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Project Summary

In this project we calculated eight indices of temperature extremes and a compound index of frost
frequency after leaf flush, which was tuned to four different species and calculated in a prognostic
mode. The eight indices extracted from downscaled climate data, scaled to NFI plots (1 x 1 km NFI
1 network) in Switzerland for current and projected future climates, included the following: (1) the
absolute annual minimum temperature; (2) absolute annual maximum temperature; (3) the annual
number of frost days (Tmin < 0°C); (4) the annual number of frozen days (Tmax < 0°C); (5) the
annually largest diurnal temperature range; (6) the mean annual diurnal temperature range; (7) the
annually longest period of continuous frost days (Tmin < 0°C); (8) the annually longest period of
continuous frozen days (Tmax < 0°C).

All nine measures generated here indicate that the projected climate trends are affecting the
temperature extremes as much as they do the temperature means. The extremes decrease at a
rate comparable to temperature means, and the climatic conditions become gradually suitable to
species that are less tolerant to low temperature extremes. By the end of the 21st Century, the
climate barely reaches conditions represented as the cold limit of Mediterranean species (30-year
mean of annual absolute minimum temperatures of ca. -6 °C on the Swiss Plateau). Since the
climate is fluctuating quite considerably, and because the trajectory barely reaches this threshold
towards the end of the 21st Century, it is not very likely that truly mediterranean species will already
find suitable habitats then. Rather, sub-mediterranean and warm-temperate species will be the
preferred choice for adaptive and active forest management practice. It remains to be considered
that the indices presented here do not include drought, which represents another important
constraint for the choice of suitable tree species.

Caution is needed when interpreting the presented results. First, we only use data from one
scenario (A1B), whereas there is uncertainty as to which of the usually four scenarios used is
actually most suitable for describing the future trajectory of the climate. Second, we only use data
from three regional climate models (CLM, RCA30, RegCM3) that are all fed by data from the same
global circulation model (ECHAMS). This means that only a small variety of possible futures is
explored. Finally, we had to request new versions of the obtained data from Meteotest due to errors
found during the processing. While we think that most problems are solved now, we are not
completely the currently used data is error-free, as we still found some patterns that are counter-
intuitive. Some of this may originate from the RCM data, though.
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Introduction

Climate has long been accepted as being a major driver of plant
species distribution, but also of growth, regeneration and -
especially the variability and extremes in climate — mortality
(Humboldt & Bonpland 1805; Shugart 1984; Woodward 1987).
The world is currently undergoing a comparably rapid shift in
climate means and its variability (IPCC 2007, 2013). This has
consequences for the Earth’s vegetation, as many species start
to respond to these on-going changes (Parmesan & Yohe 2003;
Walther et al. 2005; Walther et al. 2002). Much attention has
been and is given to the drought related increase in mortality
events, which naturally occur at the trailing edge of species’
ranges as a consequence of an increase in temperature, vapour
pressure deficits and soil humidity, with its cascading effects on
secondary causes of mortality (Breshears et al. 2009; van
Mantgem ef al. 2009). However, we observe also a slow and
steady migration of many species towards higher altitudes or
latitudes (Gehrig-Fasel et al. 2007; Lenair et al. 2008; Parmesan
et al. 1999), which can be attributed to a change in temperature-
related control of the upper (cold-constrained) distribution limit of
species.

Tree species have also started to respond to these changes.
While we observe significant changes at the (usually drought-
constrained) trailing edge in some species and some locations
(Allen et al. 2010; Breshears et al. 2009; van Mantgem et al.
2009), there is only a weak signal currently observable at the
upper or northern range edge (Gehrig-Fasel et al. 2007; Woodall
et al. 2009). One reason for this slow upward and northward
movement is the slow reduction in cold-temperature related
extremes and means (Korner et al. 2016). In order to better

understand the effect of temperature on upward or poleward
movement of trees, and to understand the change in habitat
suitability just north of (or at higher elevation than) the current
range, it is important to track the temperature related variability
and extremes. Zimmermann et al. (2009) have demonstrated
that climate (including temperature) extremes significantly influ-
ence species ranges. Having such variables at hand for analy-
ses allows for a better assessment of the likely consequences of
climate change on tree species ranges.

There is clear evidence for a temperature control of poleward
and upper range limits. On the one hand, the treeline has been
shown to be clearly summer temperature limited (Gehrig-Fasel
et al. 2007; Korner 1998; Korner & Paulsen 2004). In addition,
the upper limit of broad-leaved deciduous tree species is also
clearly limited by temperatures, namely the absolute minima of
temperatures during the leave-flush period (Korner et al. 2016;
Lenz et al. 2013; Zimmermann et al. 2016). Furthermore, it has
been shown that the boreal poleward and the upper alpine limit
of tree species are position according to the same ranking
among tree species and following similar temperature con-
straints, indicating that different biotic environments do not much
affect the temperature control of the cold limit in tree species
(Randin et al. 2013), a fact that is not only valid for trees but also
for other plants (Pellissier et al. 2013).

We can summarize from these findings, that the poleward and
upward movement of tree species most likely is controlled by
warming of summer temperatures in general, and the release in
cold extremes in specific. Due to the fact that extremes are rare,
the release is not likely to occur linearly, and the advance of tree
species to higher or more poleward sites is likely a very slow
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Figure 1: Plant Hardiness Zones, originally developed by the US Dept. of Agriculture, represent the average annual extreme temperatures (daily minimum

temperatures), and not the absolute lowest temperature ever observed.
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process. Trees do not only need to be able to regenerate, but
also to survive the sapling age and mature to adult trees. Several
studies have demonstrated how slow this upward and poleward
migration actually is. Gehrig-Fasel et al. (2007) have shown that
the upward shift in treelines is much slower than can be expected
from the general warming trend, and only amounts to few meters
per year as a maximum rate. In the Polar Ural mounts, a region
untouched by humans, the upward shift of treelines has also
shifted only very marginally, with open and closed forests
climbing only 41 m and 23 m during the period from 1910 to 2000
(Shiyatov et al. 2007). In both studies, the simultaneous
temperature change during the study periods suggests a much
(2-5x) higher upward shift, which indicates the time lag in the re-
adjustment to the rising temperatures.

