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Summary 

 

This research assesses the thermal role of permafrost during past climate change by integrating the Vrije 

Universiteit Amsterdam Permafrost-Snow (VAMPERS) model into the earth system model iLOVECLIM. 

VAMPERS is a 1-D heat conduction model with phase change while iLOVECLIM is a 3-D coupled climate 

model. The objectives of this coupling are 1) to present permafrost thickness and distribution estimates 

during both the Last Glacial Maximum (LGM, about 21 thousand years ago) and the last deglaciation (21 

to 9 thousand years ago), and 2) to capture the thermal feedback mechanism(s) of permafrost in both a 

steady-state system (LGM) and during a climate transition phase (last deglaciation).  

In doing these experiments, we are able to test the hypothesis that permafrost may serve as a 

negative feedback during warming periods due to latent heat demand of thawing permafrost. To 

complete the coupling and analysis objectives, the project proceeds through three development phases 

(Figure 1.10).  

The first phase (Chapters 2 and 3) is to produce a permafrost/frozen soil model suitable for 

millennial scale simulations within version 1.2 of LOVECLIM. In Chapter 2, we aim to determine if the 

newly developed VAMPER model can reasonably estimate permafrost depth. We validate the 

applicability of VAMPER by both simulating an observational site in Alaska and comparing results to 

other similar permafrost models, particularly ones that attempt to model permafrost thickness over 

millennial timescales. For both these validation procedures, we find that the simulation is close to the 

observed thickness at Barrow and that the VAMPER results compare reasonably well with studies using 

a similar modeling structure. Additionally, in Chapter 2, a deglaciation experiment is performed using 

surface temperature forcings from LOVECLIM for a location in Wyoming, USA. Given the limitations and 

interpretation of the forcing from both the actual LOVECLIM data and the necessary temperature 

interpolation, this first trial run is found to be satisfactory. It is concluded that indeed VAMPER is 

capable of simulating permafrost dynamics and is therefore suitable for paleoclimate simulations within 

LOVECLIM.  

In Chapter 3, we further investigate VAMPER as a stand-alone permafrost model by performing a 

series of sensitivity experiments. In addition, the VAMPER model produces the first paleoclimate (LGM) 

estimates of permafrost thickness and subsequent evolution using a transient forcing of air surface 

temperatures. Overall results of these simulations provide insight in how to couple VAMPER within an 

updated version of the earth system model, correspondingly named iLOVECLIM, to reflect the inclusion 

of a module for stable isotopes. Specifically, this includes some necessary VAMPER model 

enhancements and the need to validate against modern-day observations of permafrost distribution and 

depth, which is undertaken in Phase II.  

The goal of the second phase (Chapters 4 and 5) is to couple VAMPER within iLOVECLIM. It is also at 

this point that a few major enhancements are added to VAMPER, which includes a change in time step 

and integration of snow layers to allow thermal buffering between air and the ground surface 

temperature. At this juncture this next VAMPER version is renamed VAMPERS to reflect the added snow 

module. Another enhancement is the production and integration of spatially varying maps of two 

parameters, geothermal heat flux and porosity. In Chapter 4, we find indeed that including these 

enhancements improved the simulations. Notably, these are a more realistic representation of the 



2 
 

surface offset (difference between ground and air surface temperature), simulation of the active layer, 

and better constraint of the porosity and geothermal heat flux parameters. 

In Chapter 4, we also report on the ability of VAMPERS to produce modern-day permafrost forced 

by iLOVECLIM preindustrial land surface temperatures. Considering that we compare point 

measurements to gridcell-based values, the simulations are considered reasonable. However, there 

does exist some mismatch between observed and modeled values. The reasons are subsequently 

detailed and include such factors as the relatively coarse horizontal grid of the atmospheric component 

(ECBilt), misrepresentation of the environmental lapse rate in areas of higher elevation, and the 

presence of relict permafrost.  

