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Climate change scenarios for Finland were constructed for three tridecadal periods, 1991-2020,
2021-2050 and 2070-2099, separately for the SRES A2 and B1 forcing scenarios. Projections are
based on output from 3-6 global climate models.
Under the A2 scenario, by 2070-2099 mean temperatures are projected to increase almost 4°C in
summer and more than 6°C in winter. Precipitation increases more than 20% in winter. Summers
are projected to be slightly sunnier than at present, and soil moisture content is reduced by up to
30%. Hot summer days will be about four times more common than today. The frost free period
in summer will lengthen by more than 2 months.
For the end of the century, the B1 scenario produces smaller responses than the A2 scenario.
During the two earlier time spans, the two scenarios do not diverge markedly.

Raportissa esitetään Suomea koskevia ilmastonmuutosskenaarioita kolmelle 30-vuotisjaksolle:
1991-2020, 2020-2050 ja 2070-2099, erikseen SRES:n A2- ja B1-skenaarioille. Ennustukset perustuvat 3-6 maapallonlaajuisen ilmastonmuutosmallin antamiin tuloksiin.
Mikäli A2-skenaario toteutuu, keskilämpötilat olisivat v. 2070-2099 talvisin noin 6°C nykyistä
korkeampia, ja kesälläkin lämpötila nousisi lähes 4°C. Talvisin sademäärä lisääntyisi n. 20%. Kesät näyttäisivät tulevaisuudessa muuttuvan jonkin verran nykyistä aurinkoisemmiksi, ja maaperässä olisi kosteutta jopa 30% nykyistä vähemmän. Hellepäivien määrä lisääntyisi nykyisestä
nelinkertaiseksi, ja kesän hallaton jakso pitenisi ainakin kahdella kuukaudella.
B1-skenaarion toteutuessa ilmaston muutokset vuosisadan lopussa jäävät pienemmäksi kuin
A2-skenaariossa. Vuosisadan alkupuolella skenaariot sen sijaan eivät merkittävästi eroa toisistaan.
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Preface
The Intergovernmental Panel on Climate Change (IPCC) defines adaptation as "Adjustment in
natural or human systems in response to actual or expected climatic stimuli or their effects,
which moderates harm or exploits beneficial opportunities"1. The IPCC lists two reasons why
adaptation is important in the climate change issue. First, an understanding of expected
adaptation is fundamental in evaluating the costs or risks of climate change. Second,
adaptation is a key response option or strategy, along with mitigation. Even with reductions in
greenhouse gas emissions, some climate change is regarded as inevitable, and it will be
necessary to develop planned adaptation strategies to deal with the associated risks as a
complement to mitigation actions.
In Finland, there has been substantial progress during the past decade in investigating the
potential impacts of climate change on natural and human systems. In contrast, there has been
much less attention paid to adaptation. This was recognised by the Finnish Parliament as early
as 2001, when it recommended that a separate programme for adaptation to climate change be
initiated. As a result, a task force co-ordinated by the Ministry of Agriculture and Forestry
completed Finland’s first National Strategy for Adaptation to Climate Change in 2005.2
At about the same time as the Strategy document was being drafted, a research consortium
named FINADAPT also began its work. The goal of the consortium, involving 11 partner
institutions co-ordinated by the Finnish Environment Institute, was to undertake an in-depth
study of the capacity of the Finnish environment and society to adapt to the potential impacts
of climate change. FINADAPT was funded for the period 2004-2005 as part of the Finnish
Environmental Cluster Research Programme, co-ordinated by the Ministry of the
Environment. It comprised 14 work packages (WP) covering: 1) co-ordination, 2) climate
data and scenarios, 3) biodiversity, 4) forests, 5) agriculture, 6) water resources, 7) human
health, 8) the built environment, 9) transport, 10) energy infrastructure, 11) tourism and
recreation, 12) economic assessment, 13) urban planning, and 14) a stakeholder questionnaire.
The primary objective of FINADAPT was to produce a scoping report based on literature
reviews, interactions with stakeholders, seminars, and targeted research.
This report, part of work package 2, describes scenarios of Finnish climate for the 21st
century. It defines two sets of scenarios based on climate model outputs assuming either low
or high future greenhouse gas emissions. It should be read in conjunction with a general
report on the FINADAPT scenarios3 and a third report on observed Finnish climate data.4
Timothy Carter, Consortium Leader
Helsinki, December 2005
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Executive summary
Climate change scenarios for Finland were constructed for three tridecadal periods, 1991-2020,
2021-2050 and 2070-2099, with respect to the baseline period 1971-2000. Scenarios for the
mean temperature and precipitation are based on output from six global climate models; minimum and maximum temperature, solar radiation, snow amount, soil moisture and wind velocity projections on 3-4 models. Projections are composed separately for the SRES A2 and B1
forcing scenarios, the A2 projections being directly model-derived, while B1 projections are
produced applying a pattern-scaling method. In the FINADAPT project, the A2 climate scenario corresponds to the ’retrenchment’, the B1 scenario to the ’sustainability’ socio-economic
scenario. Moreover, the B1 climate scenario can be used as a surrogate for the A1T scenario for
the ’global market’ socioeconomic scenario.
Projections of the mean temperature and precipitation are presented on a grid covering Finland
and the adjacent areas, changes in the other variables are calculated at five Finnish locations.
Changes in the number of frost and hot summer days are determined applying a delta method,
i.e., modifying the observed daily minimum and maximum temperatures by model-simulated
monthly-mean increases. The delta method involves several approximations; for example, the
daily variability of maximum and minimum temperatures is assumed to repeat itself in the
future exactly as it did during 1971-2000 (around a higher time average, of course). Thus all
quantitative estimates obtained with that method should be considered approximate.
Under the A2 scenario, by 2070-2099 mean temperatures are projected to increase almost 4◦ C
in summer and more than 6◦ C in winter. In winter, warming is strongest in the north, in summer
in the south. In winter months minimum temperatures tend to increase more than the maximum
temperatures, and diurnal temperature range is reduced by about 2◦ C. Precipitation increases
more than 20% in winter, but remains nearly unchanged in summer. Snow cover is projected
to reduce. Summers appear to be slightly sunnier than at present, and soil moisture content is
reduced up to by ∼30%. Hot summer days will be about four times more common than today.
Frost-free period in summer will lengthen by 2 months or even more. In wind velocities, no
statistically significant changes were found.
For the end of the century, the B1 scenario produces smaller responses than the A2 scenario.
Accordingly, under the B1 scenario adaptation to climate change would be less demanding.
During the two earlier time spans, the two scenarios do not diverge markedly, and changes
are weaker and statistically less significant than at the end of the century. The first scenario
period 1991-2020 partially overlaps the control period 1971-2000; for that period, climate responses have a particularly low signal-to-noise-ratio. Accordingly, although important from the
1