It is not only the boreal or temperate, but also the (sub-) medi-
terranean species that will benefit from warming temperatures.
It is crucial that the winter minima do not fall on average below -
12 °C for many submediterranean tree species. the winter har-
diness of mediterranean trees is even higher, namely -6 to -1 (for
meso- and thermo-mediterranean species), and the same
species cannot tolerate a longer duration of frozen soils (Bartels
2001; Figure 1). Many mediterranean species do not tolerate
absolute extremes below -10 to -15 °C.

It is therefore important to understand the evolution of low
temperatures under climate change. For many species though,
it is not simply the absolute minimum temperature that governs
its response to climate change (as it may tolerate generally low
temperatures) but rather the total amount of thermal energy
above a threshold below which no growth is possible. This
threshold is generally set to 5.5 °C for trees (Woodward 1987),
and the index is called “degreedays of the growing season”
(DDEG,). Other important indices relate to the maximum tempe-
rature or to the number of freezing (minimum temperature is
below 0 °C) or frozen (maximum temperature is below 0 °C)
days. Finally, a complex form of analysing temperature effects is
to address the frost events around the leaf flush date of trees.
This requires individual models for the flush dates, which is not
available for many tree species.

Here, we present a range of temperature related maps and
indicators of temperature extremes. These can be used to assist
the judgement what areas might become suitable to more (sub-
) mediterranean and warm-adapted species, and by when. This
is relevant for species that are currently not adapted in these
regions and require that climate is less cold-extreme than it
currently still is. We present results from three climate models
that all follow the A1B scenario, as was decided to use in phase
2 of the FOEN and WSL organized “forest and climate change”
program.

Project objectives

Research objectives

The major goal of the TempEx (Developing spatial layers of
climatic temperature extremes) was to develop state-of-the-art
temperature based climate extreme data layers in order to sup-
port the adaptation of the management to projected future cli-
mates in the forests of Switzerland. This information is important
to enhance our knowledge about future climate trajectories and
how it might affect our forests and the management of them. It
is also important for integrating the results form previous projects
into a synthesis of the forest and climate change program

TempEx Final Report
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towards a support tool for Swiss foresters. The layers are based
on downscaled daily climate data for Switzerland at a ca. 1 km
spatial resolution made available by Meteotest for 3 different
regional circulation models (RCMs) originating from the
ENSEMBLES EU project and the Swiss report on the climate

development by the end of 2100, termed CH2011 (2011).

ResuLTs 1: Absolute minimum temperatures

The absolute minimum temperature in Switzerland is expected
to change considerably, and increasing by more than 5°C on
average across all three RCMs used (Fig. 2; Appendix A1.1).
The trend is similar in all four elevational bands. The spatial
patterns of the RCA30 model differ from the other two and do
not seem to look very reliable (Appendix A1.1, first row), al-
though in the temporal trend graph there is no obvious deviation
from the other two models. The CLM model projects slightly
higher warming trends than the other two models. On the other
hand, the RCA30 is clearly the one with the lowest projected
warming trend.

tmin

clm
3 ® rca
® regcm3

T T T T T T
2000 2020 2040 2060 2080 2100

Years

Figure 2: Absolute annual minimum temperature simulated from three different
RCM models over Switzerland for the elevation band <500m. Variations around
the mean trend reflect the values from all pixels falling into this elevation band.

The evolution of the absolute minimum temperature reaches
values by the end of the Century that become clearly suitable for
submediterranean, and partly even mediterranean species. After
2070, absolute low temperatures rarely fall below -15 °C, even
for the “coldest” RCA30 model on the lowest altitudinal band.
Even above 1200 m, the values are warmer than currently below
500 m for two models, but not for RCA30, indicating that many
temperate species will be able to grow at higher altitudes.

RESULTS 2: Absolute maximum temperatures

Like absolute minimum temperatures, the absolute maximum
temperatures in Switzerland are projected to increase consider-
ably and >5 °C on average across all three models (Fig. 3; Ap-
pendix A1.2). The CLM model clearly projects a warming in
temperature maxima that is clearly higher than that of the two
other models. This trend is most clearly visible in the lower two
elevation bands and is much weaker above 800 m (Appendix
A1.2, rows 3-4).

As illustrated in Figure 4, the CLM model projects a slight de-
crease in the absolute temperature maxima for the first period
(2020-2049), whereas for all other periods and for the two other
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Figure 3: Absolute annual maximum temperature simulated from three different
RCM models over Switzerland for the elevation band 500-800 m. Variations
around the mean trend reflect the values from all pixels falling into this elevation
band.

models, the absolute temperature maxima are always projected
to increase compared to today (1981-2010).

This cooling is, however very low only, and the trend in both di-
rections is below 1 °C. We therefore can assume that the abso-
lute maximum temperatures are very similar as under the current
climate for this CLM model. For the other two models, the war-
ming trends are also very low for the period and only increase
afterwards (Appendix A2.2).

ResuLTs 3: Number of frost days

The number of days with frost is expected to dramatically de-
crease in Switzerland by the end of the century (Appendices
A1.3 & A2.3). Specifically, at lowest altitudes (below 500 m) and
on the Swiss Plateau, the decrease is proportionally strong
(Figs. 5 & 6), the decrease amounts to ca. 40-50 days, which
reduces the frost days from ca. 70 as of today to below 20-30 for
the elevational band below 500 m (Fig. 5).

