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Ab stract—Model es ti mates of the con tri bu tion of anthropogenic and nat u ral fluxes of green house
gases from the ter ri to ries of dif fer ent coun tries to global cli mate change in the 21st cen tury un der dif fer -
ent sce nar ios of anthropogenic forc ing were ob tained. Quan ti ta tive es ti mates were made for the ef fect
of changes in re gional cli ma tic con di tions on the in ten sity of the green house gas ex change be tween the
at mo sphere and nat u ral eco sys tems over dif fer ent time ho ri zons in com par i son with anthropogenic
emis sions. For Rus sia, China, Can ada, and the United States, the CO2 up take by nat u ral eco sys tems in
the sec ond half of the 21st cen tury de creases un der all sce nar ios of anthropogenic forc ing, with a weak -
en ing of the cor re spond ing cli mate-stabilizing ef fect. At the same time, the meth ane emis sion to the at -
mo sphere by wetlands in the an a lyzed re gions in creases sig nif i cantly in the 21st cen tury ac cord ing to
the model es ti mates. As a con se quence, the cu mu la tive ef fect of nat u ral fluxes of green house gases into
the at mo sphere for some re gions may ac cel er ate the warm ing.
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1. IN TRO DUC TION

The de tailed and com pre hen sive anal y sis of changes in the car bon cy cle in the ter res trial cli mate sys tem
and their ef fects on cli mate re quires an ad e quate con sid er ation of the car bon bal ance of for ests, wetlands,
and other nat u ral eco sys tems [1, 16, 18]. This is es pe cially rel e vant in con nec tion with the Paris Agree ment
un der the United Na tions Frame work Con ven tion on Cli mate Change (2015) con cern ing the prob lems of
re duc ing emis sions of green house gases and re lated ad ap ta tion at the na tional level [9, 10].  

Dif fer ent pa ram e ters can be used to quan tify rel a tive and ab so lute con tri bu tions of emis sions of dif fer -
ent green house gases into the at mo sphere, as well as emis sions from dif fer ent re gions, coun tries, or sep a -
rate sources to cli mate change. They are used for eval u at ing var i ous fac tors (for ex am ple, phys i cal ones,
such as a change in tem per a ture or sea level) over dif fer ent time ho ri zons. The cli ma tic ef fect of emis sions
can be as sessed for a spe cific mo ment or  in te grated over a given time in ter val. The most com mon pa ram e -
ters are based on the es ti mate of ra di a tive forc ing [8, 34], which is used for com par ing the con tri bu tion of
dif fer ent fac tors af fect ing the Earth’s ra di a tion bud get to the change in global mean sur face air tem per a ture.
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The United Na tions Frame work Con ven tion on Cli mate Change, Kyoto Pro to col, and Paris Agree ment
use the 100-year global warm ing po ten tial (GWP) cal cu lated as in te gral ra di a tive forc ing over the 100-year
time ho ri zon to de ter mine the rel a tive con tri bu tion of anthropogenic emis sions of dif fer ent green house
gases. At the same time, the goals of the cli mate pol icy are usu ally for mu lated as some spec i fied tem per a -
ture thresh olds, the ex ceed ing of which should be avoided: for ex am ple, the limit of the global tem per a ture
rise equal to 2 or 1.5°C as stated in the Spe cial Re port on Global Warming of 1.5°C. Such goals re quire the
knowl edge of cli mate sen si tiv ity to a sin gle ra di a tive forc ing and, hence, are not di rectly com pat i ble with
the met ric based on the cu mu la tive ra di a tive forc ing [35]. The global tem per a ture change po ten tial (GTP) is 
the most fre quently used al ter na tive met ric [33, 34]. The GTP in di cates changes in global sur face air tem -
per a ture over a spec i fied time pe riod af ter an emis sion pulse of a given gas rel a tive to the changes re sult ing
from a sim i lar emis sion of car bon di ox ide (CO2) and, thus, takes into ac count the cli mate re sponse along
with the ra di a tive ef fi ciency and life time of the gas in the at mo sphere. Such ap proach is much more con sis -
tent with the cur rent goals of cli ma tic agree ments.

The pres ent pa per pro vides the es ti mates of anthropogenic and nat u ral fluxes of car bon di ox ide and
meth ane (CH4) for dif fer ent North ern Hemi sphere re gions in the 21st cen tury un der dif fer ent sce nar ios of
anthropogenic forc ing and their con tri bu tions to global warm ing. 

