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One page summary
General findings: forests across Europe insulate the land surface from weather
extremes, particularly by moderating temperatures, and reducing mean wind speed and
variability. If forests are healthy, the leaf litter and root structures enhance soil stability,
thereby improving water quality, though not necessarily quantity. Studies show that wellmaintained forests can reduce the frequency of shallow (<1 m) land slides, except on the
steepest hillsides, but have very little impact on deep (>3 m) land slides. In addition,
while forests reduce surface runoff rates, they cannot significantly reduce the impact of
floods caused by long-duration, intense rainfall. In urban areas, trees provide multiple
benefits: shade and evaporative cooling in the summer (reducing demand for air
conditioning), improved surface drainage (reducing the impact of localised floods), lower
mean wind speeds and gust strengths (reducing damage and energy usage for heating).
Forests may contribute to cloud building and influence weather conditions at regional
level. However, trees in and around urban areas can cause damage and disruption
particularly during storms, and can increase the risk of fire.
Northern Europe: observations show that the loss of forest leads to a harsher climate
with higher wind speeds, lower temperatures and a deeper layer of frozen soil, making it
difficult for forests to recover and stabilise the local climate. Weather simulations in this
region find that small-scale increases in forest cover increase temperatures above the
trees, decrease wind speeds and reduce surface moisture fluxes.
Central Europe: the presence of forests across Europe increases the proportion of
precipitation that is returned to the atmosphere by evapotranspiration, where it can be
propagated towards the interior of the continent. For this reason, forests help to maintain
land productivity and reduce the severity of heat waves in this region. Weather
simulations suggest a complex response of local weather to forest cover change, but
indicate that increased forest cover leads to higher temperatures above the trees and
reduced wind speeds.
Mediterranean Europe: observations show a clear historical drying trend in this region,
including a reduction of precipitation from summer storms in eastern Spain. Recent work
suggests that this drying is partly due to continued vegetation loss, which has reduced
humidity and soil moisture levels, eventually causing increased surface temperatures.
This trend is important since winter/spring precipitation deficits in this region have been
associated with droughts and heat waves in the rest of Europe. In addition, the saline
outflow from the Mediterranean Sea can potentially affect the Gulf Stream and the North
Atlantic Oscillation, thereby influencing weather patterns across Europe.
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Introduction
The possible influence of vegetation on regional rainfall was first suggested in the 1970s
in the context of drought in the Sahel (Charney, 1975; Charney et al., 1975). Theoretical
arguments based on the increase in albedo1, following the removal of vegetation via
overgrazing and desertification, suggested that rainfall in the Sahel would decrease.
This result was supported by early global climate model simulations, which represented
changes in land surface properties using modifications to the surface albedo. In these
early simulations, rainfall over the Sahel was reduced by 40% during the rainy season
following desertification. Since this time, our understanding of the mechanisms by which
vegetation, including forests, may influence local, regional and global climate has
improved considerably and is discussed in later sections of this report.
The objective of the present study was to provide an assessment of the influences of
forests in the European Union (EU) on weather and climate, with a particular focus on
precipitation (i.e., rainfall), and identifying benefits that could arise as a result of
increased forest cover. This objective was achieved in several stages. First, a literature
review of the influences of forests worldwide on weather and climate was presented.
Next, datasets which provide estimates of historical changes in Europe’s forest cover
and weather were identified and assessed. The influence of forests on weather-related
phenomena including storms, forest fires, flooding, soil stability, water quality and
quantity were also summarised. Numerical weather prediction and climate models were
then used to simulate and quantify the impact of forest cover change on local and
regional weather and climate in seven locations around Europe. Different modelling
techniques and methodologies for assessing how forests could influence weather were
compared. The main mechanisms and feedbacks by which forests affect weather
across different scales were summarised and linkage diagrams using the DPSIR
framework were constructed to illustrate these feedbacks. Major information and
knowledge gaps inhibiting a more complete understanding of the impact of forests in the
EU were highlighted. Finally, areas within the EU where forests have been shown to
exert a significant influence on local and regional climate were identified, ranked, and
described in detail. The major findings of the study, listed above, are described briefly in
the main body of this report.