This reduction by >50% is strong, and it is strongest for the CLM
model, while the two other models remain at slightly higher
values (Fig. 6). Such a decrease in frost days will allow more
sub-mediterranean and mediterranean species to survive on the
Plateau.

tmax
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100000

650000 700000 750000 800000

500000 550000 600000

(1981-2010) vs (2020-2049)
Figure 4: Anomalies in absolute annual maximum temperature simulated from
the CLM model for the mean over the period 2020-2049 relative to the current
climate (mean over 1981-2010). Blue shades indicate lower temperatures than
today, while red colors indicate warmer temperatures compared to today.
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Figure 5: Temporal trend of the number of frost days simulated from three
different RCM models over Switzerland for the elevation band <500m. Variations
around the mean trend reflect the values from all pixels falling into this elevation
band.

ResuLTs 4: Number of frozen days

The number of frozen days follows a very similar pattern (Ap-
pendices A1.4 & A2.4) as that of the number of frost days. There
is one significant exception, though. The number of frozen days
(days with Tmax below freezing) remains particularly high in
some periods throughout the 21st Century, but decrease much
more rapidly otherwise (Fig. 7) compared to the number of frost
days (Fig. 5). This indicates the number of days with complete
freezing will be reduced even more strongly than the number of
frost days. Yet, it also means that some extended frozen periods
still remain. However, towards the end of the 21st Century, these
periods of frozen days are reduced to almost 0, even at altitudes
between 800-1200 m, and clearly even more so below 800 m in
altitude. This trend is true for all three models (Fig.7).

Most models project a warming in all future periods, with the
exception of the CLM model, which projects a slight increase in
the number of frozen days during the first period until 2020-2049
for low altitudes in the Ticino (Fig. 8).

This trend is very weak only, and likely not statistically signifi-
cant. After 2080, the projections predict very few frozen days
only at lowest altitudes, indicating almost mediterranean condi-
tions.

Nb_FrostDay
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(1981-2010) vs (2045-2074)
Figure 6: Anomalies in the number of frost days simulated from the RegCM3
model for the mean over the period 2070-2099 relative to the current climate
(mean over 1981-2010). Blue shades indicate lower temperatures than today,
while red colors indicate warmer temperatures compared to today.
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Figure 7: Temporal trend of the number of frozen days simulated from three
different RCM models over Switzerland for the elevation band 500-800m.
Variations around the mean trend reflect the values from all pixels falling into this
elevation band.

Nb_FrozenDay

150000 200000 250000 300000

100000

500000 550000 600000 650000 700000 750000 800000

(1981-2010) vs (2020-2049)
Figure 8: Anomalies in the number of frozen days simulated from the CLM model
for the mean over the period 2020-2049 relative to the current climate (mean over
1981-2010). Blue shades indlicate lower temperatures than today, while red colors
indicate warmer temperatures compared to today.

RESULTS 5: Maximum of temperature range

The maximum temperature range is an indication of thermal con-
tinentality vs. oceanity. The higher the diurnal temperature
range, the more continental is the climate. The projected trends
are very low, meaning that the climate is not projected to become
clearly more continental (Appendix A1.5). However, the spatial
patterns of the maps of maximum diurnal temperature range
(Appendix A2.5) differ clearly among the models and are partly
rather weird. The RCA30 model is (again) very different from the
other two models, with very strange peaks in diurnal temperature
ranges in Western Switzerland and in Northern Grisons (two
quite different climates). On the other hand, the two other models
are more similar, but differ in the Central Jura mountains, where
the patterns have almost completely opposing numbers (Appen-
dix A2.5). We do not illustrate figures here and refer to the
appendices.

RESULTS 6: Mean of temperature range

Quite similar to the trend in annual maximum diurnal tempera-
ture range, the annual mean in the diurnal temperature range
has almost no projected trend (Appendix A1.6). The spatial pat-
terns are more similar among the models (Appendix A2.6). This
indicates that - hidden in the data — there is likely some incon-
sistency in the data that only become visible as one extracts the
absolute extremes.

TempEx Final Report 8
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Figure 9: Temporal trend of mean daily temperature simulated from three different
RCM models over Switzerland for the elevation band <500m. Variations around
the mean trend reflect the values from all pixels falling into this elevation band.
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Figure 10: Temporal trend of the length of the annually longest stretch of
continuous daily frost simulated from three different RCM models over
Switzerland for the elevation band <500m. Variations around the mean trend
reflect the values from all pixels falling into this elevation band.

The temporal trends, although there is almost none, show one
strange feature for the CLM model (Fig. 9). In all elevational
bands, but most clearly in the band below 500 m in elevation,
the CLM model shows strongly decreased mean diurnal tempe-
rature ranges between 2030 and 2050, and then increased
ranges after 2060. Towards the end of the century, these values
are higher than those of the other two models.

REesuLTS 7: Length of continuous frost days

The annual length of the longest stretch in continuous frost days
(stretch of days that all have Tmin<0.0°C) is projected to
decrease considerably. Yet, all three models project that during
the first part of the 21st Century, there is a burst in continuous
frost ca. every 5 years. After the first 20-30 years, these burst in
continuous frost are much reduced and approach 0 towards the
end of the century, specifically for lower altitudes (Fig. 10).
Above 1200 m, the trend is a bit different. Here, the variability
remains more or less equally high, and despite a slight reduction
in the overall length of continuous frost towards the end of the
21st Century, there are still considerable frost periods projected
by all three models (Appendix A1.7).

