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1. INTRODUCTION 
 
The global climate is changing continuously. The causes and the time-scales of the climate changes 
vary (Harvey, 2000). The climate changes and variations can be caused either by external climate 
forcings or by the internal dynamics of the climate system. External climate forcings include 
natural phenomena such as continental drifts (Wessel & Müller 2015), variations in solar insolation 
(Berger and Loutre 1991) and solar irradiance (Haigh 1996; Ammann et al. 2007), volcanic 
eruptions (Ammann et al. 2007, Anchukaitis et al. 2010), as well as human-induced changes in the 
composition of the Earth’s atmosphere (IPCC 2013). The climate system’s own internal dynamics 
comprise of interactions and feedback effects between the various components of the climate 
system, e.g., atmosphere-biosphere interaction (Frank et al. 2010), the ice-albedo feedback effect 
(e.g., Joughin and Alley 2011), and troposphere-stratosphere interaction (Manzini et al. 2014). The 
climate changes might be slow – like those driven by continental drifts where the slowest changes 
take hundreds of millions of years -  or fast like cooling caused by large volcanic eruptions. The 
climate also variates from year-to-year (inter-annually) due to large-scale atmospheric circulation 
variability, driven among other things by variation in ocean surface temperatures (Alexander et al. 
2009) and ice and snow cover (Cohen et al. 2014). 
 
Climate changes have versatile impacts. The general aim of this thesis has been to increase our 
understanding on a set of past and future impacts of climate change (at regional scale) over Europe. 
For assessing climate variation and change and their impacts, we need appropriate tools. The 
complex interactions of the climate system are simulated by numerical models. These climate 
models simulate the interactions quantitatively by differential equations based on the basic laws 
of physics, fluid motion and chemistry. In this work I demonstrate how the state of the climate 
system can be simulated in time scales ranging from weeks to 100,000 years. In addition to this, I 
introduce examples of climate change impact studies.  
 
I start with investigating the climate of the last glacial cycle (126,000 to 0 years ago) and its impact 
on human population size in Europe during the end of the last glaciation, about 30,000 to 13,000 
years ago. Humans inhabited Europe (e.g., Vermeersch, 2005) even during the coldest stage of the 
last glaciation, about 21,000 years ago, when the global climate was about 4 to 7 degrees cooler 
than at present (Masson-Delmotte et al. 2013). It is, however, still unclear how much the climate 
variations during the end of the last glacial affected human population size in Europe during that 
time. Hence, in this thesis I study: 
  

1. how to reproduce spatial patterns of the climate in Europe during the last glacial cycle, 
126,000 to 0 years ago (Paper III), and 
 

2. whether climate was an important driver of the hunter-gatherer population dynamics in 
Europe during the end of the last glaciation, 30,000 to 13,000 years ago (Paper IV).  

 
As natural climate changes have caused significant ecosystem shifts and species extinctions during 
the past million years (IPCC, 2014), present day species and ecosystems of the Earth are affected 
by the ongoing human-induced climate change (IPCC, 2018). As forest ecosystems have an 
important role in climate change mitigation as carbon sinks, and in economy as “the green gold”, 
their wellbeing is important. To support planning the forest management practices, estimates of 
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the climate change impacts on forest ecosystems under human-induced climate change are needed. 
In this thesis I investigate the human-induced climate changes effect on windiness and forest fire 
risk, more precisely: 
 

3. how the climate-based forest fire risk has changed in Europe between 1960 and 2012 under 
the on-going human-induced climate change  (Paper II), and 

 
4. how the mean and extreme winds are projected to change during the 21st century over 

Northern Europe in projections performed with nine global circulation models (GCMs) 
employing the Special Report on Emission Scenarios (SRES, Nakicénovic et al., 2000) 
A1B, A2 and B1 scenarios (Paper I). 

 
According to Coupled Model Intergovernmental Project 5 (CMIP5) model simulations, the 
human-induced climate change might lead also to changes in the stratospheric flow, for example 
the increase of greenhouse gases in the atmosphere might have a decreasing impact on the strength 
of the winter time stratospheric polar vortex (Manzini et al. 2014). The stratospheric polar vortex 
has significant impact on the winter time surface weather in Northern Europe (Kidston et al. 2015), 
and as there is a potential these stratospheric conditions might change in the course of human-
induced climate change, it is important to know their connection to the surface weather.   
 
During boreal winter the stratospheric polar vortex influences the surface weather in the Northern 
Hemisphere within weeks or months (Baldwin and Dunkerton 1999, Limpasuvan et al. 2005, 
Thompson et al. 2002, Tomassini et al. 2012, Kidston et al. 2015): the weaker (stronger) than 
average stratospheric polar vortex is connected to colder (warmer) than average surface 
temperatures in Northern Europe. Further, the stratospheric polar vortex is influenced by the 
Quasi-Biennial Oscillation (QBO), a quasiperiodic oscillation of the equatorial zonal wind 
between downwards propagating easterlies and westerlies in the tropical stratosphere with a mean 
period of 28 to 29 months (Baldwin et al., 2001); easterly (westerly) QBO often coincides with 
weaker (stronger) stratospheric polar vortex (Holton and Tan, 1980). The QBO–stratospheric polar 
vortex–surface weather connection holds a potential to improve Extended-range forecasts (ERF; 
lead time 14 to 46 days, Domeisen 2019a, 2019b), which forecasting skills of the surface weather 
are still rather modest in the Northern latitudes. In this thesis my aim is to utilize the connection 
between the stratospheric polar vortex and the Northern Europe’s winter surface weather in 
improving ERFs, more precisely I study: 
 

5. how the teleconnection between the QBO and the stratospheric polar vortex between 1981-
2016 could be utilized in improving extended range temperature forecasts in Northern 
Europe (Paper V). 
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2. BACKGROUND 
 
In the following Sections, we briefly introduce needful background knowledge about the main 
climate variations and changes studied in this thesis. 
 

2.1 Glacial climate 
The continental drifts (Wessel & Müller 2015) alter the global climate by altering the Earth’s land-
ocean distribution, the ocean currents, and land form, and also by affecting the composition of the 
atmosphere. The continental drifts are considered to be the fundamental reason for the glacial times 
that have occurred on the time-scales of hundreds of millions of years. 
 
Within glacial times the climate has varied between glacials and interglacials driven largely by 
changes in Earth’s orbit (Crucifix et al. 2006; Berger and Loutre 1991; Masson-Delmotte et al. 
2013). According to paleoclimatic reconstructions from the ice cores and ocean sediments, the 
Earth’s climate has during the last 650,000 years varied between glacial and interglacial conditions 
with a strong periodicity of approximately 100,000 years (EPICA community members 2004). The 
orbital theory states that glaciations are triggered by minima in summer insolation in the Northern 
high latitudes. This enables the snow aggregated during the winter to stay over the summer and 
therefore to gradually accumulate, generating the Northern Hemisphere continental ice sheets. 

Figure 1a) depicts the solar insolation in June at 60 °N between 40,000 years Before Present (BP, 
i.e., before 1 January 1950 AD) and 2050 AD calculated by Berger and Loutre (1991). 
 
The last glaciation, the Weichselian glaciation began about 115,000 years ago and ended about 
11,500 years ago. Figure 1c shows a proxy of local temperature in the Antarctic between 40 kyr 
BP and 0.1 kyr BP. During the coldest stage of the Weichselian glacial, the Last Glacial Maximum 

(LGM) about 20 kyr BP, the global mean temperature is estimated to have been 3 to 8 °C lower 
than the pre-industrial climate (Masson-Delmotte et al. 2013) and large continental ice sheets 
covered Northern Europe and Northern North America (Ehlers and Gibbard, 2004). The well-
known insolation variations do not alone explain these variations. They have indeed been 
amplified by the interactions and feedbacks of the Earth’s climate system. For example, if the 
summer insolation in the Northern high latitudes decreases due to orbital changes, the climate 
cools and increasing amounts of precipitation are achieved as snow. This leads to whiter surfaces 
which reflect more of the incoming solar radiation causing more cooling, which causes more snow 
and ice, and so on, in a self-reinforcing cycle. This is called the ‘ice-albedo feedback’ and it works 
the opposite in warming climate; warmer temperatures melt snow and ice, which reveals darker 
surfaces that have previously been beneath the snow and ice, and these darker surfaces absorb 
more of the solar radiation, leading to more warming. 
 
Other important feedbacks of the climate system include the responses of the carbon cycle, the 
hydrological cycle and the terrestrial biosphere (Crucifix et al. 2006). Proxy data from ice cores 
reveal that during the glacial cycles the atmospheric CO2 concentration has varied between 180 
ppm and 300 ppm (EPICA community members 2004; Petit et al. 1999). Figure 1b) depicts the 
atmospheric CO2 concentration between 40 kyr BP and 0.1 kyr BP reconstructed from ice cores. 
During the LGM the global cooling resulted from the presence of the Northern Hemisphere ice 
sheets, the decreased atmospheric CO2 concentration, shrunken vegetation cover and increased 
atmospheric dust content (e.g., Otto-Bliesner et al. 2006, Shaffer & Lambert 2018). 
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Figure 1 a) June solar insolation at 60 °N between 40 kyr BP and 2050 AD (Berger and Loutre, 

1991). b) Reconstructed (Vostok ice core, EPICA and Law Dome) and direct measurements 

(Mauna Loa) of the atmospheric CO2 concentration between 40 kyr BP and 2018 AD. The grey 

shading shows the range of the reconstructed atmospheric CO2 concentration during 650,000 

years before the industrialization (EPICA community members 2004). c) δD%0, a proxy of local 
temperature at the Antarctic between 40 kyr BP and 0.1 kyr BP (EPICA community members 

2004). d) Global land-ocean temperature index between 1880 AD and 2018 AD (Lenssen et al. 

2019). The blue (yellow) shading indicates the Weichselian glaciation (Holocene interglacial). 

Figure compiled by the author from the mentioned sources. 

 

2.2 Human-induced climate change 
After the solar insolation maximum about 11.5 kyr BP as depicted in Figure 1a, the Earth’s climate 
warmed so much that the Weichselian glacial ended and the current interglacial, the Holocene, 
started. During the Holocene interglacial, the atmospheric carbon dioxide (CO2) concentration was 
stable between 260 and 280 ppm for more than 10,000 years (Figure 1b, Monnin et al. 2004). 
During the industrialized era (the last 270 years), human activities have increased the atmospheric 
CO2 concentration from its pre-industrial values of 280 ppm to about 418 ppm (MacFarling Meure 
et al. 2006; Keeling and Whorf 2005, see Figure 1b), primarily by the combustion of fossil fuels 
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and deforestation, but also by cement production and other land-use changes. While human 
activities affect the climate change in many direct and indirect ways, the CO2 emissions are 
considered the single largest anthropogenic factor contributing to the observed global mean 

temperature rise of ca. 1 °C during the last 150 years (IPCC, 2018), depicted in Figure 1d. 
Depending on the greenhouse gas emissions the global mean temperature is projected to rise 
0.5…4 degrees during the ongoing 21st century, higher emissions leading to higher changes in the 
mean temperature (IPCC, 2018; Figure 2). 
 

2.3 Inter-annual variability of winter temperatures in Northern Europe 
 
The see-saw of the annual mean global mean temperature (Lenssen et al. 2019) in Figure 1d depicts 
the inter-annual variability of the global mean temperature. It is different from the global mean 
temperature change which is identified by changes in the mean temperature that persists for an 
extended period, typically decades or longer. Inter-annual variability of climate is caused by the 
redistribution and changes in the amount of energy around the globe leading to changes in climate 
variables such as pressure and temperature. The amount and movement of energy are driven among 
other things by variation in ocean surface temperatures, volcanic activity, and ice and snow cover.  
 
