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1. INTRODUCTION

1.1 OCCURRENCE OF WIND AND SNOW DAMAGES

Wind and snow climate have significant influence on the forest ecosystems in central
and northern Europe. Recurrent damages by strong winds (Fig. 1) and heavy snow
loads (see Ulbrich et al. 2001; Dobbertin 2002; Schonenberger 2002; Briidl and
Rickli 2002; Alexandersson 2005; Matulla et al. 2007) cause large economic losses
in managed forests (see e.g., Nilsson et al. 2004; Bengtsson and Nilsson 2007) due to
reduced yields of recoverable timber and increased costs of unscheduled harvesting.
Damages caused by strong winds and heavy snow loads also lead to deviations from

the original forest management plans.
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Fig. 1. Losses of timber in forests due to storms in Europe in 1960-2010 based on the
primary damages reported in the EFIATLANTIC storm catalogue.



Because the growing stocks of the European forests are increasing (Schelhaas et al.
2003) and the storm tracks and impacts are changing due to ongoing global warming
(Leckebusch and Ulbrich 2004; Bengtsson et al. 2006, 2009; Pinto et al. 2007,
Leckebusch et al. 2008; Ulbrich et al. 2008, 2009; Harvey et al. 2012), the necessity
arises to consider the vulnerability of forests to wind- and snow-induced damage,
especially in the regions at highest risk of damage. However, as shown by Blennow
et al. (2010) and Pinto et al. (2012), the estimates of wind risks may differ greatly,
depending on the climate model and greenhouse gas scenario used as well as the
storm time series studied. This uncertainty thus has to be taken into consideration
when the results are interpreted and strategies for adaptation for such risks are

created.

The susceptibility of tree stands to wind and snow damage is affected by forest
structure, site conditions, forest management, and wind and snow extremes.
Important factors are the tree and stand characteristics such as tree species, tree
height, diameter at breast height, crown area, rooting depth and width, and soil type
and topography (see, e.g., Peltola 2006). The potential of wind- and snow-induced
damage is often highest if sudden changes happen in the exposure of trees. New
forest edges with trees that have not been acclimatized to strong winds are very
vulnerable, as are unthinned dense stands with large snow loads (see Neustein 1965;
Lohmander and Helles 1987; Peltola 1996; Gardiner and Stacey 1995; Peltola et al.
1997, 1999a; Talkkari et al. 2000; Dupont and Brunet 2008; Nicoll et al. 2008).
Trees that suffer from these damages are also often targets for insect attacks (see
Nykénen et al. 1997; Valinger and Fridman 1997; Schonenberger 2002; Jonsson et
al. 2009; Jonsson and Bérring 2011).

Until now, the strongest winds and largest wind damage events in Finland have
usually occurred in the windiest season, from late autumn to early spring
(September-April) (Gregow et al. 2008). Fortunately, during this period, the soil is
often frozen (Soveri and Varjo 1977; Huttunen and Soveri 1993; Solantie 1998),

anchoring the trees solidly in the ground and making them less vulnerable to
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uprooting. On the other hand, the risk for snow damage in terms of stem breakage is
common in winter. Strong winds are possible also during the warmest season. For
example, in July-August 2010, Finland experienced four fierce summer storms in the
warmest summer in 100 years, which caused about as much vast destruction (8 Mm?®)

as the storms “Pyry” and “Janika” (7,3 Mm’) in October-November of 2001.

1.2 DAMAGE TYPES AND FUTURE RISKS

Wind effects on individual trees are caused by average wind speed and its direction,
duration, and gustiness. In Finland, even relatively low mean (10 minutes) wind
speeds of 9-13 ms™ can cause damage, especially if they are related to additional
snow loading (Talkkari et al. 2000; Pellikka and Jarvenpad 2003; Gregow et al.
2008). Wind damage often occurs near the sea and large lakes, too. In these
locations, the wind speeds are typically higher compared to other areas due to the
lower surface roughness compared to the surrounding forested areas (e.g., Gregow et
al. 2008). Stem breakage may be even more likely than uprooting if the wind loading
to the crown area increases suddenly due to either strong wind gusts or moderate
winds with concurrent snow loads on tree crowns such as > 20 kg m™ (Ancelin et al.

2004; Peltola et al. 2006).

Norway spruce (Picea abies) has usually been considered the most vulnerable tree
species to wind-induced damage in Finnish conditions because of its relatively
shallow roots (see Laiho 1987; Peltola et al. 1999a; Ihalainen and Ahola 2003). On
the other hand, forests dominated by Scots pine (Pinus sylvestris) and silver and
downy birch (Betula pendula and Betula pubescens) are usually more vulnerable to
snow-induced damage such as stem bending or breakage when the soil is frozen
(Valinger et al. 1993; Valinger and Lundqvist 1994; Solantie 1994). If the soil is not

frozen, trees can also be uprooted.
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Snow loading is most likely when the air temperature is between -3 and +1 °C, the
winds are light, and there is precipitation (snowfall, sleet, freezing rain). In such
conditions, snowfall can effectively stick to tree trunks and branches (Solantie 1983,
1994; Valinger and Lundqvist 1994; Quine 2000). In Finland, large snow loads are
common, especially in the eastern and northern parts of the country and at higher

altitudes (Gregow et al. 2008).

By the end of this century, the projections of future climate based on global climate
models (GCM) and regional climate models (RCM) run under the different
greenhouse gas scenarios (Fig. 2) indicate that the annual temperature will increase
2-7 °C and annual precipitation will increase concurrently by 6-37% in Finland

(Jylhd et al. 2004, 2009; Ruosteenoja et al. 2005).
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Fig. 2. Emissions and concentrations of CO, during this century depending on the
materializing of the SRES scenarios A2, AIB, and Bl (drawn based on Nakic¢enovic¢
et al. 2000).

The increases in temperature and precipitation will be accompanied by a decrease in
snow cover, especially in November and March-April (Jylhé et al. 2004; Carter et al.
2005; Ruosteenoja et al. 2005). On the other hand, based on various recent climate
model simulations (see, e.g., Réisdnen and Joelsson 2001; Réisdnen et al. 2003,

2004, 2008, 2012), warming of the climate can result in larger daily snowfall
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amounts. Additionally, conditions in which the attachment of snow and the
accumulation of snow on tree crowns are concurrently enhanced may even increase.
This implies that Scots pine and birch may be at greatest risk to snow-induced

damage in the near future (Kelloméki et al. 2005).

Trends and changes in storm winds have been investigated by employing long time
series of observed wind speeds, wind speeds based on reanalyzed meteorological
datasets (e.g., Uppala et al. 2005; Dee et al. 2011), and climate model simulations.
Because wind measurements are dependent on the conditions of the measurement
site, the measuring instruments, and the measurement height, a wind speed time
series can very seldom be regarded as homogeneous. Therefore, it is difficult to make
comprehensive and reliable studies based on in situ data. Thus, it is not surprising
that past changes in wind speeds may indicate decreasing or increasing trends,
depending on the location. When studying historical trends, reanalysis can be
beneficial because it is built on observed weather parameters and numerical weather
prediction models. The reanalyzed weather data sets also form a homogenous dataset
for wind speeds. The longest meteorological reanalysis to date covers the years 1871-
2008 and indicates that storminess has been trending upward in northwestern Europe
(Donat et al. 2011a). However, understanding of climate change impacts on winds in
Europe is still uncertain (Réisdnen et al. 2004; Ruosteenoja et al. 2005; Bérring and

Fortuniak 2009; Nikulin et al. 2011; Donat et al. 2011b and references therein).

Many recent analyses project an increase in storm winds in northwestern and eastern
Europe, not including Finland. The projected changes are usually rather small. The
results are uncertain since many of the investigations have only used a few models or
the models have not been independent. To gain more certainty in extreme wind
investigations, one should have a large set of data that can be statistically analyzed to

obtain information about change and its certainty.

As the climate warms, the duration of the soil frost season is projected to shorten and

the soil frost depths to decrease in Finland (Peltola et al. 1999a; Venildinen et al.
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2001a, b; Kelloméki et al. 2010; Gregow et al. 2011). However, sudden short mild
and rainy periods during winter may result in an increase in soil frost depths. If the
mild and wet period lasts for several days, it is more likely that the frozen soil will
melt even in midwinter (Gregow et al. 2011). This indicates that despite changes in
windiness, a risk of uprooting of trees, especially of Norway spruce, may increase in

the future between late autumn and early spring.