The projected spatial anomalies reveal a decrease in frost length
for all three models steadily throughout the 21st Century and at
all altitudes. This will — again — provide conditions under which
specifically mediterranean species are more likely to survive
than when longer stretches of frost events occur. The decrease
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in the length of frost periods is projected to be higher at high
altitudes than at low altitudes (Appendix A2.7).

ResuLTs 8: Length of continuous frozen days

The trends in the annually longest stretch in continuous frozen
days (stretch of days that all have Tmax>0°C) are very similar to
those of the length of continuous frost days (Appendix A1.8).
Since the patterns are so similar, we do not illustrate these here
and refer to the appendix. The only difference to the frost periods
is that the frozen days still have peaks all the way to the 2060s.

LengthFrozen
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Figure 11: Anomalies in the mean length of the annually longest stretch of frozen
days simulated from the CLM model for the mean over the period 2020-2049
relative to the current climate (mean over 1981-2010). Blue shades indicate lower
temperatures than today, while red colors indicate warmer temperatures
compared to today.

The CLM model — again — predicts some longer stretches of
continuous frozen days in the Ticino in the first period of 2020-
2049 compared to today (Fig. 11). As in earlier examples (e.g.
the annual number of frost days), the change is rather marginal
and most regions do not exhibit a very strong shift by the mid
Century (Appendix A2.8). Only after ca. 2050 the length of frozen
days is more strongly reduced. The three models agree on the
fact that the biggest reductions in the continuous periods of fro-
zen days occur mostly at higher altitudes.

The meaning for plants is similar as that for stretches of frost
days. However, for most plants sensitive to frost, it is actually the
periods of frozen days that affect plant growth and survival more
clearly. If days only marginally get below freezing during the
nights, it might not result in frozen soils. If, however, a time
period never exhibits days above freezing, then the soil is most
likely turning frozen and this may have a strong effect on frost
sensitive species.

RESULTS 9: Frost frequency during leaf flush

The number of frost days during leaf flush is also becoming re-
duced towards the end of the 21st Century for all four species
evaluated (Fagus sylvatica, Quercus robur, Picea abies, Pinus
sylvestris). For this, the flush date was modelled with species-
specific parameters on an annual basis using the daily climate
data, and then the frequency of frost events was extracted for
the 40 days following the modelled leaf flush dates. The three
climate models are in quite high agreement, with CLM usually
exhibiting slightly lower numbers of frost days following leaf flush
(Fig. 12; Appendix A3.1) for beech.

For almost all models and periods, the frost frequency is pro-
jected to decrease towards the end of the 21st Century. The on-
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Figure 12: Temporal trend of mean daily frost frequency during the leave flush
period of Fagus sylvatica simulated using data of three different RCM models over
Switzerland for the elevation band <500m. Variations around the mean trend
reflect the values from all pixels falling into this elevation band.

ly exception to this rule is, as in previous examples, the first
period (2020-2049) for beech, which is expected to see an in-
crease in frost frequency following leaf flush for the whole Swiss
Plateau and the Jura mountains (Appendix A4.1). Again, the
degree of increased frost frequency is rather small (up to 1 day
maximum), meaning that we do not take this as an indication of
much change compared to today (1980-2010).

The species most at risk in the elevational belt it usually occu-
pies is Picea abies (Appendix A3.3, forth row >1200 m). This is
as expected, since spruce is most frost tolerant among the four
modelled species.

For most species, a decrease in frost frequency following leaf
flush will not strongly affect its behavior. Rather it indicates that
the species will be able to colonize higher altitudes, where the
frost frequency still is the same as today.

The spatial patterns of some of the anomalies in the frequency
of frost following leaf flush exhibit strange results for the period
of 2020-2049 for basically all four species. However, this is pos-
sibly mostly an effect of coloring, with slightly positive values ha-
ving a different color than slightly negative ones. The real diffe-
rence in numbers is in fact very small, and may be visible too
strongly now.

Management implications

The general reduction in frost related and the increase in heat
related extremes have been observed from data of all climate
models. Only the first period of 2020-2049 seems - at least for
the CLM model, seem to sometime show an increase in some
frost related indices.

This generally means that the warming trend that can be obser-
ved from changes in annual average temperatures is mirrored
by an even stronger reduction in extremes over the course of the
21st Century. This generally means that an active and adap-tive
forest management is supported by the changes in extremes.
During the course of the 21st Century, not only do the mean
temperatures raise, but also the extremes raise at least at the
same rate, so that planting more warm adapted, heat deman-
ding species are not (much) threatened by still prevailing low
temperature extremes.

More specifically, many submediterranean species (Quercus
cerris, Ostrya carpinifolia, Fraxinus ornus, Acer opalus, etc.) will
find suitable habitats (at least if the climate is not too humid but
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rather slightly drier than today at the same time) and even some
rela-tively cold tolerant meso-mediterranean species (Quercus
ilex, Phillyrea spp., Arbutus unedo, Pinus halepensis) will likely
just start to find suitable temperature conditions. For thermo-me-
diterranean species (Quercus suber, Olea europaea), the clima-
te s still too cold, even by the end of the 21st Century. The habitat
suitability models for Central European tree species from the
PorTree project of the FOEN-funded “Forest and Climate
Change” Program presented in Zimmermann et al. (2014) and
(2016) suggest that Quercus ilex will barely find yet suitable cli-
mates in Switzerland by the end of the 21st Century (using clima-
te means in the models). The cli-mate models however suggest
that the Swiss Plateau with now 30-year means in ab-solute an-
nual Tmin values of ca. -12 °C will exhibit temperatures of -6 °C
by the end of the 21st Century. The thermal limit of the winter har-
diness zone for mediterranean vegetation is -6.6 °C as a cold li-
mit. This underlines the fact that mediterranean trees might just
make it, but that risks are still comparably high. It is therefore
clear, that safe management will not make use of truly mediter-
ranean, but rather sub-mediterranean and warm tempe-rate tree
species.

