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Abstract 

The study of past climate is important because it increases our understanding 
of how the climate system works. Past climate is often reconstructed by us-
ing proxies (that is observations of things that tell something about past cli-
mate, for example tree rings, pollen in lake sediments and fossils). Model 
simulations of past climate further increases the knowledge since it has the 
possibility to gap the space and time between the sparse and scattered proxy 
observations, since a model simulation gives relatively continuous infor-
mation about the whole simulated area. Model simulations can also give 
internally coherent information about parameters that is not easily recon-
structed from proxies (for example heat fluxes).  
In this thesis two periods in the past are simulated by climate models: the 
Marine Isotope Stage 3 (MIS 3), 44 000 years ago, and the Last Glacial 
Maximum (LGM), 21 000 years ago. Both periods are characterised by low 
temperature, low sea level and low level of carbon dioxide. The topography 
in northern Europe is dominated by ice sheets covering Iceland, Norway and 
parts of Sweden at MIS3; and more extensive ice sheets covering Iceland, 
Scandinavia, the British Isles and Northern Germany at LGM. These periods 
are firstly simulated by a global climate model. Those simulations are subse-
quently used in a regional climate model to increase the level of detail over 
Europe. To make the regional climate model simulation more realistic vege-
tation simulated by a dynamical vegetation model is used in the regional 
climate model.   
The climate models simulate European climates much colder than today, 
especially at LGM. The temperature differences ranges from 5 to 45 °C 
colder than today; the largest differences being at the ice sheets where the 
perennial ice cover and the high altitude keep temperatures low. Precipita-
tion is reduced with as much as almost 100 % in northern Europe due to 
reduced evaporation. Precipitation is increased with as much as 100 % in 
parts of southern Europe due to changes in atmospheric circulation. The 
simulations are in broad agreement with proxies, although there are differ-
ences.  
The vegetation model simulates tundra like vegetation (herbs and shrubs) in 
the ice-free parts of central and southern Europe. The eastern parts of Europe 
are dominated by needle-leaved trees. The short and cool summers limit 
vegetation. The simulated vegetation is in broad agreement with reconstruc-
tions. 



 

Sensitivity studies of vegetation show that changed vegetation can change 
the monthly mean temperature with 1-3 °C in some seasons and regions. The 
response depends on regional surface characteristics. Sensitivity studies of 
ice sheets show that the simulated climate is consistent with the assumptions 
about the ice sheet extent made in the simulation. The simulated climate is 
cold enough in northern Europe to support the ice sheet, and warm enough in 
southern Europe to prevent the ice sheet from expanding in this direction. A 
removal of the ice sheet would only have an effect on the local scale in the 
vicinity of the ice sheet, but this experiment did not include changes in the 
large-scale global atmospheric circulation.  
Although the regional climate model simulations are to a large degree de-
pending on the global climate model simulations they provide new infor-
mation. When comparing proxies with model data or studying local/regional 
climatic features (such as the interplay between climate and vegetation) high 
horizontal resolution, as in the regional climate model, is important.  



 

Sammanfattning 

Studiet av klimat i det förgångna är viktigt eftersom det ökar vår förståelse 
för hur klimatsystemet fungerar. Förgånget klimat rekonstrueras ofta med 
hjälp av proxies (det vill säga observationer av saker som säger något om 
klimatet förr i tiden, till exempel trädringar, pollen i sjösediment och fossi-
ler). Modellsimuleringar av förgånget klimat ökar kunskapen ytterligare 
eftersom det ger en möjlighet att fylla i luckorna, i tid och rum, mellan de 
glesa och spridda proxy-observationerna, eftersom en modellsimulering ger 
information om hela det simulerade området. Modellsimuleringar kan också 
ge information om parametrar som inte så lätt rekonstrueras från proxies (till 
exempel värmeflöden).   
I denna avhandling simuleras med klimatmodeller två perioder i det för-
gångna: MIS 3 (Marine Isotope Stage 3), för 44 000 år sedan och LGM (Last 
Glacial Maximum), för 21 000 år sedan. Båda perioderna kännetecknas av 
låg temperatur, låg havsnivå och låg halt av koldioxid. Topografin i norra 
Europa domineras av istäcken som täcker Island, Norge och Sverige vid MIS 
3; och istäcken över Island, Skandinavien, Brittiska öarna och norra Tysk-
land vid LGM. Dessa perioder simuleras först av en global klimatmodell. 
Simuleringarna används senare i en regional klimatmodell för att öka detalj-
graden över Europa. För att göra den regionala klimatmodell-simuleringen 
mer realistisk så används i den regionala klimatmodellen vegetation som är 
simulerad av en dynamisk vegetationsmodell. 