The inter-annual variability of climate is particularly strong in the high latitudes, e.g., in Finland 

the annual mean temperature was in 1981-2010 on average about 2.3 °C with the minimum of -0.4 

°C in year 1985 and the maximum of 3.8 °C in year 1989 (Mikkonen et al. 2015). In Northern 
Europe one of the important indicators of the large-scale weather patterns is the phase of the Arctic 
Oscillation (AO). The AO is a climate pattern characterized by winds circulating counterclockwise 
around the Arctic at around 55°N latitude (Baldwin and Dunkerton 1999). The positive AO phase, 
as schematically depicted in Figure 3a, is characterized by lower than average pressure in the 
Arctic and strong westerly winds around the North pole keeping the cold Arctic air locked in the 
polar region and bringing milder and wetter than average weather to Northern Europe. The 
negative AO phase, as schematically depicted in Figure 3b, is characterized by higher than average 
surface pressure in the Arctic, and the meandering and/or weakening of the polar jet stream and 
tropospheric jet stream enabling cold arctic/polar air outbreaks to Northern Europe. 
 
The difference in annual mean temperatures emphasize the effect of the dominating large-scale 
weather patterns: in 1985 negative AO indexes dominated during winter months and the annual 

mean temperature in Finland was -0.4 °C, whereas in 1989 positive AO indexes dominated during 

most of the whole year and the annual mean temperature in Finland was 3.8 °C (Mikkonen et al. 
2015). 
 
During winter time the phase of the AO is affected by the northern stratospheric polar vortex. The 
stratospheric polar vortex is an upper-level low-pressure area that forms over both the northern 
and southern poles during winter due to the growing temperature gradient between the pole and 
the tropics. Strong westerly winds circulate the stratospheric polar vortex, isolating the gradually 
cooling polar cap air. The strength of the northern stratospheric polar vortex varies from year to 
year and can be indicated by, e.g., the zonal mean zonal wind speed (ZMZW) at 60 °N and 10 hPa 
or polar cap temperatures. The stronger the circumpolar winds and the colder the polar cap 
temperatures are, the stronger is the polar vortex. Planetary waves from the troposphere disturb 
the northern stratospheric polar vortex, leading to meandering and weakening of the westerlies and 
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occasionally to reverse, i.e., easterly flow (Schoeberl, 1978). This weakening of the stratospheric 
polar vortex also leads to warming of the polar cap temperatures, sometimes even > 30–40 °C 
within several days. A warming of this magnitude together with a reversal of the ZMZW at 10 hPa 
at 60 °N is commonly defined as a major sudden stratospheric warming (SSW), albeit other 
definitions also occur (Butler et al. 2015). During boreal winters, the strength of the stratospheric 
polar vortex influences the surface weather in the Northern Hemisphere within weeks or months 
(Baldwin and Dunkerton 1999, Limpasuvan et al. 2005, Thompson et al. 2002, Tomassini et al. 
2012, Kidston et al. 2015): the weaker (stronger) than average stratospheric polar vortex is 
connected to negative (positive) Arctic Oscillation (AO) and colder (warmer) than average surface 
temperatures in Northern Europe. 
 

 
Figure 2. The ongoing global warming and the projected rise in the global mean temperature 

during the current century under different greenhouse gas emission scenarios (Figure source: 

IPCC (2018), Finnish Meteorological Institute, Finland’s Ministry of Environment, Ilmasto-

opas.fi).  

 
 

 
Figure 3 A Schematic figure of the positive AO (a) and negative AO (b) and their effects. The red 

encircled L (blue encircled H) represent centers of low (high) pressure systems over the North 

Atlantic. Figure by the author. 
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During boreal winter the quasi-biennial oscillation (QBO), a quasiperiodic oscillation of the 
equatorial zonal wind between downwards propagating easterlies and westerlies in the tropical 
stratosphere with a mean period of 28 to 29 months (Baldwin et al. 2001), affects the polar vortex. 
The easterly (westerly) QBO often coincides with weaker (stronger) than average polar vortex. 
There is no precise consensus of the mechanisms of this tropical-extratropical connection, but the 
most common explanation is that the QBO affects the polar vortex via the Holton Tan effect: 
During easterly QBO, small amplitude planetary waves are reflected back towards the North Pole 
weakening the polar vortex (Holton and Tan 1980, 1982; Watson and Gray 2014, Gray et al. 2018). 
In model simulations by Garfinkel et al. (2018) a weakened stratospheric polar vortex during the 
easterly QBO phase compared to the westerly phase was found in early winter (October–
December). 
 

2.4. Simulation of climate in different time scales 
 
Past, present and future climates on time-scales of 100 years are commonly studied by atmospheric 
General Circulation Models (GCMs) coupled with modules simulating the marine, land biospheres 
and the sea ice. The resolution of such global GCMs is usually 100–300 km. The human-induced 
climate change is projected with GCMs. In these models the effects of changes in the forcing 
conditions – e.g. enhanced greenhouse gas concentrations – to the climate system are simulated. 
There are large uncertainties in the climate change projections, uncertainties like natural variation 
of climate, the uncertainties in the future emissions and model’s simplicities. Moreover, when 
projecting the feedback effects of the ecosystems, the uncertainty is caused also by the uncertainty 
of human action and nature’s ability to adapt to the changing environment. The GCMs project that 
the Earth’s climate is going to warm further during the next centuries (IPCC 2013), as the 
anthropogenic emissions continue to rise the atmospheric CO2 concentration. Further, the global 
mean temperature is projected to rise 0.5…4 degrees during the ongoing 21st century, depending 
on the greenhouse gas emissions (IPCC, 2018; Figure 2).  
 
GCMs with coupled ice sheets are computationally too expensive to simulate full glacial cycles 
(100,000 years). Therefore, the GCMs have only been used to simulate glacial climate with pre-
scribed ice sheets. For example Otto-Bliesner et al. (2006); Brandefelt and Otto-Bliesner (2009), 
and Brady et al. (2013) have done time-slice simulations of the distant past climate, and Smith and 
Gregory (2012) have simulated the whole last glacial cycle by atmosphere-ocean general 
circulation models with prescribed ice sheets. 
 
Computationally suitable models for modelling glacial climate in time-scales of 100,000 years are 
Earth system models of intermediate complexity (EMIC; Claussen et al., 2002; Petoukhov et al., 
2005). In terms of their complexity the EMICs lie between simple energy-balance models and 
comprehensive general circulation models (GCMs).  The spatial resolution of the EMICs is low, 
which enables very long simulations with reasonable computing time. The atmospheric, ocean, sea 
ice, land surface, terrestrial vegetation and ice sheet components of the EMICs are simplified 
further decreasing the computing costs. The EMICs are run by prescribed solar forcing 
(insolation), and atmospheric greenhouse gas concentrations. EMICs are suitable for simulating 
climate in a time scale of 100,000 years, however due to their coarse resolution, the output is not 
directly usable for regional scale climate risk assessments or bioclimatic studies.   
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3. MATERIALS AND METHODS 
 
In the following sections we introduce the data and methods used in Papers I to V.  
 

3.1 Glacial climate in Europe 
 
In Paper III we downscaled the coarse output an EMIC simulation of the last glacial cycle (126 
kyr BP to 0 kyr BP) into regional scale, and in Paper IV we used the downscaled climate data 
representing 30 to 13 kyr BP in estimating human population size in Europe during that period. 
Figure 4 depicts the flow chart of the materials and topics of Paper III and Paper IV and Table 1 
summarizes the data used in Papers III and IV. 
 

 
Figure 4 Flow chart showing the material and topics of Papers III and IV. Figure by the author. 

 

3.1.1. Downscaling of a glacial climate simulation (Paper III) 

Glacial climate was simulated by the EMIC CLIMBER-2 (Ganopolski et al. 2010; Petoukhov et 
al. 2000; Ganopolski et al. 2001). The CLIMBER-2 comprises of six earth system components: 
atmosphere, ocean, sea ice, land surface, terrestrial vegetation and ice sheets. The first five 
components are represented by coarse-resolution modules of intermediate complexity. The ice-
sheet component is a three-dimensional polythermal ice-sheet model SICOPOLIS (Greve, 1997; 
Calov et al. 2005).  
 
To downscale the coarse output of the CLIMBER-2 into suitable regional scale, we used GAMs. 
In GAMs (Hastie and Tibshirani, 1990; Wood, 2006) the statistical expectation (E) of the 
predictand (Y) were modelled using the sum of univariate spline functions of the p predictors 
(X1,..., Xp), such that  𝐸(𝑌|𝑋1 . . . 𝑋𝑝) = ∑ 𝑓𝑗(𝑋𝑗)𝑝𝑗=1 ,       (1)  

where the potentially non-linear spline functions fj had a non-parametric form. 
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The calibration of GAMs is data driven, and the shape of the response is not forced to any 
parametric form. GAMs are called semiparametric models, as the probability distribution of the 
predictand should be known. The downscaled parameters, i.e., the predictands, were annual mean 
precipitation and annual mean temperature (see Table 1). As temperature data classically satisfy 
the normality assumption, the response variable mean temperature was expected to follow a 
normal distribution. According to Cheng and Qi (2002), the cumulative precipitation data can be 
modelled by a lognormal distribution, hence the total precipitation response variable was log-
transformed and expected to follow a normal distribution. For fitting the GAM, all the data were 
to be represented at the same spatial resolution. We used a resolution of 1.5° in latitudinal and 
0.75° in longitudinal dimensions. The GAMs were fitted by an R package “mgcv”, for Europe 
(36–70° N, 10° W–69° E). The GAMs were calibrated by observations of present day climate 
(Mitchell and Jones, 2005) and by the output of CCSM3 GCM simulation of LGM climate (Brady 
et al. 2013).  
 
The best fit for downscaling the annual mean precipitation were attained with following predictors: 
CLIMBER-2 bi-linearly interpolated annual mean precipitation, latitude, longitude, elevation of 
the grid point, and direction of the steepest slope. Moreover, the best fit to downscale annual mean 
temperature were attained by following predictors: CLIMBER-2 bi-linearly interpolated 
temperature, latitude, longitude, elevation and the shortest distance to the ice sheet margin. 
 
The downscaled annual mean temperatures were compared to two pollen-based reconstructions of 
annual mean temperature by Heikkilä and Seppä (2003) and Antonsson et al. (2006). Moreover, 
the downscaled annual mean surface temperature and precipitation of the 44 kyr BP climate were 
compared to RCA3 regional climate model simulation output by Kjellström et al. (2010) 
representing 44 kyr BP annual mean surface temperature and precipitation over Europe. 
 

3.1.2 Human population calibration model (Paper IV) 

Climate envelope models use associations between climate and the occurrences of species to 
estimate how populations change in response to climate change (Pearson and Dawson 2003). The 
human population size in Europe between 30 and 13 kyr ago was simulated by a population 
calibration model constructed by ethnographic data on modern terrestrially adapted mobile hunter-
gatherers and their climatic space (Binford 2001), see Table 1. This population calibration model 
used potential evapotranspiration, water balance and the mean surface temperature of the coldest 
month as input to predict the hunter-gatherer presence and population density. The climatic input 
were achieved by statistical downscaling (section 3.1.1) of the CLIMBER-2 climate model 
simulation of the last glacial cycle (Ganopolski et al. 2010). The simulated range and size of the 
human population was compared to archeological data (Vermeersch 2005), see Table 1. 
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Table 1 Data used in Papers III–IV. 