2. THE MODEL AND NU MER I CAL EX PER I MENTS

The cli mate model de vel oped by the Obukhov In sti tute of At mo spheric Phys ics of the Rus sian Acad -
emy of Sci ences (IAP RAS) was used [11–13]. It is a global cli mate model of in ter me di ate com plex ity [17,
21, 26, 40]. The pe cu liar ity of the model is that the large-scale dy nam ics of the at mo sphere and ocean (with
a scale ex ceed ing syn op tic one) is de scribed ex plic itly, while syn op tic pro cesses are parameterized. The
lat ter considerably re duces the time needed to per form nu mer i cal ex per i ments. The model con tains the
mod ule car bon cy cle, in par tic u lar, the meth ane cy cle that takes into ac count at mo spheric emis sions and
absorption of CO2 and CH4 by dif fer ent nat u ral eco sys tems [3, 4], in clud ing wetlands [7, 14]. The CO2

emis sion to the at mo sphere due to wildfires and de for es ta tion [23] and the in flu ence of dif fer ent land use
sce nar ios [22] are con sid ered. Cli mate mod els with an in ter ac tive car bon cy cle mod ule are called the Earth
sys tem mod els.

The IAP RAS cli mate model ver sion used in the pres ent study has a spa tial res o lu tion of 4.5° in lat i tude
and 6° in lon gi tude and an in te gra tion step of 5 days. Nat u ral CO2 fluxes be tween the at mo sphere and
ground pools are parameterized us ing the tem per a ture and hu mid ity cal cu lated in the model tak ing into ac -
count the dy nam ics of car bon stocks in plants and soil. Other nec es sary pa ram e ters are ei ther spec i fied as
con stant or vary ac cord ing to sce nar ios. Meth ane emis sions from wet eco sys tems are in ter ac tively com -
puted in the model and de pend on the tem per a ture and car bon con tent in soil. The por tions of the area of
model cells oc cu pied by wetlands are spec i fied us ing the time-independent mask. Other meth ane emis sions 
of the natural or i gin are com par a tively small and are spec i fied con stant.

The at mo spheric mod ule of the IAP RAS cli mate model does not im ply a scheme of pho to chem i cal
trans for ma tions of the com po nents. Global con cen tra tions of CO2 and CH4 in it are de ter mined by the bal -
ance equa tions with a time step of 1 year. At the same time, the CO2 bal ance is de ter mined by an nual to tal
fluxes be tween the at mo sphere and ground pools, by anthropogenic emis sions, as well as by the ex change
with the ocean de pend ing on the global mean sea sur face tem per a ture. The con cen tra tion of CH4 in the at -
mo sphere is de ter mined by to tal nat u ral and anthropogenic emis sions and a typ i cal life time of a meth ane
mol e cule. More than 90% of meth ane con tained in the tro po sphere is re moved by chem i cal re ac tions
(mainly by the ox i da tion by the OH rad i cal). In [5], the nu mer i cal sim u la tions with the IAP RAS cli mate
model were per formed for dif fer ent dependences of the meth ane life time in the at mo sphere on tem per a ture. 
The meth ane life time re lated to OH was parameterized us ing the co ef fi cients of sen si tiv ity to air tem per a -
ture, CH4 con cen tra tion in the at mo sphere, emis sions from fires, and sce nar ios of anthropogenic emis sions
of CO, NOx, and vol a tile or ganic com pounds (VOC) [25]:
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where t
0
 = 11.2 years; si is the sen si tiv ity co ef fi cients (see Ta ble 1); Fi is the val ues of the re spec tive pa -

ram e ters (F0, i is their val ues in 2000).
The IAP RAS model was used to hold nu mer i cal ex per i ments for the pe riod of 1850–2100 un der dif fer -

ent sce nar ios of anthropogenic forc ing with a change in the con cen tra tion of green house gases in the at mo -
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sphere, tro po spheric and strato spheric vol ca nic aero sols, to tal so lar ra di a tion, and area of ag ri cul tural lands. 
For the pe riod of 1850–2005, these forcings were spec i fied in ac cor dance to the CMIP5 His tor i cal Sim u la -
tions pro to col (http://www.iiasa.ac.at/web-apps/tnt/RcpDb). For the pe riod of 2006–2100, anthropogenic
forcings were spec i fied in ac cor dance to the RCP 2.6, 4.5, 6.0, and 8.5 sce nar ios [2, 4].