1

The ratio of reflected to incoming radiation.
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Mechanisms by which forests affect weather and climate
In this section, the mechanisms by which forests influence weather and climate are
briefly discussed. These mechanisms apply to all types of forest and may be divided
into two main classes: physical and chemical. The main physical mechanisms are
associated with processes involving albedo, evaporative cooling and aerodynamic drag
(e.g. Betts, 2006; Bonan, 2008). Chemical mechanisms of importance include the
uptake of, and interaction with, carbon dioxide (CO2) and ozone (O3), the release of
hydrocarbons and the formation of aerosol particles (Arneth et al., 2010). Following a
description of the general properties of the different mechanisms, the three main forests
types are described, with the dominant mechanisms for each type being discussed in
more detail.
Forests have lower albedos than other types of vegetation and soils, and consequently
absorb a large fraction of the incoming solar radiation, releasing it as sensible heat
which warms the air above the forest (Betts and Ball, 1997). Forests absorb more
moisture from soils than other types of vegetation. The transfer of this moisture through
the trees and its evaporation from the leaves into the atmosphere cools the air through
the transfer of latent heat. This process is referred to as evapotranspiration. The
increased moisture levels above the forest can encourage the formation of clouds and
rainfall. Forests also present an aerodynamically rough surface which enhances
turbulence (Rotenberg and Yakir, 2010) and reduces wind speeds (Vautard et al., 2010),
and subsequently can also enhance convection, cloud formation and rainfall (Pielke et
al., 2007).
Forests also affect global climate by modifying carbon dioxide (CO2) concentrations.
Carbon dioxide is the most important greenhouse gas whose levels in the atmosphere
have increased from about 280 parts per million (ppm) in the pre-industrial era (i.e.
before about 1750) to 379 ppm in 2005 (Solomon et al., 2007) and are continuing to
increase. Globally, forests (especially tropical forests) absorb carbon dioxide and reduce
its levels in the atmosphere, which helps to cool the climate in the absence of other
effects (Bonan, 2008). It is estimated that the terrestrial biosphere (i.e. all vegetation
and soils) has absorbed about 25% of carbon dioxide emitted since 1750 (Solomon et
al., 2007).
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In the absence of human influence, climate variability and its interaction with forests can
still result in large changes in local climate (Houghton, 2009). For example, increasing
levels of carbon dioxide cause the closure of the stomata on the leaves of trees. This
has the effect of reducing transpiration and, hence, the moisture transferred into the
atmosphere. Higher temperatures can cause the dieback of forests (e.g., tropical forests)
and the northward migration forest (e.g., boreal forests in Asia). In both cases,
evapotranspiration will be reduced, although the northward movement of boreal forests
would increase evapotranspiration in areas where forest cover increases. Finally,
warmer temperatures tend to increase soil respiration rates, thereby leading to greater
emission of carbon dioxide from soils, which causes further warming. In addition, it is
important to note that, while higher levels of carbon dioxide can enhance plant growth,
the effect may be short-lived and will also depend on availability of soil moisture and
nutrients (Solomon et al., 2007).
Forests also emit a wide range of hydrocarbons and other organic compounds (for
example, isoprene and terpenes) which can modify local and global ozone levels (Wang
and Shallcross, 2000) and form aerosol particles (Arneth et al., 2010). These aerosols
act to cool the local climate by scattering and reflecting incoming solar radiation (Quaas
et al., 2004). They can also enhance cloud formation and interact with existing clouds,
altering their properties and lifetimes (Spracklen et al., 2008; Pöschl, 2010; O’Donnell et
al., 2011).
Forest fires are responsible for the emission of large amounts of carbon (mostly carbon
dioxide), soot, smoke and other aerosols into the atmosphere. In some areas (e.g.,
Canada) the area burned has increased since the 1970s which may be a consequence
of the warming climate (Gillett et al., 2004). Forest fires are projected to become more
likely in the future in Europe; additionally, the areas which could be burned and the
length of the forest fire season are also projected to increase (Camia et al., 2008).

Types of Forest
Forests may be classed into three main types: boreal forests, which exist at high
northern latitudes in areas such as Finland and Russia; temperate forests, which occur
in mid-latitude Europe, North America and other areas; and tropical rain forests, the
majority of which occur in South America, central Africa and south-east Asia (Bonan,
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2008). The overall impact of these different types of forest depends on the relative
influence of the physical and chemical mechanisms described above, and are discussed
in more detail in the following sections. These influences can vary considerably between
tree species in each forest type and also as a consequence of regional differences in
climate and soil moisture.

Boreal Forests
Boreal forests are mostly thought to affect climate through their low albedos which, in the
absence of other influences, act to warm the local climate (Bonan et al., 1992).
However, their overall effect on global climate is less clear, as the uptake of carbon
dioxide by these forests (which leads to a cooling of the climate as described above)
could be larger than the warming induced by the low albedos. The exact balance
changes with region – the albedo dominates in the coldest regions owing to greater
snow cover and slower tree growth (Betts et al., 2000).
Boreal forests also emit terpenes which can form aerosols and cool the climate as
discussed above; however, the exact mechanisms and overall effect of these aerosols
on clouds is still poorly understood. As a result, while most studies suggest that boreal
forests overall warm the local and global climate (e.g. Bonan et al., 1992; Snyder et al.,
2004; Bala et al., 2007; Swann et al., 2010), a few others have suggested that the effect
of the aerosol and cloud formation exceeds surface warming caused by the low albedos,
resulting in a net cooling of the climate at high northern latitudes (Spracklen et al., 2008).

Temperate Forests
Simulations using climate models also suggest that temperate forests warm the local
and global climate, particularly during the winter, as a result of their low albedos (e.g.
Snyder et al., 2004). However, owing to the higher temperatures at mid-latitudes, and
the availability of soil moisture, transpiration levels are higher and the effect of
evaporative cooling is also important. Consequently, the exact effect of temperate
forests on climate can vary regionally and temporally between warming and cooling,
depending on temperatures, prevailing rainfall patterns and soil moisture (Teuling et al.,
2010).
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Tropical Rain Forests
Tropical rain forests act to cool the climate because the transpiration levels are high
enough that evaporative cooling exceeds the warming due to the low albedo of the forest
(Bonan, 2008). As a result of such large moisture fluxes, very large clouds form above
these forests which return the moisture to the land as rainfall. Tropical forests also
absorb large quantities of carbon dioxide from the atmosphere which also has a cooling
effect.
Feedbacks following Deforestation
Simulations of the effects of large-scale deforestation and afforestation at mid- and high
northern latitudes (thereby affecting boreal and temperate forests) have indicated that
feedbacks involving sea ice could amplify the effects on climate (Bonan et al., 1992; Lee
et al., 2011). For example, afforestation would increase temperatures and cause ice and
snow on land and the ocean to recede, leaving behind land and ocean surfaces which
have much lower albedos than the snow and ice. The newly exposed land and ocean
would absorb most of the incoming solar radiation and release it as sensible heat, which
would cause further reductions in snow and ice cover. Hence, this positive feedback on
snow and ice cover could enhance any warming caused by increased forest cover in
temperate and boreal regions. Studies of tropical deforestation in Indonesia have
suggested that feedbacks with the local ocean circulation patterns and winds have
important impacts on precipitation in the wider region, although existing studies disagree
on the sign of the change in precipitation (Schneck and Mosbrugger (2011) and
references therein).