1.3 AIMS OF THE WORK

The main aim of this work was to analyze the potential impacts of occurrence of
strong winds, heavy snow loads, and soil frost conditions on the risks to forests in
Northern Europe and to test how these may be changing due to ongoing

anthropogenic global warming. More specifically the analyses concentrated on:

1) changes in the combined occurrence of strong winds, heavy snow loads,
and unfrozen soil conditions in Finland (Paper I);

i) regional risks to Finnish forests from heavy snow loads (Paper II) and
strong winds (Paper III);

iii) the mean and extreme geostrophic wind speeds in Northern Europe,
based on nine global climate models (Paper IV); and

iv) estimation of windstorm-related timber losses in Europe in 1960-2011
by using the geostrophic and ageostrophic isallobaric winds as a basis

for the analyses (Paper V).

2.  MATERIAL AND METHODS

2.1 DESCRIPTION OF THE METEOROLOGICAL DATASETS

Outlines for the datasets used
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Various sources of data were used in Papers [-V. Table 1 shows the main
meteorological and forest-related data sets that were investigated. The various GCMs
employed in Papers I-IV originated from the subset of the 23 models used in the
Intergovernmental Panel on Climate Change 4™ Assessment Report in 2007 (IPCC
2007).

Table 1. Summary of the main data used in the calculations. T2m (°C) means
temperature at 2-meter height above surface, SLP (hPa) is the sea level pressure, V
10min (ms™) is the 10-minute mean wind speed, Prec (mm) stands for precipitation,
primary forest damage means the storm-induced timber losses (Mm’), and NFI

stands for National Forest Inventory data.

Summary | Current Observations | Parameters | Forest | No. of | Scenario Future
of data climate or reanalyses data | GCMs | (Fig.2) climate
Paper I | 1971-2000, | FMI archive | T2m, SLP, 10+19| AI1B 2046-2065,

1980-2009 V 10 min, 2081-2100
Prec
Paper II | 1961-1990 | FMI archive | T2m, SLP, | NFI 8 19 A2 1991-2020,
V 10 min, 2021-2050,
Prec 2070-2099
Paper I1I | 1961-1990 | FMI archive | T2m, SLP, | NFI9 19 AlB 2001-2020.
V 10 min, 2021-2050.
Prec 2070-2099
Paper IV | 1971-2000 ERA-40 T2m, SLP 9 AlB, 2046-2065,
A2, B1 2081-2100
Paper V | 1960-2002, ERA-40, T2m, SLP | Primary
1979-2011, | ERA-Interim, forest
1960-2011 EFI- damage
ATLANTIC

The model-simulated data were downloaded from the Coupled Model
Intergovernmental Project 3 (CMIP3) archive (Meehl et al. 2007). The models used
in the analyses were chosen so that their spatial resolution was 300 km or better. The
time periods were constructed for the GCMs considering the SRES A1B, A2, and B1
scenarios (Nakic¢enovi¢ et al. 2000) (Fig. 2).



15

In Papers I-IV, the investigations that were related to the observed weather
concentrated on seven locations in Finland: Helsinki, Kauhava, Jyvéskyld, Joensuu,
Kajaani, Rovaniemi, and Sodankyld (Table 2). In Paper IV the changes in the
occurrence of the extreme wind speeds were additionally compared between
southern part of the Baltic Sea (55 °N; 15 °E) and eastern Finland (Joensuu) (Paper
IV, Table 2).

Table 2. Main locations studied. “OBS station” refers to the coordinates of the

measurement site and “Grid point” to the closest nearby grid point of the GCMs.

Location OBS station Grid point

Helsinki 60,372 °N ; 24,960 °E 60,0 °N ; 25,0 °E
Joensuu 62,660 °N ; 29,615 °E 62,5°N ;30,0 °E
Jyviskyld 62.402 °N ; 25.679 °E 62.5°N; 25.0 °E
Kajaani 64,281 °N ; 27,679 °E 65,0 °N ; 27,5 °E
Kauhava 63,120 °N ; 23,047 °E 62,5°N ;22,5 °E
Rovaniemi 66,558 °N ; 25,835 °E 65,0 °N ; 25,0 °E
Sodankyla 67,366 °N ; 26,633 °E 67,5 °N ;25,0 °E

2.2 OUTLINES FOR THE ECOSYSTEM MODEL AND THE
MECHANISTIC WIND DAMAGE MODEL USED

The ecosystem model SIMA (Papers 1I and I11)

The ecosystem model SIMA (Kellomiki et al. 1992a) was employed in Papers II and
I to simulate the growth and dynamics of managed forests based on the Finnish
national forest inventory (NFI 8 and 9) data throughout Finland with implications for
timber production and the snow- and wind-induced risks to forests. In the SIMA
model, the dynamics of tree stand are determined by the number and mass (including
foliage, branches, stem, and roots) of trees. The diameter growth of each tree is

limited by the temperature sum (degree days), within-stand light conditions, soil
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moisture, soil nitrogen availability, and atmospheric CO, level, which all have a
direct effect on birth and growth and an indirect effect on the death of trees
(Kelloméki et al. 1992a, b, 2005, 2008). The management applied in model
simulations included regeneration, thinning, and final cut, following the
recommendations for forest management in Finland (see details in Papers II and III).
However, the proportions of tree species were not controlled in management (see

details in Paper III).

A description of the SIMA model with inputs needed and its validation have been
presented in detail previously, for example, by Kelloméki et al. (1992a, 2005, 2008),
Kellomiki and Kolstrom (1994), and Kolstrom (1998), and are also discussed in
Papers Il and IIl. Based on the earlier findings, the SIMA model is expected to
simulate the volume growth of managed stands with good agreement with i) the
measured values of volume growth on the permanent sample plots of the National
Forest Inventory throughout Finland, and ii) the statistical growth and yield model
MOTTI of the Finnish Forest Research Institute (see Kellomiki et al. 1992a, b;
Kolstrom 1998; Talkkari et al. 1999; Routa et al. 2011a, b, 2012). The model is
parameterized for the main tree species such as Scots pine, Norway spruce, and silver
and downy birch between latitudes N 60° and N 70° and longitudes E 20° and E 32°
within Finland (Kellomiki et al. 1992a, b; Kolstrom 1998). The SIMA-model is run

on an annual basis, and the computations are based on an area of 100 square meters.

The mechanistic wind damage model HWIND (Paper 111)

The mechanistic wind damage model HWIND (Peltola et al. 1999a) was used in
Paper III to estimate the critical wind speed needed to uproot trees (a 10-minute
average wind speed at 10 m height above ground). The effects of climate change on
the risk of wind-induced damage was analyzed based on average critical wind
speeds calculated for uprooting trees on forest inventory plots, percentages of forest

area in each critical wind speed class (<14, 14-17, 17-20, >20 m s'l), and concurrent
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probabilities of such wind speeds to occur in each regional unit of the Forest Centre
of Finland (13 Finnish forest centers were merged in 2012). The limits for these
wind speed classes were built based on the fact that in Finland over the sea areas,
wind speeds > 14 m s™' are classified as strong winds and winds > 21 m s as
storms. When the 10-minute mean wind speed is > 21 m s™ over the sea areas, the
risk for stormy wind gusts on land is assumed to be likely. Still, mean wind speeds
>21 m s™ on land areas occur only in Lapland, where there are hills and canyons
and the surface roughness is smaller. In the forested areas in Finland, the critical
wind speeds 11-17 m s™ in particular have caused uprooting or stem breakage in

tree stands in unfrozen soil conditions in summer and autumn.

The critical wind speeds were calculated annually (2001-2100) for each forest
inventory plot having height > 10 m. When considering the risks of wind-induced
damage in simulations for either summer or autumn, the soil was presumed to be
unfrozen. Furthermore, birches were expected to have no risk in autumn without
leaves, the opposite of summer with leaves. The tree stands with the average height

< 10 m were classified as no-risk stands, similar to birch without leaves.