perspective of several kinds of adaptation measures, presenting scenarios on that time scale is
challenging from the point of view of a natural scientist.
Current climate models describe the behaviour of the nature only incompletely. Several processes, e.g., the interaction between solar radiation and cloud physics, are treated rather crudely,
and the methods to parameterize these phenomena differ in the models. Consequently there is
substantial divergence among the projections given by the various models. For example, the
standard deviation of the six GCM simulations is ∼ 1◦ C for temperature, ∼ 10% for precipitation change. Moreover, comparison to outcome from a set of regional climate models revealed
large uncertainty in the quantitative estimates in the hot and frost days, although the sign of the
trends was undisputed.
Another source of uncertainty is that the actual temperature, precipitation etc. conditions during
a certain time span are affected, in addition to anthropogenic forcing, by unforced natural variability occurring in the climate system. As a consequence of such internal variability, one can
expect that the actual tridecadal mean temperatures may fluctuate up to 1◦ C around the general
warming trend. Additional fluctuations may be induced by future changes in natural external
forcing agents, such as the intensity of the radiation emitted by the sun.
The projections presented in this report are based on presently available global model simulations, and the number of the models included in this account was small. As runs with new more
sophisticated models will be available in the future, scenarios should thus be revised continuously. To catch the range of uncertainty, it is important to base climate scenarios on several
(mutually independent) models rather than to one or two.
In this account scenarios are presented separately for each individual climate parameter. In the
future, scenarios might be likewise composed to occurrence of phenomena with simultaneous
anomalies in several parameters, such as summer heat waves combined to drought spells. Another topic of interest is the occurrence of various meteorological extremes, like storms and
heavy precipitation.
Finland is strongly affected by what happens outside our boundaries. Therefore it is not adequate to compose climate scenarios solely for our own territory. Unfavourable changes in
climate elsewhere in the world could trigger invasion of environmental refugees or new plant or
animal species, which may threat the balance of our society and nature.
Future climate scenarios are generally based on present climate. It is important to have densegrid observational analyses for precipitation and other parameters for which spatial and temporal variability is large.
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Introduction

Anthropogenic emissions are continuously increasing the concentrations of carbon dioxide and
other greenhouse gases in the atmosphere. According to IPCC (2001), this causes an increase
of 1.4-5.8◦ C in the global mean temperature by the year 2100. The warming is accompanied by
changes in the geographical distribution of air pressure, winds, precipitation, snow cover etc.
The purpose of this report is to present model-based scenarios for climate change in Finland up
to the end of the 21st century.
The present work constitutes a part of the FINADAPT project that surveys possibilities of adaptation to climate change in Finland; the research priorities of FINADAPT are discussed in Carter
and Kankaanpää (2004). This report is a continuation of the analysis of Jylhä et al. (2004). An
accompanying report of Venäläinen et al. (2005) gives information about observational climate
data applied in FINADAPT studies. FINADAPT socio-economic and environmental scenarios are discussed in Carter et al. (2005); this paper also includes an introduction to climate
scenarios.
Climate projections are formulated for three 30-year periods: near-term (1991-2020), mid-term
(2021-2050) and long-term (2070-2099), relative to the baseline “present-day” period 19712000. Projections are inferred from simulations made by sophisticated global climate models.
Of course, we do not know in advance how the emissions of greenhouse gases will evolve in
the future. Therefore, a set of so-called SRES emission scenarios (Nakićenović et al., 2000;
IPCC, 2001) have been formulated, each scenario being based on internally consistent assumptions about demographic, socio-economic, and technological development in the future. The
projections presented in this work are based on two1 alternative forcing scenarios:
• In the SRES A2 scenario (FINADAPT retrenchment) people strive after personal wealth
rather than environmental quality. The gap between industrialized and developing countries remains large. Fertility patterns across regions converge very slowly, which results
in rapidly increasing global population. The CO2 concentration is estimated to rise to
about 840 ppm by 2100.
• In the SRES B1 scenario (FINADAPT sustainability), sustainable development is pursued. There is a rapid change in economic structures toward a service and information
society, with reductions in material intensity and the introduction of clean and resourceefficient technologies. Projected global population begins to decline after mid-21st century. Estimated CO2 concentration in 2100 is about 540 ppm.
In terms of climate change, the B1 scenario is used in the FINADAPT project as a surrogate for
the SRES A1T scenario (FINADAPT global markets). No model responses for A1T scenario
were available, and the CO2 concentration in the A1T scenario are only slightly higher than in
the B1 scenario.
Projections representing both the A2 and B1 scenario are demonstrated in this report, but the
emphasis is on the A2 scenario. Grounds for this choice are following:
1

We made calculations for two additional scenarios, A1FI and B2, but these analyses are beyond the scope of
the present account.
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• Responses to the A2 forcing are stronger and statistically more robust than those to the
B1 forcing. In the weak B1 responses the proportion of noise due to internal variability
of the climate system is larger.
• The A2 responses presented in this report are directly model-derived, whereas for compiling B1 responses, an approximative scaling method was employed.
Note that both scenarios give very similar climate projections for the first half of the 21st century, there being significant divergence only at the end of the century. Assumptions behind the
B1 scenario are very optimistic, those behind the A2 scenario somewhat pessimistic. According to the present understanding, future development is likely to be somewhere between the two
scenarios.
The geographical distribution of temperature and precipitation change over a domain covering
Finland and the surrounding areas is given in section 3. In section 4, projections for a number
of additional climatological variables, including diurnal maximum and minimum temperature,
solar radiation, snow amount, wind velocity and soil moisture, are presented for five Finnish
meteorological stations. These projections are based on a limited number of models. Section 5
provides estimates of the future increase in the number of hot summer days and decline of frost
days. These projections were framed by employing a so-called delta method, i.e., by modifying
the observed daily maximum and minimum temperatures by the model-projected increases. In
addition, changes in the length of the frost-free period are presented. Section 6 gives a number
of ideas of how this study might be extended in the future.
In order to facilitate reading the report, some methodological and technical details are presented
in the appendix of this paper.

2

Climate models and observational data employed

A global climate model (GCM) consists of submodels simulating the atmosphere, oceans, soil,
snow cover, vegetation etc. Likewise simulated are interactions among these subsystems, such
as fluxes of heat, moisture and momentum between the surface and the atmosphere. Modelling
of the climate system is based on the laws of physics, although the equations are simplified in
order to make the model computationally feasible. A more comprehensive description of the
principle of GCMs is presented in Kuusisto et al. (1996, p. 53-56).
A GCM simulates the temporal evolution of the global climate system with a time increment in
the order of ten minutes. During the course of time integration, the concentrations of greenhouse
gases and other anthropogenic forcing agents are obtained from the SRES scenario considered.
From the model output one can infer time series of various climate variables (temperature,
precipitation, etc.) at global, regional or local scale. These time series can be employed to
calculate the 30-year means needed to compose the climate projections.
The main properties of the GCMs employed in this work are summarized in Table 1. For more
detailed information and references to model documentation, the reader is referred to McAvaney
et al. (2001). The six models incorporated in the analysis have a horizontal grid size of ∼400
km or smaller in our latitudes. Exactly the same set of models was employed in Ruosteenoja
et al. (2006) to construct climate projections for the entire continental Europe. The model
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Table 1. Coupled GCMs analyzed in the present work. Column 1 gives the model acronym and
column 2 the country where the model was developed. To illustrate the model resolution, the horizontal grid distance in the north-south × east-west direction (GRID) and the number of model
levels in the vertical (L) are given. Next column tells which variables are analyzed for each model,
Tmean , Tmax and Tmin denoting the diurnal mean, maximum and minimum temperature, P the
precipitation, S the surface solar radiation, SN OW the snow amount, SM the soil moisture content and V the wind velocity. SCENS denotes the SRES scenarios for which Tmean and P are
available; for the other variables A1FI and B1 data were missing.