Paper Data Source Time period Area 

III Monthly mean: 
• surface temperature 
• total precipitation  
• direction of the steepest 
slope  
• elevation  
• the shortest distance to the 
ice sheet margin 

CLIMBER-2-SICOPOLIS  
(Ganopolski et al. 2010) 

126–0 kyr BP Europe 

GCM: CCSM3  
(Brady et al. 2013) 

21 kyr BP 
0 kyr BP 

Europe 

RCM: RCA3  
(Kjellström et al. 2010) 

44 kyr BP Europe 

Monthly mean: 
• surface temperature  
• total precipitation 

Mitchell and Jones (2005) 1961-1990 Europe 

• pollen-based 
reconstructions of annual 
mean temperature 

Heikkilä and Seppä (2003) 
Antonsson et al. (2006) 

10–0 kyr BP Laihalampi 
(Finland) 
Gilltjärnen 
(Sweden) 

IV • ethnographic data from 
127 hunter-gatherer 
populations and their 
climatic space 

Binford (2001) Recent 
historical 
times 

Global 

• potential 
evapotranspiration 
• water balance  
• mean surface temperature 
of the coldest month 

World CLimDatabase  
(Hijmans et al., 2005) 

Means of 
1950–2000 

Global 

CLIMBER-2-SICOPOLIS 
(Paper III) 

30–13 kyr BP Europe 

• archaeological proxy of 
population size based on 
radiocarbon dates 

Vermeersch (2005) 30–13 kyr BP Europe 
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3.2 Human-induced climate change impacts in Europe 
 

3.2.1 Trend analysis of the Canadian Fire Weather Index (FWI) (Paper II) 

We studied the change in the forest fire danger in specified land areas of Northern, Western, 
Eastern and Southern Europe (see Figure 11 (a) and (c) for the specified land areas) in 1980-2012 
by ERA-Interim reanalysis (Dee et al. 2011), and in 1960-1999 by ERA-40 reanalysis (Uppala et 

al. 2005), see Table 2. The spatial resolution was 2.5° × 2.5° for ERA-40 and 1.5° × 1.5° for ERA-
Interim. We used a much used measure for forest fire danger: the Canadian Fire Weather Index 
(FWI, Van Wagner 1987). The FWI was calculated using the precipitation sum of the previous 24 
h, midday temperature, relative humidity, and wind speed. We used the R package “fume” (Bedia 
et al. 2015) to calculate the March-September mean of the FWI and their trend, see Figure 5. The 
trend of the March-September mean FWI was analyzed by the Mann-Kendall test (Mann, 1945; 
Kendall, 1975).  
 
Further, we investigated how the number of days with high fire danger risk as assessed using FWI 
have changed within 1960-2012. The threshold of FWI values larger than 20 was regarded as 
applicable for high fire danger risk for cool climates and was used in whole Europe and in the 
specified areas. For southern Europe we used the threshold of FWI values larger than 45 for high 
fire danger risk as FWI values larger than 45 are relatively common there. 
 
Moreover, we studied the relationship between the March-September mean FWI and 
corresponding national forest fire statistics in Finland, Greece and Spain, see Table 2. 
 

 
Figure 5 Flow chart showing the material and topics of Paper II. Figure by the author. 

 
 

3.2.2 Projected changes in the geostrophic wind speeds (Paper I) 

We explored the projected changes in the mean and extreme geostrophic wind speeds in Northern 
Europe from simulations of nine GCMs (Table 2). These models were selected from the Coupled 
Model Intergovernmental Project 3 (CMIP3) archive (Meehl et al. 2007) on the basis of spatial 
resolution being at least about 300 km (T42). We investigated three simulation periods: a baseline 
period for years 1971-2000, and future projections for 2046-65 and 2081-2100. The baseline 
period’s (1970-2000) wind climate was compared to ERA-40 reanalysis (Uppala et al. 2005) (see 
Table 2) and the future scenarios were compared to the baseline period. 
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Table 2 Data used in Papers I and II. 

Paper Data Source Time 
period 

Area 

I Daily mean 
• surface air pressure 
• surface temperature 

ERA-40 reanalysis  
(Uppala et al., 2005) 

1971–2000 Northern 
Europe 

GCMs (CMIP3, Meehl et al. 2007): 
BCCR-BCM2.0 
CGCM3.1(T63) 
CNRM-CM3 
ECHAM5/MPI-OM 
GFDL-CM2.1 
IPSL-CM4 
MIROC3.2(hires) 
MRI-CGCM2.3.2  
NCAR-CCSM3 

1971–2000 
2046–2065 
2081–2100 

Northern 
Europe 

II • 12 UTC surface temperature 
• 24h precipitation sum  
Daily mean 
• Relative humidity 
• Wind speed 

ERA-40 reanalysis (Uppala et al., 
2005) 

1961–1999 Europe 

ERA-Interim reanalysis  
(Dee et al., 2011) 

1980–2012 Europé 

Forest fire statistics 
• Total burned area 
• Number of fires 

Koutsias et al. (2013) 1977–2010 Greece 

EGIF, General statistics of Wildfires  1969–1999 Spain 

Finnish Forest research Institute 
(2010) 

1960–2012 Finland 

 
The future projections by the GCMs were forced by the Special Report on Emissions Scenarios 
(SRES, Nakicénovic et al. 2000), which are scenarios developed to estimate the unknown future 
greenhouse gas emissions and hence the atmospheric greenhouse gas concentrations of the 21st 
century. The SRES scenarios were used in the Third Assessment Report (IPCC, 2001) and in the 
Fourth Assessment Report (IPCC, 2007) of the Intergovernmental Panel on Climate Change 
(IPCC). The SRES-scenarios represent to two classes: consumer society scenarios with a more 
economic focus (A-scenarios) and scenarios aiming to sustainable development with a more 
environmental focus (B-scenarios). Here, three greenhouse gas scenarios B1, A1B, and A2 were 
utilized. The A2-scenario represents a rather pessimistic future with continuation of using fossil 
fuels resulting in high emissions and atmospheric CO2 concentration of about 850 ppm by 2100 
(see Table 3). The B1-scenario is a rather optimistic scenario with an emphasis on sustainable 
development with rapid development and introduction of environment friendly technology leading 
to decrease in greenhouse gas emissions with atmospheric CO2 concentration of 550 ppm by 2100 
(see Table 3). The A1B scenario represents an intermediate of the A2 and B1 scenarios with 
atmospheric CO2 concentration of 720 ppm by 2100 (see Table 3).  
 
In the IPCC Fifth Assessment Report (IPCC, 2013) updated greenhouse gas emission scenarios. 
Representative Concentration Pathway (RCP, van Vuuren et al. 2011) scenarios, were used. The 
RCPs are named after each scenario’s corresponding change in the radiative forcing by year 2100 
in comparison to pre-industrial radiative forcing. Thus, the additional radiative forcing by 2100, is 
in RCP2.6: 2.6 Wm-2, in RCP4.5: 4.5 Wm-2, in RCP6: 6.0 Wm-2, and in RCP8.5: 8.5 Wm-2. In 
RCP2.6 the global annual greenhouse gas emission peak between 2010–2020 and decline 
substantially thereafter leading to atmospheric CO2 concentration of 421 ppm by 2100. In RCP 4.5 
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the global annual greenhouse gas emissions peak around 2040 and decline thereafter, resulting in 
atmospheric CO2 concentration of 538 ppm by 2100. In RCP6, the emissions peak around 2080 
and then decline leading to atmospheric CO2 concentration of 670 ppm by 2100.  In RCP8.5 the 
global greenhouse gas emissions continue to rise throughout the 21st century leading to high 
atmospheric CO2, about 936 ppm (see Table 3). Projections based on the RCP scenarios were not 
available at the time Paper I was written and hence, in the discussion, we briefly compare our 
results to Ruosteenoja et al. (2019) who studied geostrophic wind speed changes over Europe with 
21 GCMs from CMIP5 dataset forced by RCP4.5 and RCP8.5 scenarios, and to the review paper 
on storminess over the North Atlantic and northwestern Europe by Feser et al. (2015). 
 
Comparison of SRES and RCP according to the atmospheric CO2 concentration rates in 2100: 

 A2 scenario is between RCP6.0 and RCP8.5, 

 B1 is nearest to RCP4.5, 

 A1B is nearest to RCP6.0. 
 
Table 3 Projected atmospheric CO2 concentrations in 2100 in selected SRES and RCP scenarios. 

Scenario Projected Atmospheric CO2 concentration in 2100 

A2 850 ppm 

B1 550 ppm 

A1B 720 ppm 

RCP2.6 421 ppm 

RCP4.5 538 ppm 

RCP6.0 670 ppm 

RCP8.5 936 ppm 

 
In Paper I we investigated the geostrophic wind speeds rather than the simulated true surface wind 
speeds, as the geostrophic wind speeds are less affected by the model parametrization than the true 
surface wind speeds (Feser et al. 2015). The analysis focused on the high wind season from 
September to April. The annual maximum geostrophic wind speeds were investigated by 
comparing the 10-, 50-, and 100-year return periods of the baseline and future periods during the 
high wind season (September-April), see Figure 6. For the return period estimates we employed a 
free R software “extRemes” (Katz et al. 2005) using the Generalized Extreme Values -
methodology (GEV, Coles, 2001) and the block maxima approach. 
 

 
Figure 6 Flow chart showing the material and topics of Paper I. Figure by the author. 
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3.3 Statistical post-processing of ERFs (Paper V) 
In Paper V we explored which stratospheric precursors favored statistically significantly weaker 
AO during the following 1-6 weeks in winters 1981-2016. Furthermore, we used the found 
precursors in post-processing winter surface temperature reforecasts of the European Centre for 
Medium-Range Weather Forecasts (ECMWF) (Vitart 2014) for forecast weeks 1 to 6 over 
Northern Europe.  
 

3.3.1 Definition of the stratospheric wind indicator (SWI) 

In Paper V (in review) the observed minimum AO indexes in the 1–6 weeks following the first 
Monday (as in 2017) in November-February in 1981-2016 were investigated. Inspired by the 
interactive comments by anonymous referees, we here show the observed mean (instead of 
minimum) AO indexes after all Mondays (as in 2017) in November-February in 1981-2016. More 
precisely, we examined the observed mean daily AO indexes (downloaded from the National 
Oceanic and Atmospheric Administration Climate Prediction Center) during the 1–2 weeks, 3–4 
weeks, and 5–6 weeks following different phases of QBO (provided by the Free University of 
Berlin) and strengths of the daily ZMZW at 60°N and 10 hPa (provided by the National 
Aeronautics and Space Administration), see Table 4. As Scaife et al. (2014) demonstrated 
indicators of a more negative AO in the easterly QBO at level 30 hPa than in the westerly QBO 
phase at this level, we explored the AO index 1–6 weeks after following predictors: 

 westerly QBO at 30 hPa, the WQBO,   

 easterly QBO at 30 hPa, the EQBO,   

 EQBO with the maximum of the monthly mean zonal wind components of the QBO 
between 70 hPa and 10hPa restricted to 7ms-1, 10ms-1, and 13ms-1,   

 the daily ZMZW at 60° N and 10 hPa during the last 10 days of the previous month falling 
below its overall wintertime (November–March 1981–2016) 10th percentile, corresponding 
a value of 3.8m/s, indicating a weak polar vortex already at the start of the forecast.  

 
The statistical significance of the difference between the mean AO index following two different 
stratospheric situations, e.g., the EQBO and the WQBO, was determined using a two-sided 
Student's t-test with the null hypothesis that there is no difference. We used the most statistically 
significant predictors for weaker AO indexes observed 1–2 weeks, 3–4 weeks, and 5–6 weeks after 
these stratospheric situations, to define a stratospheric wind indicator (SWI) to be SWIneg; 
otherwise, it was defined as SWIplain for the beginning of each winter month (November–February) 
in 1981–2016 (see Decision tree in Figure 7). 
 