Klimatmodellerna simulerar europeiska klimat som är mycket kallare än 
dagens, särskilt vid LGM. Temperaturdifferensen spänner från 5 till 45 °C 
kallare än idag; de största skillnaderna är vid istäckena där det ständiga 
istäcket och den höga altituden håller temperaturen nere. Nederbörden mins-
kar med så mycket som nästan 100 % i norra Europa på grund av minskad 
avdunstning. Nederbörden ökar med så mycket som 100 % i delar av södra 
Europa på grund av förändringar i atmosfärens cirkulation. Simuleringarna 
stämmer i stora drag överens med proxies, även om det finns skillnader.  
Vegetationsmodellen simulerar tundralik vegetation (örter och snår) i de 
isfria delarna av centrala och södra Europa. De östra delarna av Europa do-
mineras av barrträd. De korta och kalla somrarna begränsar vegetationen. 
Den simulerade vegetationen stämmer i stora drag överens med rekonstrukt-
ionerna. 
Känslighetsstudier av vegetationen visar att förändrad vegetation kan för-
ändra månadsmedeltemperaturen med 1-3 °C i vissa regioner och under 



 

vissa säsonger. Responsen beror på regionala egenskaper vid markytan. 
Känslighetsstudier av istäckena visar att det simulerade klimatet är förenligt 
med de antaganden av istäckenas utbredning som görs i simuleringen. Det 
simulerade klimatet är tillräckligt kallt i norra Europa för att göra ett istäcke 
möjligt, och tillräckligt varmt i södra Europa för att hindra istäcket från att 
växa i den riktningen. Om istäcket skulle tas bort skulle det bara ha en effekt 
på lokal skala i närheten av istäcket, men detta experiment innefattade inte 
förändringar i atmosfärens cirkulation. 
Även om de regionala klimatmodell-simuleringarna till stor del beror på de 
globala klimatmodell-simuleringarna så ger de ny information. Vid jämförel-
ser av proxies och modelldata eller studier av lokala/regionala egenskaper 
hos klimatet (som växelverkan mellan klimat och vegetation) så är hög hori-
sontell upplösning, som i en regional klimatmodell, viktigt. 
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Introduction 