MODEL
CGCM2
CSIRO Mk2
ECHAM4/OPYC3
GFDL R30
HadCM3
NCAR DOE PCM
∗

COUNTRY
Canada
Australia
Germany
U.S.A.
United Kingdom
U.S.A.

GRID
3.8 × 3.8◦
3.2 × 5.6◦
2.8 × 2.8◦
2.2 × 3.8◦
2.5 × 3.8◦
2.8 × 2.8◦

L
10
9
19
14
19
18

VARIABLES
Tmean , Tmax , Tmin , P , S, SN OW , SM , V
∗
∗
, Tmin
, P , S ∗ , SN OW ∗ , SM ∗ , V ∗
Tmean , Tmax
Tmean , P
Tmean , P , S, SN OW , SM
∗
∗
Tmean , Tmax
Tmin
, P , S ∗ , SN OW ∗ , SM ∗ , V ∗
Tmean , P

SCENS
A2, B2
A2, B1, B2
A2, B2
A2, B2
A1FI, A2, B1, B2
A2, B2

Only for the A2 and B2 scenarios

simulations were not performed by the authors themselves but the data have been downloaded
from the IPCC Data Distribution Centre (DDC).
Scenarios for the mean temperature and precipitation were available for all models. For the
remaining variables – minimum and maximum temperature, solar radiation, snow amount, soil
moisture and wind velocity, we were able to analyze only responses given by three or four
models. These variables either were totally missing in the IPCC DDC, or the initial year of the
data was later than 1971, precluding calculation of the baseline period mean.
The responses to the A2 forcing scenario have been simulated by all of the six models (see
Table 1). The low-forcing B1 response was available for HadCM3 and CSIRO Mk2. Furthermore, HadCM3 was the only model for which there were parallel runs (for the A2 scenario, the
ensemble size was three)2 . For most of the models, responses to the B1 forcing scenario were
composed employing a pattern-scaling technique, discussed in detail in Appendix. Scaling is
based on the GCM-simulated response to the B2 forcing scenario. Pattern-scaled responses are
approximate by nature, and accordingly the responses to the A2 forcing are to be considered
more reliable than the B1 responses.
The projections reported in this paper are averages of responses calculated by several models;
in some cases, the standard deviation corresponding to that average are likewise given. In
calculating these means and standard deviations, the summed weight of the HadCM3 parallel
runs was 2, while other models (having no parallel runs) were unity-weighted. In addition to
having a good signal-to-noise ratio due to the existence of parallel runs, HadCM3 has the finest
resolution among the models for which all variables analyzed in this paper are available.
Climate change scenarios were calculated separately for all the 12 calendar months. In order to
condense the information, however, seasonal or annual means are depicted in some illustrations.
Readers who are interested in such results that are not explicitly reported here are asked to
contact us.
2

Parallel simulations are performed with the same model and with exactly the same forcing, but applying
different initial conditions. In the parallel runs the anthropogenic signal is consequently the same, but the phase of
the unforced internal variability of the system is independent. By calculating the ensemble mean of several parallel
runs, the contribution of internal variability can be diminished and signal-to-noise ratio improved.
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In section 5, scenarios for hot and frost days are constructed by raising the observed daily temperatures by the GCM-derived increases. For that purpose, we have utilized daily minimum and
maximum temperature data of period 1971-2000 at five Finnish meteorological stations from
which high-quality observations are available (for documentation of the data, see Venäläinen
et al., 2005). The positions of the stations are enumerated in Table 2. For the Vantaa station,
almost all observations of April 1986 and a few cases of May 1986 are missing due to a labour
strike of state authorities. Other stations have unbroken series for the entire period.
Table 2. Location of the five observation stations.
STATION
Vantaa
Jyväskylä
Kauhava
Kuopio
Sodankylä

LATITUDE
60.3◦ N
62.4◦ N
63.1◦ N
63.0◦ N
67.4◦ N

LONGITUDE
25.0◦ E
25.7◦ E
23.0◦ E
27.8◦ E
26.6◦ E

For some variables, the present results are compared with the corresponding projections simulated by regional climate models (RCMs) participating in the PRUDENCE project (Christensen
et al., 2002).

3

Geographical distribution of the mean temperature and
precipitation response

Before calculating the averages and standard deviations over the six GCMs, the temperature and
precipitation responses simulated by each model were interpolated onto a 0.5 × 0.5◦ grid. Note
that in individual GCMs horizontal resolution is far coarser (see Table 1), and thus the resulting
fields are strongly smoothed. Temperature projections are given in absolute terms (◦ C), while
precipitation changes are expressed in percentages. In transforming the precipitation changes
into percentages (P → 100% × ∆P/P ), the denominator P stands for the baseline-period
precipitation averaged over the six GCMs, the weights being as stated above. The area-averaged
national-scale seasonal and annual mean temperature and precipitation responses for the three
periods are reported in Carter et al. (2005, Tables 11-12).

3.1

Mean temperature and precipitation projections

Six-model averages of winter and summer temperature and precipitation responses for the three
periods, separately to the B1 and A2 scenarios, are shown in Figs. 1-4. Model-mean temperature change is invariably positive, being strongest in winter and weakest in summer. As could
be expected, the amplitude of the temperature response increases in the course of the projection
time. At the end of the century, the A2 scenario yields a temperature response of more than
1.5-fold that of the B1 scenario, while in the two earlier periods the amplitude of the response is
nearly the same for both scenarios. With the exception of the first period 1991-2020, the pattern
of the change is fairly robust. In winter, the warming is most intense in north-eastern, weakest
in south-western Finland; accordingly, in wintertime temperature differences between the various parts of the country tend to smooth out. In summer, by contrast, warming is strongest in the
south-west.
6

Fig. 1. December-February daily mean temperature change for periods 1991-2020, 2021-2050
and 2070-2099, relative to the baseline period 1971-2000. Left-hand maps show responses to the
B1, right-hand ones to the A2 forcing scenario. Weighted averages over the six GCM projections
are depicted by colours (interval 1◦ C), corresponding standard deviation of the various model
projections by isolines (contour interval 0.5◦ C).

7

Fig. 2. As Fig. 1, but for June-August temperature change. For period 1991-2020, temperature
increase lies between 0 and 1◦ C (mostly ∼ 0.6◦ C) over the entire domain.

