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ABSTRACT
The increase in the emissions of greenhouse gases (GHG) CO2, CH4, and N2O is the most important 
factor causing global warming. Natural sources make up about 96%, 46%, and 64% of total emissions 
of the three gases, respectively. Relatively small man-made CO2 fluxes, together with CH4 and N2O 
(with a radiative force 34 and 298 times higher than that of CO2, respectively) upset the natural bal-
ance of the carbon (C) cycle and create an artificial forcing of global temperatures which is warming 
the planet. However, even after stopping all anthropogenic CO2 emissions, the warming-induced GHG 
from natural sources will cause an on-going temperature increase and many resulting environmental 
problems. Based on literature, we analyse the potential change in GHG emissions from the main natural 
sources, which are influenced by the effects of global warming. Since there are various uncertainties 
in the estimations of terrestrial-atmosphere and ocean-atmosphere CO2 exchange, this most important 
factor remains un-predicted and needs significantly more investigation of the ability of oceans and ter-
restrial ecosystems to absorb CO2. Both CH4 and N2O emissions may continue to increase. The thawing 
of CH4 hydrates in the ocean shelf and in permafrost regions is the largest long-term threat for global 
warming, but even now rising temperature will enhance emissions from wetlands, lakes, vegetation and 
even upland soils, due to an increasing threat of wildfires. Changes in hydrological regime are the main 
driving force for N2O emissions.
Keywords: carbon dioxide, climate extremes, floods, methane, methane hydrates, nitrous oxide, 
wetlands, wildfire.

1  INTRODUCTION
Changes in the atmospheric concentrations of greenhouse gases (GHG) and aerosols, land 
cover, and solar radiation alter the energy balance of the climate. Global GHG emissions have 
grown since the early days of the industrial revolution (1,750), with an average increase of 
80% between 1970 and 2011. The atmospheric concentrations of GHG carbon dioxide (CO2), 
methane (CH4), and nitrous oxide (N2O) have all increased since 1750 due to human activity. 
In 2011 the concentrations of these GHGs were 391 ppm, 1,803 ppb, and 324 ppb, and 
exceeded pre-industrial levels by about 40%, 150%, and 20%, respectively [1]. Concentra-
tions of CO2, CH4, and N2O now substantially exceed the highest concentrations recorded 
from ice cores during the past 800,000 years. The rates of increase in atmospheric concentra-
tions over the past century are unprecedented in the last 22,000 years [1]. All of the GHG 
significantly increase the total anthropogenic radiative forcing (RF), which has led to an 
uptake of energy by the climate system. According to the 2013 IPCC report [1], the RF from 
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the emissions of the well-mixed GHG (CO2, CH4, N2O, and Halocarbons) for 2011 relative 
to 1,750 is 3.00 (2.22 to 3.78) W m–2

. The largest contribution to total RF is caused by the 
increase in the atmospheric concentration of CO2. These emissions alone have caused an RF 
of 1.68 (1.33 to 2.03) W m–2

. Emissions of CH4 and N2O have caused an RF of 0.97 (0.74 to 
1.20) and 0.17 (0.13 to 0.21) W m−2, respectively [1].

This all supports the idea of the predominantly anthropogenic origin of the global warm-
ing. This knowledge led most of the world’s countries to consolidate and agree to decrease 
anthropogenic GHG emissions and to set a goal of limiting global warming to less than 2°C 
compared to pre-industrial levels [3]. However, even after stopping all anthropogenic CO2 
emissions, due to the inertia in the biosphere, the atmospheric air temperature will stabilize 
in a few centuries whereas the sea level will still continue to rise, due to thermal expansion 
and ice thawing (Fig. 1). Warming-induced GHG from natural sources may be one of the 
reasons behind this trend.

The main objective of this study is to analyse the potential change in GHG emissions from 
natural sources, which are influenced by the effects of global warming. Possible trends in 
GHG emissions will also be discussed.