Chapter 5 is a continuation of Phase II and analyzes one-way coupling results for the LGM time 

period. On account of the limitations from the ECBilt grid resolution, the model results yield only the 

approximate continuous distribution of permafrost during the LGM. Modeled results are compared with 

the mapped LGM permafrost distribution from Vandenberghe et al. (2014). There is generally good 

agreement with their interpretation to about 55 to 50°N in Asia and on the Tibetan Plateau. Possible 

causes for the mismatched regions (southern Asia, Europe and North America) between VAMPERS and 

Vandenberghe et al. (2014) can be explained as: (1) the ECBilt-VAMPERS computed ground surface 

temperatures were simply too warm; and/or (2) ECBilt-VAMPERS has difficulty reproducing permafrost 

occurrence above a mean annual ground surface temperature of 0°C.  

Phase III (Chapter 6) analyzes how the thermal role of permafrost affects climate. Upon coupling of 

VAMPERS to ECBilt within iLOVECLIM, the thermal feedback effect of permafrost on air surface 

temperatures is captured in the seasonal signal of warming in winter and cooling in summer. This ± 2°C 

seasonal effect in the northern latitudes is seen for both the equilibrium and transient experiments. In 

addition, this shift in the seasonal air surface temperature regime led to secondary effects in 

atmospheric circulation patterns, resulting in anomalous northerly flow and cooling. The hypothesis 

which presumes that degrading permafrost may serve as a substantial heat sink or source during major 

climate change is not supported. There was an observed effect on annual surface air temperatures 

during the deglaciation, shifting the warming trend anywhere from +0.2 to +0.4°C but given this rather 

mild effect, it is difficult to separate confounding sources.  

Also in Chapter 6, permafrost response is captured during the climate transition of the last 

deglaciation. It is found that a warming climate does not necessarily result in permafrost 

disappearance/thawing, as many changes to the surface landscape complicate this relationship. Another 

finding is that the rate of permafrost thaw and formation of relict permafrost is related to the initial 

(equilibrated) thermal condition of permafrost (i.e. ‘warm’/’cold’) and the magnitude of the surface 

disturbance. Finally, even if there is a small (net) response in permafrost areal extent, there may be a 

substantial amount of permafrost thaw, highlighting the importance to simulate both permafrost depth 

and distribution for interpreting total permafrost response. 

Chapter 7 presents the synthesis of our work, along with recommendations of future improvements 

in the realm of permafrost and climate modeling. This includes improving VAMPERS by introducing the 

subsurface hydrology using groundwater modeling and linking subsurface storage with the modeled 

active layer. In addition, it would also be an improvement to include a surficial organic layer. Both of 

these, it is anticipated, would affect the subsurface thermal dynamics. Another improvement to 

VAMPERS would be to develop transfer functions, such as n-factors (Klene et al., 2001), that can 
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characterize the ground-air temperature relationship based on surface conditions, particularly the 

(seasonal) effects of vegetation. In addition, employing downscaling techniques (Levavasseur et al. 

2011) could result in a better capture of the locally varying landscape parameters. Perhaps the most 

immediate coupling needed for further integration of VAMPERS into iLOVECLIM is to link the subsurface 

through perennial ice cover such as ice sheets and glaciers to the surface air temperatures.  

The opportunities to improve coupling of VAMPERS within iLOVECLIM build upon the other 

mentioned feedbacks of hydrological and carbon response. The hydrology of the land surface model in 

iLOVECLIM employs a bucket model with a fixed volume, but in the future, this storage capacity could be 

modeled as a direct function of the active layer depth, where the frozen soil would be impermeable with 

no water storage capacity and as unfrozen, provide subsurface storage.  

Modeling the positive feedback of increased atmospheric carbon from thawing permafrost 

would require linking in with the carbon cycling module of iLOVECLIM (Bouttes et al., 2015). In the 

simplest approach, there would need to be an initial estimate of the stored permafrost carbon and then 

a subsequent carbon flux release corresponding with permafrost degradation and thawing, in turn 

affecting the atmospheric carbon concentration.  

 