It is also clear that beech will continue to climb higher altitudes
in the northern Pre-Alps of Switzerland. A warming of 3 °C trans-
lates to a 600 m upward shift in the elevational distribution of a
species. Since the projected temperature increase from models
under the A1B scenario total to ca. 4.5-5.0 °C on aver-age com-
pared to the pre-industrial mean, especially for the mountain re-
gions (Zimmermann et al. 2014), the shift in the upper limit of
beech will reach 900-1000 m, thus reaching the current forest
treeline in this region. Since most of this region is currently colo-
nized by spruce, and since beech does not regenerate well in
acidic soils under a spruce canopy, the upward shift in beech will
require support through management. However, spruce will like-
ly not be fully threatened in these regions and can likely be kept
to the end of the 21st Century above 1200 m, as it has been plan-
ted on the Swiss Plateau at warmer sites than its natural habitat.

The upward movement of spruce beyond the current treeline will
likely be extremely slow. There are +/- well-developed soils up
to ca. 150 m above the treeline, meaning that this zone can be
colonized rather easily by many tree species from lower
altitudes. Yet, above this zone, the soils are mineral and unde-
veloped, and a migration to even higher altitudes is not easily
possible without significant human support.

The presented results only refer to temperature extremes, and
not to water related (e.g. drought) extremes. It is clear that ma-
nagement decisions have to consider drought as a factor as well,
and this was not a responsibility in the presented project.

Concluding remarks

The temporal and spatial patterns extracted for temperature ex-
tremes are more or less as expected. In general, the low tem-
perature extremes are projected to fade away to milder values
at least at the same pace as we can expect from temperature
mean values.

We have to bear in mind that these trends are taken from models
that are all based on the same climate change scenario (A1B).
This cautions the use of the presented data as a certainty. We
know that some recent trends in CO: increase and in the
increase of global annual temperatures rather follow the more
extreme A1FI or A2 scenarios, meaning that the rate of change
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might even be more severe by the end of the 21st Century. While
the A1B scenario was a rather extreme one in the fourth IPCC
assessment report (IPCC 2007), the new rcp8.5 scenario used
in the fifth IPCC assessment report (IPCC 2013) is clearly more
extreme than any scenario used in the fourth report, and is only
balanced with even much milder sce-narios, such as rcp2.6. This
means that there is considerable uncertainty as to which
scenario is actually valid for use in adaptive and active forest
management.

Another uncertainty comes from only using three RCMs in all
analyses as was decided by the program committee for this
research program. Usually, it is important to use more than
simply 3 models (and more than one scenario). It is not clear, to
what degree the three models reflect the variability of all possible
models for this scenario. It is possible, that the three scenarios
provided here (all based on the ECHAM 5 global GCM input to
the RCMs) are rather on the high end with regards to the amount
of expected warming (and reduction in frost-related extremes).
Using other GCMs as input to RCMs such as e.g. the CCSM30
GCM would have changed some of the patterns found here. ON
the other hand, using the HadCM3 GCM as input might have
lead to even more extreme values.

Finally, some uncertainty remains with regards to the
downscaled data obtained for analyses of extremes, as previous
versions were prone to some errors (Appendix A5).

Methods brief

Below, we provide a short description of the methods used. Most
methods are rather simple. Yet, considerable processing time
was required because daily temperatures had to be brought to a
common format first, and then required time-consuming
processing to extract annually the extremes statistic.

Origin of climate data

The climate data used originate from MeteoSwiss for current
climates and from the Ensembles EU project for 3 regional cli-
mate models (RCMs) that were downscaled to fine spatial reso-
lution by Meteotest (Remund et al. 2016). The data was provi-
ded for all sites of NFI1 and NFI2. The data contained minimum,
maximum and average daily temperature, amongst others. The
data were provided in different formats, partly one file per one
NFI plot. Data from the following three climate models were
made available by Meteotest: (1) CLM, RCA30, and RegCM3.
These three RCMs were all fed at the boundary of the simula-
tion region of Europe by data from the global circulation model
ECHAMS. For the three climate models, data from the A1B
scenario were provided, as the Ensembles project hardly simu-
lated any other scenarios at RCM resolution.

Data extraction and processing

Prior to analyses, we had to import all data into a common data
format. We chose the NetCDF format, which is commonly used
for storing climatological data. This format is flexible as it can be
read and written from the statistical environment R.

Description and processing of “extremes” variables

Below, we describe the definition and extraction of the
processed temperature indices. These were stored first as time
series per NFI plot, and then aggregated to maps for four 30-
year periods, namely for 1981-2010 (i.e. current), 2020-2049,
2045-2074, and 2070-2099. The latter three periods were often
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re-presented in the form of anomalies compared to the first (cur-
rent) period, thus indicating to what degree and with what spatial
patterns the expected changes in climates are projected by the
three climate models. Temporal trends were calculated for
elevation bands <500m, 500-800m, 800-1200m, >1200m.

Tmin: for each year, we extracted the absolute lowest daily
minimum temperature value for each NFI plot and stored it as a
value annually. For mapping spatial patterns, we averaged the
absolute Tmin values over 30 years each for all NFI plots.
Therefore, the 30-year value stored is the mean and not the
absolute minimum over this period.

Tmax: for each year, we extracted the absolute highest daily
maximum temperature value for each NFI plot and stored it as a
value annually. For mapping spatial patterns, we averaged the
absolute Tmax values over 30 years each for all NFI plots.
Therefore, the 30-year value stored is the mean and not the
absolute maximum over this period.

