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According to observational data, climate warming in the western sector of the Russian 

Arctic since 1970 is characterized by an increase in the surface temperature of the atmosphere 

and the duration of the warm period, a change in the amount of precipitation, and an increase in 

the thickness of the snow cover. Due to regional climatic changes over the last 40-50 years, the 

temperature of permafrost in the northern regions of Western Siberia has increased with the 

growth of the seasonally thawed layer thickness [Streletskiy et al., 2015; Biskaborn et al., 2019].  

Estimates of possible changes in the thermal state of the cryolithozone, obtained using 

equilibrium and dynamic ground heat transfer models, which differ in the degree of detail of the 

processes described, also show that in the next 50-100 years, the dynamics of the permafrost 

temperature increase may persist, leading to a reduction in the permafrost spread area due to 

partial or complete permafrost degradation in some regions [Nicolsky et al., 2018]. 

 

 
Figure 1. Model estimates of interannual changes in maximum seasonal thaw depth (m) in 

Western Siberia. 

 

 

Using a one-dimensional model of heat transfer in soils, developed for the IAP RAS 

climate model, the depth of seasonal thawing in northern Siberia was calculated (Fig. 1). As 

input data (temperature, precipitation) the results of calculations with global climate models of 



the CMIP6 project (IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-HR) under three scenarios of 

anthropogenic forcing (ssp1-26, ssp2-45, ssp5-85) were used. The results obtained show that in 

the coming decades, the continuing growth of the near-surface temperature will lead to an 

increase in the maximum depth of seasonal thawing in the northern regions of Siberia. 

Methane emissions from wetlands were estimated using the IAP RAS methane cycle 

model. Contemporary annual emissions from Western Siberia equal to 3.8 TgCH4 with more 

than 2 TgCH4 emitted in the second half of warm period (i.e., August-September) when the thaw 

depth is largest and the soil temperature is highest. As the surface temperature increases and the 

warm period lengthens, demonstrating most pronounced effects in the high latitudes of the 

northern hemisphere, methane emissions increase rapidly. According to estimates, in the northern 

regions of Western Siberia, under the most unfavorable scenarios in the 21st century, their 

growth may reach up to 600-700%. It is also worth considering possible variations in emission 

due to changes in the soil moisture regime. 
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A detailed and comprehensive analysis of the impact of changes in the carbon cycle in the Earth's 

climate system requires, among other things, adequate consideration of the carbon balance of boreal 

forests, wetlands and other ecosystems. It has previously been shown that natural carbon dioxide fluxes 

on the territory of Russia can change significantly at the scale of decades in model experiments [1], which 

can lead to changes in the role of natural terrestrial ecosystems in global climate change. 

To understand the ability of current global climate models to adequately reproduce natural carbon 

dioxide fluxes we analyzed data from global climate models of the CMIP6 project, designed for multi-

model assessments. Such multi-model results can provide some perspective on errors and uncertainty in 

model simulations. 

Figure 1. Ensemble mean annual uptake [µg s-1 m-2] of carbon dioxide from the territory of Russia. 

The end of the "historical" calculation period (1990-2014) was chosen for the analysis. The data 

from 18 models were considered, most of which had several variants with different initial conditions. 

Figure 1 shows the average spatial distribution of ensemble mean annual CO2 fluxes in 1990-2014 over 

the ensemble of models, obtained by interpolating data from all models on a 1x1-degree grid. The main 

amount of carbon dioxide is absorbed on the European territory of Russia and in general in the western 

and southern regions of the country, excluding areas adjacent to Kazakhstan and the Caspian Sea. The net 

absorption of CO2 at a rate of 0.5 - 2 µg s-1 m-2 is characteristic for almost the entire territory, except for 

some Arctic regions. 

At the same time, the standard deviation of CO2 fluxes on the annual mean scale (Fig. 2) is 
generally all over Russia except for Primorsky Krai exceeding the corresponding mean with typical

values of 1-2 µg s-1 m-2. Total annual carbon dioxide uptake by Russian terrestrial ecosystems amounts 
to 0.37±0.38 PgC. 



Figure 2. Standard deviation of CO2 annual flux [µg s-1 m-2] from the territory of Russia. 

Such inter-model discrepancy can also be seen on the average monthly scale (Fig. 3). While most 

models show maximum CO2 uptake in July, August and September, the BCC-CSM2-MR model and 3 

models of the EC-Earth3 family show a significant decrease in uptake by this point. For the BCC-CSM2-

MR model, the maximum CO2 emission into the atmosphere is reached in the late summer and early 

autumn. This probably makes the BCC-CSM2-MR the only model that consistently shows negative 

values (-0.67 PgC on average) of CO2 uptake by terrestrial ecosystems in Russia over the considered 

period. 

Figure 3. Monthly mean net CO2 fluxes [PgC] from the territory of Russia simulated by CMIP6 models. 