The cu mu la tive ef fect of anthropogenic and nat u ral fluxes of CO2 and CH4 on the change in sur face tem -
per a ture since 1990 was eval u ated us ing the cu mu la tive tem per a ture po ten tial CT based on GTP, which
was mod i fied for con sid er ing chang ing back ground con di tions.

3. CU MU LA TIVE TEM PER A TURE PO TEN TIAL

The global tem per a ture po ten tial of gas x is the ra tio of its ab so lute po ten tial to that of CO2:
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where the ab so lute po ten tial of the global tem per a ture change P(a) is the change in the global mean sur face
tem per a ture at the time mo ment t = H in re sponse to the emis sion pulse of 1 kg of gas x at the time mo -
ment t = 0. It is usu ally writ ten as the con vo lu tion of ra di a tive forc ing with the core of the cli ma tic re sponse 
RT :                                                          
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where RFx is the ra di a tive forc ing caused by the emis sion pulse of gas x; RT is the cli ma tic re sponse shifted
in time (un til the con sid ered time ho ri zon). 

The ex pres sion for cal cu lat ing RFx(t) can be writ ten as the prod uct of the ra di a tive ef fi ciency of gas x
(Ax) by the func tion of the pulse re sponse of its con cen tra tion to the emis sion at the time mo ment t = 0
(IRFx(t)). It should be noted that both Ax and IRFx and, hence, P(a) are de ter mined for the gas emis sion pulse
un der con stant back ground con di tions, while it is nec es sary to eval u ate the im pact of emis sion sce nar ios in
chang ing con di tions in the 21st cen tury. 

For chang ing back ground con di tions, P(a) can be re writ ten as the sum of integrals for ev ery year:
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where T0 is the year of emis sion; TH = T0 + H. The value of RFx, k can be cal cu lated as sum ing that all nec es -
sary pa ram e ters are con stant for each spe cific year k but can vary from year to year.

For con tin u ous emis sions that started at the time mo ment T0, the to tal ef fect from the source of gas x
spec i fied by the emis sion sce nario Ex(t) at the time mo ment TH can be writ ten as the cu mu la tive tem per a ture 
po ten tial:
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Ta ble 1. The sen si tiv ity co ef fi cients for equa tion (1) [24]

i  Pa ram e ter si

Chem i cal and cli ma tic ef fects

1
2
3

Global tem per a ture
Emis sion from fires
Con cen tra tion of CH4

–3.00
0.02
0.31

Anthropogenic emis sions

4
5
6

NOx

CO
VOC

–0.14
0.06
0.04



Figure 1a presents the values of the absolute potentials P(a) and P(a)* of carbon dioxide for the time pe-
riod from 1990 to the year of TH (hereinafter, [1990; TH]), which were obtained as a result of model experi-
ments with the IAP RAS climate model. As mentioned above, RF for P(a) is calculated assuming that back-
ground conditions at the time moment T0 remain unchangeable throughout the interval [T0; TH], while for
P(a)*, the changes in RF resulting from changes in background conditions are taken into account. Therefore,
for the time periods exceeding 10–15 years, P(a)* and P(a) can differ significantly. For the most aggressive
anthropogenic scenario RCP 8.5 (with the greatest change in background conditions), P(a) is more than
twice higher than P(a)* for CO2 released in 1990 over the 100-year time horizon.

The po ten tials P(a) and P(a)* for meth ane cal cu lated for the in ter val [1990; TH] (Fig. 1b) dif fer much
smaller for all an a lyzed sce nar ios. For RCP 8.5, the max i mum dis crep ancy reaches 20% for the time ho ri -
zon of about 80 years and does not ex ceed 6% for the other sce nar ios. Nev er the less, if P(a) is sub sti tuted by
P(a)* when cal cu lat ing the rel a tive po ten tial of the global tem per a ture change (GTP) for meth ane (Fig. 1c),
its val ues for greater time in ter vals can be 2–2.5 times higher. For ex am ple, GTP for meth ane emit ted in
1990 over the 100-year time ho ri zon com puted us ing P(a) is equal to 4.1 (which cor re sponds to the IPCC
Fifth As sess ment Re port), and tak ing into ac count changes in back ground con di tions, it can be equal to
5–10 de pend ing on the anthropogenic forc ing sce nario (Fig. 1c).