The HWIND model assumes that a tree is uprooted if the applied bending moment
(due to forces by wind and gravity) of a tree exceeds the maximum resistive moment
of the root anchorage. Stem breakage is assumed to take place if the breaking stress
exceeds the critical value of the modulus of rupture (Petty and Worrel 1981; Peltola
et al. 1999a). The HWIND model requires as inputs the tree species, average tree
height and diameter at breast height (DBH), stand density (i.e., SIMA outputs),
distance from the upwind forest edge, and upwind gap size (in terms of perimeter

length in tree heights).

The properties and details of the HWIND model and the validity of its predictions for
Finnish and Swedish conditions have been discussed in detail previously by Peltola
et al. (1999b), Gardiner et al. (2000), Talkkari et al. (2000), Blennow and Sallnéss
(2004), and Zeng et al. (2004, 2006, 2007), for example. Based on earlier validation
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work carried out for HWIND, and comparison against corresponding predictions by
other mechanistic models (e.g., ForestGales and FOREOLE; see Gardiner et al.
2000, 2008; Ancelin et al. 2004), it is expected that the predicted critical wind speeds
of this work will provide results with an accuracy typical for these kinds of models.
Zeng et al. (2006) have also previously evaluated in detail the validity of the
integrated use of SIMA and HWIND simulations and how possible errors of any
input data (for SIMA and/or HWIND) may propagate and affect the accuracy of risk
assessment. Based on these previous studies, it is expected that the integrated use of
SIMA and HWIND model simulations will provide useful results for risk

assessment.

2.3 CALCULATION OF WEATHER RISKS TO FORESTS

Winds (Papers I, I1I-V)

The observed wind speeds were translated to a common 10-meter height according
to the logarithmic wind profile (Paper I, Eq. 1). The roughness values describing the
site vegetation were adopted from Tammelin (1991). In Papers I, IV, and V, the
geostrophic wind speeds (e.g., Holton, 1992) (see schematics in Fig. 3) of the
GCMs and reanalyses were used instead of the parameterized surface wind speeds
because the surface pressure gradients and therefore the geostrophic winds (Paper 1,
Eq. 2, and Paper IV, Eq. 1) are more comparable between the models than the

parameterized surface (true) winds.

The geostrophic wind speed describes the speed of air flowing without any
influence of surface friction. It is calculated from the pressure difference, also
taking into account the surface temperature and rotation of the Earth (Coriolis
force). The observation based data ERA-40 (Uppala et al. 2005) were applied for
evaluation of the GCM data when the suitability of the GCMs for geostrophic wind

speed analyses was assessed.
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— Pressure gradient effect
—) Geostrophic wind
—— Coriolis effect

—) True wind
Friction effect

QO Isobar

Fig. 3. Schematics of winds around a storm center marked with Lgss (955 hPa

deep).

The daily GCM geostrophic wind speeds were also translated to correspond to the
wind speeds at 10-meter height (Paper I, Eq. 3) by applying the method of Cressman
(1960) with some modifications. The daily average of these modified wind speeds
and a daily average of temperature and precipitation of 19 GCMs were employed in
the snow load (Paper I, Egs. 4-6) and uprooting/stem breakage risk calculations in

Paper L.

In Paper V, ageostrophic isallobaric wind speeds (Fig. 4) were also calculated. These
describe the effect of the movement of the whole low-pressure area on storm winds.
In the northern hemisphere, ageostrophic isallobaric wind speeds increase the mean
wind flow on the right-hand side of the low pressure center in regard to the direction
of propagation and decrease the wind speeds on the left-hand side (e.g., Lim et al.
1991 and references therein). The impacts of intense, rapidly moving storms are
better localized in the analyses when ageostrophic isallobaric wind speed is included

in the calculations.
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Direction of propagation of the storm

Fig. 4. Schematics of the ageostrophic isallobaric wind field. The plusses indicate

rapid pressure rises and the minuses rapid pressure drops.

Soil frost depth (Papers 1, 111)

Soil frost depths (Paper I, Eq. 7) were calculated according to an approach used by
Vendldinen et al. (2001b), in which they assumed that the ground is free of snow.
This method is based on the negative of the sum of the daily average temperature
from October 1 to when the frost sum accumulation ends in the spring. The soil
properties are described by two parameters. The largest value for the sum of the

cumulative daily temperature was limited to 10°C to avoid unrealistic values.

The snow-free soil frost depth was classified into the following categories: 1) 0-20
cm, 2) 2040 cm, 3) 40-60 cm, and 4) >60 cm (Papers I and III). These classes
correspond to about double of that of actual forest soil (see Paper I). Therefore, soil
frost categories 1-3 represent a risk of trees for uprooting, in line with previous
work by Peltola et al. (1999a). Class 4 provided sufficient support for the anchorage
of trees, but includes a risk for stem breakage if there was concurrent heavy snow

and wind loading (Paper I, Table 6).
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Snow loads (Papers I and I1I)

Snow accumulation was considered to be continuous. Cumulative precipitation and
the wearing effects of air temperature and wind speed were used in the snow-load
calculation as input variables. The loss of snow load by melting (%) was calculated
by assuming that melting starts when the 2m air temperature (7) is higher than 0°C
and that also snow has melted when the temperature reaches 2.3°C. Loss of snow
load by wind removal (%) was calculated by assuming that when the 10-minute
average wind speed U increases to 10 m s, 20% of the snow will fall from the tree
(stem and branches) during the next 3 hours (Gregow et al. 2008), and when U
reaches approximately 16 ms™, all the snow is removed. In this model, unlike in the
models of Li and Pomeroy (1997), the wearing of wind starts directly if there is any
wind. In addition, the increase in snow load by precipitation was calculated so that
precipitation measured in mm per time step at each station was directly converted to
mass per unit area (kg m™). The snow loading was, therefore, calculated for every
time step. The snow loads of at least 20 kg m™ (i.e., equivalent for 20 mm of

precipitation) were analysed as representing a risk to forests (Papers I-1I).

Storm severity, timber losses, and impact of spatial and temporal resolution on the

analyses (Paper V)

In Paper V, the main aim was to test the possibility of assessing the losses of timber
due to storm winds by employing the ERA-40 and ERA-Interim datasets and
different temporal and spatial resolutions. The ERA-40 spatial resolution is 1.125°
and that of ERA-Interim is roughly 0.7°. Fifty-four storms that had caused at least 2
Mm® primary damage to forests in Europe in 1960-2011 were chosen for closer

analyses from Finland and the EFIATLANTIC storm catalogue. The regression
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analyses were performed using the sum of the geostrophic and ageostrophic

isallobaric wind speeds.

The sum of the geostrophic and ageostrophic isallobaric wind speed was named
“SWIND.” The timber loss estimate (TILT) was calculated based on the rule that the
highest storm wind speed SWIND has to occur at two time steps on the path of the

storm on land (duration criteria 6-12 hours):

<2Mm*, SWIND < 40,

(0.0003 x SWIND* +0.0599 x SWIND* -1.8532 x SWIND)Mm”
when 40 < SWIND <110 and
=120Mm*, SWIND =110

TILT =

)

For the current climate, an approach (TILES) that takes into account the spatial
extent of the storm over land was estimated. Each country was assessed separately,

and the highest SWIND on forested areas on land was used in the equation:
TILES = 0.018Mm® x SWIND,,,, (ms ™) (ms~ " )x AREA(ha)/10° ha Q)

The size of the areas with SWIND above 40 ms™ were estimated for 11 of the well-
known storms, i.e., storms on 17.10.1967, 22.9.1969, 29.9.1969, 1.11.1969, “Janika”,
and “Mauri”, in addition to storms causing moderate to extreme damage when
moving (mostly) over forested regions, such as “Lothar”, “Martin”, “Per”, and

“Gudrun”. These storms formed the basis for testing the regressions.

2.4 APPLIED EXTREME VALUE ANALYSING TECHNIQUES

The Generalized Extreme Value (GEV) theory (Coles 2001; Castillo et al. 2004) was
used when the return periods of the calculated maximum wind speeds and snow

loads were assessed (Papers I, III, and IV). In this context, the Extremes Toolkit
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software package, developed by the National Center for Atmospheric Research
(NCAR) (e.g., Katz et al. 2005), was employed. The maximum annual snow loads
and maximum annual geostrophic winds speeds during the windy season (September
1-April 30) were analysed using the block maxima method (Papers I and IV) and the
peak over threshold method (POT) (Paper III). According to Naess and Clause
(2000), the POT method is a good alternative to the block maxima method for
estimating extreme values when the return periods are much longer than the periods
of data acquisition. For optimization purposes, the Nelder-Mead-method was applied
in Paper III. In Papers I and IV, the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method (Broyden 1970; Fletcher 1970; Goldfarb 1970; Shanno 1970) was used

instead.