The study of palaeoclimate is important in many ways; apart from being 
generally interesting to know what past climates were like, it tells us some-
thing about how climate varies and which processes that control climate 
change. Furthermore, it gives a necessary perspective to the ongoing climate 
change. An objective is also to examine if climate models are able to simu-
late climates different from the current, thereby increasing general confi-
dence in them. Furthermore, by simulating different climates and performing 
sensitivity studies, where the model forcing is changed in some way, we can 
investigate the relative effects of for example ice sheets, sea level height and 
vegetation. 
Coupled atmosphere–ocean general circulation models (AOGCMs) give a 
three-dimensional consistent picture of the climate system. AOGCMs have 
been applied to and tested for periods such as the Last Glacial Maximum 
(LGM) in the Palaeoclimate Modelling Intercomparison Projects (PMIP1, 
e.g. Joussaume and Taylor, 1995 and PMIP2, Braconnot et al., 2007).  
The coarse scale of AOGCMs and the local/regional nature of proxy data 
make direct comparison problematic. A way to afford higher resolution, and 
thereby better resolve local and regional features of the climate, is to dynam-
ically downscale the results of the AOGCM with a regional climate model 
(RCM). RCMs improve the representation of regional scale climate features 
(e.g. Rummukainen, 2010), give a better representation of local conditions 
and may increase the utility of local scale observations or proxy data (e.g. 
Jost et al., 2005). Also, it should be stressed that it is of fundamental im-
portance that the large-scale climate features in the AOGCM are realistic, as 
these to a large degree governs the behaviour of the RCM. RCM simulations 
for past climate conditions have been done for several periods, but mostly 
for relatively short time periods (3-15 years, e.g. Pollard and Barron, 2003; 
Renssen and Vandenberghe, 2003; Jost et al., 2005; Sloan, 2006), the last 
millennium is an exeption (e.g. Gómez-Navarro et al., 2011; Schimanke et 
al., 2012). A risk with these short simulations is that part of the anomaly 
compared to modern climate is in fact a result of natural variability that is 
large on short time scales, particularly at mid- and high latitudes.  
Another problem with climate model simulations of past climate is that the 
knowledge of both forcing- and boundary conditions often is limited. For 
instance, detailed information about surface properties including vegetation 
is often lacking. As vegetation is an intrinsic part of the climate system, 



 12

changes in vegetation, both natural and man-made, can cause both positive 
and negative feedbacks on the climate. Carbon cycle feedbacks have re-
ceived particular attention (Cox et al., 2000; Friedlingstein et al., 2003; Rud-
diman, 2003; Meehl et al., 2007); however, biophysical interactions between 
the land surface and atmosphere can be of comparable importance at the 
regional scale (Kutzbach et al., 1996; Sellers et al., 1997; Betts, 2000; Cox et 
al., 2004; Bala et al., 2007). In previous RCM simulations of past climate the 
vegetation was prescribed, either from modern conditions (e.g. Jost el al, 
2005; Gómez-Navarro et al., 2011) or from reconstructions (e.g. Pollard and 
Barron, 2003; Renssen and Vandenberghe, 2003). Prescribed vegetation 
might not be consistent with the simulated climate.  
Other boundary conditions that have an impact on the climate include extent 
and location of ice sheets, detailed land-sea information, location of lakes 
etc. Regarding forcing conditions, uncertainties are related both to the solar 
forcing and to the content of greenhouse gases, mineral dust and other aero-
sols in the atmosphere. As an example, the inclusion of volcanic forcing is 
crucial for the model-proxy comparison in the last millennium (e.g. Wagner 
and Zorita, 2005; Jungclaus et al., 2010).  
When evaluating simulations of climate in the pre-observational period one 
is reliant on proxy data. But proxy data are sparse and suffer from uncertain-
ties, thus making their use for model evaluation and/or climate reconstruc-
tions problematic. Generally, the number of proxies and the quality of these 
proxies decrease the farther back in time you go (Wohlfarth, 2010). Further 
complicating the model-proxy comparison is the fact that proxy data often 
represent local scale climatic features; for example lake sediments only tell 
us something about the climate in the vicinity of the lake. Both climate mod-
el results and proxy data might therefore have to be adjusted or adapted to 
represent the same scale (e.g. Sugita, 2007).  
Here, the AOGCM CCSM3 (Collins et al., 2006) is used to produce bounda-
ry conditions to the Rossby Centre RCM, RCA3 (Samuelsson et al., 2011) to 
simulate Marine Isotope Stage 3 (MIS 3) and Last Glacial Maximum (LGM) 
climate over Europe at 50 km horizontal resolution. To make the simulations 
as realistic as possible a dynamic vegetation model (DVM) is used to pro-
duce vegetation that is consistent with the simulated climate. This is done in 
an iterative way by first forcing the DVM LPJ-GUESS  (Smith et al., 2001) 
with climate from a preliminary RCA3 simulation based on a priori infor-
mation on vegetation (present-day conditions). In a second step, the new 
vegetation produced by LPJ-GUESS is used in a new RCA3 simulation. This 
approach is supposed to yield simulated vegetation and climate conditions 
that are consistent with each other. 
The simulations cover 50-year periods representative of MIS 3 and LGM 
climate and vegetation, thus contributing to our knowledge about past cli-
mates. The simulations also test the performance of the models CCSM3, 
RCA3 and LPJ-GUES and investigate model-proxy comparisons. The results 