2  MATERIAL AND METHODS
We analysed the literature sources on global perspectives for CO2, CH4, and N2O emissions 
from natural sources, particularly their relationship to prevailing environmental factors. We 
also focused on the main environmental processes that are known to be most sensitive to 
global warming. For instance, the frequency of climate extremes (both droughts and floods) 
and related wildfires have increased in connection with global warming. The shift in vegeta-
tion and land cover types due to changing temperature and water regime patterns is a 
climate-change-induced phenomenon belonging to the general issue of land use changes. 
Finally, global temperature increases causes melting of permafrost in the Arctic and related 
methane hydrates thawing in the continental slopes of oceans.

Based on these data and widely used modelling results we analysed the risk of the increas-
ing emissions of three most important GHG – CO2, CH4, and N2O.

Figure 1: � Continuing rise of CO2 concentration, temperature, and sea level long after 
emissions have been reduced. Adapted from: IPCC 2001 Climate Change Report [2].
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3  RESULTS AND DISCUSSION

3.1  Current emissions of GHG from natural sources

3.1.1  Carbon dioxide
CO2 emission from natural sources makes up about 95.8% of the total annual average emis-
sions of 219,545 Tg CO2–C yr–1

. Terrestrial plant, animal, and soil respiration makes up about 
57%, ocean–atmosphere exchange about 43%, and volcanic eruptions only 0.03% of emis-
sions [4]. Annual CO2 emissions from fossil fuel combustion and cement production were 
8,183 and annual net CO2 emissions from anthropogenic land-use change about 1,090 Tg 
CO2–C yr–1

 averaged over the period 2002–2011 (Fig. 2) [1]. The estimated average CO2 
exchange between the continents and atmosphere is about 33% greater than the ocean–
atmosphere exchange but in both cases sequestration is greater than emission (Fig. 2). 
However, all estimations have a wide fluctuation and up to 20% of the terrestrial C sink is still 
unidentified [4].

Human CO2 emissions, which are much lower than natural emissions, upset the natural 
balance of the carbon (C) cycle. While fossil-fuel derived CO2 is a small component of the 
global carbon cycle, the extra CO2 is cumulative because the natural carbon exchange cannot 
absorb all of the additional CO2. Thus, CO2 in the atmosphere has increased by a third since 
the year 1750, creating an artificial forcing of global temperatures which is warming the 
planet.

3.1.2  Methane
Similarly to CO2, methane fluxes from natural sources have not been accurately estimated. 
According to the US EPA report [5], for several natural sources (terrestrial and marine geo-
logical sources, gas hydrates, and wildfires) no clear estimates but only a range are available 
(Table 1). On the other hand, the still unknown role of vegetation has resulted in contradic-
tory estimates ranging from 0 to 20–60 Tg CH4–C yr−1. In our study, we calculated emission 
estimates based on these range values, and also included the average possible emission from 
vegetation (Table 1). Thus, the total average annual methane emissions from continents and 
oceans constitute about 666 Tg CH4–C yr−1, 37% of which comes from natural sources [5]. 

Figure 2: � Average annual fluxes of man-made (fossil-fuel and land-use) and natural 
(vegetation + land and ocean) CO2 (Tg CO2–C yr−1). Based on the IPCC 2007 
Climate Change Report [4] updated on the basis of the IPCC 2013 [1].
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The greatest natural methane sources are wetlands emitting 170.3 Tg CH4–C yr−1, whereas 
tropical swamps emit about 75% and northern bogs 25% of the total amount. This is followed 
by terrestrial geological sources, lakes, terrestrial arthropods (insects, arachnids, crustaceans, 
and others), marine geological sources, wild animals, and oceans (35, 30, 20, 17, 8, 7.5 and 
5 Tg CH4–C yr−1, respectively; Table 1). The thawing of gas hydrates as a methane source as 
well as aerobic CH4 production by forests have not been sufficiently studied. Therefore, 
future investigations may cause significant changes to the estimates.