To provide a larger dataset of wind speeds for estimating the return periods (RP) of
5, 10, 50, and 100 years, future projections of the GCMs (see Paper IV, Table 2) for
the various scenarios were combined (A2:A1B:B1). The changes were also estimated
by employing the scenarios separately to gain understanding of the uncertainty
related to the choice of scenarios and GCMs. The calculations were performed using

the whole gridded dataset and a new simplified method (Paper IV, section 2.4.2).

3.  RESULTS

3.1 STRONG WINDS, SNOW LOADS, AND SOIL FROST UNDER THE
CURRENT AND CHANGING CLIMATE (PAPERS I-1V)

The future projections made using 9 GCMs (Paper IV) indicate that mean and
extreme wind speeds are projected to increase by 2-4% in the southern and eastern
parts of Northern Europe and decrease by 2-5% over the Norwegian Sea by the end
of this century (Paper IV, Fig. 3 and Figs. 5-7). The result is statistically significant
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at the 95% level. The smallest change is projected under the B1 and the largest under
the A1B and A2 scenarios (Fig. 2). The changes in wind speeds projected for Finland
show that by 2046-65, there are nearly no changes, but by 2081-2100, the increase is
seen, especially in northern Finland (Paper IV, Figs. 5-7). An example of the changes
that are projected to occur by 2081-2100 in southern Finland (Helsinki) is depicted in
Fig. 5.

Under the current climate, the return levels of wind speeds occurring once every 10
years correspond to maximum 10-minute wind speeds of 17-18 m s (Papers I, III-
IV) in the southern and western parts of the country (Helsinki, Kauhava, and
Rovaniemi). In the east (Joensuu) and further north (Sodankyld), the corresponding
wind speed is 14 m s'. Based on Paper IV, the wind speeds that occur during
September-April once in 10 or 50 years appear to be approximately 13% =+ 2% and
22% + 5% stronger than the 30-year averages.

B SEP-NOV
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2%

0% -
8-10 11-13 14-16 17-20 >=21
-1% |

Change in percentages
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Wind classes (ms) at 10 meter height

-3% -

Fig. 5. The projected changes of the daily mean wind speeds of 10 GCMs in
September-May from 1971-2000 to 2081-2100 at grid point 60°N, 25°E that

represents Helsinki (drawn based on the data of Paper I).
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Based on the observed wind speeds > 8 m s™ in 1971-2000 in September-May in
Lapland (Rovaniemi, Sodankylé) and southern coastal Finland (Helsinki), the main
wind direction is also from the south or southwest (Paper I, Fig. 4). Altogether, 50-
56% of the winds blow from these directions. In the western coastal zone (Kauhava),
the corresponding winds main blow from southwest, south, and southeast. In the

central part of Finland, westerly to northwesterly and southerly winds dominate.

The 10-year return level averages of snow loads vary under the current climate
between 23 kg m? (Helsinki, Kauhava) and 31-33 kg m? (Joensuu, Sodankyls),
respectively. Independent of the snow load amount, the observed wind speeds are
mostly below 8 ms™ (Paper I, Fig. 8). Concurrent heavy snow loads and low soil
frost depths (< 60 cm in snow-free road conditions, corresponding <30 cm in forest

soil) typically occur in northern and eastern Finland.

The future projections of the occurrence of days having snow damage risk show a
decline from the current climatic conditions toward the end of this century. Averaged
over the whole country (Paper II, Fig. 2), the mean number of days with snow
loads>20 kg m™ per year will, in general, decrease by 11%, 23%, and 56% in 1991-
2020, 2020-2050, and 2070-2099, compared to the baseline period, 1961-1990. In
Paper 111, the overall decline in the occurrence of snow loading regardless of its
amount, assuming the SRES scenario A1B, varied from 5% (north) to 50% (south)
until 2100 (paper I, Table 4). This was caused especially by the decrease in the
lighter snow loads < 20 kg m? (paper I, Table 5). Nevertheless, the occurrence of
snow loads above 20 kg m™ (heavy ones) showed an increase by 22-45% in Helsinki,
Joensuu, and Rovaniemi from the current 1971-2000 toward 2046-2065. This means
that in the near future, although there will be fewer days with heavy snow loads, the
snow loads during the days when it snows much may be larger than under the current

climate.
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A comparison between the soil frost depths in 1971-2000 and 1980-2009 shows that
the soil frost depth in autumn (by December) has already decreased by 5-10% in
southern and central Finland, while in the north, the change is not so clear (paper I,
Fig. 5). Toward the end of this century, the soil frost depths and their support to the
anchorage of trees will decrease, especially in southern and central Finland (paper I,
Fig. 9). In the north, the annual duration of the soil frost in class 4, corresponding
approximately to >60 cm on snow-free ground (30 cm of actual forest soil), will
decrease on average by 50 days and, thus, by 25%. In the east, the corresponding

decreases are 100 days and 75%, respectively.

The projected changes in the concurrent occurrence of strong winds, heavy snow
loads, and soil frost depths indicate that the risks for conditions favorable for either
uprooting or stem breakage in the forests are increasing (paper I, Table 6). The
conditions making trees liable to uprooting (i.c., decreased soil frost, heavy snow
loads, strong winds) increase at least in southern, central, and eastern Finland. The

risks for conditions favorable for stem breakage increase in northern Finland.

3.2 WEATHER RISKS IN MANAGED FORESTS IN FINLAND (PAPERS I-
111)

Regarding wind-induced risks to forests, the differences under the current and
changing climate in percentages of areas in each regional unit of Forest Centre were
very small in different critical wind speed classes in the first period (2001-2020)
(Paper III, Fig. 6). In general, the most southern regional units (1-4) had the highest
share (ranging between 23% and 47%) of forest area exposed to wind risk (critical
wind speed < 17 m s™) in autumn. In the second and third periods, the corresponding
shares of forest areas at risk in these regional units decreased. In other parts of
Finland and especially in northern Finland, the risk was low regardless of the period

or climate scenario applied. These drastic changes in southern-most Finland, when
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the proportions of tree species in forest stands were not actively controlled, are due to
the decrease of the dominance of Norway spruce and concurrent increase in birch,
especially in southern Finland. Norway spruce needs approximately 20% lower
critical wind speeds in HWIND simulations compared to Scots pine and birch (in
leaf) of similar size. However, in autumn, birch was also expected to be leafless and
not suffer wind damage, unlike during summer, which also can be seen from these

results.

The temporal and spatial variability of the risk of snow-induced damage (with snow
loading>20 kg m?) to forests is also affected by changes of the growing stock
(Papers 11, III) under the changing climate. The highest mean amount of annual
growing stock at risk was found in central Finland, northern parts of Kainuu and
Pohjois-Pohjanmaa, and in northwestern Finland in the second 30-year period (Paper
II, Fig. 5). Until the end of this century, the amount of growing stock at risk,

however, decreased in the majority of the country (Paper II, Fig. 5).

3.3 POSSIBILITIES IN ASSESSING TIMBER LOSSES DUE TO STORMS
(PAPER V)

In Paper V, the sum of the geostrophic and ageostrophic isallobaric wind speeds
correlated with the reported losses of timber in forests due to storms. An example of
how well the regression equations TILT and TILES can estimate timber losses is

depicted for five storms in Fig. 6.

The 54 European storms (1961-2010) were divided into 5 categories based on the
primary damage to forests : 1) minor storms causing minor damage, 2-10 Mm?; 2)
moderate storms causing moderate damage, 11-30 Mm’®; 3) severe storms causing
high damage, 31-70 Mm?; 4) very severe storms causing very high damage, 71-110

Mm®; and 5) extreme storms causing extreme damage,>110 Mm®. These classes
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correspond to maximum wind gust estimates of 1) 31-32 ms’, 2) 33-36 ms™, 3) 36-
40 ms™', 4) 41-46 ms”, and 5) > 47 ms™'. Finnish storms belong to class minor
because they have only caused timber losses of 2-10 Mm® in magnitude. The worst
storms influencing Sweden have been moderate, severe, or very severe
(Alexandersson 2005; Skogsstryrelsen 2006; Bengtsson and Nilsson 2007; Valinger
and Fridman 2011).
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Fig. 6. Comparison of regression-based estimates for timber losses given by TILT
and TILES (Eq. 1 and 2) for five well-known storms from Paper V. The total primary
damage losses of storm “Per” are incomplete in the EFIATLANTIC.