 13 

are then used as a reference to other simulations and reconstructions of 
MIS 3 and LGM (e.g. Gómez-Navarro et al., 2011; van Meerbeck et al., 
2011; Sima et al., 2013; Luetscher et al., 2015; Wang et al., 2015); studies of 
past ecosystems (e.g. Leppänen et al., 2011; Dool et al., 2013; Huntley et al., 
2013; Lindborg et al., 2013; Sümegi et al., 2013; Tzedakis et al., 2013; 
Horsák et al., 2015); studies of glaciers (e.g. Heyman et al., 2013); landscape 
dynamics (e.g. Fitzsimmons and Hambach, 2014; Schatz et al., 2015) and to 
provide information about placement of repositories of nuclear waste (e.g. 
Becker et al., 2014). 
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 Summary of papers 

Paper I 
Simulated climate conditions in Europe during the Marine Isotope Stage 3 
stadial 
 
The Marine Isotope Stage 3 (MIS 3, ~44 ka BP) was simulated by CCSM3 
and RCA3. MIS 3 was characterised by recurrent and abrupt changes from 
cold stadial to milder interstadial conditions, followed by a slower return to 
stadial conditions (Dansgaard et al., 1993). The Laurentide ice sheet covers 
the northern half of North America except Alaska. The Fennoscandian ice 
sheet roughly covers Norway and all of Sweden except for the southernmost 
part (Näslund et al., 2008). The sea surface is about 100 m below present 
conditions leading to a European continent larger than today and a closing of 
the Bering Strait (Peltier, 2004).  
CCSM3 was run for 1538 years until quasi-equilibrium was reached. The 
aim was to simulate a steady-state climate rather than the transition between 
climates. RCA3 was used to downscale one 50-year period of the long simu-
lation of MIS 3 conditions with CCSM3 and one 50-year period of the re-
cent-past (1961-1990) climate. LPJ-GUESS used output from RCA3 to sim-
ulate vegetation that is consistent with the simulated MIS 3 climate. After 
that RCA3 was once again run for a 50-year period, now using vegetation 
from LPJ-GUESS.  

CCSM3 simulated a globally colder annual mean temperature in MIS 3 
compared to the recent past. The colder conditions in MIS 3 were most 
prominent over the Laurentide and Fennoscandian ice sheets. A large part of 
this is because of the increased altitude over the ice sheets. The sea-ice cover 
in the North Atlantic during winter extends a few hundred kilometres south 
of Iceland and reaches the northernmost part of the British Isles in the east. 
Similarly, a larger sea-ice extent in the Pacific, with the southern limit close 
to 45 °N, is simulated. The simulated sea surface temperatures (SST) are 
compared with available proxies. The proxies have a global coverage, albeit 
with a clear predominance over the North Atlantic. SSTs are within ±5 °C of 
the proxy data for most locations. This is often outside the narrower 2 stand-
ard deviations uncertainty range defined for the proxies. Poor agreement is 
found for a few coastal sites, where strong coastal gradients are not captured 
because of the relatively low resolution of the model. For most other low-
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latitude sites the model is close to the proxies. At higher latitudes the agree-
ment is worse, as exemplified by several of the North Atlantic sites in sum-
mer where temperatures are more than 5 °C lower than indicated by the 
proxies. 

