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Abstract—On the basis of simulations using a global climate model, the global and regional climate changes
in the Holocene are estimated. According to our results, the average contemporary level of global near-sur-
face temperature in recent decades exceeded the respective values during the last 10 kyr, including the period
of the Holocene optimum (Middle Holocene, about 6 kyr B.P.). However, modern temperature regimes in
particular regions (e.g., Europe) may be below the maximum warming level of the Middle Holocene. Global
and regional climate changes and variations in the carbon cycle characteristics over the last century (based on
model calculations, with the anthropogenic effect being taken into account) considerably differ from the varia-
tions in the preceding centuries and millennia, when natural impacts on the climate system played the key role.
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On the basis of simulations using a global climate
model, we estimated the global and regional climate
changes in the Holocene. According to our results, the
average contemporary level of global near-surface
temperature in recent decades exceeded the respective
values during the last 10 kyr, including the period of
the so-called Holocene optimum (in other words,
Middle Holocene, about 6 kyr B.P.). However, the
modern temperature regimes in particular regions
(e.g., Europe) may be below the maximum warming
level of the Middle Holocene. Global and regional cli-
mate changes and variations in the characteristics of
the carbon cycle over the last century (based on the
model calculations, with the anthropogenic effect
being taken into account) differ considerably from the
variations of the preceding centuries and millennia,
when the natural impacts on the climate system,
including the changes in the orbital parameters of the
Earth’s rotation around the Sun and solar activity,
played the key role.

For estimating global and regional climate changes
during the last 10 kyr in the Holocene, we performed
numerical calculations using the global climate model
developed in the Obukhov Institute of Atmospheric
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Physics, Russian Academy of Sciences (IAP RAS
CM) [1–4]. Numerical calculations using the IAP
RAS CM were made taking into account parameters
such as changes in the orbital parameters of the Earth
[5], total solar irradiance, the optical thickness of
stratospheric (volcanic) aerosols (only for 501–2000
AD), the concentrations of greenhouse gases (CO2,
CH4, and N2O) in the atmosphere, areas of pastures
and croplands, and population density. When taking
into account the changes in the sulfate aerosol content
in the troposphere, we assumed that its level in the
mid-19th century characterized the distribution of
natural sulfates for the entire Holocene. The data used
are presented in more detail in Table 1.

Variations in the near-surface temperature during
the 20th century are generally adequately reproduced
by calculations using the IAP RAS CM. Remarkably,
interannual and interdecadal variability appears to be
underestimated (Fig. 1b), which is characteristic of the
modern climate models of intermediate complexity, to
which the IAP RAS CM belongs [1–4]. According to
calculations using the IAP RAS CM, the global near-
surface temperature increased during the 20th century
by 0.6°C, which is quite close to the estimated value of
0.7°C obtained by the data of HadCRUT4
(www.cru.uea.ac.uk/data). The difference between
these two estimates, obtained by model calculations
and from real observations, can be attributed to natu-
ral variability.

In Fig. 1a, the results of model simulations of how
global near-surface temperature changes in the Holo-
cene are presented. According to calculations using
the IAP RAS CM, the values of global surface air tem-
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Table 1. Data on the external effects on the Earth system, used in numerical calculations in the CM IAP RAS

Variable Data source

Total solar irradiance https://www1.ncdc.noaa.gov/pub/data/paleo/climate_forcing/solar_variabil-
ity/steinhilber2009tsi.txt

Optical thickness of volcanic 
aerosols in the stratosphere

For 501–2000 AD, https://www1.ncdc.noaa.gov/pub/data/paleo/climate_forc-
ing/volcanic_aerosols/gao2008ivi2/IVI2LoadingLatHeight501-2000_Ver-
sion2_Oct2012.txt; the data before 500 AD are not considered

CO2 content in the atmosphere For 10–2 kyr B.P., https://www1.ncdc.noaa.gov/pub/data/paleo/icecore/antarc-
tica/antarctica2015co2.xls;
For 2–0 kyr B.P., https://www.geosci-model-dev.net/10/2057/2017/gmd-10-2057-
2017-supplement.zip