Nb.FrostDays: for each year, we extracted the number of frost
days for each NFI plot and stored it as a value annually. For
mapping spatial patterns, we averaged the Nb.FrostDays va-
lues over 30 years each for all NFI plots. A frost day is a day for
which Tmin falls below 0 °C.

Nb.FrozenDays: for each year, we extracted the number of
frozen days for each NFI plot and stored it as a value annually.
For mapping spatial Nb.FrozenDays patterns, we averaged the
values over 30 years each for all NFI plots prior to mapping. A
frozen day is a day for which Tmax remains below 0 °C.

T-range.max: for each year, we extracted the daily temperature
range and recorded and stored the largest temperature range
per year for each NFI plot. For mapping spatial T-range.max
patterns, we averaged the values over 30 years each for all NFI
plots prior to mapping. Therefore, the 30-year value stored is the
mean over all yearly maximum values, and not the absolute
maximum over this period.

T-range.avg: for each year, we extracted the daily temperature
range and recorded and stored the mean temperature range per
year for each NFI plot. For mapping spatial T-range.avg
patterns, we averaged the values over 30 years each for all NFI
plots prior to mapping. Therefore, the 30-year value stored
represents the mean over all yearly mean values.

Len.Frost. for each year, we determined the longest period of
continuous frostdays for each NFI plot and stored it as a value
annually. For mapping spatial patterns, we averaged the values
of Len.Frost over 30 years each for all NFI plots. Therefore, the
30-year value stored per NFl plotis the mean longest period over
30 years. A frost day is a day for which Tmin falls below 0 °C.
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Len.Frozen: for each year, we determined the longest period of
continuous frozen days for each NFI plot and stored it as a value
annually. For mapping spatial patterns, we averaged the values
of Len.Frozen over 30 years each for all NFI plots. Therefore,
the 30-year value stored per NFI plot is the mean longest period
over the 30 years. A frozen day is a day for which Tmax remains
below 0 °C.

Calculation of frost frequency after leaf flush

In order to determine the leaf flush data of tree species in a
prognostic mode, we implemented the model of Hammel &
Kennel (2001). The method is based on findings of Menzel &
Fabian (1999), first calculates the species-specific required
number of “cold-days”, and once this threshold is reached it
calculates the species-specific heat-index (warm days) required
for a species to flush the leaves. The cold days are needed to
avoid a flushing of leaves in a warm stretch during the early
winter. The report by Hammel and Kennel provides species spe-
cific parameters for four important tree species, namely: Fa-gus
sylvatica, Quercus robur, Picea abies, and Pinus sylvestris.

We implemented this method in R and calculated the leaf flush
dates for each species and NFI plot. After this, we calculated to
what number of frost days in the 40 days following the calculated
leaf flush date for each NFI plot. For mapping spatial patterns in
the frost days following leaf flush, we aver-aged the annual frost
frequency values over 30 years each for all NFI plots.

lllustration of temporal and spatial patterns in climate extremes

Time series graphs per altitudinal band illustrate the trajectory of
annual extremes (e.g. absolute temperature minimum per year)
for all NFI plots falling in the respective elevational band. The
mean trend is illustrated by a bold colored line, while the light
shade of the same color represents the variability around the
mean as derived from all NFI plots per elevational band. The
three colors per graph illustrate the different trajectories as
derived from the three RCMs

The maps illustrate the 30year mean or extremes of the yearly
indices per location. A location (or pixel) in the map is generated
by aggregating all NFI plots within a neighborhood of ca. 2.5 x
2.5 km. This aggregation to a larger area (then usually
represented by an NFI plot allows for better visualization of the
fine-grained patterns. The mean or extreme values per 30-year
period per NFI plots are averaged to represent the 2.5 km pixels
size in the graphs.

All analyses and illustrations were generated in the R statistical
environment (R Core Team 2016).
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Appendix Al: Time series for climatic extremes for altitudinal bands in Switzerland

The following is a compilation of the time series on temperature
extremes indices for four altitudinal bands (0-500 m; 500-800 m, 800-
1200 m, >1200 m) represented by three regional climate models (CLM;
RCA30; RegCM3) for the A1B scenario. The data for extracting these
temperature extremes indices was provided by MeteoTest. The
following indices have been compiled here: Tmin: 30-year average of
annual absolute minimum temperatures; Tmax: 30-year average of
annual absolute maximum temperatures; Nb.FrostDays: 30-year
average of yearly number of frost days; Nb.FrozenDays: 30-year
average of yearly number of frozen days; Len.Frost: 30-year average of
annual longest stretch of continuous frost days; Len.Frozen: 30-year
average of annual longest stretch of continuous frozen days. The
appendix lists eight indices, which are listed below:

List of temperature extremes indices:

