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1 Introduction  
Vegetation has received more attention as a key element in the climate system in recent years. 

This is owing to the growing evidence of its important influence on land-atmosphere interactions. 

Vegetation controls surface properties such as albedo, rate of evapotranspiration and surface 

roughness. Through these, it determines the fraction of incident radiation that is absorbed by the 

surface and the partitioning of excess energy into fluxes of heat and moisture that is returned to 

the atmosphere. Vegetation interacts with the atmosphere through the hydrological cycle and 

bio-chemical cycles, e.g. by emitting trace gases and volatile organic compounds. These in turn 

act to alter the atmospheric composition. Changes to the vegetation cover result in alterations in 

all of these properties and processes, and have the ability to substantially alter weather and 

climate on local as well as global scales. 

Anthropogenic influence on the vegetation cover, whether direct, through deforestation and land 

use change, or indirect, by influence of pollution and global warming, results in alterations of 

biosphere-climate interactions. The interactions result in feedback loops that may re-inforce or 

dampen any initial forcing. Depending on the type and location of the vegetation, the net effect 

of these feedback loops will vary (Bonan, 2008). Increased knowledge of these feedbacks to 

climate may, in addition to improve climate change projections, motivate and guide mitigation 

strategies and control measures of anthropogenic influence on the biosphere. It is of great 

scientific interest to increase our knowledge of the full reach of our influence on the climate 

system through direct and indirect alterations to the terrestrial biosphere. 

One important anthropogenic influence on vegetation is through air pollution. The air pollutant 

that causes the most damage to vegetation worldwide is near surface ozone, which in addition to 

being an important GHG is a toxic oxidant that can cause damage to human as well as plant 

tissue (The Royal Society, 2008). The adverse effects on vegetation were first recognized in the 

1950’s, and estimation of damage by means of measurements, modelling and model 

development, today comprise a broad field of research. Adverse effects include reduced biomass 

production, which affect crop yield and forestry causing severe economic loss (Van Dingenen et 

al., 2009;Yue and Unger, 2014). It also affects biodiversity due to cross species differences in 

ozone sensitivity, and reduces carbon sequestration, thereby increasing atmospheric carbon 

(Sitch et al., 2007;Pacifico et al., 2015).  
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Figure 1: One healthy and one damaged leaf as a result of ozone exposure. 

In order to estimate current and future damage to vegetation, one needs to take into account not 

only the emissions of precursor gases, but also the meteorological factors that influence the 

ozone photochemical production and transport, in addition to the range of meteorological, 

chemical and biological conditions that influence the uptake in the exposed vegetation. To make 

accurate estimates of current and future ozone uptake and corresponding potential damage, 

advanced modelling tools are required and are under constant development. One aim of this 

thesis is to address the suitability of one such tool for estimating fluxes of ozone to vegetation.  

The global vegetation cover is changing in response to human activities also through the effect of 

global warming. The impact of increased temperatures and CO2 levels on ecosystems is observed 

around the globe, and one of the most sensitive areas is in the northern high latitudes (Bonan, 

2008). The Arctic is warming at about twice the rate as the rest of the globe (IPCC, 2007), and 

this is causing what is known as the Arctic greening. This refers to the observed increase in high 

latitude biomass and northward expansion of boreal trees and shrubs in high latitude ecosystems 

over the past decades. The enhanced warming in high latitudes is in part caused by local 

feedback mechanisms (Serreze and Barry, 2011), and evidence gathered over the past decades 

show that the Arctic greening contributes to these feedbacks. However, there are still large 

uncertainties with regard to both the sensitivity of the high latitudes ecosystems to climate 

change, and the strength of the corresponding feedbacks, in both present and future climate. In 

this thesis, we aim to contribute to the increased understanding of the biophysical feedbacks 

accompanying particular changes in the high latitudes ecosystems.  
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1.1 Motivation and research objectives 
The biophysical properties of vegetation in many ways represent the most direct link between the 

biosphere and the atmosphere. Focus in the research conducted as part of this thesis is on the 

biophysical aspects of biosphere-atmosphere interactions; from leaf level details, to biophysical 

effects on the atmosphere resulting from changes on regional ecosystem level. 

Numerical modelling is one of the most versatile tools available to us to quantify and investigate 

the complex interactions of the biosphere and atmosphere, on both leaf level and regional to 

global scale. In order to make confident estimates of the atmospheric effects of changes in the 

terrestrial ecosystems, a precise description of vegetation properties, behavior and interactions 

with the environment is important.  