8

In spring, the pattern of temperature change (not shown) is qualitatively similar to that in winter,
but the amplitude is smaller (e.g., for period 2070-2099 the response to the A2 forcing scenario
is about ∼20% weaker in spring than in winter). In autumn, differences between the various
parts of Finland are small, and the warming is somewhat stronger than in summer but weaker
than in spring.
By the first period, warming is very weak, of the order of 1◦ C in winter and even less in summer.
Such a weak warming is largely drowned by natural variability. This is clearly seen in the topleft panel of Fig. 1, in which the pattern is found to be qualitatively different from that in the
middle and low panels. In fact, for years 1991-2020 some individual GCMs even predict minor
cooling for some seasons, although the six-model mean change is positive in the entire area.
As a measure for the (dis)agreement of the projections given by various models, standard deviation of the projections is drawn in Figs. 1-4. For time span 2070-2099, the deviation is of the
order of magnitude 1◦ C in summer, somewhat larger in winter. This indicates that the modelmean warming signal distinctly exceeds the inter-model spread. The model-mean warming
signal is quite robust for time span 2021-2050 as well. For period 1991-2020 the inter-model
standard deviations are 0.6-0.9◦ C in winter and ∼ 0.3◦ C in summer, i.e., about one half of the
projected model-mean value.
Precipitation is projected to increase in winter in the whole country (Fig. 3), while in summer
(Fig. 4) the sign of the change is different in the various parts of Finland. For the first two time
spans, inter-model variability is of the similar order of magnitude to the averaged projection, or
even larger. Moreover, the patterns of the model-mean change are qualitatively different. This
indicates the low statistical significance of the response. Notice the apparent nonlinear temporal
evolution of precipitation in south-western Finland. In years 1991-2020 precipitation is nearly
the same as during the control period; in years 2021-2050 there is an increase of ∼ 5%, in years
2070-2099 a decrease again. Evidently these fluctuations are due to noise caused by internal
variability; that kind of noise occurs both in the real and in the modelled climate system.
For period 2070-2099 the precipitation change signal appears a bit more robust, but only precipitation increases in the winter months as a response to the A2 forcing scenario were statistically
significant (see section 4). If the A2 scenario materializes, a precipitation increase of 20-30%
is to be expected in winter. In summer, precipitation remains nearly unchanged in southern
Finland, there being an increase of ∼ 10% in the north. Note the qualitative similarity of the
A2 and B1 responses for period 2070-2099.
During the intermediate seasons, precipitation is projected to increase about 20% by 2070-2099,
during spring in the south-westernmost Finland ∼ 10% (not shown).
Present temperature projections based on the A2 scenario are fairly close to the SILMU policyoriented central scenario (Carter et al., 1996); in that scenario, winter temperatures were projected to increase by 6◦ C/century, summer warming being a half of that figure. The corresponding SILMU estimates for precipitation increase were about 20% for winter and 10% for
summer. Accordingly our winter precipitation projections are quite close to SILMU, while summer precipitation seems in our projections to remain nearly unchanged. A more comprehensive
comparison to the SILMU scenarios is presented in Jylhä et al. (2004).
Figures 1-4 indicate that during the first two time spans the amplitudes of the A2 and B1 responses are very close to one another. For temperature responses in 2021-2050, even the patterns are nearly the same. Thus, it is not very reasonable to study these two scenarios separately
before 2050. Moreover, we remind the readers that the B1 response is actually scaled from B2
9

Fig. 3. As Fig. 1, but for December-February precipitation change. Unit %.
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Fig. 4. As Fig. 3, but for June-August precipitation change.
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(see Appendix), and the scaling procedure transfers, in additional to the anthropogenic climate
change signal, noise related to internal variability to the scaled response. Therefore the method
is not very applicable for periods 1991-2020 and 2021-2050 when the signal-to-noise ratio is
rather low. Accordingly, in the rest of this report we do not present B1 projections for the first
two time spans.

3.2

Changes in interannual variability

In several applications of climate research, it is important to know, in addition to the mean
state, the variability of conditions. As a measure of the variability on interannual time scale, we
calculate the standard deviation of monthly mean temperature and precipitation:
v
v
u
u
n
n
u 1 X
u 1 X
2
2
t
t
σT =
σP =
(1)
Ti − T ;
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n − 1 i=1
n − 1 i=1
where n = 30 is the number of years in the time span and an overline denotes mean over the
span. T and P stand for the temperature and precipitation. Standard deviations were calculated
for the three time spans, separately for each calendar month. Comparison of those deviations
with the corresponding quantity of the baseline period reveals whether the interannual variability will increase or decrease. Changes in the deviation were first calculated separately for each
GCM, and (weighted) averages of these changes are reported here.
As an example, difference in the standard deviation of January mean temperature between years
2070-2099 and 1971-2000 is shown in Fig. 5. One can see that interannual variability is
reduced; the same feature was seen for all months of the cold season from October to May.
This is related to a tendency of the extremely cold winters to be cut away most effectively in the
warming climate. In summer, changes in the interannual variability of the mean temperature
are generally small. For precipitation, there is a weak tendency toward increasing variability in
all seasons. However, changes in the interannual variability are quite model-dependent, and the
six-model mean is not very significant statistically. Thus, we do not certainly know even the
sign of the change. Therefore, no firm conclusions should be drawn.
For several practical purposes, e.g., to assess the damages caused by floods, it is essential to
study changes in extreme rain events rather than trends in the climatological mean precipitation.
Based on regional climate models (RCMs) used in the PRUDENCE project, analyses of areaaveraged changes in the 30-year means of the greatest one-day precipitation amount in winter
and summer were presented in Carter et al. (2005) and Jylhä et al. (2005a). In summer there
is a systematic tendency of the maximum 1-day precipitation to increase more (by ∼10%) than
the mean precipitation. Thus, even in models in which the summer mean precipitation remains
unchanged extreme downpours tend to intensify. In winter, by contrast, maximum one-day
precipitation appeared to increase less than the mean precipitation. Assuming the FINADAPT
scenarios for the area-averaged national-scale mean precipitation in Finland (Table 12 in Carter
et al. 2005), this implies that the averages of the greatest 1-day precipitation totals would
increase by about 10-15% in summer and by 5-20% in winter, with smaller responses under
the B1 scenario than the A2 scenario. Although these approximate increases in the maximum
precipitation are somewhat smaller than those based on direct RCM results, they are coherent
with the climate scenarios presented in this report.
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Fig. 5. Difference of the standard deviation of interannual variability of the mean temperature
between periods 2070-2099 and 1971-2000. The figure shows a weighted average of the six GCM
projections. Unit ◦ C.