RCA3 simulated a pattern of atmospheric circulation in the North Atlan-
tic/European area similar to that simulated for the recent-past climate. A 
major difference is that the mean sea-level pressure (MSLP) is in general 
higher and the north–south pressure gradient over the North Atlantic weaker. 
The inter-annual variability represented by the normalized North Atlantic 
Oscillation (NAO) index (Hurrell, 1995) is about as large as in the recent-
past climate and shows a statistically significant correlation with precipita-
tion and temperature for many areas in Europe. The simulated temperature 
climate is dominated by a strong seasonal cycle and a pronounced north–
south gradient in winter. In the north, the effect of the ice sheet is clearly 
seen in the isotherms, which show very low temperatures in large parts of 
Fennoscandia. Compared with the recent-past climate, atmospheric winter 
temperatures over the ice sheet in northern Fennoscandia and Iceland and 
over parts of the ice-covered North Atlantic are 20 to 30 °C lower. In central 
Europe differences are about 5–10 °C, and in the Mediterranean area they 
are generally less than 5 °C. In summer most of continental Europe is 0–5 °C 
colder than in the recent-past climate, whereas parts of the British Isles are 
2.5–7.5 °C colder and northern Fennoscandia is 10–15 °C colder. These low 
temperatures compared with the recent-past climate are due mainly to the 
presence of the ice sheet in the north, but also to colder conditions in the 
North Atlantic. The simulated precipitation differs from precipitation in the 
recent past in that it is lower, most notably in winter by more than 50 % in 
large parts of Fennoscandia and over the North Atlantic. Sea-ice cover over 
much of the North Atlantic, as simulated by the model for large parts of the 
year, prevents evaporation and atmospheric convection, thereby leading to 
reduced locally generated precipitation compared with the modern situation. 
Furthermore, the generally weaker and southward-shifted westerlies in win-
ter lead to less precipitation in the northern part of the model domain. 

The LPJ-GUESS simulated MIS 3 vegetation differs from the prescribed 
modern vegetation. The main differences are that the forested areas in Scan-
dinavia and northern Russia are replaced by open tundra-like vegetation. 
Eastern Europe is an area that today is dominated by open land (agricultural 
areas), whereas it is represented by semi-open areas (tree cover c. 50–70 %) 
in the MIS 3 simulation. A comparison of the two RCA3 simulations with 
contrasting vegetation reveals that simulated regional climate patterns in 
parts of Europe are sensitive to feedbacks from vegetation. In some regions 
and seasons, relatively large discrepancies have been identified. Maximum 
differences of up to ±3 °C are obtained for February and March in the east-
ernmost part of the model domain. Warmer anomalies are caused by the 
more extensive semi-open areas with more trees than in today’s agricultural 
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landscape, which leads to higher average temperatures associated with lower 
albedo in winter when snow is present. Further to the north, cold anomalies 
are associated with less forest and more open tundra-like vegetation in the 
MIS 3 simulation, leading to higher albedo and lower temperatures. Differ-
ences are also simulated for summer, when more extensive forest cover, as 
compared with today’s situation in parts of south-eastern Europe, reduce 
night-time cooling thereby leading to higher temperatures. Maximum differ-
ences in July reach 1.5 °C. 

RCA3 indicated a cold and dry climate over Europe; available proxies 
suggested that the simulated winter climate was too warm. The simulated 
vegetation showed extended tundra-like vegetation in ice-free areas in north-
ern Europe and semi-open forest in parts of continental Europe and the Med-
iterranean coast. The new vegetation lead to temperature differences of up to 
1-3 °C in monthly mean temperature in parts of the year. The atmospheric 
circulation of the North Atlantic had a large influence on winter tempera-
tures in west-continental and northern Europe and precipitation in southern 
Europe. The resulting climate was in agreement with the imposed limited 
extent of the ice sheet over Fennoscandia during MIS 3 and favourable for 
permafrost growth in large parts of south-central Fennoscandia. 