Table 4 Data used in Paper V. 

Paper Data Source Time 
period 

Area 

V • weekly mean surface 
temperature 

ERA-Interim reanalysis  
(Dee et al., 2011) 

1981–2016 Northern 
Europe 

ECMWF IFS Cycle 43r1 (Vitart, 
2014) reforecasts 

1997–2016 Northern 
Europe 

• daily surface AO index NOAA, CPC 1981–2016  

• daily ZMZW at 10 hPa MERRA-2 (Rienecker et al. 2011) 1981–2016 60°N 

• monthly mean zonal wind at  
70 hPa, 50 hPa, 40 hPa, 30 hPa,  
20 hPa, 15 hPa and 10 hPa 

Singapore radio soundings,  
Free University of Berlin  
(Naujokat 1986) 

1981–2016 Singapore 
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3.3.2 Utilizing the SWI in post-processing ERFs  

We investigated the observed and reforecasted surface temperature anomalies 1–2 weeks, 3–4 
weeks, and 5–6 weeks after SWIneg and SWIplain. First, we calculated the observed two-week mean 
temperature anomalies of the ERA-Interim reanalyses (Dee et al. 2011) in January, February, 
March, November, and December in 1981–2016 in Northern Europe. Subsequently, we divided 
the observed two-week mean temperature anomalies to sets of anomalies, representing SWIneg and 
SWIplain according to stratospheric wind observations at the start of the forecast. Thereafter, we 
determined the statistical significance of the difference between the mean surface temperature 
anomalies after SWIneg (TASWIneg) and SWIplain (TASWIplain) using a two-sided Student's t-test with 
the null hypothesis that there is no difference between TASWIneg and TASWIplain. 
 
We post-processed the ERFs of the ECMWF’s Integrated Forecasting System (IFS Cycle 43r1, 
Vitart, 2014) which are run twice a week, on Mondays and Thursdays, in a horizontal resolution 
of 0.4 degrees. We first investigated weekly mean temperatures over Northern Europe in forecast 
weeks 1 to 6 of the forecasts initialized on Mondays. These raw reforecasts were mean bias-
corrected (as in Buizza and Leutbecher 2015, eq. 7a, see Figure 7) by removing the mean bias 
computed from the ensemble reforecasts for the 20 years (1997–2016) depending on the forecast 
week date. For the 1997–2016 reforecasts, the mean bias was calculated considering 19 × 11 × 5 
= 1045 ensemble reforecast members: 11 members’ reforecast with initial dates defined by five 
weeks centered on the forecast week date for the 19 years reforecasts (1997–2016 excluding the 
reforecast year).  
 
Those reforecasts, that were run in November-February 2017 for 1997–2016 (20 years × 17 runs 
= 340 reforecasts), were further post-processed by the observed SWI (see Figure 7). For the post-
processing we first defined the SWI either SWIneg or SWIplain at the start of the forecast according 
to previous months’ stratospheric wind conditions. According to the SWI, we added either TASWIneg 
or TASWIplain to the ERA-Interim mean temperature during 1981–2016, corresponding to forecast 
weeks 1–2, 3–4, and 5–6 to get a SWIneg and SWIplain based mean temperatures, TSWIneg and TSWIplain, 
for weeks 1–2, 3–4, and 5–6, respectively. The TSWIneg and TSWIplain were used in post-processing 
the ECMWF reforecasts’ mean bias-corrected ensemble members, TBC, by calculating TSWI_BC for 
SWIneg as follows: 𝑇𝑆𝑊𝐼_𝐵𝐶 = (1 − 𝑘𝑆𝑊𝐼) ∗ 𝑇𝐵𝐶 + 𝑘𝑆𝑊𝐼 ∗ 𝑇𝑆𝑊𝐼𝑛𝑒𝑔      (1) 

And for SWIplain, 𝑇𝑆𝑊𝐼_𝐵𝐶 = (1 − 𝑘𝑆𝑊𝐼) ∗ 𝑇𝐵𝐶 + 𝑘𝑆𝑊𝐼 ∗ 𝑇𝑆𝑊𝐼𝑝𝑙𝑎𝑖𝑛      (2) 

where TSWI_BC was a post-processed ensemble member. kSWI was the weight of the TSWIneg or  
TSWIplain, which was tested between 0–1 and defined according to the best improvement in the skill 
scores of the post-processed forecast. By Eq. (1) and Eq. (2), we adjusted each ensemble member 
with the same weight, and hence, the original spread of the ECMWF reforecasts remained 
unchanged. 
 
The two-week averages of both the mean bias-corrected and the post-processed surface 
temperature forecasts over Northern Europe were verified against ERA-Interim 1997–2016 
temperature re-analyses (Dee et al. 2011) by a commonly used measure for probabilistic forecasts: 
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the continuous ranked probability score (CRPS, Hersbach 2000). The skill scores of the CRPS, the 
CRPSS, were calculated by comparing the reforecasts to the climatological forecast of years 1981–
2010 of the ERA-Interim data. 
 

 
Figure 7 Flow chart showing the post-processing of the surface temperature forecasts. Figure by 

the author.  
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4. RESULTS 
 

4.1 Glacial climate in Europe 

 

4.1.1 Downscaled temperature and precipitation (Paper III) 

The GAM fitted to downscale annual mean precipitation in Europe (in Paper III GAM_Western 
Eurasia) in both LGM and present day climate, showed good correlation (0.84) with the fitted data 
and was able to explain 85% of the spatial variance of the total precipitation. The GAM fitted to 
downscale annual mean temperature in Europe (in Paper III GAM_Western Eurasia) in both 
LGM and present day climate, also showed good correlation (0.99) with the fitted data and was 
able to explain 98% of the spatial variance of the annual mean temperature. 
 
The GAMs for downscaling temperature were used for downscaling the annual mean temperature 
between 11 and 0 kyr BP using as input predictors the 11 to 0 kyr BP data from the CLIMBER-2-
SICOPOLIS last glacial cycle simulation by Ganopolski et al. (2010). The predictions are plotted 
in Figure 8, together with pollen-based reconstructions of annual mean temperature and the 
bilinear interpolation of the annual mean surface temperature simulated by CLIMBER-2 at two 
locations in Northern Europe during the Holocene, between 11 and 0 kyr BP. The shapes of the 
CLIMBER-2 simulated and GAM downscaled temperature curves were generally consistent with 
temperature estimates based on paleoclimatic reconstructions. As for the absolute values, the 
GAM-downscaled CLIMBER-2 temperature showed better agreement with the pollen-based 
reconstructions than the bilinear interpolation of the CLIMBER-2 annual mean surface 
temperature.  
 
The GAMs which were calibrated only by the recent past and the LGM data (GAM_Western 
Eurasia) were used for predicting annual mean temperature and precipitation for 44 kyr BP using 
as input predictors the 44 kyr BP data from the CLIMBER-2-SICOPOLIS last glacial cycle 
simulation by Ganopolski et al. (2010). The predictions are plotted in Figure 9, together with output 
of CLIMBER-2 and RCA3 regional climate model simulation output by Kjellström et al. (2010) 
representing 44 kyr BP annual mean temperature and precipitation. Over Eastern Europe the GAM 
(Figure 9c) predicted similar temperature spatial patterns as the RCA3 (Figure 9b), whereas over 
Western Europe, there were more differences in details. Over Finland the differences between the 
RCA3 simulated surface temperature and the CLIMBER-2 surface temperature downscaled by 
GAM mainly result from the difference of ice sheet extent in SICOPOLIS and RCA3: the 
Fennoscandian ice sheet in SICOPOLIS reached Central Finland during 44 kyr BP, whereas in the 
RCA3 simulation the ice sheet reached only some parts of Northern Finland (Figure 1 in Paper 

III). The CLIMBER-2 annual precipitation downscaled by our GAM in Figure 9f were similar to 
the RCA3 simulation output in Figure 9e in many parts of Eastern and Central Europe, however, 
not predicting as high precipitation amounts in mountain regions and as low in the Mediterranean 
Sea.  
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Figure 8 Comparison of simulation data and polled-based reconstructions of annual mean 

temperatures from (a) Laihalampi in Finland and (b) Gilltjärnen in Sweden. The blue curves 

represent reconstructions by Heikkilä and Seppä (2003) for Laihalampi, and by Antonsson et al. 

(2006) for Gilltjärnen. The green contours are interpolations from CLIMBER-2 simulations by 

Ganopolski et al. (2010), the red contours represent annual mean temperatures downscaled by the 

GAM for Europe. Figure from Paper III, © Authors 2014. CC Attribution 3.0 License. 

 
 

 
Figure 9 Annual mean temperature at 44 kyr BP, a) as simulated by the global model CLIMBER-

2 (Ganopolski et al. 2010), b) as simulated by the regional model RCA3 (Kjellström et al. 2010), 

and c) as predicted by the GAM for Europe. Annual mean total precipitation at 44 kyr BP, d) as 

simulated by the global model CLIMBER-2 (Ganopolski et al. 2010), e) as simulated by the 

regional model RCA3 (Kjellström et al. 2010), and f) as predicted by the GAM for Europe. The 

data of CLIMBER-2 and RCA3 have been bi-linearly interpolated on to a 1.5º × 0.75º resolution. 

Figure modified from figures S2.1 and S2.2 in the supplementary material of Paper III, © Authors 

2014. CC Attribution 3.0 License. 
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4.1.2 Human population size and range simulations (Paper IV) 

The GAMs calibrated in Paper III were used for downscaling annual mean temperature and 
precipitation between 30 and 13 kyr BP in Europe using as input predictors the 30 to 13 kyr BP 
data from the CLIMBER-2-SICOPOLIS last glacial cycle simulation by Ganopolski et al. (2010). 
The downscaled temperature and precipitation data were used to estimate the potential 
evapotranspiration (Figure 10D), mean temperature of the coldest month (Figure 10E), and water 
balance (Figure 10F) in Europe between 30 and 13 kyr BP. These climatic parameters were used 
to estimate hunter-gatherer population size and density in Europe between 30 and 13 kyr BP by 
the population calibration model developed in Paper IV. Figure 10 depicts simulated hunter-
gatherer population size and density, the archaeological population proxy, and the GAM based 
climate estimates between 30 and 13 kyr ago in Europe. 
 