TILT appears to be suitable for describing the severity of rapidly moving large scale
storms. TILES can be used for estimating regional damages, but it has a tendency to
overestimate the volume of primary damage. The primary damage recorded of storm
Kyrill (Pinto 2009; Fink et al. 2009) in the EFIATLANTIC storm catalogue is
around 52 Mm’®, and it is the sum of primary damage reported from Germany,
Poland, and Czech Republic. Reports from other affected countries are not presented.

Still, the estimate 110 Mm® (Fig. 6) based on TILES appears to be too large.
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Based on TILT (Fig. 6), the storm “Gudrun” could have damaged 70-80 Mm® of
timber over the whole domain it influenced. However, based on TILES, the loss of
timber in Sweden would have been only 24 Mm® (Paper V, Table 4). For storm
“Per”, the losses based on TILES were estimated at around 18 Mm® in southern
Sweden, whereas the real loss was 12 Mm”®. For storms “Lothar” and “Martin”, the
TILT and TILES give rather similar numbers for primary damage. The known

3

overall damage due to these storms was around 230 Mm’ based on the

EFIATLANTIC storm catalogue.

In addition to the damage analyses, Paper V demonstrated that the temporal and
spatial resolution of the meteorological data received either from the reanalyzed data
or from the climate model is important in the storm impact analyses. By using too
low a temporal resolution, the storm risk signal may be shifted hundreds of
kilometers along the path of the storm. By using too low a spatial resolution, the
wind speeds decrease, but the signal location is still approximately the same as when

using higher spatial resolution.

4. DISCUSSION AND CONCLUSIONS

4.1 EVALUATION OF THE APPROACHES AND RESULTS

The most reliable results in climate research are based on large model ensembles. It
is clear that the results of the average changes and uncertainties presented in Papers
I-IV are a good starting point for risk analyses. However, rather than utilizing only
ensembles and then making ensemble mean projections it is also good to look at the
changes model by model and then form the projections. By doing so, uncertainty

analyses can also be made. This was done in Paper IV with geostrophic winds.
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The snow load model succeeded in giving a rather realistic picture of the spatial and
temporal differences in the snow loads (Papers I-1II). However, in future work and
further development of this snow load model, it would be essential to consider
aspects such as 1) the effect of drifting snow (e.g., Degaetano and O’Rourke 2003),
i) the impact of humidity that can cause ice loadings or otherwise make the snow
heavier, iii) the effect of ageing of snow (Yong and Metaxas 1985), iv) the effect of
snow pack properties on starting point for snow loss (Li and Pomeroy 1997), and v)

swaying of trees (Peltola et al. 1996).

In this work, the soil frost depths were simulated for snow-free ground (road soil)
applying the previous work of Venildinen et al. (2001b). As a result, the frost depths
simulated corresponded to approximately double the corresponding soil frost depths
of the actual forest soils measured by the Finnish Environmental Institute. A further
development of this approach could be to utilize, in addition to temperature and soil
properties, changes in snow cover caused by rainfall as well as melting and freezing
(Gregow et al. 2011). Such a set of variables could still be used to analyze when

employing the GCM or the RCM data.

The dynamics of forest stands were simulated in this work by the ecosystem model
SIMA. The average results for tree and stand characteristics of the SIMA simulations
were further used as an input in the mechanistic wind damage model HWIND. Based
on earlier findings, the SIMA model is expected to simulate the volume growth of
managed stands in good agreement with the measured volume growth on the
permanent sample plots of the National Forest Inventory throughout Finland and the
statistical growth and yield model MOTTI in main tree species. Earlier critical wind
speed predictions of the HWIND model have also been in line with corresponding
predictions of other mechanistic models (e.g., ForestGales and FOREOLE).
However, any inaccuracies in the input of tree characteristics for HWIND and
parameters that control the magnitude of wind loading or resistive bending moments

of trees can have significantly affect the predicted critical wind speeds for uprooting
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and stem breakage (see Peltola et al. 1999b). Thus, errors of input data used for the
SIMA model (e.g., DBH) may propagate (e.g., effects on height) and affect the
accuracy of the wind damage assessment in terms of the classification of stands
(height >10 m) in stands with a possible risk of damage by the integrated models
(see, e.g., Talkkari et al. 2000; Blennow and Sallnds 2004; Zeng et al. 2004, 2006,
2007). However, based on the earlier validation work for these component models
(SIMA, HWIND), it is expected that the simulations of this work provide results with

an accuracy typical for these kinds of models.

The regression-based timber loss estimates TILT and TILES (Paper V) gave rather
similar results for the primary timber losses due to strong winds when considering
the whole area influenced by the storm. Using TILES is practical when country-
specific primary losses are assessed. However, these methods could still be
developed further by including information about tree volumes as well as tree species

distribution in forests.

Projected changes in the potential risks for wind- and snow-induced damage

The projections concerning the occurrence of different wind speeds show that there
will be rather small changes in windiness during this century (Papers III-1V). The
increase in mean and extreme geostrophic wind speeds by 2-4% in the southern and
eastern parts of Northern Europe, including Finland, and the decrease by 2-5% over
the Norwegian Sea is, nonetheless, statistically significant at the 95% level.
Qualitatively similar trends have been found in the investigations of Bengtsson et al.
(2006, 2009) and Nikulin et al. (2011). By employing six GCMs, Nikulin et al.
(2011) showed that wind speeds will increase in the Baltic Sea region, southern and

eastern Finland, and the northwestern part of Russia.

The individual GCMs in Paper IV as well as in the work of Nikulin et al. (2011)

indicate that depending on the model, the impact is shifted more or less over Finland.
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In Nikulin et al. (2011), the gust wind speeds occurring once in 20 years differ quite
a bit between the models. Three of the models indicate up to 10-20% increase in
wind gusts over Finland, whereas two of the models indicate almost no change and
one model shows a similar decrease. Also, the individual 9 GCMs employed in Paper
IV showed both local increases and decreases. In addition to the differences in the
results between the GCM-based damage analyses, Paper V demonstrated that the
temporal and spatial resolution of the meteorological model is important and may
affect the results. For instance, when the temporal resolution is low, the storm risk
signal may be located hundreds of kilometers away from the real risk area.
Additionally, the low spatial resolution in the calculations decreases the wind speeds
and, therefore the extremes are not captured properly. However, using low spatial
resolution with high temporal resolution places the high wind speeds of the storms

nearly as well as when using both high spatial and temporal resolution.

Future projections of snow damage risk show a decline from the current climatic
conditions. Averaged over the whole country (Paper II, Fig. 2), the mean number of
days with snow loads>20 kg m™ per year will, in general, decrease by 11%, 23%,
and 56% in the 1991-2020, 2020-2050, and 2070-2099 periods, respectively,
compared to the baseline period 1961-1990. However, in Paper 111, the occurrence of
heavier snow loads of >20 kg m™ showed an increase by 22-45% in the Helsinki,
Joensuu, and Rovaniemi regions around 2046-2065. This kind of a possibility for a
temporal increase in heavy snow loads was assumed in Paper I as well. Also Carter
et al. (2005) and Riisdnen (2008) have found that climate warming will at first result

in larger daily snowfall amounts.

Toward the end of this century, the deeper soil frost classes (e.g., road, snow-free,
soil frost>60 cm, corresponding >30 cm depth in forest soil) will nearly disappear in
southern and central Finland (Paper I, Fig. 9), decreasing also the anchorage of trees
from late autumn to early spring, i.e., during the windiest season of the year. In 2046-

2065, some winters can already lack sufficient soil frost depths, which support tree
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anchorage. In 2081-2100, this could be happening annually throughout southern and
central Finland and possibly even in eastern Finland. Peltola et al. (1999b) and

Kellomiki et al. (2010) showed the same kinds of results.