Fig ure 2a dem on strates the val ues of the ab so lute po ten tials P(a) and P(a)* for CO2 on the 20-year in ter -
val. The ab so lute po ten tial of CO2 un der all sce nar ios ex cept RCP 2.6 de creases dur ing the 21st cen tury, its
value for the most ag gres sive RCP 8.5 sce nario de creases more than twice. This is as so ci ated with an in -
crease in at mo spheric CO2. Un der the RCP 2.6 sce nario, the CO2 con cen tra tion in the at mo sphere in the
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Fig. 1. The ab so lute po ten tial of global sur face air tem per a ture change P(a) (the dotted line) and P(a)* (the solid lines) for the
ho ri zon [1990; TH] for (a) the CO2 emis sion pulse and (b) meth ane, as well as (c) cor re spond ing rel a tive po ten tials (GTP) of
meth ane.



sec ond half of the 21st cen tury starts de creas ing. There fore, the de crease in the po ten tial changes into its
growth. Al though the rather short 20-year in ter val af ter the emis sion is con sid ered, the con sid er ation of
changes in back ground con di tions af fects a change in the po ten tial by the value up to 15%. 

The val ues of P(a) and P(a)* for meth ane emis sions in the 20-year in ter val vary in a sim i lar way (Fig. 2b).
In this case, the slow de crease in the po ten tials changes into the in crease al ready in the first half of the 21st
cen tury for the RCP 2.6 and in the sec ond half of the cen tury for the RCP 4.5 and 6.0. The con sid er ation of
changes in back ground con di tions for the 20-year pe riod makes a smaller con tri bu tion to the meth ane po -
ten tial, which does not ex ceed 3%.

A more rapid de crease in the ab so lute po ten tials P(a) and P(a)* for CO2 leads to an in crease in the rel a tive
po ten tial on the 20-year in ter val for the meth ane GTP in the 21st cen tury. It grows from 70 to 92–108 if
changes in back ground con di tions are not con sid ered and from 73 to 91–119 if they are con sid ered. In gen -
eral, it may be stated that the val ues of the an a lyzed po ten tials are shifted in time ap prox i mately by a half of
the an a lyzed time in ter val (7–13 years de pend ing on the po ten tial and anthropogenic forc ing sce nario) if
chang ing back ground con di tions are ne glected.
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Fig. 2. The ab so lute po ten tial of global sur face air tem per a ture change on the 20-year in ter val for the emis sion pulses of (a)
CO2 and (b) CH4 at the time mo ment T0 un der chang ing back ground con di tions (the solid lines) and con stant (the dot ted lines)
back ground con di tions fixed at the mo ment of emis sion, as well as (c) the rel a tive po ten tial of CH4 on the in ter val [T0, T0 

+ 20].



4. RE SULTS

4.1. Natural and Anthropogenic Fluxes of CO2 and CH4

Anthropogenic emis sions for Rus sia were com puted us ing the RCP fam ily sce nar ios for the REF re gion
(the coun tries of East ern Eu rope and the for mer USSR, http://www.iiasa.ac.at/web-apps/tnt/RcpDb) with
the cor re spond ing scal ing of emis sions from the ter ri tory of Rus sia at the mo ment of tran si tion from the
His tor i cal Sim u la tions sce nario to the RCP sce nar ios (2000 for meth ane and 2005 for car bon di ox ide).
Anthropogenic emis sions from the ter ri tory of China and North Amer ica were cal cu lated in a sim i lar way in 
ac cor dance to the RCP sce nar ios for the ASIA and OECD re gions, re spec tively. It should be noted that ac -
cord ing to avail able data (https://data bank.worldbank.org/data/source/world-development-indicators),
anthropogenic emis sions of CH4 from the ter ri tory of Rus sia at the be gin ning of the 21st cen tury are close
to the most ag gres sive anthropogenic sce nario RCP 8.5. 

The re sult ing es ti mates of mod ern nat u ral CO2 fluxes for Rus sia (Fig. 3b) are in good agree ment with
the es ti mates [20] for pro cess mod els (see Ta ble 2) and the es ti mates from [39]. The CO2 up take by ter res -
trial eco sys tems un der all an a lyzed sce nar ios in creases at the be gin ning of the 21st cen tury. Then, for all
con sid ered sce nar ios, the ab sorp tion max i mum is reached, which is equal to 0.4–0.6 Pg C/year. Af ter that,
it starts de creas ing. The more ag gres sive the anthropogenic forc ing sce nario is, the later it hap pens.
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Fig. 3.  (a, c, e, g) Anthropogenic and (b, d, f, h) nat u ral CO2 fluxes from the ter ri tory of (a, b) Rus sia, (c, d) China, (e, f) Can -
ada, and (g, h) the USA.