TIMUN oo s 2
TMAX ... 3
ND.FrostDays ...........ccccccoovevinininnnrseeeeeeeee e, 4
NDb.FrozenDays ..............ccccocoonnnnnneeeeeeeeeeeeees e, )
T-range.max .............cccoooveeeeeieieneeee s 6
T-range.avyg ...........ccoooieeceiceieeee s 7
LeN.Frost ... 8
Len.Frozen ..., 9
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Figure A1.1: Time series of absolute minimum temperature for 3 different RCMs. Red
shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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Tmax: Absolute maximum temperature
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Figure A1.2: Time series of absolute maximum temperature for 3 different RCMs. Red
shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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Nb.FrostDays: Number of days with frost
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Figure A1.3: Time series of the number of days with frost for 3 different RCMs. Red
shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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Nb.FrozDays: Number of frozen days (no thawing)
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Figure A1.4: Time series of the number of frozen days (no thawing) for 3 diifferent RCMs.
Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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T-Range.max: Monthly maximum of the diurnal temperature range
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Figure A1.5: Time series of the monthly maximum of the diurnal temperature range for 3
different RCMs. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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T-range.avg: Monthly mean of the diurnal temperature range
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Figure A1.6: Time series of the monthly mean of the diurnal temperature range for 3
different RCMs. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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Len.Frost: Mean length of longest annual stretch of frost days (daily freezing)
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Figure A1.7: Time series of the length of the longest period with frost per year for 3
different RCMs. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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Len.Frozen: Mean length of longest annual stretch of frozen days (no thawing)
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Figure A1.8: Time series of the longest frozen period per year (no thawing) for 3 different
RCMs. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM.
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Appendix A2: Spatial patterns in climatic extremes indices in Switzerland

The following is a compilation of the spatial patterns on temperature
extremes indices and anomalies thereof for current climate (means or
extremes for the period 1981-2010 and for three periods of projected
future climate, namely 2020-2045, 2045-2074, and 2070-2099. The
projected future climate is represented by three regional climate models
(CLM; RCA30; RegCM3) for the A1B scenario. The data for extracting
these temperature extremes indices was provided by MeteoTest. The
following indices have been compiled here: Tmin: 30-year average of
annual absolute minimum temperatures; Tmax: 30-year average of
annual absolute maximum temperatures; Nb.FrostDays: 30-year
average of yearly number of frost days; Nb.FrozenDays: 30-year
average of yearly number of frozen days; Len.Frost: 30-year average of
annual longest stretch of continuous frost days; Len.Frozen: 30-year
average of annual longest stretch of continuous frozen days. Maps
were generated by aggregating all LFl sites within a 2.5 x 2.5 km
wndow for better visibility. The appendix lists eight indices, which are
listed below:

List of temperature extremes indices:

TIMUN oo 2
TMAX ... 3
ND.FrostDays ..o, 4
NDb.FrozenDays ..............ccccocoonnnnnneeceeeeeeeee e, S
T-range.max .............cccoooveeeeeieieniee s 6
T-range.avyg ...........ccccoooieeeeeceieee s 7
LeN.Frost ... 8
Len.Frozen ..., 9

Version: 12.08.2018



TEMPEX — CLIMATIC TEMPERATURE EXTREMES FOR SWITZERLAND

Zimmermann et al., WSL

CLM

Average 1981-2010

T T T T
500000 550000 600000 650000 700000

(1981-2010)

T
750000

T
800000

Difference to 2020-2049

T T T T T
500000 550000 600000 650000 700000

(1981-2010) vs (2020-2049)

T
750000

T
800000

Difference to 2045-2074

500000 550000 600000 650000 700000

(1981-2010) vs (2045-2074)

750000

800000

300000

250000

150000

Difference to 2070-2099

T T T T
500000 550000 600000 650000 700000

(1981-2010) vs (2070-2099)

T
750000

T
800000

TMIN: Absolute minimum temperature

150000 200000 250000 300000

100000

150000 200000 250000 300000

100000

150000 200000 250000 300000

100000

150000 200000 250000 300000

100000

RCA30 RegCM3

T T T T T T T T
500000 550000 600000 650000 700000 750000 800000 500000 550000 600000 650000 700000 750000 800000

(181-2010) (1981-2010)

150000 200000 250000 300000

100000

T T T T T T T T T T T
500000 550000 600000 650000 700000 750000 800000 500000 550000 600000 650000 700000 750000 800000

(1981-2010) vs (2020-2049) (1981-2010) vs (2020-2049)

20000 250000 300000

150000

100000

500000 550000 600000 650000 700000 750000 800000 500000 550000 600000 650000 700000 750000 800000

(1981-2010) vs (2045-2074) (1981-2010) vs (2045-2074)

150000 200000 250000 300000

100000

T T T T T T T T T T
500000 550000 600000 650000 700000 750000 800000 500000 550000 600000 650000 700000 750000 800000

(1981-2010) vs (2070-2098) (1981-2010) vs (2070-2098)

Figure A2.1: Absolute minimum temperature patterns and anomalies for 3 different RCMs in Switzerland.
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Figure A2.2: Absolute maximum temperature patterns and anomalies for 3 different RCMs in Switzerland.
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Nb.FrostDays: Mean number of frost days per year
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Nb.FrozenDays: Mean number of frost days per year
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T-range.max: Maximum diurnal temperature range
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TempEx Final Report

12 August 2018



TEMPEX — CLIMATIC TEMPERATURE EXTREMES FOR SWITZERLAND Zimmermann et al., WSL

T-range.avg: Average diurnal temperature range
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Figure A2.6: Mean yearly average of diurnal temperature range patterns and anomalies for 3 different RCMs in Switzerland
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Len.Frost: Mean of annual longest stretch of continuous frost days
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Figure A2.7: Mean of annual longest strefch of continuous frost days for 3 different RCMs in Switzerland.
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Len.Frozen: Mean of annual longest stretch of continuous frozen days
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Figure A2.8: Mean of annual longest stretch of continuous frozen days for 3 different RCMs in Switzerland.
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Appendix A3: Temporal patterns in frost risks after leaf flush four tree species in Switzerland

The following is a compilation of the temporal patterns on the risk of
frost frequencies during leaf flush in four tree species for four altitudinal
bands (0-500 m, 500-800 m, 800-1200 , and >1200 m). The projected
future climate is represented by three regional climate models (CLM;
RCA30; RegCM3) for the A1B scenario. The data for extracting these
temperature extremes indices was provided by MeteoTest. The
methods for modelling leaf flush dates are presented in the TempEx
final report. The leaf flush frost risks have been calculated for the
following four tree species: Fagus sylvatica, Quercus robur, Picea
abies, Pinus sylvestris. The appendix lists the patterns and anomalies
for the four species:

