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Summary of Research Programme:  

‘Uncertainties and probabilities of climate change in Russia and 
impacts on permafrost’ 

 
The overall goal of the project ‘UK-Russia Climate Change Collaboration’, funded by the UK Foreign 
and Commonwealth Office, is ‘to improve the UK and Russia’s understanding of climate change science 
and climate change impacts (physical and economic) on Russia and the UK’. Over 3 years, this work 
aims to raise the profile of climate science through various outputs, including a joint research 
programme, and awareness raising activities, and as a result will provide a platform from which greater 
account can be taken of climate science evidence in policy-making.   
 
This document summarises the results of the joint research programme carried out by the Met Office 
Hadley Centre (MOHC) and the State Hydrological Institute (SHI). The full report and this summary are 
available from the project website (www.uk-russia-ccproject.info). 
_____________________________________________________________________ 
 
Introduction 
 
Permafrost degradation is one of the key uncertainties in impact assessments of climate change 
in Russia. Thawing of permafrost due to rising air temperatures may not only have an important 
effect locally, because of the consequences for the stability of buildings, roads, railways and 
pipelines, but may also provide a large positive feedback to the global climate as it would 
release large amounts of carbon currently stored as organic material in frozen soils. A 
widespread thawing of the permafrost would furthermore affect the hydrological system of 
arctic and subarctic landscapes and consequently the freshwater flux to the Arctic Ocean. 
Permafrost therefore plays a crucial role in determining the response of natural ecosystems at 
northern high latitudes, and yet it remains poorly represented in the land surface schemes of 
many climate models.  
 
To date, few studies have tried to assess the uncertainties related to the response of permafrost 
to global warming. Within the framework of the research programme, scientists from the 
MOHC and the SHI aimed to analyse and quantify some of these uncertainties. The work falls 
into two distinct components: in the first, the SHI examined the performance of several General 
Circulation Models (GCMs) in reproducing climate characteristics that are relevant to the 
formation and degradation of permafrost. In the second part, the MOHC used probabilistic 
climate scenarios from one of these GCMs to evaluate uncertainties in the simulated permafrost 
response due to uncertainties in the climate model signal.  
 
 
Climate model evaluation 
 
In order to evaluate the uncertainties in predicting environmental impacts in Russian permafrost 
regions associated with climatic projections, we used the output from 21 GCM runs for the 
control period 1960-1999. From these runs we calculated trends in three climatic characteristics 
that largely govern the thermal state of permafrost, i.e. the sum of thawing degree-days, the 
annual temperature amplitude, and sums of winter precipitation. The results were compared 
with those from observations at weather stations in order to evaluate the skills of individual 
models and to rank them in the specific context of predictive permafrost modelling.  



 

 
The diagram in Figure 1 shows the cumulative rank of all models. Assuming that models 
demonstrating high skills in replicating observed trends in Russian permafrost regions are 
likely to have more realistic future projections, we identified top-end GCMs that “better than 
average” reproduce the climatic parameters governing the state of the permafrost and 
eliminated the outliers.  
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Figure 1: Cumulative rank of 21 GCMs based on comparison of simulated trends in climate 
characteristics relevant to permafrost with historical observations. 
 
Climate models with “better than average” skills were selected to compose several ensembles, 
each combining results from a different number of GCMs. Ensembles were ranked using the 
same algorithm as used for the individual models and outliers were eliminated. The 
performance of the top-end ensemble comprised of the three best climate models is shown in 
Figure 2. We then used data from this ensemble for the 2000-2100 period to obtain a climatic 
projection to be used as input to an equilibrium permafrost model. 
 

 
 
Figure 2: Deviation (in ºC/decade) from the observed trends in air temperature in the GCM 
multimodel ensemble: (top) ensemble of all models; (bottom) of the three best models. 
 
 



 

Simulations with equilibrium permafrost model 
 
The equilibrium permafrost model was run with climate projections from each of the 21 GCMs 
individually, as well as the top-end ensemble of three best models. Monthly changes of 
temperature and precipitation were applied to a high resolution baseline climatology. A new 
stochastic approach was developed to take into account the probabilistic nature of climatic 
projections and small-scale variability of soil, snow, and biophysiographic parameters in the 
calculations of the statistical ensemble representing potential states of permafrost under the 
prescribed conditions. Results from the calculations are illustrated through maps indicating 
mean, minimum, and maximum ALT values (Figure 3) and the probability maps of active-layer 
thickness shown in Figure 4. Results for 2050 were obtained using the 3 model ensemble 
climatic projection under the B2 emission scenario described above. These maps indicate 
probabilities of active-layer thickness falling within prescribed classes. Unlike conventional 
maps showing only mean values of permafrost parameters, probabilistic maps directly 
addresses the practical needs of engineers and land use planners in the northern lands 
 

 
Figure 3: Active-layer thickness in Northern Eurasia permafrost region under current and 
projected for 2050 climatic conditions. A – minimum estimate; B – mean estimate: C – 
maximum estimate based on ensemble calculations. 
 
 



 

 
Figure 4: Probabilistic ALT map for Northern Eurasia permafrost region under current and 
projected for 2050 climatic conditions. 
 
 
Probabilistic climate change scenarios over Russia 
 
To analyse and quantify the uncertainties in the response of the permafrost to global warming, 
the MOHC used an ensemble of climate simulations from the Hadley Centre fully coupled 
atmosphere-ocean climate model HadCM3 (Collins et al., 2006; Murphy et al., 2007). This 
QUMP (Quantifying Uncertainty in Model Predictions) ensemble consists of 17 members, one 
‘standard’ (or unperturbed) HadCM3 run, and 16 runs in which some of the model’s key 
parameters were perturbed to explore the variability in the model output. The HadCM3 
ensemble was run for three different scenarios of greenhouse gas emissions. Figure 5 
summarise the changes in temperature and precipitation for the region encompassing the 
Russian Federation. As in all northern high latitudes, the projected warming is much larger than 
the global mean temperature rise for the same emissions scenario.  
 