According to model estimates, natural emissions of methane from the territory of Russia (Fig. 4b)
increase by the end of the 21st century by 10–200%, depending on the anthropogenic forcing scenario.
Under all scenarios except the RCP 8.5, in the second half of the 21st century their value reaches the values
of anthropogenic emissions of methane from the territory of Russia (Fig. 4a).

The re sult ing es ti mates of mod ern nat u ral fluxes of CO2 for China are gen er ally con sis tent with the es ti -
mates [29, 37]. The CO2 flux from the ter res trial eco sys tems of China to the at mo sphere changes in the 21st
cen tury sim i larly to the fluxes from the ter ri tory of Rus sia (and all other an a lyzed re gions) (Fig. 3). The
max i mum up take in the 21st cen tury is 0.2–0.35 Pg C/year. It should be noted that the val ues of nat u ral
fluxes of green house gases for China ac cord ing to cal cu la tions make up 5–20% of re spec tive
anthropogenic emis sions. There fore, the con tri bu tion of China to the global tem per a ture change is de ter -
mined by anthropogenic forc ing.

Nat u ral emis sions of meth ane from the ter ri tory of China (Fig. 4d) ac cord ing to cal cu la tions will in -
crease in the 21st cen tury more slowly than in Rus sia. Only for the most ag gres sive anthropogenic sce nario, 
the in crease ex ceeds 50% by the end of the cen tury.

The CO2 up take by the ter res trial eco sys tems in North Amer ica is ~0.3 Pg C/year at the be gin ning of the
21st cen tury, in creases up to 0.4–0.6 Pg C/year dur ing the cen tury de pend ing on the anthropogenic forc ing
sce nario, and then starts de creas ing (Figs. 3e, 3f, 3g, and 3h). The re sult ing es ti mates of mod ern nat u ral
CO2 fluxes are con sis tent with the data [24, 36] for the ter ri tory of Can ada. At the same time, the ab sorp tion
of CO2 by ter res trial eco sys tems in the USA is slightly un der es ti mated as com pared both with the same data 
and with [28, 38]. Ac cord ing to cal cu la tions, nat u ral emis sions of meth ane from the ter ri tory of North
Amer ica in the 21st cen tury ex ceed the emis sions from Rus sia by about two times but in crease a bit more
slowly (by 20–100% de pend ing on the sce nario). Nev er the less, they be gin to ex ceed re spec tive anthropo-
genic emis sions for all sce nar ios ex cept the RCP 8.5 in the sec ond half of the 21st cen tury. It should be
noted that the main source of anthropogenic emis sions of green house gases in North Amer ica is the ter ri -
tory of the USA. The con tri bu tion of ter res trial eco sys tems in the USA and Can ada to the CO2 up take is
close to each other, and the main source of nat u ral meth ane emis sions is the ter ri tory of Can ada (Fig. 4f).

4.2. Cumulative Temperature Potential and Its Changes

Figure 5 presents the results of calculating the cumulative potential CT on the interval [1990; TH] sepa-
rately for emissions of carbon dioxide and methane in Russia, China, Canada, and the USA with the hori-
zon TH corresponding to 2030, 2060, and 2090. It should be noted that the anthropogenic cumulative poten- 
tial (Table 3) decreases in the second half of the 21st century under the RCP 2.6 scenario (the
anthropogenic potential of Russia also decreases under the RCP 4.5) and increases under the most intensive 
anthropogenic forcing scenarios. The anthropogenic potential of Russia decreases mainly due to the
reduction of anthropogenic emissions of CH4, while the contribution of the decrease in the emission of CH4

and CO2 is comparable for the other regions. For anthropogenic CO2 emissions from China, there is a clear ef- 
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Ta ble 2. Nat u ral CO2 fluxes at the be gin ning of the 21st cen tury

Data
CO2 fluxes, Pg C/year 

Rus sia Can ada USA China

IAP RAS model*
[36]
[24]**
[39]***
[29]**
[28]
[20]****
[37]
[38]