Historical changes in European forest cover
Forest cover in Europe has generally decreased throughout history as the population
increased, owing to a rising demand for land and wood products (Ramankutty and Foley
1999; Klein Goldewijk, 2001; Kaplan et al., 2009). However, over the past 100 years,
Europe’s forest cover has increased overall, partly due to intensified land-use,
abandonment of agricultural land and afforestation schemes which have emerged as a
result of growing awareness of the benefits of forests (Mather, 1992).
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Several databases are available which describe land-use change in Europe over the
past 100 – 150 years. These fall into two main categories: i) databases which have
been created using a range of satellite (e.g. DISCover2; GLC20003) and land-based
observations (e.g., HILDA4); ii) databases (e.g. HYDE5; SAGE6) which are generated
using numerical models that combine measurements of surface climate, population
statistics and ecosystem models. The latter use ecosystem models to estimate the
vegetation types most suited to each location, and combine this information with
assumptions about the geographical distribution of human land-use to derive vegetation
cover maps. Given the different assumptions used in generating these datasets, it is no
surprise that there are inconsistencies, notably prior to 1990 (after which satellite data
became readily available). In addition, many of the original data sources are either hard
to obtain or are not publically available (e.g., Küchler, 1964). Difficulties in comparing
datasets also arise because of changes in the definitions of what constitutes a forest.
In this project, the Historical Land use Database (HILDA) was identified as having the
most accurate description of where and when forest cover in Europe has changed
because it is based on historical maps whenever possible. This database indicates that
changes in European forest cover are scattered throughout the continent, with an
exception being large-scale afforestation in southern Sweden. Consequently, these
changes in forest cover are too small and localised to have an effect on the climate of
Europe as a whole, but may have an impact on local weather in the immediate area.

Changes in weather patterns in Europe
Observational studies indicate that the Europe’s climate has warmed during the
twentieth century, with higher rates of warming occurring in the north than the south,
although considerable spatial variation in temperature trends occurs over the continent
(Klein Tank et al., 2002). Furthermore, rainfall has generally increased in the north of
Europe with a rise in the number of wet days and precipitation per wet day. Indeed,
several regions across the north and west of Europe (particularly France and
Scandinavia) have also experienced an increase in the mean number of consecutive wet
2

Loveland and Belward (1997).
Hartley et al. (2006).
4
Historic Land Dynamics Assessment http://www.grs.wur.nl/UK/Models/HILDA
5
http://themasites.pbl.nl/en/themasites/hyde/index.html (Klein Goldewijk, 2001)
6
http://www.sage.wisc.edu/mapsdatamodels.html (Ramankutty and Foley, 1999)
3
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days. Analysis of a very long rainfall record for north-western France indicates large
shifts in the seasonality of rainfall. In particular, warmer and drier summers occurred in
the late eighteenth and twentieth centuries, whereas summers were cooler and wetter in
the first half of the nineteenth century (Masson-Delmotte et al., 2005). As well as
experiencing changes in annual average temperature and precipitation, Europe has also
witnessed a shift in extreme weather events of concern: heat waves (including
droughts), cold waves, storms and floods which are summarised below.

Heat waves
Observations across Europe indicate that the frequency, severity and duration of these
events have increased. In general, they are less severe in the north than the south
(Meehl and Tibaldi, 2004). Studies suggest that heat waves are exacerbated by low soil
moisture levels in the warm summer months, which reduces the extent of evaporative
cooling due to evapotranspiration from the land surface. Such conditions commonly
follow below-average rainfall in the winter and spring seasons (Fischer et al., 2007).
Heat waves are especially common in Mediterranean Europe, which has experienced
continued drying and warming, a reduced number of wet days, and an increased number
of consecutive dry days. Models indicate the drying trend in the Mediterranean could
have started approximately 2000 years ago when the Romans began deforesting
southern Europe (Reale and Shukla, 2000). A wide range of metrics have been used to
examine changes in heat waves which makes a comparison of different studies difficult.

Droughts
The increased frequency of droughts in southern Europe is potentially significant as
winter/spring precipitation deficits in this region are linked to summer heat waves in the
rest of Europe (Vautard et al., 2007). However, any trends are partly dependent on the
choice of drought index (Burke, 2011). The impact of small scale deforestation is likely to
affect the local climate only, and any possible influence on large-scale droughts is
unclear.

Cold waves
Extremely cold winters primarily affect northern, western and eastern Europe. Analysis
of surface temperature measurements in selected regions of Europe have indicated a
decrease in the frequency and duration of cold waves (Hulme et al., 2002; Mietus and
9
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Filipiak, 2004; Radinović and Ćurić, 2012). However, there are far fewer studies of
changes in cold waves than heat waves, and the range of different metrics used makes
a comparison of the results difficult.

Storms
Strong winds and heavy rainfall events are common across Europe. The inter-annual
variability of storm numbers is very high, making it difficult to identify any trend over time
(Matulla et al., 2008). Some studies have suggested that storminess has increased in
winter and decreased during summer (Wang et al., 2008; Donat et al., 2011; but there
appears to be no clear long-term trend in storminess in Europe (Matulla et al., 2008).
However, a peak in activity was prevalent in the late 1980s and early 1990s, followed by
a subsequent decrease (Wang et al. 2008). It seems unlikely that small changes in
forest cover could strongly influence storms tracks, although there is a possibility that
they may alter the moisture content and precipitation amounts from the storms.
More recently, the loss of summer storms along Spain’s east coast has been attributed
to reduced humidity owing to the drainage of nearby marshland and the loss of local
forest cover (Millán, 2008). Consequently, the water vapour brought inland daily by the
sea breeze is returned back out to sea instead of falling as precipitation.