In general, although most of the models show similar behavior on an intraannual timescale, 

estimates of total carbon dioxide uptake on the spatial scale of even such large regions as the territory of 

Russia differ significantly. Net annual emission ranges from -0.67 to 0.83 PgC, whereas the individual 

models represent the entire range of positive values (except for BCC-CSM2-MR) and no modality is 

observed. 
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1. Introduction 

The cloud feedbacks in MRI-ESM2 (Yukimoto et al. 2019), 

which was used for CMIP6 simulations, are briefly investigated. 

Changes in the vertical profiles of cloud radiative effect (CRE), 

cloud cover, liquid and ice water content, and number 

concentrations of cloud droplets and ice crystals are examined. 

These profile changes are examined for several areas with typical 

cloud regimes to understand the contributions from each cloud 

regime to the global cloud feedback. 

 

2. Model and Experiments 

The model resolution is TL159L80. Averages over 36 years 

(1979−2014) of data from amip and amip-p4K (amip with SST 

increased uniformly by 4 K) runs are used for the analysis. Data 

from amip and amip-p4K experiments with the convection 

scheme switched off, which were run under the second version of 

the project SPOOKIE (Selected Process On/Off Klima 

Intercomparison Experiment; Webb et al. 2015), are also 

examined to understand the roles of convection schemes in the 

cloud feedback in MRI-ESM2. 

 

3. Results 
3.1. Overview 

The cloud feedback in MRI-ESM2 for shortwave (SW) 

radiation is +0.27 W/m2/K, and that for longwave (LW) is −0.17, 

with the sum being +0.10 W/m2/K. As is well known, the CRE 

changes in LW (Fig. 1a) and SW 

radiation (Fig. 1b) at the top of the 

atmosphere (TOA) tend to cancel each 

other out for high-level cloud areas, 

and the CRE changes in the sum of SW 

and LW radiation (Fig. 1c) reflect the 

changes in SW components, especially 

over low-level cloud areas. In addition, 

high-level cloud changes (Fig. 1d) 

correspond well to the LW changes 

(Fig. 1a), and low-level cloud changes 

(Fig. 1f) correspond well to the SW 

changes (Fig. 1b). 

3.2. Vertical profile analysis 

To understand the CRE changes, 

we perform a vertical profile analysis 

for CRE.  

We focus on the SW component in 

this report. The approximate CRE (W/m2) of clouds between the 

surface z0 and height z for upward SW radiation, CRE_SW↑(z − 

z0), is estimated as follows: 

CRE_SW↑(z − z0) ≈ (SW↑(all sky, z) − SW↑(clear sky, z)), 

where SW↑ denotes the upward SW radiative flux (the sign is 

positive for net downward; Fig. 2a). In this formula, the radiative 

effect of clouds between TOA and z0 to the downward SW flux is 

also implicitly included. To eliminate this effect, the term – 

(SW↑(all sky, z0) − SW↑(clear sky, z0)) should be added to the 

right-hand side (Kawai et al. 2016). By differentiating the profiles 

vertically, the detailed contribution of cloud at each level to the 

CRE can be obtained (Fig. 2b). The contribution of clouds to SW 

cloud feedback can be roughly estimated from the difference 

between the amip-p4K and amip simulations of the profiles of the 

contributions to CRE_SW↑(z − z0) (Fig. 2c). 

Figure 2c shows that the vertical profile of the contribution to 

the CRE change for upward SW radiation is negative at levels of 

100–200, 300–500, and ~800 hPa, and positive for 750–500 and 

~900 hPa. 

Figure 3 shows the vertical profiles of the contribution of the 

CRE changes for several areas with typical cloud regimes. The 

global positive CRE change around 900 hPa is consistent with the 

positive CRE change off Peru (subtropical stratocumulus area) 

and near Easter Island (shallow convection area). The global 

negative CRE change around 800 hPa is consistent with the 

negative CRE change near Easter Island (shallow convection area). 

Fig. 1: Changes in CRE (amip-p4K − amip; shading) for LW (a), SW (b), and the sum of SW and LW 

radiation (c) at TOA, together with changes in high- (d), mid- (e), and low-level cloud cover (f). 

Contours are amip climatologies. MRI-ESM2 is used and the climatologies cover the period 1979–

2014. 
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The global positive CRE change at 750–500 hPa is consistent with 

those near Indochina (deep convection area) and over the Southern 

Ocean (mid-latitude ocean). The global negative CRE change at 

100–200 hPa is consistent with that near Indochina (deep 

convection area), and the increase in the altitude of high clouds 

over this region contributes to this positive CRE change. The 

increase in high-level clouds shown in Fig. 1d and the 

decrease in mid-level clouds in Fig. 1e may be partly 

attributed to the increase in the altitudes of high cloud layers 

and the cloud peak at the melting layer, and drying of the mid-

level troposphere. 