–0.31

–0.32

–0.65/–0.56/–0.76/–0.2

–0.17
–0.15

–0.24/–0.12/–0.04
–0.32

–0.14
–0.34

–0.69/–0.36/–0.3

–0.3...–0.58

–0.64

–0.18

–0.35/–0.17/–0.18

–0.26

* The pres ent study, the mean for 1995–2005; ** in verse mod els/pro cess mod els/in ven tory-based es ti mates; *** only
Arc tic tun dra, 1990–2100; the es ti mate of –0.32 is to tal for Rus sia and Can ada (i.e., for en tire Arc tic tun dra); **** in -
verse mod els/eddy covariance method/in ven tory-based es ti mates/pro cess mod els. 



fect of considering changes in background conditions: although the CO2 emissions under the RCP 8.5
scenario throughout the 21st century are greater than under the RCP 6.0 (a figure is not presented), their
total effect on climate by the end of the century is weaker due to the higher global concentrations of
atmospheric CO2 (and, hence, due to the lower forcing). Thus, according to the estimates for the analyzed
scenarios, only the RCP 2.6 leads to the stabilization of anthropogenic forcing on the global air temperature 
in the 21st century. At the same time, the stabilizing contribution of natural fluxes of greenhouse gases
from terrestrial ecosystems in the 21st century increases for Russia, China, and the USA under all analyzed
scenarios and poorly varies for Canada.

For Rus sia, nat u ral fluxes of green house gases make a sig nif i cant con tri bu tion to the to tal changes in the 
global sur face tem per a ture. Their sta bi liz ing ef fect on cli mate ex ceeds the to tal sta bi liz ing nat u ral ef fect of the 
other re gions. For China and the USA, nat u ral emis sions are in sig nif i cant as com pared to anthropogenic ones. 
For the United States, ac cord ing to cal cu la tions, anthropogenic CO2 emis sions are a dom i nat ing fac tor of
cli mate forc ing, com pared to it, the ef fect of other green house gas fluxes is in sig nif i cant. For Can ada, ac cord-
ing to the es ti mates, the main fac tors of cli mate forc ing are the nat u ral fluxes of CH4 and CO2, which are
comparable in value but are op po site in di rec tion. Anthropogenic green house gas fluxes are less sig nif i cant.

In gen eral, the to tal con tri bu tion of anthropogenic and nat u ral fluxes of CH4 and CO2 to the changes in
global sur face air tem per a ture from 1990 to the end of the 21st cen tury de pend ing on the anthropogenic
forc ing sce nario is 0.03–0.17 K for Rus sia, 0.18–0.54 K for China, 0.03–0.04 K for Can ada, and 0.14–0.32 K
for the USA. At the same time, the to tal cli mate ef fect of the an a lyzed green house gas fluxes stops grow ing
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Fig. 4. The same as in Fig. 3 for CH4 fluxes.



by the end of the 21st cen tury un der all sce nar ios ex cept the RCP 8.5 for Rus sia, only un der the RCP 2.6 for 
China, and un der the RCP 2.6 and 6.0 for North Amer ica.

5. CON CLU SIONS

According to the results of the present study, the consideration of changes in climatic conditions in the
model highly affects the ratio of natural sources and sinks of greenhouse gases and their effect on the cli-
mate system, especially for large time horizons under the most aggressive anthropogenic forcing scenarios.
The quantitative model estimates were obtained for the contribution of anthropogenic and natural fluxes of
greenhouse gases from the territory of Russia, China, Canada, and the USA to global climate change in the
21st century under different anthropogenic forcing scenarios. For the regions of Eurasia and North Amer-
ica, the model simulations revealed a decrease in the CO2 uptake by natural ecosystems in the second half
of the 21st century, with a weakening of the corresponding climate-stabilizing effect under the analyzed
anthropogenic forcing scenarios. At the same time, according to the model estimates, the methane emission
to the atmosphere by wetland ecosystems significantly grows in the 21st century.

It should be noted that the au thors’ es ti mates did not take into ac count some pro cesses: the re lease of
meth ane and ni tro gen di ox ide from wildfires [30]; the re lease of CO2 and CH4 from the per ma frost thaw as
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Fig. 5. The cu mu la tive po ten tial (mK) of (1, 2) anthropogenic and (3, 4) nat u ral fluxes of (1, 3) CO2 and (2, 4) CH4 for the time
in ter vals [1990; 2030], [1990;  2060], and [1990; 2090] from the ter ri tory of (a, b) Rus sia, (c, d) China, (e, f) Can ada, and (g, h) 
the USA for (a, c, e, g)  the RCP 2.6 and (b, d, f, h)  RCP 8.5 sce nar ios.