4

Mean climate scenarios for individual stations

Projections for variables other than the mean temperature and precipitation (diurnal maximum
and minimum temperature, solar radiation, snow amount, wind velocity and soil moisture) are
not given on the dense grid covering Finland but solely for the five stations listed in Table 2.
This is consistent with Venäläinen et al. (2005), who likewise made observational data of a bulk
of the variables available merely for these stations. Station projections of the minimum and
maximum temperature can be directly applied in assessing changes in the number of frost and
hot summer days (section 5). In contrast to the mean temperature and precipitation, projections
for the other variables are merely based on 3-4 GCMs (Table 1).
The procedure of calculating projections at the stations is following. First, for every individual
GCM the geographically nearest continental grid point was used to represent the station. This
simple approach was chosen in order to avoid horizontal interpolation between land and sea
grid points. Since several variables, e.g., the diurnal extremes of temperature, soil moisture and
snow amount, either are not defined at sea grid points or behave totally differently in land and
sea areas, such an interpolation would yield misleading results. As a second step, the projections
given by the various GCMs are averaged (as previously, by giving the HadCM3 ensemble mean
a doubled weight).
The four stations in the southern part of Finland are located so close to one another that in a
GCM the stations are represented by the same or an adjacent grid point, and accordingly the
projected changes at these stations are very similar. Consequently, in this section we show
projections for two stations only, Jyväskylä representing the southern, Sodankylä the northern
half of Finland.
Scenarios for maximum and minimum temperature are given in ◦ C. Representation of other
variables in the various models was not commensurable. Even the units may be different, there
being no direct conversion making them consistent. Therefore we have transformed all indi13

vidual GCM projections into percentages before calculating the several-model average. No
B1-forced model data were available for the variables discussed in this section, and so all B1
projections are constructed applying the pattern-scaling method.
The statistical significance of changes was studied with the standard t test. The conclusions
based on this test must, however, be considered tentative, since the exact number of degrees of
freedom is hard to ascertain (a more detailed discussion is presented in the Appendix).
In Fig. 6 it is seen that the maximum and minimum temperatures increase in all seasons. Apart
from the period 1991-2020, warming is statistically significant in the majority of the calendar
months. Generally, warming is stronger in winter than in summer. In one spring month (April
in southern, May in northern Finland), the projected increase in the maximum temperature is
larger than in the adjacent months. Such an abnormal springtime warming is actually not found
in any other GCM except CSIRO-Mk2. Therefore we tend to consider this feature an artifact.
During the winter months, minimum temperatures tend to increase more than the maximum
temperatures. Accordingly, the diurnal temperature range will decrease about 2◦ C. This indicates that extremely low temperatures will increase more strongly than the mean temperatures.
An analogous feature was found in studying the interannual variability of monthly mean temperatures (section 3.2). In summer, by contrast, diurnal temperature range slightly increases.
Note that the minimum and maximum temperature projections given here are based on three
GCMs, whereas six models were used to construct the daily mean temperature projections presented in Figs. 1-2. Therefore the results are not entirely consistent.
Incident solar radiation at the surface was originally given in units W/m2 , but percentage
changes are presented in Fig. 7. In southern Finland during summer, solar radiation is projected to increase by ∼10%. This increase appears to be statistically significant at the 5% level
(caveat: the t test is only approximate, see Appendix). The increase is coherent during successive months and apparent in all the three time spans, with increasing amplitude in time. In other
seasons changes are not statistically significant. In northern Finland, solar radiation seems to
remain almost unchanged around the year.
Changes in the snow amount (Fig. 8) are statistically significant except for the near-term period
1991-2020. Snow cover appears to decrease monotonically as a function of the projection time.
Expressed in per cent, reduction is strongest at both ends of the snow season. According to the
A2 scenario, during midwinter about 60% of snow is lost in the south and 40% in the north by
years 2070-2099. In the last spring month with snow, reduction is more than 90%. Under the
B1 scenario wintertime snow amount likewise reduces, albeit not as rapidly as under the A2
scenario.
Simulations by the PRUDENCE RCMs suggested comparable decreases in temporally and spatially averaged snow amount in Finland during the period 2071-2100, relative to 1961-1990
(Carter et al. 2005, Jylhä et al. 2006). Using the close relationships between percentage changes
in the number of snow cover days and the liquid water equivalent of snow (Carter et al. 2005),
one can approximate from the present A2-forced GCM simulations that by 2070-2099 the annual number of snow cover days decreases by a half in southern and central Finland and by
about 20% in northern Finland. The strong reduction of snow amount in autumn and spring
(Fig. 8) is related to considerably fewer snow cover days than nowadays in those seasons, particularly in southern Finland. During December-February in northern Finland, the number of
snow days remains nearly unchanged.
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Fig. 6. Annual course of the change in the daily maximum (upper panels) and minimum (lower
panels) temperature at Jyväskylä (left panels) and Sodankylä (right panels). Red curves depict
the responses to the A2 forcing scenario for the years 2070-2099 (solid), 2021-2050 (dashed) and
1991-2020 (dotted), the solid green curve the response to the B1 forcing for period 2070-2099.
All responses are calculated with respect to the baseline period 1971-2000. The projections are
weighted averages of three GCM simulations (see Table 1). Unit ◦ C.
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Fig. 7. Annual course of the change in the incident solar radiation at Jyväskylä (left panel) and
Sodankylä (right panel). Unit %. For denotations, see caption of Fig. 6. Sodankylä is situated to
the north of the Polar Circle, and little solar radiation is received there during December. That
month is omitted on the rhs panel. The projections are averages of four GCM simulations.

Fig. 8. Percentual change of the snow amount for various months of the year at Jyväskylä (left
panel) and Sodankylä (right panel). Response to the A2 forcing for period 1991-2020 is denoted by
the short thin open bars, for 2021-2050 by red filled bars and for 2070-2099 by long broad open
red bars. Response to the B1 forcing for years 2070-2099 is indicated by the open green bars. The
projections are averages of four GCM simulations.
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Rasmus (2005) has combined a sophisticated snow cover model to the regional atmospheric
model RCAO. As a response to the A2 scenario by 2070-2099, in these experiments snow
water equivalent in March at Hyytiälä (rather close to Jyväskylä) is reduced by 32% or 76%,
depending on from which global model the boundary data needed for driving the regional model
was taken (Rasmus 2005, Table 6.4). The latter figure is close to our estimate in Fig. 8. Large
snow cover reduction, up to 80% in southern Finland by 2100, was also found by Vehviläinen
and Huttunen (1997; hereafter VH97); winters without a full snow cover would begin to occur
after 2020.
In fact, there are two opposing driving factors affecting the snow amount. On the one hand,
shortening the snow accumulation period and a larger proportion of precipitation in a liquid
state tend to reduce the snow cover. On the other hand, increasing wintertime precipitation may
enhance snowfall as long as temperature increase is modest. Thereby one cannot rule out the
possibility of an increase in the snow cover in northern and eastern Finland during the next few
decades, although the average scenario depicted in Fig. 8 does not display such a tendency.
Statistically significant soil moisture changes only occurred during summer months of 20702099 as a response to the A2 forcing. Fig. 9 shows that in the late summer soil moisture content
may be reduced substantially, especially in the southern half of Finland. Even though summer
mean precipitation remains nearly unchanged, higher temperatures and increased solar radiation
intensify evaporation under climate change. This results in drying the soil even by ∼30%. Such
a reduction of soil moisture content might cause severe consequences for agriculture and soil
water supply, for instance.
In the present study, reduction of summer soil moisture in southern Finland is about twice that
reported by VH97. There are several potential reasons for that discrepancy. First, VH97 employed older SILMU scenarios in which there is an increase of precipitation by ∼10% by 2100
(Carter et al., 1996); in our scenarios, based on more recent GCMs, summertime precipitation
in southern Finland remains nearly unchanged (Fig. 4). Second, our soil moisture scenarios
are directly derived from the rather crude and highly parameterized soil models employed in
the GCMs, while VH97 used a conceptual watershed model forced by modelled meteorological

Fig. 9. Percentual change of the soil moisture content at Jyväskylä (left panel) and Sodankylä
(right panel) as a response to the A2 forcing for period 2070-2099, relative to the baseline period
1971-2000. The projections are averages of four GCM simulations.
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data. Third, the thickness of the soil layer considered in the moisture analysis varies among the
models. Moreover, though statistically significant, the alarming drying found in Fig. 9 is based
on output of four GCMs only, and thus needs to be confirmed by analyzing additional, more
evolved GCMs.
Changes of wind velocity (not shown) were of the order of magnitude of a few per cents and almost invariably not statistically significant. Moreover, there was little coherence among changes
occurring in successive calendar months. Accordingly, on the basis of the present model data
we cannot even deduce whether winds will weaken or strengthen in the future. However, the
wind analysis is based on three GCMs only, and in this stage we cannot rule out the possibility
of substantial future changes until new model generation simulations will be available.