On leaf level, Paper I in this thesis investigates the modelling of one important process; the 

parameterization of stomatal openings on the leaf surfaces, which act to control the release of 

water vapor and entrance of CO2 and other trace gases. In this study, the stomatal fluxes are 

validated in the context of one direct and important application of such parameterizations; the 

estimation of uptake of near surface ozone in vegetation, with the aim to estimate accurate doses 

and corresponding damage to vegetation.   

In Papers II and III in this thesis, focus is shifted from leaf level to regional scale. On regional 

scale, a precise estimate of the realistic response of the vegetation or ecosystems to 

environmental forcing, is important for the confidence we can place on the estimates of the 

resulting feedbacks to the atmosphere. Focus in these studies is placed on particularly the 

atmospheric response to semi-realistic estimates of vegetation change in response to climate 

forcing. For this purpose, we have focused on one of the most sensitive regions on the planet 

with respect to ecological response to climate forcing; the boreal and Arctic biomes. It has been 

suggested that these are the biomes with the highest potential to feed back to global climate, 

resulting mainly from biophysical alterations of the land surface. Furthermore, the work 

conducted in this part of the thesis was part of an increased focus within our department, which 

in time developed into the LATICE project, focused on land-atmosphere interactions in cold 

climates. 
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Objectives 

The development of modelling tools for use in estimating current and future ozone induced 

damage to various types of vegetation is an important aspect of developing emission control 

strategies and mitigation planning. In addition to developing new modelling tools, improving and 

adjusting existing models may prove an efficient strategy. The first study in this thesis represents 

a validation study with the aim to quantify and conclude on the accuracy of the biophysical 

representation of leaf level stomatal conductance in a well-known and widely used 

parameterization scheme. In this study, we aim to conclude on the suitability of the modelling 

system in contributing to one important issue reliant on this description; the estimation of 

vegetation damage induced by ozone uptake. Although not the main focus of the study, the 

results are easily transferable and relevant to other sides of the modelling of biosphere-

atmosphere interactions influenced by stomatal conductance; such as evapotranspiration and CO2 

uptake. More precisely our motivation is summarized in research objective 1.  

1. Can the Weather Research and Forecasting model (WRF) coupled with chemistry (WRF-

Chem), with the Wesely dry deposition scheme, be utilized in estimating ozone-fluxes in 

vegetation? 

a) How accurate are the modelled fluxes compared to measurements? 

b) Are some vegetation types better represented by the model?  

c) How do known weaknesses of the current model parameterization influence the 

results? 

d) Can the model parameterization be improved, if so how? 

In the next two studies (Papers II and III), the focus shifts from leaf level biophysics to 

biophysical properties of vegetation at the ecosystem level. Effects on the atmosphere related to 

the changes of those biophysical properties corresponding to large scale changes in the terrestrial 

ecosystem induced by current and future climate change are targeted. In this part of the thesis we 

aim to apply moderate and realistic changes to the high latitude vegetation cover on a finer 

temporal and spatial scale as compared to previous studies, and investigate the resulting feedback 

processes and effects on the overlying atmosphere. More specifically, the research objectives that 

motivated our investigations on this matter were; 
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2. How will the biophysical feedbacks, resulting from observed and expected high latitude 

vegetation changes affect the high latitude atmosphere? 

a) How will the biophysical changes resulting from northward migrating boreal tree 

cover influence the surface fluxes of heat and moisture? 

b) Will changes to the high latitude biosphere include a positive or a negative feedback 

to an initial warming? 

c) How will the various vegetation changes in the boreal zone differ in their influence on 

the near surface atmosphere? 

d) Will slow migration of large tree species dominate results compared to less drastic, 

yet faster vegetation changes, such as shrub expansion? 

e) How will the height and stature of the vegetation influence its effect on the overlying 

atmosphere? 

f) In which seasons are the influences of increased vegetation cover more important? 

g) Are the effects of increased vegetation cover on the overlying atmosphere sensitive to 

environmental variables such as temperature and snow cover? 

h) Can we expect an enhanced feedback in the future as compared to the present, and 

what will the effect of future vegetation expansion have on the atmosphere? 

In the following, a brief presentation of the scientific background for of this work is presented in 

Chapter 2, and the tools and methodology applied is presented in Chapter 3. In Chapter 4 the 

main findings corresponding to each of the research papers are presented and discussed, along 

with some ideas for future work in Chapter 5. Finally, the scientific papers are attached, 

containing further details on methods and results, in Chapter 6.   
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2 Scientific background 
In the following a brief presentation of the scientific background on the subjects of this thesis is 

given for the purpose of providing a context for the work presented here. The main focus is on 

recent research on each subject, and on uncertainties still existing within the field, and briefly on 

how the studies presented in this thesis aim to contribute to limit these uncertainties.  

