.

Top-down and bottom-up approaches have been
adopted to quantify the global budgets of anthro-
pogenic greenhouse gases. In the top-down approach,
emission balances the sum of sink and atmospheric
growth, but the individual source and sink compo-
nents are not quantified well. To employ this
approach more effectively, it is necessary to reason-
ably estimate the lifetime of atmospheric greenhouse
gases, collect atmospheric observation data from a
close-configured station network, and develop well-
validated atmospheric chemistry/transport models.
For atmospheric inverse modeling, a priori fluxes and
uncertainties must be realistically prescribed because
posterior fluxes are sensitive to them. In the bottom-
up approach, the fluxes of individual sources or sinks
can be assessed independently, but their uncertain-
ties are usually quite large, with the exception of
fossil-fuel CO; emissions, and large budget imbal-
ances are often found in the results. Moreover,
previous studies have often indicated that source
and sink estimates obtained even in a similar way
are different depending on individual studies. Thus, it
is mnecessary that the respective approaches are
improved and complement each other to achieve
accurate budget assessments.

Further studies are needed to understand the
response of global and regional source and sink fluxes
to future climate change using global biogeochemical
models coupled with climate models. To verify the
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results obtained from such studies, the naturally
caused variations in the mole fraction, isotope ratios
and other relevant components observed in the
atmosphere or reconstructed from the polar ice cores
and firn air would be helpful.
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