The noticeable reduction in the number concentration of 

cloud droplets and ice crystals found in MRI-CGCM3 

(Kawai et al. 2015) does not occur in MRI-ESM2. The 

noticeable reduction in the number concentration of cloud 

droplets in MRI-CGCM3 was caused by a bug in the number 

concentration calculation. 

3.3. Change in Low Clouds 

Figure 1f shows that low-level clouds decrease over 

subtropical stratocumulus areas off the west coast of the 

continents. Figure 4 shows the cross-section across 15°S off 

Peru. Figure 4a–b clearly shows that the stratocumulus 

deck off Peru decreases at levels below the 850 hPa level 

and cumulus cloud increases above the 850 hPa level far 

from the coast. When the convection scheme is turned off 

(Fig. 4c–d), the stratocumulus deck spreads farther 

westward because ventilation of humidity in the 

boundary layer to the free atmosphere by convection 

does not occur. The significant reduction of the 

stratocumulus deck in the warmer climate is even more 

remarkable in the convection-off case. In MRI-ESM2, 

the cloud top mixing and shallow convection are 

suppressed when ECTEI (Estimated cloud-top 

entrainment index; Kawai et al. 2017) is large. Because ECTEI 

decreases in the future climate (Kawai et al. 2017, 2019, Koshiro 

et al. 2022), this parameterization may contribute to the reduction 

in low-level clouds in the warmer climates. 
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Fig. 4: Cross-sections of cloud cover (a, c) and relative humidity (b, 

d) along 15°S (line in Fig. 1c) (shading: difference between amip-p4K 

and amip; contours: amip climatology). Results of the normal model 

(a, b) and the convection switched off version (c, d) are shown. 

Fig. 3: Same as Fig. 2c but for the deep convection area (near Indochina), mid-

latitude ocean (the Southern Ocean), shallow convection area (near Easter 

Island), and subtropical area (off Peru) shown in Fig.1c.  

Fig. 2: (a) Cloud radiative effect (W/m2) of clouds between the surface z0 and 

height z for upward SW radiation, CRE_SW↑(z – z0) (black line corresponds 

to amip and green line amip-p4K), (b) vertical differentiation of the profiles 

shown in (a) that corresponds to the contribution of cloud at each level to the 

CRE, and (c) the difference in the contribution profiles between the amip-p4K 

and amip simulations shown in (b) that is normalized by 2m temperature 

increase. Note that (CRE_SW↑(zTOA)amip-p4K − CRE_SW↑(zTOA)amip)/ΔT2m 

corresponds to the SW cloud feedback. Model level data are used. 
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An analysis of possible changes of the atmospheric centers of action (ACA) in the Northern 

Hemisphere under global warming was carried out. We used the results of simulations with climate 

models of the CMIP6 ensemble with the SSP5-8.5 scenario for the 21st century.  

The areas corresponding to each of the analyzed ACAs were identified similar to (Mokhov 

et al., 2020). Within the area corresponding to ACA, the mean sea level pressure Pc was 

determined with increased or decreased pressure for anticyclonic or cyclonic conditions, 

respectively (see also (Mokhov et al., 2018; Mokhov et al., 2021). The ACA intensity was 

characterized both by the pressure at sea level in the ACA region Pc and by the corresponding 

pressure drop Ic relative to the mean hemispheric pressure PH at sea level. We also analyzed the 

relative changes in the ACA intensity Ic = Ic/δIc - when normalizing Ic to the corresponding 

standard deviations (SD) δIc. 

 

Table 1. Intensity Ic [hPa] of ACAs in the Northern Hemisphere for winter (a) and summer (b) 

from simulations with selected CMIP6 ensemble of climate models and by ERA5 reanalysis data 

for the base period 1981-2005. The standard deviations (SD) of the ACA intensity are given in 

parentheses. 

(a) 

ACA  

Seasonal Mean Intensity (hPa) 

Winter (DJF) 

Reanalysis CMIP6 models 

Azores High 4.8 (±1.6) 5.0 (±2.0) 

Siberian High 10.5 (±1.1) 10.2 (±1.5) 

North American High 3.0 (±1.0) 3.2 (±1.3) 

Aleutian Low -9.6 (±2.7) -9.9 (±3.5) 

Icelandic Low -10.9 (±2.8) -11.4 (±3.1) 

(b) 

ACA  

Seasonal Mean Intensity (hPa) 

Summer (JJA) 

Reanalysis CMIP6 models  

Azores High  8.2 (±0.6) 8.4 (±0.6)  

Hawaiian High 7.6 (±0.6)  8.0 (±0.7)  

Asian Low -8.4 (±0.3) -8.7 (±0.5) 

   

The quality of the ACAs simulations was evaluated in comparison with ERA5 reanalysis 

data (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) for the base period 

1981-2005. As a result of a comparative analysis with reanalysis data, 11 models of the CMIP6 

ensemble were selected, which best reproduce the ACAs for the base period in comparison with 

the reanalysis data. Table 1 presents intensity Ic of key centers of atmospheric action in the 

Northern Hemisphere for winter (a) and summer (b) from simulations with selected CMIP6 

ensemble of climate models and by ERA5 reanalysis data for the base period 1981-2005. The 

standard deviations (SD) of the ACA intensity are given in parentheses. 