5

Occurrence of hot summer days and frost days in the
present and future climate

In this work, a day is defined a hot summer day (“hellepäivä” in Finnish) if the daily maximum
temperature Tmax > 25◦ C. Conversely, in a frost day the minimum temperature Tmin < 0◦ C.
For the baseline period 1971-2000, the numbers of hot summer days and frost days at the five
stations (Table 2) could be derived straightforwardly from the observed daily maximum and
minimum temperatures (Venäläinen et al., 2005). Because of missing springtime data of 1986,
frost day analysis for Vantaa is based on 29 rather than 30 years.
Occurrence of hot summer and frost days in the future climate was estimated applying a delta
method. Firstly, we added to the observed daily diurnal maximum (minimum) temperatures at
each station the (three-GCM) projected increase of Tmax (Tmin ) for that particular month. This
was done separately for both forcing scenarios and the three time-spans. Monthly Tmax and
Tmin responses employed for this purpose are depicted for two stations in Fig. 6. Secondly,
these modified time series were used to calculate the numbers of hot summer and frost days in
the future climate.
One should bear in mind that the procedure involves several approximations. It is assumed
that the daily variability of maximum and minimum temperatures will repeat itself in the future
exactly as it did during 1971-2000 (around a higher time average, of course). For example, the
possibility that the variability of daily extreme temperatures might change is ignored. Moreover,
the Tmax and Tmin responses employed to calculate the projected daily minimum and maximum
temperatures are derived from a small number of GCMs, there being a possibility that these
estimates are severely biased.
The observed and projected numbers of hot summer days at the five stations are given in Table
3. The number of hot days is very sensitive to changes in the maximum temperature. Even such
a small temperature increase as 0.5 − 1◦ C, projected for the warm season in period 1991-2020
(see Fig. 6), would increase the number of days with Tmax > 25◦ C by 35-43%. During period
2070-2099, the number of hot days would be more than twice (B1) or even fourfold (A2) the
baseline period number! The corresponding increases in Tmax are 2 − 3◦ C (B1) and 4 − 5◦ C
(A2).
The number of hot summer days varies strongly from one year to another. The frequency
distribution of the number at Vantaa for the baseline period is given in Fig. 10a. About one
third of summers are classified “cool”, i.e, the number of hot days is smaller than 10. Nearly
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Table 3. Average number of hot summer days (Tmax > 25◦ C) per year at five Finnish meteorological stations. First column gives the observed number in 1971-2000, the following columns
projections for spans 1991-2020, 2021-2050 and 2070-99, separately for the B1 and A2 forcing
scenarios.
Station
Vantaa
Kauhava
Jyväskylä
Kuopio
Sodankylä

71-00
13.5
11.5
13.0
12.0
6.1

91-20 (B1)
17.8
15.3
17.0
15.3
8.4

91-20 (A2)
19.0
16.5
17.6
16.2
8.4

21-50 (B1)
22.9
19.9
20.4
20.1
10.6

21-50 (A2)
27.5
23.4
23.1
22.9
12.1

70-99 (B1)
33.1
28.1
28.2
27.3
14.8

70-99 (A2)
55.3
48.2
44.4
44.7
25.5

half of the summers are “normal”, with 10-24 hot days. During “hot” summers the number is
at least 25; approximately every sixth summer belongs to that class.
Even a minor warming changes the frequency distribution distinctly. Warming of less than
one degree by 1991-2020 increases the proportion of “hot” summers more than by a factor
1.5, simultaneously reducing the occurrence of “cool” summers more than 50%. Later in the
21th century a new class, “unprecedentedly hot” with more than 40 hot days, emerges in the
distribution. During 2070-2099, more than 90% of years are projected to belong to that class.
In the present study, the increase in the number of hot summer days in Finland proved to be
about twice as large as what was found in analyzing the regional climate model simulations
participating in the PRUDENCE project (not shown). Partly this is due to the fairly small
warming projected by those regional models. Another reason is that in the regional models the
simulated present-day control climate tends to be too cold, with a clear underestimation of the
number of hot summer days in control climate.
Simultaneously with the increase of hot summer days, the number of frost days is reduced
(Table 4). For example, in span 2070-2099 at Jyväskylä, the annual number of frost days is
decreased by one third (B1 scenario) or even by one half (A2). These percentage changes are
in fairly good agreement with those derived from the PRUDENCE simulations, although the
absolute decreases (in days) were somewhat less pronounced according to those runs (see Jylhä
et al. 2006).
In general, reduction of frost days lengthens the summertime frost-free period, although the
interannual variability is large (Fig. 11). In 1971-2000, the typical length of the period was
about 100 days at Jyväskylä and 80 days at Sodankylä. At the end of the 21st century, under
the A2 scenario the length of the frost-free period may increase by 2-2.5 months. Last vernal
night frost would occur more than one month earlier than at present, there being somewhat
less postdating in the first autumnal frost. However, these values are exposed to considerable
Table 4. Average number of frost days (Tmin < 0◦ C) per year at five Finnish meteorological
stations. First column gives the observed number in 1971-2000, the following columns projections
for spans 1991-2020, 2021-2050 and 2070-99, separately for the B1 and A2 forcing scenarios.
Station
Vantaa
Kauhava
Jyväskylä
Kuopio
Sodankylä

71-00
156.0
188.0
188.5
173.9
223.7

91-20 (B1)
133.4
170.1
172.0
159.3
210.4

91-20 (A2)
135.2
169.2
171.7
158.7
212.4

21-50 (B1)
120.0
153.7
155.2
146.2
195.0
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21-50 (A2)
110.4
142.6
148.2
140.3
191.1

70-99 (B1)
95.4
125.9
125.6
122.3
168.5

70-99 (A2)
61.5
91.0
92.8
91.5
138.9

Fig. 10. (a) Histogram showing the relative frequency distribution of the number of hot summer
days (Tmax > 25◦ C) per year, observed at Vantaa during period 1971-2000. The remaining panels
depict corresponding projected frequency distributions for periods (b) 1991-2020, (c) 2021-2050
and (d) 2070-2099, inferred from the projected A2-forced changes in the daily maximum temperature by employing the delta method (see text). Background colours are intended to facilitate
reading the figures: the blue, green and yellow backgrounds indicate the cool, normal and hot
summers, defined by the number of hot days. An orange background indicates years with so many
hot summer days (≥ 40) that not a single such year occurred during 1971-2000.
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JYVÄSKYLÄ - LAST VERNAL FROST