Floods
Severe floods have always occurred in central Europe, mostly as a result of thawing
after winter (e.g. when ice dams fail, resulting in a sudden release of water) and extreme
precipitation events in other seasons, such as summer Vb7 storms which are known to
cause flooding in central Europe, e.g., during August 2002 (Millán, 2008). Analyses of
reported floods for the twentieth century shows no clear trend in the numbers of floods
during summer, but does show a decrease during the winter months, owing to warmer
temperatures (Mudelsee et al., 2003). River engineering works and reservoir building
have had very little effect on flood frequency. It is important to note that the annual
frequency of floods is highly variable.
7

Storm tracks across Europe were first classified by van Bebber (1891) into five main groups.
The Vb storm track has remained in use today owing to its links with flooding events in central
Europe. These storms begin over the eastern Atlantic Ocean, and travel over the Iberian
peninsular and the north-western Mediterranean before moving north-eastwards into central
Europe.
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Other factors affecting European weather and climate
Weather patterns across Europe are strongly influenced by the North Atlantic Oscillation
(NAO) - the oscillation in the surface pressure difference between Iceland and the
Azores. For example, during winter months with a high NAO index (> 1.0), northern
Europe experiences higher than average rainfall, whereas southern Europe (stretching
from Western Iberia to the Black Sea) experiences lower than average rainfall. The
situation is reversed for winter months with a low NAO index (< -1.0), i.e. southern
Europe experiences increased rainfall, while northern Europe experiences cold, dry
conditions (Trigo et al., 2004).
European weather is also indirectly affected by water, salt and heat exchanges across
the Gibraltar and Dardanelles Straits. Notably, the saline outflow from the Mediterranean
may affect the Gulf Stream, thereby modifying storm tracks and weather across Europe
(Calmanti et al., 2006). As a result, the interaction between the Atlantic and
Mediterranean-Black Sea drainage basins could play a role in determining European
weather. For this reason, forest cover change in southern Europe could exert an
influence on weather patterns across Europe by modifying regional precipitation and,
therefore, the salinity of the Mediterranean. However, the exact effect of the saline
outflow from the Mediterranean on the Atlantic storm track (and the magnitude of any
effect) is still poorly understood.
The physical interaction between air flows driven by the Atlantic and Mediterranean
drainage basins also plays a role in determining weather patterns across Europe. The
reason for this is that the drainage basins are separated by high ground, which marks
the continental divide; thus, moisture tends to stay on the windward side of the divide.
However, under certain meteorological conditions, significant quantities of moisture can
be transported across the continental divide, notably in the case of Vb storms which are
known to cause floods in central Europe. More generally, studies of central Europe show
that westerly and northerly winds predominate in winter months, meaning that
precipitation in this season is governed by moisture carried inland from the Atlantic
Ocean. In contrast, the contribution of moisture evaporated from the central European
land surface is at its most significant in the summer months. Studies of Alpine Europe
suggest that the oceans provide approximately 80% of the moisture which falls as
precipitation (Sodemann and Zubler, 2010). Similarly, global studies suggest that an
annual average of roughly 86% of continental precipitation originates from the oceans,
with just 14% from the land surface (Gimeno et al., 2010).
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Physical influences of forests
In this section, the influences of European forests on water quality and quantity,
precipitation, flooding, land slides and crop yields are briefly discussed. Numerous
studies have shown that forests are important for maintaining and improving water
quality. For example, forests in the mountains near Vienna are recognised as being
essential for ensuring supplies of clean water (Koeck et al., 2006). In this regard, the key
benefit provided by the forest is a reduction in soil erosion. A well-maintained forest can
limit erosion in two main ways: i) the forest understory reduces splash erosion caused by
the impact of falling raindrops; ii) tree roots help to mechanically stabilise soils and
reduce suspended particulates in water, and also improve soil permeability so that it can
absorb rainfall more easily (FAO, 2005). The trees can also absorb gaseous species
such as nitrogen oxides and sulphur dioxide, thereby preventing them from entering and
polluting water courses. However, in some cases, the enhanced turbulence generated
by greater tree cover can lead to higher deposition rates of atmospheric pollutants in
rainfall which can subsequently acidify the soils and ground water, leading to
environmental problems.
Links between forests and water quantity are less clear; the spatial scale considered
may also determine whether forests are net producers or consumers of water
(D’Almeida et al., 2007). In some areas (e.g., central Europe) transpiration of moisture
by forests enhances local rainfall during the summer months (Ellison et al., 2012;
Wulfmeyer et al., 2011). However, while forests can increase local precipitation totals,
they can also reduce the quantity of fresh water available as a result of high water
usage, and intercepting rainfall before it reaches the ground. The exact effects will
depend on many factors, including the age and species of trees within the forest
(Wattenbach et al, 2007). The magnitude of the effect of forests on precipitation and
hydrology continues to be debated (van der Ent et al., 2012).
The soil stability provided by a well-maintained forest can reduce the frequency of
shallow landslides (<1 m deep), except on the steepest hillsides. However, landslides
are more likely in forests where large open spaces exist or the trees are in poor health.
In addition, deep-seated landslides (>3 m) are not noticeably influenced by the presence
or absence of forests (Rickli and Graf, 2009). Similarly, forests have only a limited ability
to reduce the impact of flooding - they can absorb rainfall from short-duration storms, but
cannot prevent flooding from large-scale, long-duration rainfall events (FAO, 2007).
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However, forests on flood plains increase the drag experienced by the surface runoff
and can, therefore, slow down the flood waters.
Several studies have indicated that small areas of trees planted as shelterbelts can
enhance local crop yields. These shelterbelts prevent damage to crops by strong winds,
and can enhance water use efficiency of the crops by increasing the local humidity levels
(Donnison, 2012). Flooding of fields may also be reduced as the tree roots increase the
permeability of the soils. However, planting trees too close to crops can increase shade
and dry the soil, restricting crop growth. Therefore, it is necessary to select appropriate
tree species and density of planting carefully in order to obtain the optimum benefits.