 

(a) (b) (c)  

  (d) (e)  

(f) (g) (h)  

Figure 1. Changes in ACA intensity (normalized to SD for the base period 1981-2005) in the 

Northern Hemisphere according to simulations with a selected ensemble of CMIP6 models under 

the SSP5-8.5 scenario. Here: (a) Azores High, (b) Siberian High, (c) North American High, (d) 

Aleutian Low, (e) Icelandic Low - winter ACA; (f) Azores high, (g) Hawaiian High, (h) Asian 

Low – summer ACA. SD ranges relative to 30-year moving averages (red curves) are shaded. 

 
Possible changes in the ACA intensity in the Northern Hemisphere from simulations with 

a selected ensemble of CMIP6 models under the SSP5-8.5 scenario for the 21st century are 

presented on Fig. 1. The most consistent estimates based on simulations with the ensemble of the 

CMIP6 models were obtained for the weakening tendencies of the winter North American High 

and the summer Asian Low. For the Siberian High in winter, the weakening trend was found less 

significant.  

This work was supported be the Russian Science Foundation (project 19-17-00240).  
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According to paleoreconstructions and observational data for the late XX – early XXI 
centuries, it is noted that time series for global temperature T are generally leading the 
corresponding time series for the CO2 content in the atmosphere q (references to the relevant works 
are given in [1, 2]). On this basis, it is sometimes stated that the modern theory of global warming, 
according to which the main reason for the ongoing increase in global temperature is CO2 
emissions into the atmosphere, is incorrect. These statements are made without involving any ideas 
about the structure of the Earth's system, but only on the basis that the "effect" (temperature) cannot 
lead the "cause" (CO2). 

The lag of q changes relative to T changes is also obtained in simulations with modern 
climate models (in particular, with the MPI-ESM general circulation model included in the CMIP-
6 model comparison project, see fig. 1), in which the CO2 greenhouse effect is the main cause of 
the ongoing global warming. 

 

 
 

    
Fig. 1. Changes in global temperature (red) and CO2 content in the atmosphere (green) in simulations with the MPI-
ESM climate model. The upper part of the figure shows the initial series, the lower part shows the series with the 
linear trend removed. 



This result illustrates the fact that time lag between changes in variables cannot be used to 
judge the nature of the causal relationship between them. Moreover, not only the time lag between 
the series, but also any other characteristics of these series do not allow us to draw a final 
conclusion about the nature of the causal relationship between the corresponding variables, 
without any ideas about the nature of the interaction of these variables or, to put it more formally, 
about the structure of the system in which they are exist. Let's show it. 

Consider two arbitrary data series from a finite number of n elements: 
X = [ x1,  … , xn ], (1) 
Y = [ y1,  … , yn ]. (2) 

If the values of all their elements are limited (this is always valid for real data series) and 
are non-zero (this can be achieved by choosing measurement units), then it is possible to build a 
system where changes in X are the cause of changes in Y, that is, changes in X affect changes in Y, 
and changes in Y do not affect changes in X. In the simplest case, this can be written as a differential 
equation: 

!"
!#
= 𝑓(𝑋, 𝑡). (3) 

Here f is some arbitrary function, t is time. Let function f  be linear: 
𝑓(𝑋, 𝑡) = 𝐾(𝑡)𝑋(𝑡). (4) 

Taking into account (3) and (4), we obtain 

𝐾(𝑡) = "!(#)
&(#)

 . (5) 

Then, using (1) and (2), it is possible to obtain a number of specific values of K 
corresponding to the original series X and Y: 

Kn = (yn+1 – yn) / (xnΔt). (6) 
Here Δt is a time step. Thus, the system follows 

yn+1 = Knxn𝛥t + yn. (7) 
Within this system, changes in X are the cause of changes in Y. Since the series were taken 

arbitrarily, in a similar way it is possible for the same series to construct a system in which, on the 
contrary, changes in Y will cause changes in X. 

Thus, for any pair of series X, Y, whose values are nonzero and limited, it is possible to 
construct both a system in which Y is the cause and X is the effect, and vice versa. This means that 
on the base of data series analysis only, it is impossible to draw an unambiguous conclusion about 
the nature of the causal relationship between their changes, without assuming a physical theory of 
their interaction. 

This work was supported by the Russian Science Foundation (project 19-17-00240). 
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