JYVÄSKYLÄ - FIRST AUTUMN FROST
Obs. 1971-2000
B1 1991-2020
A2 1991-2020
B1 2021-2050
A2 2021-2050
B1 2070-2099
A2 2070-2099

1
Apr

16
Apr

1
16
31
15
May May May Jun

30
Jun

15
Jul

30
Jul

1
16
31
15
Aug Aug Aug Sep

SODANKYLÄ - LAST VERNAL FROST

30
15
Sep Oct

30
Oct

14
29
Nov Nov

SODANKYLÄ - FIRST AUTUMN FROST
Obs. 1971-2000
B1 1991-2020
A2 1991-2020
B1 2021-2050
A2 2021-2050
B1 2070-2099
A2 2070-2099

1
Apr

16
Apr

1
16
31
15
May May May Jun

30
Jun

15
Jul

30
Jul

1
16
31
15
Aug Aug Aug Sep

30
15
Sep Oct

30
Oct

14
29
Nov Nov

Fig. 11. Date of the last frost in spring (left) and first frost in autumn (right) at Jyväskylä (upper
panels) and Sodankylä (lower panels). In each panel the black box-whiskers plot at the up shows
the distribution of the observed date during the baseline period 1971-2000, coloured plots depict
the projected distributions for the three scenario spans for the B1 (green) and A2 (red) forcing
scenarios. The vertical line inside each box indicates the median, the left and right edges of the box
the lower and upper quartiles. The end points of the whiskers denote the absolutely earliest and
latest dates during the 30-year period concerned.

uncertainty, although all experiments simulate a tendency towards a longer frost-free season
(compare to Jylhä et al., 2005b).
In earlier time spans, as well in the most distant span under the B1 scenario, changes are less
pronounced, but the tendency of lengthening the frost-free period is apparent anyway. Note also
that differences between the B1 and A2 scenarios are generally fairly small before the mid-21st
century.
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6

Future research ideas

The duty of the climatologists is to supply other branches of science and society relevant climate
information (e.g., to monitor climate and keep climate projections up to date). Very often the
specific desires for the climate data are presented by each particular user. Below we present a
number of ideas how the present account might be extended in the future. In practice, of course,
realization of these thoughts depends on resources available.
In formulating climate scenarios, it is important to use several models rather than merely one
or two. This helps us to form a picture of the uncertainty of our estimates. As a next step, we
plan to analyze new model simulations performed for the Fourth Assessment Report of IPCC.
In combining the information given by the various models, it is important to give a realistic
weighting coefficient for each individual run. Enhanced weight might be given to those models
that are physically qualified, e.g., having high resolution or advanced parameterization methods
for sub-grid scale phenomena. In addition, the performance of the model in simulating presentday climate, globally or regionally, can be used as a criterion affecting weighting. On the other
hand, smaller weights should be given to those model runs are not independent of one another.
A questionnaire among the FINADAPT partners, conducted in summer 2004, indicated that
an extensive set of climatic parameters are relevant in climate change adaptation studies. At
this stage, we were only only able to deal with a subgroup of these parameters. Examples of
parameters omitted in the present study are air humidity, potential and actual evaporation and
soil frost depth. Furthermore, the set of four GCMs employed here revealed no statistically
significant change in wind speed; it is important to ascertain whether this conclusion holds for
a larger suite of model simulations.
Information on the variability of weather and occurrence of extreme weather conditions are of
special utility for the society. Thunderstorms and other small-scale severe weather phenomena
are not resolved by existing climate models. Nevertheless, GCM simulations can produce information about possible changes in the frequency of various weather types, some of which being
favourable to the occurrence such storms.
At the first stage of the RATU project (Heavy precipitation and floods in urban areas) by SYKE,
TKK and FMI, climatological features of present-day heavy precipitation events at five stations
have been studied, to be combined later (in a proposed continuation of project) with extensive weather radar observations; projections for future precipitation extremes will likewise be
composed. In addition to these studies dealing with urban floods, there is a need to calculate,
employing up-to-date statistical methods, return periods of heavy precipitation with different
durations, from daily to monthly, for individual river catchment areas. Estimates for design
precipitation changes given by Tuomenvirta et al. (2000b) should be updated utilizing more
advanced climate model experiments.
In addition, return period can be assessed for the duration and frequency of heat waves combined with drought spells, like those that caused severe deficit of ground water in years 20022003. There are several other examples of high-impact events that are caused by simultaneous
anomalies in several meteorological parameters:
• Absence of soil frost after snowfall on an unfrozen ground (bringing about difficulties for
wood harvesting)
• Strong winds during the period of unfrozen soil (forest damages)
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• Horizontal rain associated with heavy precipitation during a prevailing storm wind (wetting of constructions)
• Rain-on-snow events, freezing and thawing (slippery)
Climate model data can be used to force sophisticated soil models simulating soil frost (updates
of the studies by Venäläinen et al. 2001) and moisture (e.g., the COUP model used by Vajda
and Venäläinen, 2005). Resulting estimates are likely to be more realistic than those derived
directly from the GCM soil data.
An interesting application of the delta method described in section 5 is surveying the occurrence of springtime temperature backlashes. With warm temperatures in the beginning of the
vegetation period, plants gradually lose their cold hardness and become more susceptible to
frost damage. A temperature backlash is a situation when after accumulation of a certain temperature sum in spring, a severe frost follows. Jönsson et al. (2004) found that warming may
enhance the occurrence of backlashes in southern Sweden.
Adaptation to current climate risks, e.g., creating systems for early warning for critical weather
events, helps us to prepare ourselves for similar and possibly more severe events in the future
changed conditions. Adaptation capacity can be enhanced with case studies, including a detailed meteorological analysis, of events occurred in the past, such as the floods that distressed
southern and central Finland in year 2004. Return periods of such events can be estimated employing meteorological observations. Conventional meteorological observations can be completed by information given by modern observational systems like weather radars.
Present climate acts as a baseline that is modified by modelled climate responses to obtain scenarios for the future. Consequently, dense-grid analyses (like those published by Venäläinen et
al. (2005)) are needed for several additional variables, such as the diurnal maximum and minimum temperature and solar radiation. Precipitation is an example of a quantity that is strongly
variable in the horizontal, and the presently applied kriging interpolation method appears to
smooth extreme local values (Venäläinen et al., 2005). More evolved interpolation methods
should be used to compose observational distributions for such quantities.
Furthermore, analysis of observations are required to monitor ongoing climate change and to
assess the present-day variability for a set of variables besides the mean temperature and precipitation; for example, studies of Solantie et al. (1996), Førland et al. (1998) and Tuomenvirta
et al. (2000a) should be updated.
In assessing our ability to adapt ourselves to climate change, it is important to remember that we
are not living alone in the world, and the future of Finland is strongly influenced by what happens outside the boundaries of our country. An impending threat deserving research resources
is invasion of such a large number of environmental refugees (IPCC, 1996) that our society cannot assimilate them. Therefore, it is not adequate to have climate scenarios merely for Finland
but we should be aware of what kind of changes are taking place globally.