Table 1: � Current methane and nitrous oxide emissions from natural sources. The global 
warming-induced sources are shadowed. Modified from: U.S. EPA 2010. Methane 
and nitrous oxide emissions from natural sources, EPA 430-R-10-001 [5]

Source

Methane 
(Tg CH4–C yr−1)

Nitrous Oxide 
(Tg N2O–N yr−1)

Emissions 
estimate Range

% of 
total

Emissions 
estimate Range

% of 
total

Wetlands 170.3 55.3
a0.09–0.15Northern/bogs 42.7 24–72 13.9

Tropical/swamps 127.6 81–266 41.4
Upland; riparian 
areas

−30 n.a. −9.7 6.6 3.3–90 53.7

Oceans 7.6

2.3–15.6

2.5 3.8

1.5–9.1

30.9
Estuaries & rivers 0.5 0.2 0.9 7.3
Coasts 1.1 0.4 0.8 6.5
Permafrost 0.5 0–1 0.2
Lakes 30 10–50 9.7 b0.1 0.004–0.4 b0.8
Gas hydrates b5 2–9 b1.6

Not relevant
Terrestrial geologi-
cal sources

b35 28–43 b11.4

Marine geological 
sources

b17 14–21 b5.5

Wildfires b3 2–5 b1.0 0.1  n.a. 0.8
Vegetation b,c40 20–60 (0) b13.0

Not relevant
Terrestrial arthro-
pods

20 2–22 6.5

Wild animals 8 2–15 2.6
All natural sources 308 100 12.3 100
All sources 666 503–710 18.8 8.5–27.7
% natural sources 46% 64%

a�Estimation based on recent publications [6, 7]. According to rough estimations, drainage of wetlands may increase 
emissions up to 2 Tg N2O–N yr−1.

bEstimated on the basis of range values.
cIncluded: recently, there is more evidence of the importance of this flux.
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Thanks to predominating aerobic soil conditions, uplands and to a large extent also ripar-
ian zones are the main areas of CH4 consumption (−30 Tg CH4–C yr−1; Table 1).

The comparison of the main methane fluxes and transformation paths in wetlands and 
uplands (Fig. 3) shows large ranges of emissions from global wetlands (80 to 237 Tg CH4–C 
yr−1). On the one hand, there are not enough continuous measurements from the world’s 
wetlands, especially in tropical areas and the vast Siberian permafrost regions [8]. On the 
other hand, gaps in our knowledge of the role of methane oxidation by methanotrophs in 
peatlands [9] and uptake by vegetation [10] make the global estimations insufficient. Moreo-
ver, Keppler et al. [11] first showed that plants themselves may emit a large amount of CH4 
through an as-yet-unidentified aerobic process. Recent studies connect it with exposure to 
ultraviolet light [12], which may trigger chemical reactions that produce CH4 from antioxi-
dants commonly found in the mitochondria of living cells [13, 14]. For this reason we 
consider forest vegetation to be a significant CH4 source. Similarly, consumption in upland 
soils shows substantial variability (Fig. 3).

Wetlands are the largest terrestrial deposits of organic carbon, as 455,000 Tg is accumu-
lated in peatlands alone, which cover an area of 4 million km2 [15, 16] and about 600,000 Tg 
in all wetlands considering the global estimate of 7 million km2 [15]. Their actual C seques-
tration is about 830 Tg yr−1 [17]. Thus, the role of wetlands as a significant methane source 
must be analysed in the context of their ability to sequester carbon. Whiting & Chanton [18] 
and Mitsch et al. [17] demonstrate that within 300 years CH4 emissions will be compensated 

Figure 3: � The range of methane emission and oxidation in wetland and upland ecosystems.
Based on data from: U.S. EPA 2010. Methane and nitrous oxide emissions from 
natural sources, EPA 430-R-10-001 [5].
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by C sequestration in wetlands. In the short-term, however, wetlands will be increasingly 
important sources of global warming.