Paper II 
High-resolution regional simulation of last glacial maximum climate in Eu-
rope 
 
The last glacial maximum (LGM, ~21 ka BP) is characterised by the largest 
ice volume in the last glacial cycle (i.e. the last 100 000 years) and very cold 
conditions. Climate models indicate that the annual global mean temperature 
was 1.85-9.17 °C colder than today (Kageyama et al., 2006, Braconnot et al., 
2007) and proxies that is was 4-7 °C colder (Schneider von Deimling et al., 
2006). Large ice sheets were found in Antarctica, North America, Greenland 
and Fennoscandia. The Fennoscandian ice sheet reached from the British 
Isles to north western Siberia with maximum altitude over Scandinavia (Pel-
tier, 2004). 

From a nearly 2000-year equilibrium simulation with CCSM3 for LGM 
conditions (Brandefelt and Otto-Bliesner, 2009) 50 years were used for pre-
scribing boundary conditions in the RCA3 LGM simulations. The simulation 
of the recent past climate used here as a reference is a 50-year-long continua-
tion of a simulation using constant forcing representative of year 1990 de-
scribed in Collins et al. (2006). RCA3 was used to downscale LGM and 
recent past conditions over Europe. LPJ-GUESS used output from RCA3 to 
simulate vegetation that is consistent with the simulated LGM climate. After 
that RCA3 was once again run for a 50-year period of LGM, now using veg-
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etation from LPJ-GUESS. Two additional sensitivity experiments for LGM 
were performed with RCA3: one with potential recent past vegetation and 
one with complete removal of the ice sheet.  

The annual global mean surface temperature in the CCSM3 LGM simula-
tion was 6.9 °C colder than in the CCSM3 simulation of the recent past cli-
mate. Differences in the oceans include a 50 % reduction in the strength of 
the Atlantic Meridional Overturning Circulation and lower annual mean SST 
with a maximum of 12 °C in the Nordic Seas and northern North Atlantic. 
The spatial pattern of the temperature anomaly in the North Atlantic and 
Nordic Seas coincides with the pattern of sea ice growth, i.e. the largest 
anomalies occur in the regions of more sea ice compared to recent past cli-
mate and smaller anomalies occur in regions that experience extensive sea 
ice already in the recent past climate. The same pattern in SST anomalies 
can be seen in the proxy data. The largest anomaly in the Southern Hemi-
sphere found in the simulated LGM climate occurs around 50°S, which is 
colder by 2–8 °C in summer and winter. This anomaly occurs, similar to the 
Northern Hemisphere, in regions where the sea ice extent is increased. 
CCSM3-simulated LGM SST falls within ±2 standard deviations of the 
MARGO proxy SST for most grid boxes around the globe. There is however 
a tendency that CCSM3 has a cold bias over the North Atlantic compared to 
proxies. 

RCA3 simulated annual mean temperatures below 0 °C in all of Europe 
north of about 50 °N. In winter, the situation is even more striking with the 
0 °C line encompassing basically all of continental Europe and monthly 
mean temperatures below −40 °C over the northern parts of the ice sheet. 
These very large differences are partly due to the perennial snow/ice cover 
but also a consequence of the high elevation of the ice sheet. During sum-
mer, the area with the lowest temperatures is more confined to the ice sheet. 
In ice-free parts of Europe temperature anomalies are stronger in the west as 
a consequence of the low SSTs in the North Atlantic in combination with the 
influence of prevailing northwesterlies in this region. In winter when most 
parts of Europe are snow covered, the north–south gradient is less pro-
nounced.  

RCA3 results were compared with pollen-based proxy data. The mean ab-
solute differences between simulated temperature and proxies are about the 
same for summer and winter. For summer, most simulated temperatures fall 
outside of the uncertainty range of the proxies. Comparison with the availa-
ble proxy data in central and southern Europe suggests that the simulated 
summer climate is too cold there. This may be a result of the cold SST bias 
over the North Atlantic in CCSM3. In eastern Europe, warm biases dominate 
in the few available records during summer. For winter, most simulated tem-
peratures fall within the uncertainty range of the proxies.  