According to the simulations, the potentially inhabited land area in Europe between 30 and 13 kyr 
BP, extended about 500 km south of the Fennoscandian ice sheet margin from the Iberian 
Peninsula to southern parts of modern Ukraina and European Russia with a southwest-northeast 
gradient of decreasing population densities. During the severe cooling and expansion of the ice 
sheets between 30 and 23 kyr ago, when the simulated mean temperature of the coldest month in 
Europe decreased about 8 degrees in 7,000 years, the simulated human population size declined 
from 330,000 people to 130,000 people (Figure 10A). During the very end of the last glacial 
between 19 and 13 kyr ago, when the simulated mean temperature of the coldest month in Europe 
rose about 12 degrees, the simulated population size grew from 150,000 people to over 400,000 
people in Europe (Figure 10A). The simulated human population size changes were compared to 
estimates of the human population size changes based on archaeological population proxy data 
(Figure 10C) and significant correspondence was found, suggesting that climate indeed was a 
major driver of population dynamics between 30 and 13 kyr ago. 
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Figure 10. Comparisons between simulated hunter-gatherer population size and density, the 

archaeological population proxy, and paleoclimatic simulations between 30 and 13 kyr ago in 

Europe. (A) Simulated human population size in Europe. Error bars show the resampling-based 

confidence limits (95%). (B) Simulated mean density in the inhabited area of Europe. Error bars 

show the resampling based confidence limits (95%). (C) Archaeological population size proxy 

based on the taphonomically corrected number of dates. (D) European mean of simulated potential 

evapotranspiration. (E) European mean of simulated mean temperature of the coldest month. (F) 

European mean of simulated water balance. D-F are based on the downscaling of the CLIMBER-

2 climate model. Figure from Paper IV. 
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4.2. Human-induced climate change impacts in Europe 

 

4.2.1 Response of the FWI (Paper II)  

The March-September mean values of FWI variated relative largely from year-to-year between 
years 1960 and 2012 in whole Europe and in the specified sub-areas. In Southern Europe the FWI 
had relatively high values in early 1960s (around 35), lower values in the early 1970s (between 25 
and 30), and rising trends thereafter (between 35 and 40 in years 2000-2012). In Eastern Europe 
the FWI had relatively high values in early 1960s (between 10 and 15), lower values in the 1970s 
(between 5 and 10), and rising trends thereafter (mostly between 8 and 13 in years 2000-2012). 
 
Figure 11 shows the trends of mean FWI in each grid point over Europe using the ERA-40 for 
1960-1999 and ERA-Interim for 1980-2012. ERA-40 based mean March-September FWI showed 
some statistically significant upward trend for parts of central Europe and Balkan Peninsula. In the 
area north of the Black Sea, slightly decreasing trends were found in ERA-40 based mean FWI 
(1960-1999), whereas the later period, 1980-2012 of ERA-Interim, showed there increasing trends. 
ERA-Interim based FWI showed statistically significant rising trends also in large areas of Eastern 
Europe, France, and Iberian Peninsula. 
 
For Northern Europe the trend analyses for both ERA-Interim and ERA-40 based mean March-
September FWI showed no significant trend. For southern and eastern Europe in 1980-2012, the 
trend analyses for ERA-Interim based mean March-September FWI showed significant upward 
trend at the 99% level. For southern (western and eastern) Europe the trend was significantly 
upward at the 99% (90%) level also when both ERA-Interim and ERA-40 data were used, i.e., in 
years 1960-2012. In contrast, the ERA-40 based mean March-September FWI did not show any 
significant trend in any of the specified areas for the period of 1960-1999. 
 
The time series for the number of days when FWI exceeds threshold 20 or 45 were similar to the 
time series of the mean FWI based on ERA-Interim data. ERA-Interim based number of days 
where FWI>20 showed upward trend for southern Europe significant at the 99% and for Eastern 
Europe significant at the 95% level. For the number of days where FWI>45 showed upward trend 
for southern Europe significant at the 99% level. For Western and Northern Europe there was no 
trend found. 
 
Moreover, we compared the March-September mean FWI and corresponding national forest fire 
statistics in Finland, Greece and Spain. We found that in these study areas, the correlations between 
the FWI and the size of the area burned (correlation coefficients between 0.6 and 0.7) were higher 
than with the correlations between the FWI and the number of forest fires. 
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Figure 11 Trend of March-September mean FWI calculated using the ERA-40 data set for 1960-

1999 (b) and the ERA-Interim data set for 1980-2012 (d). The statistical significance (α) is shown 
at levels 0.01, 0.04, and 0.1 for ERA-40 (a) and ERA-Interim (c). Figure modified from Figures 1 

and 3 in Paper II, © Authors 2014. CC Attribution 3.0 License.). 

 
Impact models such as FWI are used to describe the impact of climate change. Here the upward 
trend of the FWI in southern Europe can be explained by the observed warming and decrease in 
precipitation. For northern Europe there was no trend found in the mean FWI in 1960-2012. In 
Northern Europe the temperatures have also risen, but the precipitation has not decreased during 
this period. The temporal variations of FWI found in Paper II depict the long-term temporal 
variations of European climate. Also in the future - although climate is warming - the long-term 
climate variations will remain and periods with lower FWI can be experienced even in areas 
characterized by an increasing trend of FWI. 
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4.2.2 Projected changes of the geostrophic wind speeds (Paper I) 

The 9-GCM simulated mean geostrophic winds of the baseline climate (1970-2000) were 
compared with the observation-based ERA-40 reanalysis. In this comparison, the bias of the 
modelled geostrophic winds was generally fairly small, around 0.5ms-1, and the seasonal cycle of 
the modelled geostrophic winds was found to be reproduced reasonably well.  
 
The multi model mean projections of the September-April mean geostrophic wind speeds in 
Northern Europe showed similar patterns of increase and decrease, but with slightly different 
values depending on the greenhouse gas forcing (Fig. 3 in Paper I). In all greenhouse gas emission 
scenarios the projections showed statistically significant 2-4% decrease in the mean geostrophic 
wind speeds over the Norwegian Sea already by the period 2045-2065. In addition, by 2045-2065, 
the projections forced by the A1B and A2 scenarios showed statistically significant 1-2% increase 
in the mean geostrophic winds in parts of southern Baltic Sea. Further, by 2100 the projections 
forced by A1B and A2 scenarios showed statistically significant 2-4% increase in the mean 
geostrophic wind speeds in northwestern parts of Russia and southern parts of the Baltic Sea. The 
projections forced by the B1 scenario did not indicate any statistically significant increase in the 
mean geostrophic wind speeds anywhere in Northern Europe during the ongoing 21st century. 
 
Figure 12 shows the projected changes in the September-April extreme geostrophic wind speeds 
for the ongoing century under different greenhouse gas emission scenarios. The patterns of 
increase and decrease of extreme geostrophic winds were similar to the changes in the mean 
geostrophic wind speeds and the changes were more pronounced with higher greenhouse gas 
concentrations. Statistically significant decrease in the extreme geostrophic winds were projected 
over the Norwegian Sea in the A1B and B1 greenhouse gas emission scenarios (2-6% decrease) 
until year 2065, and in the A1B and A2 scenarios (2-8% decrease) until the end of the ongoing 
century. Moreover, in the A1B and A2 emission scenarios a statistically significant 2-4% increase 
in the extreme geostrophic winds were projected in southern parts of the Baltic Sea, a few parts of 
Finland, and in Northwestern parts of Russia until the end of the ongoing century. In the B1 
emission scenario there was again no statistically significant increase in extreme wind speeds 
projected during the ongoing century. 
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Figure 12 The changes in the 10-year return level estimates from 1971-2000 to 2046-2065 (on the 

left) and from 1971-2000 to 2081-2100 (on the right) for individual SRES- scenarios as an average 

of six GCM simulations. From the top the 6GCM mean (a) and (b) A1B; (c) and (d) A2; (e) and 

(f) B1. Shading indicates the areas where the change is statistically significant at the 95% level. 

Figure from Paper I, © 2011 Royal Meteorological Society. 
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4.3 Statistical post-processing of ERFs (Paper V) 
 

4.3.1 Stratospheric winds as precursors of the surface 

Figure 13 shows boxplots of the observed means of the daily AO indexes 1–2 weeks, 3–4 weeks, 
and 5–6 weeks after different phases of QBO and restrictions in the strength of the stratospheric 
winds in 1981–2016. The first box (brown) represents the mean AO indexes after all the cases in 
1981–2016 November–February. The second and third boxes show the mean AO indexes after 
easterly (EQBO, blue) and westerly (WQBO, pink) QBO at the 30 hPa level, respectively. The p-
value written below each boxplot pair indicates the likelihood of such a pair of distributions arising 
from a random sampling of a single distribution as given by a Student's t-test, i.e., p-values less 
than 0.05 indicate that the means of the data sets differ significantly at the 95% level of confidence. 
The median and the mean of the mean AO indexes 1–2 weeks, 3–4 weeks, and 5–6 weeks after 
EQBO were lower than after WQBO. The EQBO (blue) box shows all the cases of EQBO with no 
restriction in the QBO’s monthly mean zonal wind components, whereas the fourth, the sixth, and 
the eighth blueish boxes show the mean AO indexes after EQBO with all the QBO’s monthly mean 
zonal wind components between levels 70…10hPa being below 13 m/s, 10 m/s, and 7 m/s, 
respectively. Restricting the EQBO cases by a maximum of the QBO’s monthly mean zonal wind 
components in levels 70…10hPa decreased the median of the mean AO during the following 1–2, 
3–4, and 5–6 weeks.  
 
The 10th box (yellow) in Figure 13 shows the mean AO indexes after cases the daily ZMZW at 
60° N and 10 hPa was below its 10th percentile (3.8m/s) during the last 10 days preceding the start 
of the forecast, corresponding to cases with weak polar vortex already at the start of the forecast. 
The observed mean AO index was statistically significantly weaker at the 99% confidence level 
1–2 weeks, 3–4 weeks, and 5–6 weeks after the daily ZMZW at 60° N and 10 hPa had been below 
its overall wintertime 10th percentile. 
 
Aiming to select stratospheric precursors indicating weak AO with the greatest statistical 
significance, we defined the SWI to be negative in cases when the QBO was easterly at 30 hPa and 
the QBO’s monthly mean zonal wind components in levels 70…10hPa were weaker than 10m/s 
or if the daily ZMZW at 60° N and 10 hPa during the last 10 days preceding the start of the forecast 
fell below its overall wintertime 10th percentile. In other cases, the SWI was defined as plain 2016 
(see Decision tree in Figure 7). 
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Figure 13 Observed mean daily AO index a) 1–2, b) 3–4 and c) 5–6 weeks after different 

stratospheric situations. The line dividing each box into two parts shows the median of the data, 

the ends of the box show the lower and upper quartiles, and the whiskers represent the highest and 

the lowest values excluding outliers. The n written above each box indicates the number of 

observations in each group. The widths of the boxes have been drawn proportional to the square-

roots of n. The p-value written below each boxplot pair indicates the likelihood of such a pair of 

distributions arising from a random sampling of a single distribution as given by a Student's t-test, 

i.e., p-values less than 0.05 indicate that the means of the data sets differ significantly at the 95% 

level of confidence. The notches of each side of the boxes were calculated by R boxplot.stats. If the 

notches of two plots do not overlap, this is ‘strong evidence’ that the two medians differ (Chambers 
et al., 1983, p. 62). ZMZW=zonal mean zonal wind. 
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Figure 14 shows the observed (periods 1981–2016 and 1997–2016) and model forecasted (the 
period 1997–2016) mean temperature anomalies of the weeks’ 1–2, 3–4, and 5–6 in November–
February after SWIneg and SWIplain. The observations showed on average lower mean temperatures 
1-2, 3–4 and 5–6 weeks after SWIneg (Fig. Figure 14 a-c and Figure 14 g-i). This cold anomaly was 
forecasted well in the reforecasts for weeks 1–2 (Figure 14 m), and it was underestimated in 
reforecasts for weeks 3–4 (Figure 14 n) and 5–6 (Figure 14 o). Further, the observations showed 
on average higher mean temperatures 1–2, 3–4, and 5–6 weeks after SWIplain (Figure 14 d-f and 
Figure 14 j-l). This warm anomaly was forecasted well in the forecasts weeks 1–2 (Figure 14 p), 
and it was underestimated in forecast weeks 3–4 (Figure 14q) and 5–6 (Figure 14 r).  
 
The mean temperature anomalies 3-6 weeks after SWIneg (Figure 14 b-c) and SWIplain (Figure 14 e-
f) during 1981–2016 were statistically significantly different using a Student's t-test, with 
anomalously cold surface temperatures more common 3-6 weeks after SWIneg. When examining 
the years 1997–2016 (Figure 14 h-i and Figure 14 k-l ), which was the reforecast period, the 
temperature anomalies were of the same sign than during the longer 1981–2016 period (Figure 14 
b-c and Figure 14 e-f) but weaker and not statistically significant in weeks 5-6 all over the Northern 
Europe.  
 