Simulations of the effects of forest cover change on weather
The impacts of forest cover change on local and regional weather and climate were
assessed using two sets of model simulations. First, the nested modelling suite, based
on the Met Office weather forecast model (Webster et al., 2008), was used to simulate
the effects of forest cover change in five different locations within Europe (Sweden,
Germany, Austria, northern Italy and eastern Spain). The second set of model
simulations used the high-resolution regional climate model COSMO-CLM (Davin et al.,
2011). These latter simulations examined the effects of forest cover change and climate
change in southern Italy and south-east Romania.
For the nested suite study, three simulations were performed for each location, which
were identical except for the forest cover. These simulations used the present-day forest
cover, a scenario where all grassland was converted to forest (afforestation), and a third
where all forests were replaced by grass (deforestation). These simulations were
executed for two 9-day periods in spring and summer 2002 - the aim being to elucidate
any influence of forest cover change on local climate, and also on the Vb storm that
resulted in a severe flood in August 2002. In every afforestation simulation, air
temperatures directly above regions of increased forest cover became warmer and wind
speeds decreased, with the changes being more consistent during summer than spring,
and clearest in Sweden. The reverse effects were observed in the case of deforestation.
Increasing the forest cover also locally reduced the overall flux of moisture from the
surface. This result indicates that evaporation from the open land surface is high in
these simulations, suggesting that the soil moisture levels are relatively high. Repeating
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the simulations during a much drier period, such as the 2003 heat wave, might produce
the opposite result, i.e. the moisture flux would rise with increasing forest cover.
Summer rainfall was enhanced in the afforestation scenario relative to the deforestation
scenario. However, the changes were generally small (a few percent) and were not
statistically significant. The simulations also showed no obvious changes in surface
humidity or cloud cover. In addition, there were no clearly discernible impacts on climate
of regions outside of the area of modified forest. This is primarily due to the sensitivity of
the model, in which slightly different boundary conditions (i.e. forest cover) can produce
perturbations to small-scale weather phenomena, resulting in “noise”. For this reason,
averaging the results from many more simulations would be required to reduce the effect
of this noise and identify any meaningful signal.
The COSMO-CLM simulation study of Italy and Romania produced climate projections
for the period 2015-2045 under the A1B emission scenario for three different
arrangements of vegetation cover: i) present-day forest cover; ii) afforestation; iii)
deforestation. For each spatial domain, the results were compared with a historical
simulation for the period 1971-2000 using present-day forest cover, in order to better
distinguish the effects of global climate change from those induced by land cover
change. The COSMO-CLM model was driven by boundary conditions generated by the
global climate model CMCC-MED (Scoccimarro et al., 2011). It is important to note that
climate projections using a given emission scenario differ considerably between GCMs.
If boundary conditions for the COSMO-CLM model had been supplied by a different
GCM, the projected regional climate change could also be different.
In Italy, afforestation was found to cause a decrease of mean temperatures at 2 metres
above the land surface, with deforestation increasing temperatures. The same trends
were observed for Romania in the summer months, while winter showed the opposite
result. While these findings appear contradictory to the results produced by the weather
simulations using the nested suite described previously, it is not possible to make a
direct comparison. Temperatures in the nested suite are calculated above the forest,
whereas temperatures in COSMO-CLM are calculated at 2 metres above the land
surface and will, therefore, be the values within the canopy for forested regions. As
shown by observations, temperatures below the forest canopy will be insulated from the
extremes of the diurnal cycle, and will be lower than those above the forest canopy,
meaning that the results presented by the Met Office and CMCC are entirely consistent.
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The COSMO-CLM simulations also suggest that, for both Italy and Romania, the annual
mean precipitation rose slightly when forest cover was increased. Notably, the changes
were concentrated in the respective wet seasons for both areas, i.e. autumn-winter in
southern Italy and spring-summer in Romania. In agreement with observations,
afforestation had the effect of moderating extremes in temperature, precipitation and
wind speed.

Comparison of methodologies for quantifying the influence of forests on
weather
Within the scientific community, both observations and numerical models have been
used to assess the impact of forests on local and regional weather and climate. For
example, measurements around Europe indicate that forests insulate air temperatures
from the extremes of the diurnal cycle, i.e. maximum daytime temperatures measured
below the forest canopy tend to be lower than in open areas, while minimum night
temperatures under the forest canopy tend to be warmer. An exception occurs during
windy nights when cold pools of still air can form in densely forested areas. Wind speeds
recorded in areas where forests have re-grown (owing to abandonment of agricultural
land) have a clear downward trend. Studies in the far north of Europe (Finland) have
shown that forest loss leads to a harsher climate, with colder temperatures, higher winds
speeds and a deeper layer of frozen soil (Vajda and Venäläinen, 2005).
The Convective and Orographic Precipitation Study (COPS) employed a range of
ground-based instruments and satellite data to study the formation of convective clouds
and rainfall over part of south-western Germany and eastern France during summer
(Wulfmeyer et al., 2011). This study demonstrated that evapotranspiration from forests
made a significant contribution to the formation of convective clouds and subsequent
rainfall. However, in general, suitable observations for the validation of models have
mostly been made in a small number of locations for short periods of time. Thus, to
provide a more accurate evaluation of the impact of forests on weather across Europe, it
would be necessary to build-up long time-series of important meteorological variables,
including temperature, precipitation, humidity and wind speed in both forested and open
areas at many locations across Europe.
A wide range of numerical models have also been used to study the effects of forests on
climate. One of the most important aspects of these models is providing a description of
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the interaction between the land surface and the atmosphere. This includes quantifying
the transfer of moisture from soils and vegetation to the lower atmosphere, and the
formation of convective clouds and rainfall. However, only very high resolution models,
such as Cloud-Resolving Models (CRMs) or high-resolution Numerical Weather
Prediction models (NWPs), can resolve convective processes directly. Lower resolution
models, such as Regional Climate Models (RCMs) and Global Circulation Models
(GCMs), solve the same equations, but necessarily employ numerical prescriptions and
parameterisations to account for the processes which occur on sub-resolution spatial
scales, such as convection.
As a result of the computational cost of high-resolution models, their use has generally
been restricted to studying small areas (e.g. ~10 km x ~10 km) for short periods of time
(e.g. days). Despite this, a few studies simulating weather using very high resolution
models for up to 20 years have recently been made. Studies of the effects of forests and
forest cover changes on weather and climate across continental and global scales and
on longer time periods require the use of RCMs and GCMs. However, as described
above, these models generally have lower spatial resolutions (e.g. ~10 - 50 km) which
means they cannot resolve convective processes directly. One consequence is that
climate models do not simulate the very intense rainfall seen in observations. Therefore,
the choice of model will depend on the particular scientific question of interest. In
general, complex questions regarding the impact of forests on weather and climate will
require the use of a range of models with varying resolutions and spatial domains.