Projected risks to forests due to the changes in forest dynamics

In Paper III, it was shown that in some of the most southern regional units of Forest
Center of Finland, the dominance of Norway spruce (with shallow rooting) is
projected to decrease under the changing climate toward 2100, which is the opposite
of birches, but also true of Scots pine. This result was partly due to the fact that under
the changing climate, Norway spruce is the most susceptible to drought risk, which
increased its mortality in model simulations, too. However, tree species proportions
were not actively controlled by thinning, which affected the success of birch in
particular. Since Norway spruce with its shallow anchorage is the most vulnerable
tree species to uprooting in Finnish conditions, the risk of wind damage could
theoretically to some extent be prohibited in autumn (and winter) when birch without
leaves does not suffer damage. On the other hand, decrease in soil frost from late
autumn to early spring will concurrently increase the risk of damage, especially in
Norway spruce and Scots pine. But in summer, when birch is in leaf, the risk will be
considerable, regardless of tree species. This will be particularly so if severe weather
events such as were experienced after the record warm summer of 2010 in Finland
occur more often in the future. Furthermore, projected increases in both stocking
(Paper III) and extreme winds (Paper IV, Figs. 5-7) may change wind-induced risks

to forests.

The highest risk for snow-induced damage to forests will be in central Finland,
northern parts of Kainuu, Pohjois-Pohjanmaa, and northwestern Finland by the
middle of this century (Paper II, Fig. 5). The risk for snow damage will be highest in

young and medium age stands in Scots pine and birch, as has also been shown in
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previous studies (Valinger et al. 1993; Valinger and Lundqvist 1994). In these parts
of Finland, the snow loads were also found to have the highest return levels of 31-33

kg m™ once in 10 years under the current climate in Papers I and II.

4.2 CONCLUSIONS

Under the current climate, large-scale storms that have caused significant forest
damage have typically approached Northern Europe from the Atlantic. The main
storm tracks have been directed over southern and central Scandinavia toward
Finland, Russia, and the Baltic countries (Paper V, Fig. 1). The strongest storms tend

to appear over the Northern Atlantic and near the coasts.

The risk for uprooting and stem breakage of trees in the managed Finnish forests is
caused by combinations of strong winds, heavy snow loads, and unfrozen soil
(Papers I-I1I). The concurrent increase in the occurrence of strong winds and heavy
snow loads under unfrozen soil conditions indicate that the risk for uprooting may
increase significantly in southern, central, and even eastern Finland in the next few
decades. In the north, climatic conditions favorable for snow-induced damage show
an increasing trend, too. These threats should be taken into account in forest
management, if possible, especially in the riskiest areas. The decrease of soil frost
with the projected increase in liquid precipitation will also negatively affect the
carrying capacity of forest soils from late autumn to early spring and thus

implementation of forest harvesting operations, too.

Overall, the results of this work provide valuable information for the Finnish
forestry. However, one should keep in mind that estimating future changes is always
challenging because the different global climate models (GCM) and climate change
scenarios provide very different projections, and the uncertainties increase the farther
out the projections are extended. Furthermore, in addition to climate, forest structure

and management also affect future risks to forests (see Kelloméki et al. 2005, 2008).
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These factors should be kept in mind when trying to generalize the findings of this

work.

REFERENCES

Alexandersson, H., 2005. Den stora januaristormen 2005. Vder och Vatten 1, 11. (In
Swedish).

Ancelin, P., Courbaud B., Fourcaud, T. 2004. Development of an individual tree based
mechanical model to predict wind damage within forest stands. For. Ecol. Manage.
203, 101-121.

Bengtsson, L, Hodges, K.I., Rockner, E. 2006. Storm tracks and climate change.
Journal of Climate, 19, 3518-3543.

— , Hodges, K.I., Keenlyside, N. 2009. Will extratropical storms intensify in a
warmer climate? Journal of Climate, 22, 2276-2301.

Bengtsson, A., Nilsson, C. 2007. Extreme value modeling of storm damage in
Swedish forests. Natural Hazards and Earth System Sciences, 7, 3518-3543.

Blennow, K., Sallnds, O., 2004. WINDA — a system of models for assessing the
probability of wind damage to forest stands within a landscape. Ecological
Modelling, 175, 87-99.

— , Andersson, M., Bergh, J, Sallnds, O., Olofsson, E. 2010. Potential climate
change impacts on the probability of wind damage in a south Swedish forest.
Climatic Change., 99, 261-278.

Broyden CG. 1970. The convergence of a class of double-rank minimization
algorithms. Journal of the Institute of Mathematics and Its Applications, 6, 76—
90.

Briidl, M., Rickli, C. 2002. The storm Lothar 1999 in Switzerland — an incident
analysis. Forest Snow Landscape Research, 77,207-216.

Bérring L, Fortuniak K. 2009. Multi-indices analysis of southern Scandinavian
storminess 1780-2005 and links to interdecadal variations in the NW Europe-

North Sea region. International Journal of Climatology, 29, 373-384.



36

Carter, T.R., Jylhd, K., Perrels, A., Fronzek, S., Kankaanpis, S. 2005. Alternative
futures for considering adaptation to climate change in Finland. FINADAPT
Working Paper 2, Finnish Environment Institute Mimeographs, 332, 42 pp.
Helsinki, Finland.

Castillo, E., Hadi, A.S., Balakrishnan, N, Srabia, J.M. 2004. Extreme value and
related models with applications in engineering and science. Wiley: New York.
Coles, S. 2001. An introduction to statistical modeling of extreme values. Springer-

Verlag: London.

Cressman, G.P. 1960. Improved terrain effect in barotropic forecasts. Monthly
Weather Review, 4, 327-342.

Dee, D. P. and Coauthors 2011. The ERA-Interim reanalysis: configuration and
performance of the data assimilation system. Q.J.R. Meteorol. Soc., 137, 553-597.
DOI: 10.1002/qj.828

Degaetano, A. T., O’Rourke, M. J. 2003. A climatological measure of extreme
snowdrift loading on building roofs. J. Appl. Meteor., 43, 134-144.

Dobbertin, M. 2002. Influence of stand structure and site factors on wind damage
comparing the storms Vivian and Lothar. Forest Snow Landscape Research, 17,
187-204.

Donat, M. G., Renggli, D., Wild, S., Alexander, L.V., Leckebusch, G.C., Ulbrich, U.
2011a: Reanalysis suggests long-term upward trends in European storminess since
1871, Geophys. Res. Lett., 38, L14703, doi:10.1029/2011GL047995.

Donat, M. G., Leckebusch, G.C., Wild, S., Ulbrich, U. 2011b: Future changes in
European winter storm losses and extreme wind speeds inferred from GCM and
RCM multi-model simulations, Nat. Hazards Earth Syst. Sci., 11, 1351-1370,
doi:10.5194/nhess-11-1351-2011.

Dupont, S., Brunet, Y. 2008. Impact of forest edge shape on tree stability: a large-
eddy simulation study. Forestry, 81(3), 299-315. doi:10.1093/forestry/cpn006

Fletcher, R. 1970. A new approach to variable metric algorithms. Computer Journal,

13, 317-322.



37

Fink, A. H., Briicher, T., Ermert, V., Kriiger, A., Pinto, J.G. 2009. The European
storm Kyrill in January 2007: synoptic evolution, meteorological impacts and
some considerations with respect to climate change. Nat. Hazards and Earth
System Sciences, 9, 405-423.

Gardiner, B.A., Stacey, G.R. 1995. Designing forest edges to improve wind
stability. Scott. For. Comm.Tech., 16.

— , Peltola, H. , Kellomiki, S., 2000. Comparison of two models for predicting the
critical wind speeds required to damage coniferous trees. Ecological Modelling,
129, 1-23.

— , Byrne, K., Hale, S., Kamimura, K, Stephen J. Mitchell, S.J, Peltola, H. and Rue,
J.C. 2008. A review of mechanistic modelling of wind damage risk to forests.
Forestry, 81 (3), 447-463.

Goldfarb, D. 1970. A family of variable metric updates derived by variational means.
Applied Mathematics and Computation, 24, 23-26.

Gregow, H., Puranen, U., Venildinen, A., Peltola, H., Kelloméki, S., Schultz, D.
2008. Temporal and spatial occurrence of strong winds and large snowfall
amounts in Finland during 1961-2000. Silva Fennica 42(4), 515-534.