7

Conclusions

At the end of this century, climate in Finland is in several respects quite different from that
prevailing now. If the A2 scenario materializes, mean temperatures are projected to increase by
∼ 4◦ C in summer and more than 6◦ C in winter. Winter precipitation increases by more than
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20% and snow cover is reduced markedly. Summers may be slightly sunnier than at present,
and soil moisture content is reduced severely, in the southern part of Finland during late summer
by ∼30%. Hot summer days will be about four times more common than today, and conversely
the number of frost days decreases. Frost-free period in summer will lengthen by 2 months or
even more.
If the global greenhouse gas emissions are smaller than those projected in the A2 scenario, climate change will be less drastic accordingly. For example, by the period 2070-2099 the B1
scenario produces only about two thirds of the warming projected by the A2 scenario. Changes
in other climate variables would be smaller as well. Accordingly, under the B1 scenario adaptation to climate change would be less demanding.
In the two earlier time spans (1991-2020 and 2020-2050), the materialized climate change is
far smaller than at the end of the century, and the two scenarios deviate little from one another.
Differences in the projections produced by the scenarios may be largely attributed to noise
caused by the internal natural variability of the climate system.
Climate scenarios for Finland can be applied to numerous climate change impact and adaptation
studies. For example, changes in the means and interannual variability of temperature and
precipitation are used as input of a forest growth model at the University of Joensuu (Kellomäki
et al, 2005). Snow cover and frost day scenarios are of relevance for winter tourism and outdoor
activities (Neuvonen et al., 2005), while summer recreations are affected by changes in the
occurrence of heat waves and sunshine. Deficit of the soil moisture may threaten cultivation of
several crops.
It is important to emphasize that GCMs are only an incomplete description of the behaviour of
the nature. Several processes, e.g., the interaction between solar radiation and cloud physics,
are treated rather crudely. Consequently it is no wonder that there is substantial divergence
among the projections given by the various models. For example, the standard deviation of
the six GCM simulations is ∼ 1◦ C for temperature, ∼ 10% for precipitation change. Owing
to the small number of GCMs included in these analyses (e.g., for daily temperature extremes
and wind velocity there was data from solely three models), we have not tried to determine any
quantitative error estimates for our projections.
Another source of uncertainty is that the actual temperature, precipitation etc. conditions during a certain time span are affected, in addition to anthropogenic forcing, by unforced natural
variability occurring in the climate system. As a consequence of such internal variability, one
can expect that the actual tridecadal mean temperatures, for example, may fluctuate up to 1◦ C
around the general warming trend. Additional fluctuations may be induced by future changes
in natural external forcing agents, such as the intensity of the radiation emitted by the sun.
For the first time span 1991-2020, which partially overlaps the control period 1971-2000, climate responses generally have a low statistical significance and the ratio of the climate change
signal to noise induced by internal variability is small. Due to the large inertia of the climate
system, no dramatic change in the climatological means can take place that soon, and apparent
changes may be largely due to internal variability. From the point of view of a natural scientist,
studying changes in that time scale sounds challenging. On the other hand, for taking adaptation
measures, near-term changes are unfortunately often of the largest practical importance.
Climate models are evolving continuously, and we can anticipate that their ability to simulate
the response to anthropogenic climate forcing will improve. The regional climate projections
compiled here are based on GCM experiments conducted for the Third Assessment Report
24

of IPCC (2001), and the number of climate models analyzed was fairly small (depending on
the quantity, 3 to 6). In the future, experiments with new generations of models will appear
continuously in the literature, and therefore it is relevant to update climate change projections
given for Finland at regular intervals. Section 6 of this report lists several ideas of what kind of
scenario research may be performed in the future.
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Appendix: Methodological details
A1. Pattern-scaling method
For most of the GCMs analyzed in this work, only model responses to the A2 and B2 forcing
scenarios have been calculated. For the mean temperature and precipitation, the B1 response
was likewise available for HadCM3 and CSIRO Mk2. In order to compose B1 responses for the
missing models runs and variables, we applied a simple version of the pattern-scaling method.
The idea in this technique is that the geographical pattern of the response is assumed to be
independent of the forcing, while the amplitude of the response at every location is linearly proportional to the global mean change in the surface air temperature. Consequently, the response
to arbitrary forcing can be calculated from an existing GCM response by multiplying that pattern at every grid point by the ratio of the global mean temperature changes. For example, if
the response of an arbitrary climatological variable X (e.g., temperature, precipitation or solar
radiation) to the B2 forcing scenario has been calculated by a GCM, the response to the B1
scenario is found by scaling the pattern at all grid points:
∆XB1,s =

h∆TB1 i
∆XB2,g
h∆TB2 i

where ∆X is the local change of the variable. h i denotes a global mean, and subscripts B1 and
B2 refer to the forcing scenarios. The response denoted by subscript g is simulated by a GCM,
changes with subscript s are pattern-scaled.
In practice, the global mean temperature changes were calculated with a simple climate model
system, which had been calibrated to be consistent with each AOGCM to be emulated. Such
models require few computational resources, and can readily be used to calculate global mean
temperature changes for all relevant forcing scenarios. In this study, we employed the global
temperature changes obtained with the TAR version of MAGICC (Model for the Assessment
of Greenhouse-gas Induced Climate Change), a set of coupled gas-cycle, climate and ice-melt
models (IPCC, 2001, Appendix 9.1; Raper et al., 2001). The MAGICC-emulated time series
of global annual mean temperature changes for the various GCMs were supplied to us by Dr.
Sarah Raper.
On the basis of these time series, we calculated the MAGICC-derived changes of the global
mean temperature for time slices 1991-2020, 2021-2050 and 2070-2099, relative to the climatological baseline period 1971-2000, for the B1 and B2 forcing scenarios. Ratios of the global
mean temperature changes representing different forcing scenarios were used to calculate the
scaled responses.
The applicability of the scaling procedure has been evaluated in section 3.2 of Ruosteenoja
(2003).

A2. The t test
In the t test, the null hypothesis is that no change in the climate quantity concerned (X =
temperature, precipitation, etc.) takes place. The t test statistics has the conventional expression:
t=

X
√
s/ df + 1
28

where X is the mean and s the standard deviation of the GCM responses. df is the number of
degrees of freedom.
There are two factors that produce difference between the various simulations: (i) difference
in the structure of the various GCMs and (ii) noise induced by natural variability. The latter
factor makes the simulations give divergent results regardless of whether these have been performed with the same or a different model. In the test, both types of uncertainties are inherently
included.
The problem in the application of the test is that df is hard to determine. This is so because the
simulations include parallel runs performed with HadCM3 that are only partially independent.
Therefore the conclusions based on the test are to be considered tentative, especially so when
the value of t is close to the critical limit of confidence.
Note that the test measures the (dis)similarity of the projections given be the various GCMs.
Another type of test, comparing the magnitude of a GCM response to an estimate of internal
variability, has been employed in many papers (e.g., Ruosteenoja et al., 2003). In the present
work, however, no information about internal variability was available for variables other than
the mean temperature and precipitation.
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