Knowledge gaps
As described in the previous section, numerical models provide a representation of the
interaction between the land surface and the atmosphere which includes descriptions of
the evaporation and transpiration of moisture from soils and vegetation to the lower
atmosphere, the movement of water above and below the land surface, the absorption,
reflection and emission of radiation, and the aerodynamic characteristics of different land
surface types. Due to the inherent complexity of land surface – atmosphere interactions
land surface schemes necessarily rely on certain assumptions and approximations
which can strongly influence outcomes of numerical weather predictions and climate
projections. For example, land-use is categorised in terms of a number of general `types’
including urban land-use, vegetation cover, lakes and snow where relevant. Within this
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approach, the observed vegetation is re-classified into broad categories called Plant
Functional Types (PFTs). The behaviour of different each PFT is characterised in terms
of phenomenological parameters such as roughness, albedo and root depth. For models
in which the vegetation is assumed to be static, these parameters remain constant over
time. Therefore, to improve the representation of the forest-atmosphere interaction, it will
be necessary to include more PFTs (e.g. deciduous and ever-green broad leaf and
needle leaf trees), and to account for vegetation growth such that leaf area, tree height,
albedo and root depth change over time.
Soil moisture also strongly affects weather patterns through the exchange of heat and
water between the land surface and atmosphere. In particular, it is well known that a
reduction in soil moisture in spring may lead to warmer, drier summers. However, soil
moisture is extremely variable over space and time, making accurate measurements
difficult. In addition, soil moisture in numerical models is often initialised using results
from other models. For example, the initial soil moisture for the nested suite simulations
was taken from the ERA-Interim dataset produced by European Centre for Medium
Range Weather Forecasting (ECMWF). These data are provided at a coarser resolution
than that used by the nested suite, meaning they must be interpolated which results in
locally inaccurate estimates for soil moisture and potentially leading to excess
precipitation, or higher than expected temperatures. The vegetation map used to
generate the ERA-Interim data will not be identical to the map used in the nested
modelling studies which could also produce soil moisture levels that are too high or too
low. Consequently, future simulations would benefit from higher-resolution initial
conditions for soil moisture, which would be improved by better observations.
Some recent studies have suggested that the emission of Biogenic Volatile Organic
Compounds (BVOCs) from boreal forests, and the resulting formation and growth of
aerosol particles could have a major effect on climate, especially at high northern
latitudes (Quaas et al., 2004; Spracklen et al., 2008). More specifically, while most
studies suggest that boreal forests warm the local and global climate, they generally
ignore the impact of BVOCs which could enhance cloud formation and cool the local
climate. However, the processes governing the rate at which these compounds are
produced and emitted by forests are poorly understood, as are the dependence of
emissions on local weather conditions and the exact effects on clouds. Consequently,
further work, using a combination of models and observations, are needed.
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The example above serves as a reminder of our limited understanding of feedbacks
linking ecosystems and the atmosphere. Another related example is whether forests
increase or decrease the availability of water (van der Ent et al., 2012). In reality, the
effect is likely to be dependent on local conditions. Therefore, a clear understanding of
local conditions is required to better evaluate management options that could maximise
water availability and reduce the likelihood of extended droughts. This can be achieved
through more intensive observation and modelling studies at a wide variety of locations
within Europe.
Weather and climate simulations can also be limited by the method by which lowresolution global simulations are downscaled to higher resolutions. For example, both
the Met Office and CMCC ran models using modified forest cover only in the highresolution “nested” domain. In addition, the nested grids were only one-way coupled. In
the case of the Met Office nested suite, this meant that a 60 km resolution global model
was used to drive a 12 km resolution grid, which then drove a 4 km resolution grid over
the region of interest. Consequently, changes to weather systems caused by modified
forest cover in the 4 km domain cannot propagate outside the 4 km domain so that
influences on larger spatial scales are not captured. In general, this approximation is
probably not a significant source of error since the downstream impact of forest cover
change is likely to diminish rapidly with distance. Nevertheless, it would be useful to
implement two-way coupling between the nested grids, thereby providing an evaluation
of the influence of forest cover change beyond the spatial extent of the 4 km domain.
With more powerful computers, this may become feasible in the future.
Similarly, the computational cost of high-resolution models restricted both the length and
number of simulations that could be run for this project, leading to significant
uncertainties in identifying the factors which govern the response of weather and climate
to changes in forest cover. Therefore, in order to obtain a better understanding of the
key influences and impacts of changes in forest cover, it would be necessary to execute
an ensemble of simulations for each region of interest, using a variety of different
boundary conditions, durations and carbon dioxide emission scenarios.
This study has also highlighted a lack of geographically explicit historical data identifying
forest cover change across Europe. However, the recently developed HILDA database
goes some way to filling this information gap. In addition to this, we have highlighted the
need for reliable long-term observations of a range of meteorological variables at a
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variety of locations around Europe to provide a better understanding of forest-weather
interactions. The variables of particular importance are: rainfall, temperature, humidity,
cloud cover and surface energy fluxes (e.g., sensible and latent heat). Such
observations are generally only available for limited time periods in a few locations within
Europe, although a few longer data series are available. Observations at locations where
forest cover has changed are also scarce, but would provide valuable data on the impact
of forests on local climate.