Annual mean precipitation in RCA3 shows a broad maximum over the 
North Atlantic and the European continent. In winter, the differences com-
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pared to the recent past resemble those in the annual mean, albeit more pro-
nounced. This means mostly dry anomalies, except in the Iberian Peninsula, 
the southern Alps and Italy.  

All proxy data representing LGM precipitation are confined to southern 
Europe. A majority of the sites show reduced precipitation at LGM for both 
summer and winter, although the uncertainties are large. In terms of annual 
mean precipitation, model and proxy-based data agree fairly well. For the 
coldest month of the year, proxy-based data indicate small differences in 
precipitation compared with the recent past climate. The model, on the other 
hand, shows a spread with increased precipitation at some sites and decreas-
es at others. Summarizing, for most of the sites, the model is within the un-
certainty ranges defined for the proxies. 

The vegetation model simulates vegetation reminiscent of tundra and/or 
montane woodland over ice-free parts of central and southern Europe. Boreal 
needle-leaved trees dominate the tree canopy in the more continental climate 
of eastern Europe. In western Europe tree establishment was limited to 
broadleaved deciduous trees of the mountain birch type. A comparison of the 
two RCA3 simulations of LGM climate with different vegetation shows that 
the simulated regional climate patterns in parts of Europe are sensitive to 
feedbacks from such large differences in vegetation. The differences in tem-
perature are largest in March, 1–3 °C, close to but outside of the ice sheet 
and in the Alpine region. The differences are due to the less extensive forests 
in the LGM simulation, leading to higher albedo and thereby lower tempera-
tures. In summer, the differences in temperature are within ±1°C. 

CCSM3 produces a climate that is in broad agreement with most of the 
available SST reconstructions for LGM conditions on a global basis. In the 
North Atlantic region, CCSM3 is colder than proxies for about half of the 
records considered. RCA3 simulates a cold and dry climate in Europe for 
LGM in qualitative agreement with the imposed extent of the ice sheet over 
northern Europe. An exception to the dry climate is the Mediterranean re-
gion where precipitation is not that different from that in the recent past cli-
mate. The mean absolute difference between proxies and simulated climate 
is 2.5–5.5 °C for temperature and 15–23 mm/month for precipitation calcu-
lated as averages over all available records. The mean absolute differences 
between simulated temperature and proxies are about the same for summer 
and winter. For summer, most simulated temperatures fall outside of the 
uncertainty range of the proxies. The differences between the two LGM ex-
periments with different vegetation cover showed that regional vegetation 
features are important for the regional climate and should preferably be in-
cluded in RCM simulations. In spite of the higher resolution the model–
proxy comparison is not significantly improved by RCA3. However, the 
higher resolution in RCA3 enables detailed studies of, for example vegeta-
tion, ice sheet extent, variability, precipitation and lapse rate. This can pro-
vide important information on spatial variability that is essential when com-
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paring to studies involving detailed topographic features. In order to further 
constrain an RCM at its high level of detail, including seasonal and horizon-
tal variability, there is a need of more proxy data that should be associated 
with smaller error bars than in the data used here. 