The stronger warm anomalies after SWIplain, and weaker cold anomalies after SWIneg in 1997-2016 
(Figure 14 g-l) in comparison to 1981-2016 (Figure 14 a-f) are qualitatively in line with the 
observed annual mean temperature rise in Finland (e.g., Mikkonen et al. 2015) 
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Figure 14 ERA-Interim observed (a-l) and ECMWF reforecasted (m-r) mean temperature 

anomalies in comparison to 1981-2016 mean during boreal winters (November-February) in 

cases the previous month’s SWI was negative (SWIneg, covering about 30% of the winter months) 

or plain (SWIplain, covering about 70% of the winter months). The dotted areas represent the 95% 

level of confidence where the means of surface temperature anomalies after SWIneg and SWIplain 

differ significantly. 
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4.3.2 SWI in post-processing ERFs 

The mean temperature anomalies in Figure 14 (a-f) for Northern Europe were used for the SWI 
based post-processing as by Eq. (1) and (2). The best median CRPSS was achieved by kSWI=0.4, 
for forecast weeks 3–4 and by kSWI=0.6 for forecast weeks 5–6. Figure 15 shows the forecasts skill 
of the mean temperature of the forecast weeks 3–4 and weeks 5–6 forecasted by the mean bias-
corrected reforecasts alone (Figure 15 a-b) and by the mean bias-corrected reforecasts together 
with the SWI based post-processed forecast (Figure 15 c-d). By using the SWI based post-
processing to the ECMWF forecasts, the CRPSSs for weeks 3–4 and weeks 5–6 were slightly 
improved and the area of these forecasts being significantly better than just the climatological 
forecast was expanded. 
 

 
 
Figure 15 Expected CRPSS of forecast weeks 3–4 and 5–6 of the ECMWF’s mean temperature 
reforecasts for November–February 1997–2016 after mean bias-correction (a-b) and after both 

mean bias-correction and the SWI based post-processing (c-d). ERA-Interim climatology of 1981–
2010 was used as the reference. The dotted areas represent the 95% level of confidence that the 

CRPSS is above zero. 
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5. DISCUSSION 
 
Spatial patterns of the annual mean surface temperature and precipitation in Europe during the last 
glacial cycle were in Paper III reproduced with GAMs by downscaling the coarse resolution 
EMIC simulations by Ganopolski et al. (2010). These GAM downscaled annual mean surface 
temperature and precipitation were compared to pollen-based proxy reconstructions representing 
11 to 0 kyr BP (Heikkilä and Seppä (2003) and Antonsson et al. (2006)) and a GCM based time 
slice simulation of glacial climate representing 44 kyr BP (Kjellström et al. 2010). Although some 
of the detailed spatial features were not fully captured in regions with large spatial variation of 
topography, the main spatial patterns were relatively well captured. In Paper III the GAMs for 
downscaling were calibrated by both present day and GCM simulated LGM climate data, which 
widened the calibration range of the used GAMs in comparison to Vrac et al. (2007) who 
downscaled LGM climate by GAMs calibrated by present day climate data only. 
 
The climate seems to have been a major driver of the hunter-gatherer population size in Europe 
during the end of the last glaciation, as the climate based modelled human population size changes 
in Europe between 30 and 13 kyr BP, in Paper IV, correlated well with corresponding independent 
archaeological estimates of human population size changes (Vermeersch, 2005). Further 
environmental factors affecting the hunter-gatherer population density have been recently studied 
by Tallavaara et al. (2018), who studied the effect of the climate based net primary production, the 
biodiversity richness and the environmental pathological stress on hunter-gatherer population 
density patterns. Of these three environmental factors, in the high and mid-latitudes the higher net 
primary production and richness of the biodiversity had the greatest (positive) influence on the 
hunter-gatherer population densities, whereas in the tropics and sub-tropics the environmental 
pathogen stress had the strongest limiting effect on the hunter-gatherer abundance.   
 
Under the on-going human-induced climate change, the trend of climate-based forest fire risk 
(FWI), studied in Paper II, has risen in Eastern and Southern Europe during 1960-2012. It is 
important to note, however, that in addition to climate, important factors contributing to forest fire 
risk are: human activities and the effectiveness of fire detection and suppression systems (Bowman 
et al. 2009). The climate-based forest fire risk has been estimated to increase also in the Northern 
Europe by the end of the ongoing century (Lehtonen et al. 2014, Mäkelä et al. 2014, Lehtonen et 
al. 2016).  
 
According to projections by 9 GCMs (of CMIP3) under SRES A2, B1 and A1B scenarios, in 
Paper I, the changes in the mean and extreme winds in Northern Europe are going to be small 
during the ongoing century. This is in line with later studies, e.g., with Ruosteenoja et al. (2019) 
who used 21 GCMs (of CMIP5) under moderate-emission RCP4.5 and large-emission RCP8.5 
scenarios. Ruosteenoja et al. (2019) found that although the mean and extreme winds are not 
projected to increase much, the frequency of strong westerly winds are projected to rise and the 
frequency of strong easterly winds are projected to decrease. Feser et al. (2015) analyzed a number 
of pre-CMIP3, CMIP3 and CMIP5 model studies to assess potential future changes in storm 
climate over the North Atlantic and Northwestern Europe; they found no clear trend in storm 
numbers, but most of the analyzed studies agreed on an increase in storm intensity for the future. 
However, whether or not the mean and extreme winds are going to increase, the damages might 
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anyhow increase, for example on forests: as the winters are expected to be milder and the ground 
less frozen, storms might cause bigger timber losses in winter (Gregow et al., 2011b). 
 
In Paper V novel information about the statistical relationship of the QBO and the AO index was 
found. In addition to the previously demonstrated more negative AO during easterly QBO in 
comparison to westerly QBO at 30 hPa (Scaife et al. 2014), we found that the maximum strength 
of the QBO’s monthly mean zonal wind components during the easterly QBO affected the 
observed mean AO index 1-6 weeks later. This connection was used in post-processing 3-6 weeks 
surface temperature forecasts in Northern Europe and the skill scores of these forecasts were 
thereby slightly improved. As Domeisen (2019a, 2019b) showed that all of the current S2S 
database’s ERF prediction systems have an enhanced prediction skill in the extratropical 
stratosphere in comparison to the troposphere, the next step would be looking for the stratospheric 
signals directly from the forecast model and use them in post-processing surface temperature 
forecasts. Considering QBO and the ongoing global warming: according to model simulations by 
Kawatani et al. (2011) in the atmosphere with doubled CO2 concentration, the amplitude of the 
QBO weakened and the length of the QBO’s phase increased. However, based on model 
simulations by Schirber et al, (2015) the amplitude and length of the QBO’s phases were sensitive 
to model parametrizations, in particular to parametrizations of gravitational waves. Also the 
stratospheric polar vortex might change in the warming climate. Manzini et al. (2014) reported 
about a possibly weakening winter stratospheric polar vortex in the warming climate (CMIP5 
simulations). However, Ayarzagüena, et al. (2018), reported that this might not have any 
significant effect on the frequency of the SSWs in the future climate. All in all, the future changes 
in both the stratospheric polar vortex and the QBO are somewhat uncertain. 
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CONCLUSIONS 
 
In this thesis I have demonstrated use of versatile datasets and methods for assessing climate 
variation and change. As well, a few climate change impacts have been studied.  
 
The main conclusions of this work are as follows: 
 

1. In Paper III, the GAMs showed to be suitable in downscaling annual mean temperature 
and precipitation of the CLIMBER-2 EMIC’s coarse resolution simulation of the last 
glacial cycle (Ganopolski et al. 2010). GAMs that were fitted by both LGM (Brady et al. 
2013) and present day (Mitchell and Jones, 2005) climate data seemed to capture relatively 
well the main spatial patterns of both glacial and interglacial climate in Europe. 

 
2. In Paper IV, the modelled human population size in Europe between 30 and 13 kyr ago 

decreased with cooling climate and increased with warming climate. During the decrease 
in solar insolation between 30 and 23 kyr ago, the European mean of the mean temperature 
of the coldest month decreased about 8 degrees in 7,000 years. In this time period the 
modelled European human population size decreased from 330,000 to 130,000. Further, 
due to increased solar insolation, during the very end of the last glacial, between 19 and 13 
kyr ago, the simulated European mean of the mean temperature of the coldest month rose 
about 12 degrees, and the modelled European human population size increased from 
150,000 to 400,000.  

 
3. In Paper II, the trend of the climate based forest fire risk, the FWI (Van Wagner, 1987), 

over Europe during 1960-2012, was investigated. The FWI was found to have risen in 
Eastern and Southern Europe during 1980-2012, whereas in Western and Northern Europe 
no statistically significant trends were found. 

 
4. In Paper I, the expected changes in the mean and extreme winds in Northern Europe under 

global warming were investigated by 9 GCMs under SRES A2, B1 and A1B scenarios. 
The results showed that changes in the mean and extreme winds are going to be small 
during the ongoing century: in parts of northwestern Russia and southern Baltic Sea the 
winds might increase by 2-4% and over the Norwegian Sea the winds might decrease by 
2-8%.  

 
5. In Paper V, the statistical relationship of the QBO and the surface AO index was used in 

post-processing 3-6 weeks surface temperature forecasts in Northern Europe and the skill 
scores of these forecasts were thereby slightly improved. As the S2S database ERF models 
have shown better prediction skills for the stratosphere than for the troposphere (Domeisen 
2019a, 2019b), and as the stratosphere has important precursors for the tropospheric 
weather (Kidson et al. 2015), and as in the future there might be changes in the mean 
stratospheric flow: I conclude that improving the modelling of the stratosphere in both 
climate and weather simulations seems utmost useful. 

 

  



42 
 

REFERENCES 
 
Alexander, L. V., Uotila, P., and N. Nicholls, N.: Influence of sea surface temperature variability on 
global temperature and precipitation extremes, J. Geophys. Res.,114, 2009. 

Ammann, C. M, Joos, F., Schimel, D. S., Otto-Bliesner, B. L., Tomas, R. A.: Solar influence on 
climate during the past millennium: Results from transient simulations with the NCAR Climate 
System Model, Proceedings of the National Academy of Sciences, 104, 3713-3718, 2007.  

Anchukaitis, K.J., Buckley, B. M., Cook, E. R., Cook, B. I., D'Arrigo, R. D., and Ammann, C. M.: 
The influence of volcanic eruptions on the climate of the Asian monsoon region. Geophys. Res. 
Lett., 37, 2010. 

Antonsson, K., Brooks, S. J., Seppä, H., Telford, R. J., and Birks, H. J. B.: Quantitative 
palaeotemperature records inferred from fossil pollen and chironomid assemblages from Lake 
Gilltjärnen, northern central Sweden, J. Quat. Sci., 21, 831–841, 2006. 

Ayarzagüena, B. et al.: No robust evidence of future changes in major stratospheric sudden 
warmings: a multi-model assessment from CCMI, Atmos. Chem. Phys., 18, 11277–11287, 2018. 

Baldwin, M. P., and Dunkerton, T.J.: Propagation of the Arctic Oscillation from the stratosphere 
to the troposphere, J. Geophys. Res, 104, D24, 30937-30946, 1999. 

Baldwin, M. P., Gray, L. J., Dunkerton, T. J., Hamilton, K., Haynes, P. H., Randel, W. J., et al.: 
The quasi‐biennial oscillation, Rev. Geophys., 39(2), 179–229, 2001. 