Case studies identifying hot spots of forest influence on weather patterns
and climate
By combining the results from weather and climate simulations performed for this project
with an extensive review of the available literature, we have identified regions across
Europe where the influence of forests on weather is particularly strong. At the local
scale, land-use change has the largest effect on climate, although globally the effects of
rising greenhouse gases dominate. Some change in forest cover may occur in the
future as a consequence of greenhouse gas-induced climate change, which could
change the ranking order below. Ranked in order of decreasing importance, the hot
spots are: the Mediterranean, central and eastern Europe, northern Europe, and urban
areas; these regions are described in more detail below.

Mediterranean
A variety of observations (e.g. Klein-Tank et al., 2002) have identified a clear drying
trend in the Mediterranean region, with simulations and theoretical arguments (e.g.
Millán, 2008) suggesting that this trend is linked to a reduction in forest cover. In
particular, climate model studies suggest that the loss of forests over the past 2000
years has resulted in a drier climate (Reale and Shukla, 2000). The most general
explanation for this change is that natural vegetation typically has a lower albedo than
non-forested land, leading to higher surface temperatures over the land, and
consequently a larger temperature contrast between the land and the sea. This larger
temperature difference is thought to have encouraged a more intense local atmospheric
circulation than at the present time, which, when combined with additional water
transpired by the forests, would enhance precipitation in the Mediterranean area.

19
© Crown copyright 2012

Observations in eastern Spain (e.g. Millán et al., 2004) have also identified a clear
reduction in the occurrence of summer storms and precipitation totals, particularly over
the past 30 years. Recent work has attributed this to two main changes in the land
surface: i) the drainage of coastal marshes and removal of forest cover, which have
reduced the evapotranspiration rate from the land surface such that the condensation
level of the Mediterranean Sea breeze no longer falls below altitude of the mountain
tops; ii) the increased land surface temperatures due to vegetation loss, which result in
rising air columns that carry storms up and over surrounding mountains, reducing
orographic precipitation and leading to in-land drought. The reduction in summer storms
is necessarily accompanied by an accumulation of moisture above the western
Mediterranean basin. In principle, this should enhance the local greenhouse effect,
increasing the occurrence of explosive cyclogenesis. A recent proposal also suggests
that the build-up of moisture has the potential to increase the water content of Vb storms
which are known to cause severe floods in central Europe.
Recent findings indicate that the continued drying trend in the Mediterranean could have
implications for weather patterns across Europe. Indeed, several studies have identified
a link between winter/spring precipitation deficits in southern Europe and the occurrence
of heat waves throughout the rest of the Europe (e.g. Vautard et al., 2007). In addition,
high evaporation rates and reduced rainfall in the region combine to increase the salinity
of the Mediterranean Sea. The outflow of saline water through the Gibraltar Strait into
the north Atlantic Ocean could affect the path of the Gulf Stream and, therefore, sea
surface temperatures (e.g. Calmanti et al., 2006). Through this, the Mediterranean could
alter the characteristic patterns of the North Atlantic Oscillation (NAO), thereby modifying
weather patterns across Europe. Consequently, changes in forest cover in the
Mediterranean region may have considerable implications for weather patterns across
the whole of Europe. However, substantiating many of these links and feedbacks
between forest cover, the Mediterranean outflow and weather patterns would require
further evidence through additional research.

Central and Eastern Europe
Observations show that forests in this region insulate air temperatures from the
extremes of the diurnal cycle (Ferrez et al., 2011; Lee et al., 2011). Maximum
temperatures under the forest canopy tend to be cooler than those in open ground,
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whereas minimum temperatures within a forest are generally warmer than in open areas,
except on windy nights where cold pools of air can form within forests.
However, as with the Mediterranean region, forests play an important role in determining
precipitation totals in central and eastern Europe. The clearest indication of this is that
rainfall in central and eastern Europe is generally higher during summer than winter,
implying that evaporation from the land surface contributes significantly to precipitation in
this part of the European continent. The availability of this moisture in the warm summer
months can be attributed to forests in two main ways. First, in the absence of forests in
Atlantic Europe, precipitation which falls near the coast would flow through rivers back
out to sea. However, in the presence of forests, a greater fraction of the moisture will be
returned to the atmosphere, where it can be propagated towards the interior of the
continent, ultimately falling as precipitation. This process ensures a supply of moisture to
the interior of the European continent, helping to maintain land productivity. Secondly,
the presence of forests helps to regulate soil moisture levels, when compared to crops or
grassland (Teuling et al., 2010). That is, in warm conditions, open land surfaces tend to
lose moisture much more rapidly than forested land. Owing to its more conservative use
of water, and its ability to access water at deeper levels within the soil, forested land
tends to be warmer than open land in this region, except during heat waves.
Consequently, the presence of forests in this region ensures that soils remain moist
even during the warm summer months. Importantly for the region, the evapotranspiration
of this moisture provides a significant contribution to summer precipitation. As a result,
the removal of forests in central and eastern Europe could cause the region to become
drier and eventually warmer, thereby making the environment less suitable for existing
agricultural and natural vegetation, and more vulnerable to droughts and desertification.