a re sult of cli mate warm ing [32]; the re lease of CH4 and N2O from in land res er voirs [15, 19]; the re lease
of N2O from ter res trial eco sys tems [36]. Ac cord ing to the es ti mates, wildfires lead to the global emis sion of 
15 ± 3 Tg of meth ane and 0.9 ± 3 Tg of ni tro gen di ox ide per year to the at mo sphere (along with aero sol par -
ti cles, car bon di ox ide, and car bon mon ox ide), and the con tri bu tion of the Rus sian re gions makes up ~10%
[6]. These val ues are com par a tively small (see Fig. 3), but in case of their con sid er ation, in di vid ual re gions
may be come a source of green house gases and stop be ing their sink. There is high un cer tainty in the es ti -
mates of the green house gas re lease from in land res er voirs [19], which may be sub stan tial when de ter min -
ing how much spe cific re gions are sinks or sources of green house gases.

The quan ti ta tive es ti mates ob tained in the pres ent study can be up dated by con sid er ing the ef fect of CO2

and CH4 re lease from the soil to the at mo sphere dur ing the per ma frost thaw at sub po lar lat i tudes, from
which the “old” (formed in the last inter gla cial pe ri ods and not de com posed due to cold con di tions) car bon
sub strate un der the RCP 8.5 sce nario in the 21st cen tury can re lease up to 174 Pg C of car bon as CO2 and
CH4 ac cord ing to [32] and up to 240 Pg C as car bon di ox ide and 5300 Tg as meth ane ac cord ing to [16]. In
ad di tion, the for ma tion of thermokarst lakes dur ing the per ma frost thaw in ter res trial re gions fa vors the de -
vel op ment of lake taliks, which also con trib uted to the re lease of these green house gases to the at mo sphere:
ac cord ing to the avail able es ti mates, this may lead to the re lease of up to 50 Tg CH4 to the at mo sphere in the 
21st cen tury un der the RCP sce nar ios, with the great est con tri bu tion in the first half of the cen tury [31]. It
should also be noted that the re sponse of the char ac ter is tics of the ter res trial car bon and meth ane cy cles on
cli mate change de pends on the in ter ac tion with the ni tro gen cy cle [27, 32].

When mak ing stra te gic de ci sions in con nec tion with cli mate change, it should be taken into ac count that 
the role of nat u ral fluxes of green house gases from ter res trial eco sys tems to the at mo sphere var ies de pend -
ing on the time ho ri zon of plan ning. Ac cord ing to the model re sults, cli mate change influences the es ti -
mated con tri bu tion of dif fer ent green house gases to the temperature variations and their ra tio. For ex am ple,
un der the RCP 2.6 sce nario for cli ma tic con di tions of the sec ond half of the 21st cen tury (T0 > 2050), nat u -
ral fluxes of green house gases in the an a lyzed re gions will to tally ac cel er ate cli mate warm ing.
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Ta ble 3. The anthropogenic and nat u ral cu mu la tive po ten tial (mK) for the interval [1990, TH]

Coun try TH

RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

Ea En CT Ea En CT Ea En CT Ea En CT

Rus sia

China

Can ada

USA

2030
2050
2075
2100
2030
2050
2075
2100
2030
2050
2075
2100
2030
2050
2075
2100

65
68
65
64

185
226
222
205

18
19
18
16

153
170
162
150

–14
–24
–32
–35
–13
–19
–22
–23

11
10
10
11
–5
–8
–9
–7

51
44
33
29

172
207
200
182

29
29
28
27

148
162
153
143

73
88
87
80

192
283
356
373

19
23
25
26

160
203
225
230

–14
–25
–35
–41
–13
–19
–25
–28

11
9
6
7

–5
–9

–12
–13

59
63
52
39

179
264
331
345

30
32
31
33

155
192
213
217

70
81
87
91

185
276
395
472

20
25
29
27

167
218
250
244

–14
–24
–33
–38
–13
–19
–24
–27

11
9
7
8

–5
–9

–12
–14

56
57
54
53

172
257
371
445

31
34
36
35

162
209
238
230

83
123
169
208
215
329
466
565

20
27
33
37

168
235
293
330

–15
–26
–35
–34
–13
–20
–25
–26

9
6
4
8

–6
–10
–14
–15

68
97

134
174
202
309
441
539

29
33
37
45

162
225
279
315

Ea is anthropogenic emission; En is natural emission.
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