Bedia, J., Herrera, S., Gutiérrez, J. M., Zavala, G., Urbieta, I. R., and Moreno, J. M.: Sensitivity of 
fire weather index to different reanalysis products in the Iberian Peninsula, Nat. Hazards Earth 
Syst. Sci., 12, 699–708, 2012. 

Berger, A. & Loutre, M.F.: Insolation values for the climate of the last 10 million years. Quaternary 
Science Reviews, 10, 297–317, 1991.  

Binford, L. R.: Constructing Frames of Reference: An Analytical Method for Archaeological Theory 
Building Using Ethnographic and Environmental Data Sets (Univ of California Press, Berkeley), 2001. 

Bowman, D., Balch, K., Artaxo, P., Bond, W., Carlson, J., Cochrane, M., D’Antonio, C., DeFries, 
R., Doyle, J., Harrison, S., Johnston F., Keeley, J., Krawchuk, M., Kull, C., Marston, J., Moritz, 
M., Prentice, C., Roos, C., Scott, A., Swetnam, T., Der Werf, G., and Pyne, S.: Fire in the Earth 
System. Science, 324, 481–484, 2009. 

Brady, E., Otto-Bliesner, B., Kay, J., and Rosenbloom, N.: Sensitivity to Glacial Forcing in the 
CCSM4, J. Climate, 36, 1901–1925, 2013. 

Brandefelt, J. and Otto-Bliesner, B.: Equilibration and variability in a Last Glacial Maximum Climate 
simulation with CCSM3, Geophys. Res. Lett., 36, L19712, doi:10.1029/2009GL040364, 2009. 

Buizza, R. and Leutbecher, M.: The forecast skill horizon, Q. J. R. Meteorol. Soc., 141, 3366–
3382, doi:10.1002/qj.2619, 2015. 



43 
 

Butler, A. H., Seidel, D. J., Hardiman, S. C., Butchart, N., Birner, T., and Match, A.: Defining 
sudden stratospheric warmings, Bull. American Meteor. Soc., 96, 1913-1928, doi: 
http://dx.doi.org/10.1175/BAMS-D-13-00173.1, 2015. 

Calov, R., Ganopolski, A., Claussen, M., Petoukhov, V. & Greve, R.: Transient simulation of the 
last glacial inception. Part I: glacial inception as a bifurcation in the climate system. Climate 
Dynamics, 24, 545–561, 2005.  

Chambers, J. M., Cleveland, W. S., Kleiner, B, and Tukey, P.A.: Graphical Methods for Data 
Analysis, The Wadsworth statistics/probability series. Wadsworth and Brooks/Cole, Pacific 
Grove, CA, 1983. 

Cheng, M. and Qi, Y.: Frontal rainfall rate distribution and some conclusions on the threshold 
method, J. App. Meteorol., 41, 1128–1139, 2002. 

Claussen, M., Mysak, L., Weaver, A., Crucifix, M., Fichefet, T., Loutre, M.F., Weber, S., Alcamo, 
J., Alexeev, V., Berger, A., Calov, R., Ganopolski, A., Goosse, H., Lohmann, G., Lunkeit, F., 
Mokhov, I., Petoukhov, V., Stone, P. & Wang, Z.: Earth system Models of Intermediate 
Complexity: Closing the gap in the spectrum of climate system models, Climate Dynamics, 18, 
579–586, 2002. 

Cohen, J., Screen, J., Furtado, J. et al. Recent Arctic amplification and extreme mid-latitude 
weather. Nature Geosci 7, 627–637, 2014. 

Coles, S.: An Introduction to Statistical Modeling of Extreme Values. Springer-Verlag: London, 
242 pp, 2001. 

Crucifix, M., Loutre, M.F., and Berger, A.: The climate response to the astronomical forcing. 
Space reviews, 125, 213–226, 2006. 

Dee, D., Uppala, S., Simmons, A., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, 
M., Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A., van de Berg, L., Bidlot, J., Bormann, N., 
Delsol, C., Dragani, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hersbach, H., Hólm, E., 
Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally, A., Monge-Sanz, B. M., Morcrette, 
J., Park, B., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The ERA-
Interim reanalysis: configuration and performance of the data assimilation system, Q. J. R. 
Meteorol. Soc., 137, 553–597, 2011. 

Domeisen, D.I.V., Butler, A. H., Charlton-Perez, A. J., Ayarzagüena, B., Baldwin, M. P., Dunn-
Sigouin, E., Furtado, J. C., Garfinkel, C. I., Hitchcock, P., Karpechko, A.Yu., Kim, H., Knight, J., 
Lang, A. L., Lim, E.-P. Marshall, A., Roff, G., Schwartz, C., Simpson, I. R., Son, S.-W., Taguchi, 
M.: The role of the stratosphere in subseasonal to seasonal prediction. Part I: Predictability of the 
stratosphere, Journal of Geophysical Research – Atmospheres, 2019JD030920–38. 
http://doi.org/10.1029/2019JD030920, 2019a. 

Domeisen, D.I.V., Butler, A. H., Charlton-Perez, A. J., Ayarzagüena, B., Baldwin, M. P., Dunn-
Sigouin, E., Furtado, J. C., Garfinkel, C. I., Hitchcock, P., Karpechko, A.Yu., Kim, H., Knight, J., 
Lang, A. L., Lim, E.-P. Marshall, A., Roff, G., Schwartz, C., Simpson, I. R., Son, S.-W., Taguchi, 
M.: The role of the stratosphere in subseasonal to seasonal prediction. Part II: Predictability arising 



44 
 

from stratosphere - troposphere coupling, Journal of Geophysical Research – Atmospheres, 
2019JD030923. http://doi.org/10.1029/2019JD030923, 2019b. 

Ehlers, J. and Gibbard, P. L. (Eds.): Quaternary glaciations – extent and chronology. Part I: Europe. 
Elsevier, 475 pp, 2004. 

EPICA community members 2004. Eight glacial cycles from an Antarctic ice core. Nature, 
429(6992), 623–628, 2004.  

Feser, F., Barcikowska, M., Krueger, O., Schenk, F., Weissea, R., and Xiae, L.: Storminess over 
the North Atlantic and northwestern Europe – A review, Q. J. R. Meteorol. Soc. 141: 350–382, 
January 2015 B DOI:10.1002/qj.2364, 2015. 

Finnish Forest Research Institute: Finnish Statistical Yearbook of Forestry. Finnish Forest 
Research Institute, 472 pp., Helsinki, Finland, 2010 (in Finnish with summary and captions in 
English). 

Frank, D., Esper, J., Raible, C. et al. Ensemble reconstruction constraints on the global carbon 
cycle sensitivity to climate. Nature 463, 527–530, 2010. 

Ganopolski, A., Petoukhov, V., Rahmstorf, S., Brovkin, V., Claussen, M., Eliseev, A. & Kubatzki, 
C.: CLIMBER-2: a climate system model of intermediate complexity. Part II: model sensitivity. 
Climate Dynamics, 17, 735–751, 2001.  

Ganopolski, A., Calov, R. & Claussen, M.: Simulation of the last glacial cycle with a coupled 
climate ice-sheet model of intermediate complexity. Climate of the Past, 6, 229–244, 2010. 

Garfinkel, C. I., Schwartz, C., Domeisen, D. I. P., Son, S-W., Butler, A. H., and White, I. P.: 
Extratropical stratospheric predictability from the Quasi-Biennial Oscillation in Subseasonal 
forecast models, J. Geophys. Res: Atmospheres, doi: 10.1029/2018JD028724, 2018.   

Gray, L. J., Anstey, J. A., Kawatani, Y., Lu, H., Osprey, S., and Schenzinger, V.: Surface impacts 
of the Quasi Biennial Oscillation, Atmos. Chem. Phys., 18, 8227–8247, 
https://doi.org/10.5194/acp-18-8227-2018, 2018. 

Gregow H, Peltola H, Laapas M, Saku S, Venäläinen A.: Combined occurrence of wind, snow 
loading and soil frost with implications for risks to forestry in Finland under the current and 
changing climatic conditions. Silva Fennica 45(1): 35–54, 2011b. 

Greve, R.: Application of a polythermal three-dimensional ice sheet model to the Greenland ice 
sheet: Response to steady-state and transient climate scenarios. Journal of Climate, 10, 901–918, 
1997.  

Haigh, J. D.: The Impact of Solar Variability on Climate, Science, 272, 981-984, 1996. 

Harvey, L. D. D.: Global Warming: The hard science. Pearson Education Limited, Harlow, 336 
pp. ISBN 0582-381167-3, 2000. 

Hastie, T. and Tibshirani, R.: Generalized Additive Models, monographs on statistics and applied 
probability, vol. 43, Chapman & Hall, New York, 1990. 

http://doi.org/10.1029/2019JD030923


45 
 

Heikkilä, M. and Seppä, H.: A 11,000yr palaeotemperature reconstruction from the southern boreal 
zone in Finland, Quat. Sci. Rev., 22, 541–554, 2003. 

Hersbach, H.: Decomposition of the continuous ranked probability score for ensemble prediction 
systems. Wea. Forecasting, 15, 559–570, doi:10.1175/1520-0434(2000)015,0559: 
DOTCRP.2.0.CO;2, 2000.  

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., Jarvis, A.: Very high resolution 
interpolated climate surfaces for global land areas. Int. J. Climatol., 25(15):1965–1978, 2005. 

Holton, J. R. and Tan, H. C.: The influence of the equatorial quasi-biennial oscillation on the global 
circulation at 50mb, J. Atmos. Sci., 37, 2200–2208, 1980.  

Holton, J. R. and Tan, H. C.: The quasi-biennial oscillation in the Northern Hemisphere lower 
stratosphere, J. Meteor. Soc. Japan, 60, 140–148, 1982. 

IPCC: Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third 
Assessment Report of the Intergovernmental Panel on Climate Change [Houghton, J.T., Y. Ding, 
D.J. Griggs, M. Noguer, P.J. van der Linden, X. Dai, K. Maskell, and C.A. Johnson (eds.)]. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 881pp, 
2001. 

IPCC: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. 
Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 996 pp, 
2007. 

IPCC: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. 
Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. 
Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
USA, 1535 pp, 2013. 

IPCC: Summary for policymakers. In: Climate Change 2014: Impacts, Adaptation, and 
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros, 
D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, 
R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White 
(eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 
1-32, 2014. 

IPCC: “Summary for Policymakers. Global Warming of 1.5°C.” In Global Warming of 1.5°C. An 
IPCC Special Report on the Impacts of Global Warming of 1.5°C above Pre-Industrial Levels and 
Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global 
Response to the Threat of Climate Change, eds. V. Masson-Delmotte et al. World Meteorological 
Organization, Geneva, Switzerland, 32 pp, 2018. 

Joughin, I., and Alley, R. Stability of the West Antarctic ice sheet in a warming world. Nature 
Geosci 4, 506–513, 2011. 



46 
 

Katz, R. W., Bruch, G.S., Parlange, M. B.: Statistics of extremes: modelling ecological 
disturbances. Ecology 86: 1124–1134, 2005. 

Kawatani, Y., Hamilton, K., Watanabe, S.: The quasi-biennial oscillation in a double CO2 climate. 
J Atmos Sci 68(2):265–283, 2011. 

Keeling, C.D., and T.P. Whorf: Atmospheric CO2 records from sites in the SiO air sampling network. 
In: Trends: A Compendium of Data on Global Change. Carbon Dioxide Information Analysis Center, 
Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, TN, 2005. 

Kendall, M. G.: Rank correlation methods, Griffin, London, 1975. 