 

 
Figure 5: Change in mean annual temperature (panels a-c) and precipitation (d-f) over Russia 
(compared to 1961-1990) in the QUMP ensemble, under three emission scenarios: (a,d) A1FI, 
(b,e) A1B, and (c,f) B1. The shaded area shows the total range in temperature and 
precipitation changes across the 17 ensemble members, with the darker area encompassing the 
range one standard deviation above and below the ensemble mean. The dark line depicts the 
‘standard’ or unperturbed HadCM3 simulation. 
 
The probabilistic climate simulations of the QUMP ensemble allow us to put the 2010 heat 
wave in perspective. July 2010 was the warmest month on record in parts of Russia, including 
the capital Moscow. According to preliminary figures the monthly mean temperature in 
Moscow exceeded the long-term average by 7.8ºC, well above the previous record of 5.3ºC in 
July 1938 (WMO, 2010). Figure 6 shows the distribution of July (mean monthly) temperature 
anomalies in the QUMP ensemble for a region encompassing Central European Russia, 
between 30º and 52.5ºE and 52.5º and 65ºN, in the historical period as well as under the three 
different scenarios of greenhouse gas emissions. Also indicated is the (preliminary) temperature 
anomaly in July 2010, as measured in Moscow, and the previous record of 1938. Figure 6 
should be interpreted with care, as no weighting was applied to the ensemble members and the 
QUMP temperatures are for a much larger region than the observed records from Moscow. 
Nevertheless, it provides a strong indication that July 2010 was outside the natural variability 
of the historical climate. The simulations also strongly suggest that the distribution of July 
temperatures in the future will be well above that from the historical climate. Especially under 
the high-emissions scenario A1FI the July 2010 anomaly can be expected to become a much 
more frequent phenomenon, but even under the B1 scenario more extreme temperature 
anomalies than those in 2010 may be expected.  
 



 

 
Figure 6: Distribution of July temperature anomalies over Central European Russia (CER, see 
text) in the QUMP ensemble for three 30-year periods: 1860-1889, 1960-1989, and 2070-2099, 
the latter for three different emission scenarios (B1, A1B and A1FI). Each box with 
corresponding whiskers shows the distribution of 510 July temperature anomalies (30 years 
times 17 ensemble members). Outliers (July anomalies that are more than 1.5 times the 
interquartile range outside of the box) are shown as individual points. Also shown is the 
preliminary July 2010 temperature anomaly observed in Moscow and the previous historical 
record, July 1938. 
 
 
Uncertainties in simulated permafrost response 
 
To assess the uncertainties in the response of the permafrost to global warming, the MOHC 
produced a large number of simulations with the land surface model JULES (Joint UK Land 
Environment Simulator, Blyth et al., 2006) driven by climate simulations of the QUMP 
ensemble. Three different model setups were tested: the standard setup, with a soil column of 3 
m deep; a ‘deep’ setup with the soil column extended to a total depth of 60 m to account for the 
slow-responding ‘heat sink’ of deeper permafrost; and an ‘organic soils’ setup in which the 
mineral soil parameters were adjusted for the insulating properties of soil organic material. 
Figure 7 summarises the results for the total hemispheric surface permafrost extent, estimated 
from model grid boxes where the active layer thickness is less than, or equal to 2.5 m depth. A 
decline in the area of surface permafrost, as shown in Figure 7, does not necessarily mean that 
the total permafrost layer has disappeared. In fact, the permafrost is very likely to survive at 
depth as the deeper soil temperatures respond much slower to a warming signal. However, it is 
the permafrost close to the surface that is the most important to potential impacts on the 
hydrological and carbon cycle (Hinzman, 2009).  
 



 

 
Figure 7: Total hemispheric surface permafrost extent in the JULES QUMP runs, for the A1B 
(left plots) and A1FI (right) scenarios, and for the standard (top row), deep (middle) and 
organic soils (SOC) (bottom row) setups. The solid line depicts the ensemble mean permafrost 
extent. The shaded area shows the total range across the 17 ensemble members, with the 
darker area encompassing the range one standard deviation above and below the ensemble 
mean.  
 
As can be seen in Figure 7, all ensemble members show a decline in surface permafrost area 
under scenarios of global warming. This decline is about 45% (ranging from ~20% to ~65%) of 
the current permafrost area under the A1B scenario, and about 55% (~30% to ~75%) under the 
fossil fuel-intensive A1FI scenario, by the end of this century. The uncertainty in the response 
of the permafrost to global warming is dominated by uncertainty in the climate change signal. 
Improving JULES by including the ‘heat sink’ effect of deep permafrost and/or accounting for 
the insulating properties of soil organic material does slow down the response to some extent, 
but does not change the overall pattern. More generally speaking, our results indicate there is a 
large risk of surface permafrost disappearing over at least 20% of the current area by the end of 
this century, but that the risk of near-complete disappearance by 2100, as some previous studies 
have suggested is very small. Also, the degradation of the permafrost is faster under higher 
emission scenarios.  
 
 



 

Concluding remarks 
 
The response of the soil thermal regime in permafrost regions to climate change is likely to be 
complex and dependent on many factors, including local soil properties, the depth of the 
permafrost, ice content, vegetation cover, and depth and duration of the snow cover, as well as 
the congruent changes in some of these factors. Uncertainty in the climate signal is just one of 
the many sources of uncertainties, but a very dominant one. Our work shows that ensembles of 
climate model simulations can be used to analyse and quantify some of these uncertainties, and 
the associated probabilities of permafrost degradation.  
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