CH4 content in the atmosphere For 10–2 kyr B.P., average of two sources 
(https://www1.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/epi-
ca_domec/dc_ch4_hol_fl02.txt,
https://www1.ncdc.noaa.gov/pub/data/paleo/icecore/greenland/sum-
mit/grip/gases/gripch4.txt) is taken; 
for 2–0 kyr B.P., https://www.geosci-model-dev.net/10/2057/2017/gmd-10-2057-
2017-supplement.zip

N2O content in the atmosphere For 2–0 kyr B.P., https://www1.ncdc.noaa.gov/pub/data/paleo/icecore/green-
land/summit/gisp2/gases/gisp2_n2o.txt;
for 2–0 kyr B.P., https://www.geosci-model-dev.net/10/2057/2017/gmd-10-2057-
2017-supplement.zip

Concentration of sulfate aerosols 
in the troposphere

For 1850–2000 AD, https://tntcat.iiasa.ac.at/RcpDb/download/Aerosols/; before 
1850 AD content is assumed to be constant

Areas of crops and pastures HYDE-3.2 (ftp://ftp.pbl.nl/hyde/hyde3.2/baseline)
Population density HYDE-3.2 (ftp://ftp.pbl.nl/hyde/hyde3.2/baseline)
perature in recent decades and in the last 100 years are,
on the whole, noticeably higher than in the previous
centuries and millennia of the Holocene. It should be
noted that no remarkable increase in surface air tem-
perature is observed on a global scale during the Holo-
cene optimum (in the mid-Holocene). This is consis-
tent with the contemporary paleoreconstructions [6,
DO

Fig. 1. Variations in the global surface air temperature (°C) in th
model calculations (left), in comparison with the HadCRUT4 d
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7] and other calculations using climate models [7].
The temperatures obtained by calculations using the
IAP RAS CM can be corrected, in particular, when
taking into consideration the shifts of vegetation
zones. Nevertheless, the model is qualitatively and
quantitatively correct in reproducing the latitude
dependence of variations in surface air temperature
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Fig. 2. Variations in summer surface air temperature (°С) for the region of Europe (35°–70° N, 10°–40° E) based on model cal-
culations in comparison with the reconstructions by PAGES2k. The temperature anomalies relative to the average summer surface air
temperature for 1500–2000 AD are shown. Vertical dashed lines mark the Middle Holocene interval of 6–4.5 kyr B.P. 
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Fig. 3. Variations in the annual mean surface air tem-
perature (°C) in the Middle Holocene (6–4.5 kyr B.P.)
relative to 1970–1999 (top panel) and for the period from
9 kyr B.P. until 1500 AD, based on calculations using IAP
RAS CM.
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above land in the Northern Hemisphere during the
Holocene up until the beginning of the Little Ice Age,
obtained in [6] (Fig. 3).

Although a significant global-scale increase in
temperature is absent during the Holocene opti-
mum, there are regional-scale temperature peaks
during the Middle and Early Holocene, in particu-
lar, those in summer for some parts of Europe
(Fig. 2). According to calculations using the IAP
RAS CM, the long-period regional variations in
surface air temperature during the last two millennia
generally follow those after the PAGES2k recon-
structions (PastGlobalChanges, the 2kNetwork;
http://pastglobalchanges.org/science/wg/2k-network/data).

According to Fig. 2, the model-based values of the
surface air summer temperature in the region of
Europe (35°–70° N; 10°–40° E), which have rapidly
grown in the last century, by the end of the 20th cen-
tury approached their Middle Holocene maxima (6–
4.5 kyr B.P.). On the global scale, the model-based
surface air temperature in the 20th century consider-
ably exceeded the maximal values of 6–4.5 kyr B.P.
(Fig. 1). This is related to the significant spatial het-
erogeneity of climate changes with significant differ-
ences for various seasons.