Kidston, J.; Scaife, A. A.; Hardiman, S. C.; Mitchell, D. M.; Butchart, N.; Baldwin, M. P., and 
Gray, L. J.: Stratospheric influence on tropospheric jet streams, storm tracks and surface weather. 
Nature Geoscience, 8(6), 433–440, 2015. 

Kjellström, E., Brandefelt, J., Näslund, J. O., Smith, B., Strandberg, G., Voelker, A. H. L., and 
Wohlfarth, B.: Simulated climate conditions in Fennoscandia during a MIS 3 stadial, Boreas, 39, 
436– 456, 2010. 

Koutsias, N., Xanthopoulos, G., Founda, D., Xystrakis, F., Nioti, F., Pleniou, M., Mallinis, G., and 
Arianoutsou, A.: On the relationship between forest fires and weather conditions in Greece from 
long-term national observations (1894–2010), Int. J. Wildland Fire, 22, 493–507, 2013. 

Lehtonen, I., Ruosteenoja, K., Venäläinen, A., and Gregow, H.: The projected 21st century forest  
fire risk in Finland under different greenhouse gas scenarios. Boreal Environment Research, 19: 
127–139, 2014. 

Lehtonen, I., Venäläinen, A., Kämäräinen, M., Peltola, H., and Gregow, H.: Risk of large-scale 
fires in boreal forests of Finlandunder changing climate, Nat. Hazards Earth Syst. Sci., 16, 239–
253, 2016. 

Lenssen, N., Schmidt, G., Hansen, J., Menne, M., Persin, A., Ruedy, R., and Zyss, D.: 
Improvements in the GISTEMP uncertainty model. J. Geophys. Res. Atmos., 124, no. 12, 6307-
6326, 2019. 

Limpasuvan, V., Hartmann, D. L., Thompson, D. W. J., Jeev, K., and Yung, Y. L.: Stratosphere-
troposphere evolution during polar vortex intensification. J. Geophys. Res., 110, D24101, doi: 
10.1029/2005JD006302, 2005. 

MacFarling Meure, C., Etheridge, D., Trudinger, C., Steele, P., Langenfelds, R., van Ommen, T., 
Smith, A., and Elkins, J.: The Law Dome CO2, CH4 and N2O ice core records extended to 2000 
years BP. Geophys. Res. Lett., 33, L14810, doi:10.1029/2006GL026152, 2006. 

Mann, H. B.: Nonparametric tests against trend, Econometrica, Econometrica, 13, 245–259, 1945. 

Manzini, E., et al.: Northern winter climate change: Assessment of uncertainty in CMIP5 
projections related to stratosphere-troposphere coupling, J. Geophys. Res. Atmos., 119, 7979–
7998, 2014. 



47 
 

Masson-Delmotte, V., M. Schulz, A. Abe-Ouchi, J. Beer, A. Ganopolski, J.F. González Rouco, E. 
Jansen, K. Lambeck, J. Luterbacher, T. Naish, T. Osborn, B. Otto-Bliesner, T. Quinn, R. Ramesh, 
M. Rojas, X. Shao and A. Timmermann: Information from Paleoclimate Archives. In: Climate 
Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-
K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley 
(eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, US, 2013. 

Meehl, G.A., Covey, C., Delworth, T., Latif, M., McAvaney, B., Mitchell, J. F. B., Stouffer, R. J, 
Taylor, K. E.: 2007. The WCRP CMIP3 multimodel dataset: a new era in climate change research. 
Bulletin of American Society 88: 1383–1394, 2007. 

Mikkonen, S., Laine, M., Mäkelä, H. M., Gregow, H., Tuomenvirta, H., Lahtinen, M. & 
Laaksonen, A. Trends in the average temperature in Finland, 1847–2013. Stochastic 
Environmental Research and Risk Assessment, 2015. 

Mitchell, T. D. and Jones, P. D.: An improved method of constructing a database of monthly 
climate observations and associated high-resolution grids, Int. J. Climatol., 25, 693–712, 2005. 

Monnin, E., E.J. Steig, U. Siegenthaler, K. Kawamura, J. Schwander, B. Stauffer, T.F. Stocker, 
D.L. Morse, J.-M. Barnola, B. Bellier, D. Raynaud, and H. Fischer: Evidence for substantial 
accumulation rate variability in Antarctica during the Holocene, through synchronization of CO2 
in the Taylor Dome, Dome C and DML ice cores. Earth and Planetary Science Letters, 224, 45-
54, 2004. 

Mäkelä, H. M., Venäläinen, A., Jylhä, K., Lehtonen, I., and Gregow, H.: Probablistic projections 
of climatological forest fire danger in Finland. Climate Research, 60, 73-85, 2014. 

Nakicénovic N, Alcamo J, Davis G, de Vries B, Fenhann J, Gaffin S, Gregory K, Gruebler A, Jung 
TY, Kram T, La Rovere EL, Michaelis L, Mori S, Morita T, Pepper W, Pitcher H, Price L, Riahi 
K, Roehrl A, Rogner H-H, Sankovski A, Schlesinger M, Shukla P, Smith S, Swart R, van Rooijen 
S, Victor N, Dadi Z.: IPCC Special Report on Emissions Scenarios. Cambridge University Press: 
Cambridge and New York, 599 pp, 2000. 

Naujokat, B.: An update of the observed quasi-biennial oscillation of the stratospheric winds over 
the tropics. J. Atmos. Sci., 43, 1873–1877. 1986. 

Otto-Bliesner, B.L., Brady, E.C., Clauzet, G., Tomas, R., Levis, S., and Kothavala, Z.: Last glacial 
maximum and Holocene climate in CCSM3, J. Climate, 19, 2526–2544, 2006.  

Pearson R. G., and Dawson T. P.: Predicting the impacts of climate change on the distribution of 
species: Are bioclimate envelope models useful? Glob Ecol Biogeogr 12(5):361–371, 2003. 

Petit, J.R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, I., Bender, M., Chappellaz, 
J., Davis, M., Delaygue, G., Delmotte, M., Kotlyakov, V. M., Legrand, M., Lipenkov, V.Y., 
Lorius, C., Pepin, L., Ritz, C., Saltzman, E. & Stievenard, M.: Climate and atmospheric history of 
the past 420,000 years from the Vostok ice core, Antarctica. Nature, 399, 429–436, 1999. 



48 
 

Petoukhov, V., Ganopolski A., Brovkin V., Claussen M., Eliseev A., Kubatzki & Rahmstorf S.: 
CLIMBER-2: A climate system model of intermediate complexity. Part I: Model description and 
performance for present climate. Climate Dynamics, 16, 1–17, 2000. 

Petoukhov, V., Claussen, M., Berger, A., Crucifix, M., Eby, M., Eliseev, A. V., Fichefet, T., 
Ganopolski, A., Goosse, H., Kamonkovich, I., Mokhov, I. I., Montoya, M., Mysak, L. A., Sokolov, 
A., Stone, P., Wang, Z., and Weaver, A. J.: EMIC Intercomparison Project (EMIP-CO2): 
comparative analysis of EMIC simulations of climate, and of equilibrium and transient responses 
to atmospheric CO2 doubling, Clim. Dynam., 25, 363– 385, 2005. 

Rienecker et al. MERRA: NASA’s Modern-Era Retrospective Analysis for Research and 
Applications, Journal of Climate, 24, 3624-3648, 2011. 

Ruosteenoja, K., Vihma, T., and Venäläinen, A.: Projected Changes in European and North 
Atlantic Seasonal Wind Climate Derived from CMIP5 Simulations, Journal of Climate, 19, 6467-
6490, 2019. 

Scaife, A. A., et al.: Predictability of the quasi-biennial oscillation and its northern winter 
teleconnection on seasonal to decadal timescales, Geophys. Res. Lett., 41, 1752–1758, 
doi:10.1002/2013GL059160, 2014. 

Schirber, S., Manzini, E., Krismer, T. & Giorgetta, M.: The quasi-biennial oscillation in a warmer 
climate: Sensitivity to different gravity wave parameterizations, Clim. Dyn. 45, 825-836, 2015. 

Schoeberl, M. R.: Stratospheric warmings: Observations and theory. Rev. Geophys., 16, 521–538, 1978. 

Shaffer, G. & Lambert, F.: Glacial extremes from dust−climate feedbacks, Proceedings of the 
National Academy of Sciences, 115 (9) 2026-2031, 2018. 

Smith, R. S. and Gregory, J.: The last glacial cycle: transient simulations with an AOGCM. Clim. 
Dynam., 38, 1545–1559, 2012. 

Tallavaara, M., Eronen, J. T., Miska Luoto, M.: Drivers of the hunter-gatherer population density, 
Proceedings of the National Academy of Sciences, 115 (6) 1232-1237, 2018. 

Thompson, D. W. J., Baldwin, M. P. and Wallace J. M.: Stratospheric connection to Northern 
Hemisphere wintertime weather: implications for prediction. J. Clim. 15, 1421–1428, 2002. 

Tomassini, L., Gerber, E. P., Baldwin, M. P., Bunzel, F. and Giorgetta, M.: The role of stratosphere 
troposphere coupling in the occurrence of extreme winter cold spells over northern Europe. J. Adv. 
Model. Earth Syst., 4, M00A03, 2012. 

Uppala, S., Kallberg, P., Simmons, A., Andrae, U., Bechtold, V., Fiorino, M., Gibson, J., Haseler, 
J., Hernandez, A., Kelly, G., Li, X., Onogi, K., Saarinen, S., Sokka, N., Allan, R., Andersson, E., 
Arpe, K., Balmaseda, M., Beljaars, A., Van De Berg, L., Bidlot, J., Bormann, N., Caires, S., 
Chevallier, F., Dethof, A., Dragosavac, M., Fisher, M., Fuentes, M., Hagemann, S., Holm, E., 
Hoskins, B., Isaksen, L., Janssen, P., Jenne, R., McNally, A., Mahfouf, J., Morcrette, J., Rayner, 
N., Saunders, R., Simon, P., Sterl, A., Trenberth, K., Untch, A., Vasiljevic, D., Viterbo, P., and 
Woollen, J.: The ERA-40 re-analysis, Q. J. R. Meteorol. Soc., 131, 2961–3012, 2005.  



49 
 

van Vuuren, D. P., and Coauthors: The representative concentration pathways: an overview. 
Climatic Change, 109, 5–31, 2011. 

Van Wagner, C.: Development and structure of the Canadian Forest Fire Weather Index System. 
Canadian Forestry Service, Ottawa, Ontario, Forestry Technical Report, 35, 37 pp., 1987.  

Vermeersch P. M.: European population changes during Marine Isotope Stages 2 and 3. Quat Int 
137(1):77–85, 2005. 

Vitart F.: Evolution of ECMWF sub-seasonal forecast skill scores. Q. J. R. Meteorol. Soc., 140, 
1889–1899, doi: 10.1002/qj.2256, 2014. 

Vrac, M., Marbaix, P., Paillard, D. & Naveau, P.: Non-linear statistical downscaling of present 
and LGM precipitation and temperature over Europe. Climate of the Past, 3, 669-682, 2007.  

Watson, P. A., and L. J. Gray:  How Does the Quasi-Biennial Oscillation Affect the Stratospheric 
Polar Vortex? J. Atmos. Sci.,71, 391–409, doi: 10.1175/JAS-D-13-096.1, 2014. 

Wessel, P. & Müller, R. D.: Plate Tectonics, Treatise on Geophysics, 6, Elsevier, pp. 45-93, 2015. 

Wood, S.N.: Generalized additive Models: An Introduction with R. CRC/Chapman & Hall, 2006. 