— , Ruosteenoja, K., Juga, 1., Nasman, S., Mikeld, M., Laapas, M., Jylhd, K. 2011.
Modelling and predictability of soil frost depths of snow-free ground under climate-
model projections, in Finnish, with abstracts in English and Swedish. Finnish
Meteorological Institute Reports 2011 (5), 45 p.

Harvey, B.J., Shaffrey, L.C., Woollings, T.J., Zappa, G., Hodges, K.I., 2012. How
large are projected 21st century storm track changes? Geophys. Res. Lett., 39,
L18707, doi:10.1029/2012GL052873.

Holton, J. R. 1992. An introduction to dynamic meteorology, 3rd ed. Academic
press, 511 pp.

Huttunen, H., Soveri, J. 1993. Luonnontilaisen roudan alueellinen ja ajallinen
vaihtelu Suomessa. Vesi- ja Ympdristohallituksen julkaisuja A 139. 74 p. (In
Finnish)



38

Thalainen, A., Ahola, A. 2003. Pyry- ja Janika-myrskyjen aiheuttamat puuston tuhot.
Metsditieteen aikakauskirja 3/2003, 385-401. (The inventory of wind damages
caused by Pyry- and Janika-storms in Finland. In Finnish).

Jylhd, K., Tuomenvirta, H., Ruosteenoja, K. 2004. Climate change projections for
Finland during the 21* century. Bor. Environ. Res., 9, 127-152

— , Ruosteenoja, K., Riisdnen, J., Venildinen, A., Tuomenvirta, H., Ruokolainen,
L., Saku, S., Seitola, T. 2009. The changing climate in Finland: Estimates for
adaptation studies. ACCLIM project report 2009, in Finnish with an abstract in
English. Finnish Meteorological Institute Reports 2009(4). 102 p.

Jonsson, A.M., Appelberg, G., Harding, S., Barring, L. 2009. Spatio-temporal
impact of climate change on the activity and voltinism of the spruce bark beetle,
Ips typographus, Global Change Biology, 15, 486-499.

— , Bérring, L. 2011. Future climate impact on spruce bark beetle life-cycle in
relation to uncertainties in regional climate model data ensembles. Tellus, 63A,
158-173, doi: 10.1111/.1600-0870.2010.00479.x.

Katz RW, Bruch GS, Parlange MB. 2005. Statistics of extremes: modelling
ecological disturbances. Ecology, 86, 1124—-1134.

Kellomdki S, Viisdnen, H., Hinninen, H., Lauhanen, R. Mattila, U., Pajari, B.
1992a. A simulation model for the succession of the boreal forest ecosystem. Silva
Fennica, 26, 1-18.

— ,Viisédnen, H., Hanninen, H., Lauhanen, R. Mattila, U., Pajari, B. 1992b. Sima: A
model for forest succession based on the carbon and nitrogen cycles with
application to silvicultural management of the forest ecosystem. Silva Car. 22, 1-
91.

— , Kolstrom, M. 1994. The influence of climate change on the productivity of Scots
pine, Norway spruce, Pendula birch and Pubescent birch in southern and northern
Finland. For. Ecol. Man. 65, 201-217

— , Strandman H, Nuutinen, T et al., 2005. Adaptation of forest ecosystems, forests
and forestry to climate change. FINADAPT Working Paper 4. Finnish

Environment Institute Mimeographs 334, Helsinki, Finland



39

— , Peltola, H., Nuutinen, T., Korhonen, K.T., Strandman, H., 2008. Sensitivity of
managed boreal forests in Finland to climate change, with implications for
adaptive management. Philosophical Transactions of the Royal Society B:
Biological Sciences 363, 2341-2351.

— , Maajarvi, M., Strandman, H., Kilpeldinen, A., Peltola, H. 2010. Model
computations on the climate change effects on snow cover, soil moisture and soil
frost in the Boreal conditions over Finland. Si/va Fennica, 44(2), 213-233.

Kolstrom, M., 1998. Ecological simulation model for studying diversity of stand
structure in boreal forests. Ecol. Model. 111, 17-36.Laiho, O. 1987. Metsikdiden
alttius tuulituhoille Eteld-Suomessa. Summary: Susceptibility of forest stands to
windthrow in southern Finland. Folia Forestalia, 706, 1-24.

Leckebusch, G.C., Ulbrich, U. 2004. On the relationship between cyclones and
extreme windstorm events over Europe under climate change. Global and
Planetary Change, 44, 181-193.

— , Donat, M., Ulbrich, U., Pinto, J.G. 2008. Mid-latitude cyclones and storms in an
ensemble of European AOGCMs under ACC. Clivar Exchanges, 13(3), 3-15.

Li, L., Pomeroy, J. W. 1997. Estimates of threshold wind speeds for snow transport
using meteorological data. J. Appl. Meteor.,36,205-213.

Lohmander, P., Helles, F. 1987. Windthrow probability as a function of stand
characteristics and shelter. Scand. J. For. Res., 2(2), 227-238.

Matulla, C., Schoner, W., Alexandersson, H., von Storch, H., Wang, X.L. 2007.
European storminess: late nineteenth century to the present. Climate Dynamics,
31, 125-130.

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.

Naess, A., Clause, P. H. 2000: The Peaks Over Threshold and Bootstrapping for
Estimating Long Return Period Design Values. 8" ASCE Speciality Conference
on Probabilistic Mechanics and Structural Reliability. PMC2000-151.



40

Nakicenovi¢, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, J., Gaffin, S.,
Gregory, K., Gribler, A., Jung, T.Y., Kram, T., La Rovere, E.L., 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.. 2000. IPCC Special Report on Emissions
Scenarios. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA. 599pp.

Neustein, S. A. 1965: Windthrow on the margins of various sizes of felling area. In:
Report on forest research for the year ended March 1964. U.K. Forestry
Commission, London. pp. 166-171.

Nicoll, B. C., Gardiner, B. A. , Peace, A. J. 2008. Improvements in anchorage
provided by the acclimation of forest trees to wind stress. Forestry, 81(3), 389-398,
doi:10.1093/forestry/cpn021

Nikulin, G., Kjellstrom, E., Hansson, U., Strandberg, G. , Ullerstig A. 2011.
Evaluation and future projections of temperature, precipitation and wind extremes
over Europe in an ensemble of regional climate simulations. Tellus, 63A, 41-55,
DOI: 10.1111/joc.1600-0870.2010.00466.x

Nilsson, C., Stjernquist, 1., Birring, L., Schlyter, P., Jonsson, A. M. , Samulesson, H.,
2004. Recorded storm damage in Swedish forests 1901-2000. For. Ecol. Manage.,
199, 165-173.

Nykénen, M.-L., Peltola, H., Quine, C., Kelloméki, S., Broadgate, M. 1997. Factors
affecting snow damage of trees with particular reference to European conditions.
Silva Fennica, 31(2), 193-213.

Pellikka P., Jarvenpdd, E. 2003. Forest stand characteristics and wind and snow
induced forest damage in boreal forest. Proceedings of the International
Conference on Wind Effects on Trees, Sept 16th-18th: 2003, University of
Karlsruhe: Germany.

Peltola, H., 1996. Swaying of trees in response to wind and thinning in stand of

Scotts pine. Boundary-Layer Meteorol., 77, 285-304.



41

— , M.-L. Nykénen, S. Kelloméki, 1997. Model computations on the critical
combination of snow loading and windspeed for snow damage of scots pine,
Norway spruce and Birch sp. at stand edge. Forest Ecology and Management,
95, 229-241.

— , Kellomiki, S., Viisdnen, H. 1999a. Model computations of the impact of
climatic change on the windthrow risk of trees. Climatic Change, 41, 17-36.

— , Kellomiki, S., Viisidnen, H., Ikonen V.-P., 1999b. A mechanistic model for
assessing the risk of wind and snow damage to single trees and stands of Scots
pine, Norway spruce, and birch. Can. J. For. Res. 29, 647-661.

— (ed) .2006. Metsitilastollinen vuosikirja 2006 - Skogsstatistisk arsbok - Finnish
Statistical Yearbook of Forestry. SVT Maa-, metsd- ja kalatalous 2006.
Metsidntutkimuslaitos, Finnish Forest Research Institute.