Figure 3 demonstrates the model-based latitude–
longitude changes in the annual mean surface air tem-
perature during the Middle Holocene relative to the
last 30 years of the 20th century. According to the
model calculations, the mean surface air temperatures
in most regions of the Earth by the end of the
20th century exceeded the respective Middle Holo-
cene values; the only exceptions were the arctic lati-
DOKLADY EARTH SCIENCES  Vol. 490  Part 1  2020
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Fig. 4. Variations in global area of natural fires (Af, mil km2) in the Holocene (a) and for the 20th century alone (b), based on the
model calculations in comparison with the uncertainty range from the GFED4 data for the period of 2001–2010. The bottom
panel (c) illustrates the changes in area under fires in the period of 6–4.5 kyr B.P. (in %, relative to 1970–1999 AD). 
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tudes, relatively large regions in North Eurasia, and
mid-latitude and subtropical regions of North Amer-
ica. In particular, by the end of the 20th century, the
model-based surface air temperatures in the subpolar
and middle latitudes of Eurasia were higher than the
respective Middle Holocene values in summer but
lower than those in winter. The model results demon-
strate considerable differences between Eurasia and
North America. It should be noted that the Middle
Holocene climate changes relative to the late-20th
century winter temperatures, estimated using the IAP
RAS CM, are close to the estimates obtained in the
framework of PMIP3 (Paleoclimate Modelling Inter-
comparison Project, phase 3; see [8, Fig. 5.11]). Nota-
bly, the summer Middle Holocene response in the IAP
RAS CM appeared to be considerably smaller than the
respective response in the set of PMIP3 models.
DO
The model-based results obtained in [9–11] indi-
cate that the new geophysical phenomena (formation
of craters in Yamal Peninsula) revealed in recent years
can be explained by the increase in the near-surface
temperatures in North Eurasia, in particular, on
Yamal, with dissociation of relic gas hydrates that sur-
vived warming during the Holocene optimum.
According to the estimates obtained at  the simulation
of scenarios of anthropogenic climate changes in the
XXI century one can suggest a considerable increase in
the risk of occurrence of similar phenomena in the
Northern Hemisphere’s [10]. It should be noted that
the estimates depend on how well the modern models
reproduce the climatic conditions of the Middle
Holocene.

According to the simulations with IAP RAS
CM, the average global precipitation is slightly
KLADY EARTH SCIENCES  Vol. 490  Part 1  2020
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less (approximately by 5%) than the average pre-
cipitation estimated from GPCP-2.3 data (Global
Precipitation Climatology Project, version 2.3;
https://www.esrl.noaa.gov/psd/data/gridded/data.
gpcp.html), and this is within the limits of estimate
uncertainty from the modern data. Such uncertainty
in reproducing precipitation is characteristic of the
modern models for the Earth’s system [12].

Based on the model calculations, the global area of
natural fires generally increases through the Holocene
due to the higher frequency of anthropogenic fires
(Fig. 4). Remarkably, in the second quarter of the 20th
century, areas of fires reduced considerably, and then
increased from the mid-20th century. The model esti-
mates of total areas of fires for recent decades are
slightly higher than those according to the GFED-4
data (Global Fire Emission Database, version 4;
https://www.globalfiredata.org/data.html). It should
be noted that, among modern models of the Earth sys-
tem, only a few include interactive blocks simulating
dynamics of natural fires, and different models
demonstrate significant scatter in their estimates of the
areas of natural fires, at that [13].

Figure 4 also presents the changes in estimated
areas of natural fires 6–4.5 kyr B.P. relative to the end
of the 20th century (1971–1999). According to Fig. 4c,
an increase in the area of natural fires in the Holocene
is reported in most regions, excluding southern Eur-
asia. This generally agrees with the intensity of natural
fires estimated from the data on charcoal deposits [14]
and also with the calculations based on the CLIMBA
Earth system model [15].
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