3.1.3  Nitrous oxide
N2O is mainly emitted from upland ecosystems and riparian areas (6.6 Tg N2O–N yr−1; 
Table 1; Fig. 4). Depending on the adjacent land use type, riparian zones can be significant 
hotspots of N2O emission [19]. Oceans, estuaries, rivers, and coasts follow (3.8, 0.9 and 0.8 
Tg N2O–N yr−1, respectively). Both wildfires and lakes make a contribution by 0.1 Tg 
N2O–N yr−1. Wetlands have been neglected as a source of N2O, however, and recent inves-
tigations have shown that the drainage of wetlands and especially peatlands may increase 
emission up to 2 Tg N2O–N yr−1 [6, 7].

3.2  Possible changes in GHG emissions from natural sources

Considering the continuing temperature increase in our biosphere, the increasing frequency 
of climate extremes (droughts and floods), and consequent phenomena (wildfires, vegetation 
shift, permafrost and gas hydrates thawing), we can infer some basic trends in further GHG 
emissions and gas exchange between the atmosphere and terrestrial/marine surfaces.

Carbon dioxide emissions will increase due to more wildfires, greater soil respiration 
and possibly also changing albedo (Fig. 5). Wildfires will cause an enormous flux of carbon 
into the atmosphere but will also reduce soil fertility for a long time [20], and will disturb 
carbon stocks, especially in peatlands [21]. Page et al. [22] estimated that during the huge 
wildfires and related CO2 pulse of 1997–98 from Southeast Asia, emissions have been 
0.8–2.6*1015 grams – petagrams (Pg) or gigatonnes – of carbon. This is equivalent to 13%–
40% of the annual emissions from anthropogenic fossil-fuel combustion. Changing albedo 
due to the changes in forest type from deciduous to coniferous may increase CO2 fluxes 
from forests [23].

Figure 4: � Nitrous oxide emission from natural sources. Based on data from: U.S. EPA 2010. 
Methane and nitrous oxide emissions from natural sources, EPA 430-R-10-001 [5].
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On the other hand, due to the elevated CO2 concentrations in the atmosphere, some ecosys-
tems may show increased assimilation of CO2 in photosynthesis, i.e. increasing gross primary 
production (GPP) of vegetation (Fig. 5) [24]. Thus the land/vegetation–atmosphere exchange 
may stabilize, although it will fluctuate over space and time. The same can be assumed 
regarding the ocean-atmosphere CO2 exchange, because until now, no evidence has been 
found regarding the increasing absorption ability of more acid ocean waters [1].

More intensive losses of organic carbon (both the dissolved and total form; DOC and TOC) 
from northern catchments due to higher temperatures will be a trend that will play out in the 
21st century [25], although its impact will be significant at the local and regional levels but 
possibly not at the global level (see Fig. 5).

Methane emissions are assumed to increase as well but in this case, we can distinguish 
between short-term and the long-term phenomena.

First, short-term and already ongoing processes are related to wildfires, disturbances in 
vegetation and temperature increase. Wildfires and temperature increases will enhance 
methane emissions in wetlands and lakes, and possibly, due to the increasing stress, also the 
consequent emissions of biogenic volatile organic compounds (BVOC) from vegetation 
(Fig. 6). The increasing frequency of wildfires in peatlands [21] will not only create a pulse 
of carbon emission but also destroy the methanotrophs in the top layer, thus opening the way 
for CH4 fluxes from deeper peat layers [26]. Likewise, in the uplands wildfires will disturb 
soils CH4 sinks [27], which may also decrease the activity of methane-producing arthro-
pods. The share of emissions from wild animals will possibly decrease, due to the destruction 
of the grassland biome worldwide (Fig. 6). Regarding the coastal and estuarine fluxes, the 
continued rise in the sea level will bring more saline water to these ecosystems, which will 
probably reduce CH4 emissions (Fig. 6) [28].