 20

Conclusions and outlook 

The results presented here show that climate models are able to reproduce 
the main features of climate at MIS 3 and LGM both globally, with a global 
climate model (GCM) and regionally, with a regional climate model (RCM). 
Furthermore, the iterative simulations with the RCM and dynamical vegeta-
tion model (DVM) is concluded to be a viable approach, since the DVM 
produces vegetation close to the vegetation reconstructed from existing pal-
aeo data. This adds to our understanding of palaeo climate, if models and 
proxies agree models can fill the gaps in space and time between proxies. It 
also gives confidence regarding the performance of climate models, a model 
that performs well in different kinds of climates is more likely to perform 
well in other types of (e.g. future) climate. Although the RCA3 results for 
Europe are to a large degree governed by the boundary conditions from 
CCSM3, the higher resolution in RCA3 enables detailed studies of, for ex-
ample, vegetation, ice sheet extent, variability, precipitation and lapse rate. 
The simulated climate is in broad agreement with available reconstructions, 
although differences exist. These are, however, not only attributed to defi-
ciencies in the models, but also to uncertainties in the reconstructions. Con-
sequently, to reduce the differences between proxies and models, both prox-
ies and models have to be improved. To further constrain a RCM at its high 
level of detail, including seasonal and horizontal variability, it is concluded 
that there is a need for proxy data associated with smaller error bars than in 
the data used here.  
The sensitivity tests with different vegetation covers show that regional veg-
etation features are important for regional climate, and should be included in 
RCM simulations. A change in vegetation cover can give a change in month-
ly mean temperature of 1-3 °C in some seasons. Vegetation change on the 
regional scale, whether associated with natural changes or with human land 
use, play a substantial role for climate. 
Strong variations in the North Atlantic sea-ice cover makes the simulated 
past climates more temporally variable than the recent past, especially at 
LGM. This implies that future studies of palaeoclimate in Europe should 
take into account long time periods of several decades to include interannual 
and interdecadal variability. 
The results of this thesis point to a few topics that could be further investi-
gated in the future. Some of them regard improvement of the model simula-
tion and some regard our understanding of (past) climate. 
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Improving the climate models can reduce some of the uncertainties. There-
by, climate model simulations can be better used to constrain MIS 3 and 
LGM (and other) climates. Some of the differences in CCSM3 and proxy 
SST are clearly an effect of the low resolution in CCSM3. A higher resolu-
tion in CCSM3 could reduce these differences. The same goes for the RCA3 
simulations, although it is probably more efficient to increase the resolution 
in CCSM3 since the uncertainties in CCSM3 are inherited by RCA3.  
Another way to improve the climate models is to include more and better 
described components and processes, thereby making them more complete. 
This thesis touches upon three components that could be included in the 
climate models: atmospheric dust, ice sheets and vegetation. In this thesis 
these components are described indirectly, either by just prescribing them 
(dust and ice sheets) or simulating them outside the climate model (vegeta-
tion). A climate model that includes these components would not only simu-
late the climate better, but also simulate the response in e.g. ice sheets and 
vegetation to changes in climate; and the response in climate to changes in 
ice sheets and vegetation.  
The interplay between the Laurentide and Fennoscandian ice sheets (primari-
ly at LGM) and the general circulation, and thus climate, could be investi-
gated further. In this thesis, the ice sheets were only removed in RCA3 
which limits the effect on atmospheric circulation. Removal of and/or 
change in ice sheets in a GCM would enable a more comprehensive study. 
Dynamical ice sheets would also better answer the question whether the 
climate agrees with the assumed ice sheet extent. 
The interaction between vegetation and climate could be investigated fur-
ther, also in other time periods. In this study vegetation changes contributed 
with a small change in climate conditions very different from today’s cli-
mate. During the last 6000 years when climate has been more like today, 
humans could potentially have had a large impact on regional climate by 
vegetation changes, long before emissions of CO2 from fossil fuel combus-
tion (Strandberg et al., 2014). During this period deforestation was substan-
tial in Europe. These vegetation changes could be investigated both as a 
driver of regional climate via biogeophysical effects (as in this thesis) and as 
a driver of global climate via changes in greenhouse-gas concentrations and 
teleconnections. The former could be done with a RCM, while the latter 
would require GCM simulations. Since the response in climate can vary 
significantly between regions, and since even the sign in temperature and 
precipitation response depends on local/regional characteristics, high resolu-
tion simulations would be required. In general, the climate forcing from veg-
etation changes could be better constrained, also in the present climate.      
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