List of species with leaf flush frost risk patterns:

Fagus sylvatica .................ccccocovnnnnecccicee e, 2
QUEICUS FODUF .............oecoeeeeeeeeeeeeeeeeeeeee e 3
Picea @bies ..o, 4
Pinus SYIVESTIIS ..o, S
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Fagus sylvatica: frost frequency during the leaf flush period
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Figure A3.1: Temporal patterns in frost frequency during leaf flush in Switzerland for four
altitudinal bands. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM. The

bold black line indicates the ensemble mean trend among the three RCMs used.
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Quercus robur. frost frequency during the leaf flush period
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Figure A3.2: Temporal patterns in frost frequency during leaf flush in Switzerland for four
altitudinal bands. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM. The
bold black line indicates the ensemble mean trend among the three RCMs used.
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Picea abies: frost frequency during the leaf flush period
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Figure A3.3: Temporal patterns in frost frequency during leaf flush in Switzerland for four
altitudinal bands. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM. The
bold black line indicates the ensemble mean trend among the three RCMs used.
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Pinus sylvestris: frost frequency during the leaf flush period
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Figure A3.4: Temporal patterns in frost frequency during leaf flush in Switzerland for four
altitudinal bands. Red shades: RegCM3; Blue shades: RCA30; Green shades: CLM. The

bold black line indicates the ensemble mean trend among the three RCMs used.
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Appendix A4: Spatial patterns in frost risks after leaf flush four tree species in Switzerland

The following is a compilation of the spatial patterns on the risk of frost
frequencies during leaf flush in four tree species and anomalies thereof
for current climate (means annual frequency for the period 1981-2010
and for three periods of projected future climate, namely 2020-2045,
2045-2074, and 2070-2099. The projected future climate is represented
by three regional climate models (CLM; RCA30; RegCM3) for the A1B
scenario. The data for extracting these temperature extremes indices
was provided by MeteoTest. The methods for modelling leaf flush dates
are presented in the TempEx final report. The leaf flush frost risks have
been calculated for the following four tree species: Fagus sylvatica,
Quercus robur, Picea abies, Pinus sylvestris. Maps were generated by
aggregating all LFI sites within a 2.5 x 2.5 km window for better visibi-
lity. The appendix lists the patterns and anomalies for the four species:

List of species with leaf flush frost risk patterns:

Fagus sylvatica .................c.ccccccoovvveiviiceieeeeee e, 2
QUEICUS FODUF ..............oeeoeeeeeeeeeeeeeeeeeeeeeeee e 3
Picea @bies ..............cccoooveeiiiieeeee e, 4
Pinus SYIVESTIIS .............cccooooviiiiiecceeeeee e, )
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Fagus sylvatica: frost frequency during the leaf flush period
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Figure A4.1: Spatial patterns (row 1) and anomalies (rows 2-4) in frost frequency during leaf flush.
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Figure A4.2: Spatial patterns (row 1) and anomalies (rows 2-4) in frost frequency during leaf flush.
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Picea abies: frost frequency during the leaf flush period
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Figure A4.3: Spatial patterns (row 1) and anomalies (rows 2-4) in frost frequency during leaf flush.
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Pinus sylvestris: frost frequency during the leaf flush period
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Figure A4.4: Spatial patterns (row 1) and anomalies (rows 2-4) in frost frequency during leaf flush.
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Appendix A5: Some spatial error structures of earlier data versions

Examples of errors found in earlier data versions

Here, we address some uncertainties in earlier versions of the data
delivered by Meteotest. The first version was prone to errors, and
also the second version still contained significant errors. These
errors were hard to detect, since it only concerned data of single
days. Meteotest claimed that these data were already erroneous in
the original RCM coarse resolution (18x18 km) data they
downscaled. We are routinely using the same data, and were not
able to detect these errors. Our RCM data seemed to have been
error-free. Because only some few daily maps were erroneous we
could not easily detect the errors. Yet, the derived extremes
statistic then became erroneous, and we detected some errors
only after the time-consuming processing of all indices. Figure A5.1
illustrates some of the problems we found even in the second
delivery of the data. Next to the strange patterns, some extreme
outliers were detected, such as Tmax values of 486.3 and 1552.8
°C. The last (third) delivery was improved and we didn't find the
same very strong errors any more. Yet, there were still patterns in
the data that we found strange and it meant that we calculated
monthly averages of single-day absolute extremes instead of using
these single-day extremes. By this, we reduced the effect of
remaining possible errors. In another application, we also
abstained from using effects of single-day absolute climate
extremes from analyses, such as in those on forest regeneration
(Wohlgemuth et al. 2016). We think that bay calculating means of
annual (single-day) absolute extremes, most errors were now
removed or avoided to propagate and we find that the general
trends reproduced from the models are fine. Yet, after having found
errors repeatedly means that we could not be completely certain
that all errors were found and that the calculations based on these
data are all without errors.

Figure A5.1: Two examples of erroneous maximum temperature patterns from
two different days obtained in the 2" delivery of data from Meteotest. The strange
patterns appeared in 2033 and faded by summer 2034. Not only were there strong
striping patterns that are clearly wrong. In addition, the temperatures were
generally warmer at higher altitudes and lower in low altitudes. This pattern is not
caused by temperature inversion (as there is none included in RCMs, and
because it was found throughout all of Switzerland). Finally, it is visible that few
single cells had illogically high or low values compared to adjacent cells. Red
colors indicate high, blue colors low temperatures.
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