Figure 5: � Possible change in the CO2 balance of natural sources due to global warming.
Based on the IPCC 2007 Climate Change Report [4].
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The long-term effects are related to marine hydrates and permafrost thawing. According to 
the IPCC 2013 report [1], the release of CO2 or CH4 from thawing permafrost carbon stocks 
to the atmosphere will be within the range of 50,000 to 250,000 Tg C even in the 21st century 
(Fig. 7). Significantly more, up to several millions teragrams of CH4 will be emitted from the 
potential thawing of marine hydrates but this will take place within the next thousand years 
(Fig. 7) [29].

Nitrous oxide emissions will increase from both oceans and upland areas, which together 
constitute the largest recent source (Fig. 4). In both cases, wildfires will be a factor for both 
wetland and upland emissions (Fig. 6). Likewise, floods in uplands soils will enhance N2O 
emissions. Soosaar et al. [30] showed that the long-term fertilization load from adjacent 
uplands will significantly increase N2O fluxes from riparian forests. However, there is already 
evidence that drainage [31] and possibly also more frequent droughts will significantly 
increase N2O emissions from wetlands (Fig. 7) [19].

Figure 6: � Potential trends in methane (black arrows) and nitrous oxide (white arrows) 
emissions from natural sources. The size of arrows is proportional to the potential 
trend; the arrow’s direction signifies an increase (upwards) or decrease (downwards) 
in fluxes. Adapted from: U.S. EPA 2010. Methane and nitrous oxide emissions 
from natural sources, EPA 430-R-10-001 [6].
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3.3  Further research perspectives

There are many additional areas in which research would help improve CO2, CH4, and N2O 
flux estimates [5]. The following aspects can be pointed out.

(1) Additional data are required in order to estimate trends in terrestrial and marine C sinks 
and sources. (2) Data on CH4 and N2O fluxes in tropical and southern oceans, estuaries, and 
rivers, as well as estimates of upwelling sources are needed. (3) Better quantification of CH4 
reserves stored as gas hydrates, as well as better estimation of CH4 absorption into oceans and 
CH4 oxidation in the water column is recommended. (4) More evidence for vegetation as a 
source of CH4 is necessary. (5) Permafrost models must be upgraded to give better estima-
tions of their CH4 fluxes. (6) Data on fluxes from wetlands, wildfires and lakes, particularly 
in the Arctic and boreal regions, and the tropics must be collected. (7) Research that better 
quantifies the oxidation of CH4 through termite mounds, confirms CH4 from non-termite 
terrestrial arthropods, and quantifies the activity of arthropods and wild animals, must be 
continued.

4  CONCLUSIONS
Owing to large amounts of land–atmosphere and ocean–atmosphere CO2 exchange and the 
great variability in its estimations, the possible trend of global CO2 emissions from natural 
sources will remain uncertain. Most probably, increasing frequency of droughts and related 
wildfires will result in increasing emissions from terrestrial ecosystems. On the other hand, 
increasing air humidity in the northern regions would enhance productivity and inhibit soil 
respiration, counterbalancing the effects of drought. In addition, the long-term impact of 
rising ocean acidity on CO2 absorption requires further investigation.

For CH4 and N2O the estimations show an increasing trend. In a short-term, rising temper-
ature will increase CH4 emissions from wetlands and decrease consumption by upland soils. 
Likewise, vegetation in combination with VOC release will enhance CH4 emissions. The 
long-term forecast foresees manifold increases CH4 emissions from gas hydrates in both the 
oceans and the permafrost regions. Nitrous oxide emissions will increase from changing 

Figure 7: � Summary diagram of the relative sizes and timescales associated with methane 
(a) and nitrous oxide (b) feedbacks. The methane figure is adapted from O’Connor 
et al. [29].
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hydrological conditions in both wetlands (drought effect) and uplands (temporary floods). 
Oceans and coastal areas will show an increasing N2O trend.
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