Northern Europe
Owing to lower average temperatures at high latitudes, the effect of evaporative cooling
in northern Europe is smaller than in other regions. Consequently, the influence of
forests in northern Europe is dominated by their low albedo and aerodynamic roughness
(Bonan, 2008). This means that increases in forest cover are expected to lead to higher
temperatures and lower wind speeds. Indeed, as for central and eastern Europe,
observations clearly demonstrate that forests insulate air temperatures from the
extremes of the diurnal cycle (Karlsson, 2000). In addition, the loss of forest in Tuntsa,
northern Finland, has been shown to have resulted in a harsher climate exhibiting lower
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temperatures, higher wind speeds and a deeper layer of frozen soil, making it difficult for
the forest to recover and stabilise the local climate (Vajda and Venalainen, 2005).
However, as described in previous sections of this report, while most studies suggest
that boreal forests warm the local and global climate, they generally ignore the impact of
BVOCs which could enhance cloud formation and cool the local climate. Further work is
needed to verify or eliminate this possibility, and to better understand to regional impact
of boreal forests.

Urban Areas
Studies conducted in a broad range of cities across Europe, including Lisbon (Oliveira et
al., 2011), Paris (Météo-France, 2009), Freiburg (Streiling and Matzarakis, 2009),
Chania (Georgi and Dimitrou, 2010) and Athens (Tsiros, 2010), provide a largely
consistent picture which indicates that trees provide a variety of benefits in urban areas.
In the warm summer months, urban trees provide shade and evaporative cooling,
thereby reducing energy usage for air conditioning. This is important because heat
island effects can make cities uncomfortable places to live and work. In addition, urban
trees can intercept atmospheric pollutants, thereby improving air quality; however, the
emission of BVOCs can increase local ozone concentrations, which is a known
respiratory irritant. It is, therefore, important to select trees species which have a low
ozone-forming potential (Streiling and Matzarakis, 2003). Urban tree cover can also
reduce average wind speeds and gust strengths, helping to lower the cost of storm
damage, and energy consumption for heating. During periods of rain, trees intercept
water and improve the permeability of the urban land surface, reducing the risk and
impact of small-scale flooding events.
Outside cities, peri-urban forests are used to protect and ensure the quality of local
drinking water supplies. Simulations also suggest that sufficiently large peri-urban
forests hold the potential to reduce maximum temperatures in large cities, especially
during heat waves (Météo-France, 2009). However, it is important to remember that the
greatest benefits of urban trees and peri-urban forests are achieved by planting the most
appropriate (i.e. native) species, which are most suited to the climate and soil conditions.
The presence of trees within urban areas, or forests around cities, may also have some
negative effects. The risk of fire during warm dry periods will be increased by the
presence of trees. Storms can fell trees causing damage to property or disruption to
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transport. Tree roots can damage underground infrastructure such as water pipes, and
communication and power cables. In addition, trees emit a wide range of hydrocarbons,
which react in the presence of other pollutants (such as nitrogen oxides, nitric oxide
(NO) and nitrogen dioxide (NO2)) and can enhance ozone levels. This is significant
because ozone can cause respiratory problems, especially for asthma sufferers. Hence,
the tree species used in urban areas must be chosen carefully to avoid unwanted
negative effects.

Summary
From the simulations and literature reviews presented in this work, it is clear that forests
influence weather and climate across the full range of spatial scales within Europe; that
is, from urban areas up to regional and global scales. The key physical mechanisms
through which this influence occurs are governed by the forest albedo, evapotranspiration (and hence exchanges of sensible and latent heat), water retention
capacity, aerodynamic roughness, and the emission of biogenic volatile organic
compounds (BVOCs). However, many of the exact impacts remain unclear since they
can vary significantly both spatially and temporally.
The regions in Europe identified in this project where forests currently exert a strong
influence on weather and climate are: i) the Mediterranean; ii) central and eastern
Europe; iii) northern Europe; and iv) urban areas. Given the well-known moderating
influence of forests, it is no coincidence that the regions where forest impact is greatest
also experience notable extremes in temperature and precipitation. The key benefits
provided by forests, especially in these regions, are: i) a reduction in maximum
temperatures during heat waves; ii) higher minimum temperatures; iii) increased
humidity and average annual precipitation; iv) reduced mean wind speeds and gust
strengths; v) improved land surface stability and water quality. In contrast, the impact of
forests on weather currently appears to be less significant in Atlantic Europe, where
precipitation is more frequently governed by large-scale synoptic weather patterns,
rather than smaller-scale convective events. However, it is important to note that this
could change in the future if large-scale weather patterns in the Atlantic region were to
follow different tracks. The degree of influence of forests on controlling local and
regional hydrology is still the subject of debate.
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Recent evidence suggests that forest cover change on national to regional scales can
influence weather patterns on Europe-wide scales. For example, studies indicate that
drought in the Mediterranean region, which can be associated with deforestation, can
lead to heat waves in the rest of Europe, and can also affect large-scale weather
patterns via the interaction between the Mediterranean Sea and Atlantic Ocean. In
addition, the presence of forests across central Europe helps to transport moisture far inland, thereby ensuring that the land remains productive, and reducing the severity of
heat waves. The removal of these forests could have significant and wide-reaching
negative consequences.
In conclusion, observations and simulations clearly show that forests do affect weather
and climate. However, much more evidence needs to be sought in order to develop a
more complete understanding of the specific ways in which forests influence weather at
local and regional scales, and their long-term impact under future climate scenarios.
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