Petty, J.A. , Worrell, R. 1981. Stability of coniferous tree stems in relation to damage
by snow. Forestry, 54(2), 115-128.

Pinto, J.G., Frohlich, E.L., Leckebusch, G.C., Ulbrich, U. 2007. Changing European
storm loss potentials under modified climate conditions according to ensemble
simulations of the ECHAMS/MPI-OM1 GCM. Natural Hazards and Earth
System Sciences, T, 165-175.

— , J. G. 2009. The European storm Kyrill in January 2007: synoptic evolution,
meteorological impacts and some considerations with respect to climate change.
Nat. Hazards and Earth System Sciences, 9, 405-423.

— , J. G. Karremann, M.K., Born, K., Della-Marta, P.M., Klawa, M., 2012. Loss
potential associated with European windstorms under future climate conditions.
Clim. Res. 54, 1-20. doi:10.3354/ce01111.

Quine, C.P. 2000. Estimation of mean wind climate and probability of strong winds
for wind risk assessment. Forestry, 73 (3), 247-258.

Routa, J., Kellomiki, S., Peltola, H., Asikainen, A. 2011a. Impacts of thinning and
fertilization on timber and energy wood production in Norway spruce and Scots
pine: scenario analyses based on ecosystem model simulations. Forestry,

84(2),159-175.



42

Routa, J., Kelloméki, S., Kilpeldinen, A., Peltola, H., Strandman, H. 2011b. Effects
of forest management on the CO, emissions of wood energy in integrated
production of timber and energy biomass. Global Change Biology Bioenergy, 3,
483-497.

Routa, J., Kelloméki, S., Peltola, H. 2012. Impacts of intensive management and
landscape structure on timber and energy wood production and net CO, emissions
from energy wood use of Norway spruce. Bioenergy Research, 5(1), 106-123.

Ruosteenoja, K., Jylhd, K. , Tuomenvirta, H. 2005. Climate scenarios for FINADPT
studies of climate change adaptation. FINADAPT Working Paper 15, Finnish
Environmental Institute. Mimeographs, Helsinki.

Réisédnen, J., Joelsson, R. 2001. Changes in average and extreme precipitation in two
regional climate model experiments. Tellus, S3A, 547-566.

— , Hansson, U., Ullerstig, A., Doscher, R., Graham, L. P., Jones, C., Meier, M.,
Samuelsson, P. and Willén, 2003. GCM driven simulations of recent and future
climate with the Rossby Centre coupled atmosphere — Baltic Sea regional climate
model RCAO. SMHI Reports Meteorology and Climatology, 101, 61 pp.

— , Hansson U, Ullerstig A et al 2004. European climate in the late twenty-first
century: regional simulations with two driving global models and two forcing
scenarios. Climate Dynamics, 22, 13-31.

— ,2008. Warmer climate: Less or more snow? Clim. Dyn., 30, 307-319.

— , Eklund, J. 2012. 21st century changes in snow climate in Northern Europe as
simulated by regional climate models in the ENSEMBLES project: a high-
resolution view from ENSEMBLES regional climate models. Climate Dynamics,
36 (11-12), 2575-2591. DOI: 10.1007/s00382-011-1076-3.

Schelhaas, M.-J., Nabuurs, G.-J. , Schuck, A., 2003. Natural disturbances in the
European forests in the 19" and 20" centuries. Global Chane Biology, 9, 1620-
1633.

Schonenberger W. 2002. Windthrow research after the 1990 storm Vivian in
Switzerland: objectives, study sites, and projects. Forest Snow Landscape

Research, 77, 9-16.



43

Shanno, D, F. 1970. Conditioning of quasi-Newton methods for function
minimization. Mathematics of Computation, 24, 647-656.

Skogsstyrelsen, 2006. Stormen 2005 — en skoglig analys. Meddelande 1. (In
Swedish).

Solantie, R., 1983. Metsén myrskytuhojen ja tuulennopeuden vastaavuus alueittain
Suomessa. Metsd ja Puu, 2,9-11. (In Finnish)

— , 1994. Effect of weather and climatological background on snow damage of
forests in southern Finland in November 1991. Silva Fennica 28(3), 203-211.

— , 1998. Occurrence of unfrozen ground in Finland. Geophysica, 34(3), 141-157.

Soveri, J. , Varjo, M., 1977. Roudan muodostumisesta ja esiintymisestd Suomessa
vuosina 1955-1975. Abstract: On the formation an occurrence of soil frost in
Finland 1955 to 1975. Publications of the water research institute 20. National
Boards of Waters, Finland, 66 p.

Talkkari, A., Peltola, H., Kellomdki, S., Strandman, H. 2000. Integration of
component models from the tree, stand and regional levels to assess the risk of
wind damage at forest margins. Forest Ecology and Management, 135, 303-313.

Tammelin, B. 1991. Suomen tuuliatlas.Valtion paiantuskeskus, Helsinki. 256 p. (In
Finnish)

Ulbrich, U., Fink, A.H., Klawa, M., Pinto, J.G. 2001. Three extreme storms over
Europe in December 1999. Weather, 56, 70-80.

— , Pinto, J.G., Kupfer, H., Leckebusch, G.C., Spangehl, T., Reyers, M., 2008.
Changing northern hemisphere storm tracks in an ensemble of IPCC climate
change simulations. Journal of Climate, 21, 1669-1679.

-, Leckebusch, G.C., Pinto, J.G. 2009. Cyclones in the present and future climate:
A review. Theor. Appl. Climatol., 96, 117-131, doi:10.1007/s00704-008-0083-8,
20009.

Uppala and Coauthors. 2005. The ERA-40 re-analysis. Quarterly Journal of the
Royal Meteorological Society, 612,2961-3012. DOI: 10.1256/qj.04.176

Valinger, E., Lundqvist, L., Bondesson, L. 1993: Assessing the risk of snow and
wind damage from tree physical characteristics. Forestry, 66 (3), 249-260.



44

— , Lundqvist, L. 1994. Reducing wind and snow induced damage in forestry.
Department of Silviculture. Swedish University of Agricultural Sciences, Umea.
Reports 37:1-11.

— , Fridman, J., 1997. Modelling probability of snow and wind damage to Scotts
pine stands using tree characteristics. Forest Ecol. Management, 97, 215-222.

Venéldinen, A., Tuomenvirta, H., Heikinheimo, M., Kellomiki, S., Peltola, H.,
Strandman, H. , Viisdnen, H. 2001a. The Impact of Climate Change on Soil Frost
under Snow Cover in a Forested Landscape. Climate Research, 17, 3-72.

— , Tuomenvirta, H., Lahtinen, R. , Heikinheimo, M. 2001b. The influence of
climate warming on soil frost in case of snow-free surfaces in Finland. Climatic
Change, 50(1/2), 111-128.

— , Tuomenvirta, H., Pirinen, P. , Drebs, A., 2005. A basic Finnish climate data set
1961-2000 — descriptions and illustrations. Meteorological Reports 2005(5),
Finnish Meteorological Institute, p.27.

Yong, R. N., Metaxas, I. 1985. Influence of age-hardening and strain-rate on
confined compression and shear behavior of snow. J. Terramechanics., 22(1), 37-
49.

Zeng, H., Peltola, H., Talkkari, A., Venildinen, A., Strandman, H., Kellomiki, S.,
Wang, K. 2004. Influence of clear-cutting on the risk of wind damage at forest
edges. Forest ecology and management ,203, 77-88.

— , Peltola, H., Talkkari, A., Strandman, H., Venildinen, A., Wang, K-Y.,
Kellomiki, S. 2006. Simulations of the influence of clear-cutting on the risk of
wind damage on a regional scale over a 20-year period. Can. J. For. Res. 36,
2247-2258.

— , Pukkala, T., Peltola, H. 2007. The use of heurestic optimization in risk
management of wind damage in forest planning. Forest Ecology and

Management, 241, 189-199.



	Impacts of strong winds, heavy snow loads and soil frost conditions on the risks to forests in northern europe
	Abstract
	Tiivistelmä
	LIST OF ORIGINAL ARTICLES
	ACKNOWLEDGMENTS
	CONTENTS
	1. INTRODUCTION
	2. MATERIAL AND METHODS
	3. RESULTS
	4. DISCUSSION AND CONCLUSIONS
	REFERENCES