2.1 Near surface ozone and effects on vegetation 
Tropospheric ozone is a secondary pollutant, and the main source is photochemical reactions in 

the near surface atmosphere. The formation rates are dependent on the meteorological conditions 

and abundance of precursor gases such as NOx (NO and NO2), carbon monoxide (CO), methane 

(CH4), and non-methane volatile organic compounds (VOCs). In remote areas, and for the 

hemispheric background concentrations, reservoir gases such as HNO3 and PAN 

(peroxyacetylnitrate) are also important in ozone formation, as illustrated in Fig. 2.  

 

Figure 2: Illustration of the dominant features of tropospheric ozone production (in a high NOx 
environment) and loss mechanisms. (Chemical cycle inset adapted from The Royal Society (2008)). 
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The adverse effects of ozone exposure to vegetation were first recognized in the 1950s and is 

today well documented (The Royal Society, 2008). Since the 1950’s, the northern hemisphere 

(NH) free troposphere mixing ratios of ozone have more than doubled (IPCC, 2013, Chapter 

2.2.2.3), and field experiments across the world have documented that today’s background 

concentrations of ozone are high enough that damage to ozone sensitive vegetation can be 

expected (Hollaway et al., 2012). Legislations limiting precursor gas emissions may cause the 

risk of ozone damage to vegetation in Europe to decline in coming decades (Klingberg et al., 

2014). However, increased future emissions of precursor gasses related to urbanization and 

industrialization in many rapidly developing countries, combined with climatic conditions 

promoting ozone formation, give reason to expect further increase in regional near surface ozone 

mixing ratios, and NH background concentrations over the coming decades (Ashmore, 

2005;Hollaway et al., 2012). 

Documented adverse effects on vegetation resulting from ozone exposure include reduced 

biomass production, early senescence, reduced biodiversity due to cross species differences in 

ozone sensitivity, and visible injuries reducing economic value (Hayes et al., 2007;Mills et al., 

2011a). In some areas, this may have economic effects due to decreases in crop yield and 

forestry, and in extreme cases affect food security. According to Van Dingenen et al. (2009) the 

global economic loss due to ozone damage to four common crops; maize, wheat, rice and 

soybean, was $ 14-26 billion in the year 2000, with 40% of the damage occurring in India and 

China. Yue and Unger (2014) estimated an average decrease of 4-8% in gross primary 

production of crops in the Eastern United States over the decade 1998-2007, with even higher 

reduction of 11-17% in certain east coast “hot-spot” regions. 

Another important effect of large scale ozone damage in coming years is the reduction by ozone 

on plant photosynthetic rate, which may influence the land carbon sink through decreased CO2 

uptake. This will yield an increase in atmospheric CO2  leading to an indirect effect on the 

atmospheric radiative budget, that could potentially double that of the radiative forcing by 

atmospheric ozone itself (Sitch et al., 2007;Pacifico et al., 2015).  

The most traditional means of estimating damage to vegetation is through concentration based 

indices, which were based on the assumption that the higher concentration of ozone in the 

ambient air, the higher is the risk of damage to the vegetation. Accumulated ozone concentration 
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per day-lit hour over the threshold value of 40 ppb (AOT40) is one such index which has been 

widely used in air pollution regulations in Europe. However, it has become increasingly clear 

over the past decades, that the risk of damage is more accurately described using a flux based 

index, linking the risk of damage to the actual uptake of ozone into the vegetation (CLRTAP, 

2015). Today, flux based indexes like the PODY (phytotoxic O3 dose over a flux threshold value 

Y) is regarded more appropriate, and recommended for risk assessment. The POD Y is based on 

the stomatal ozone flux exceeding a species specific flux threshold value Y integrated over time, 

which yields a phytotoxic absorbed dose. This dose is interpreted by empirical species specific 

dose-response relationships (CLRTAP, 2015;Mills et al., 2011b;Pleijel et al., 2007), which will 

give an estimate of the actual damage to the plant.  

The ozone flux from the atmosphere to the surface can be estimated by using a resistance 

analogy, based on Ohm’s law for electrical currents in a circuit. The procedure is based on 

placing a number of resistances in series or in parallel to account for the meteorological, 

chemical and biological processes acting to control the flux of ozone. The flux from the ambient 

air to the surface is then calculated by multiplying the canopy height ozone concentration with 

the surface conductance which is given as the reciprocal of the surface resistance;  

 

where F is the flux, g is the surface conductance and C is the canopy height ozone concentration.  

The ozone flux into the leaves is through the stomata, which is regulated by a number of 

environmental and biological factors, such as the temperature, light, water availability through 

the soil, and the evaporative demand of the atmosphere. In addition, the phenology and ozone 

damage itself can influence the stomatal openings. A common procedure of calculating the 

stomatal conductance (or conversely, the resistance) while accounting for the various conditions 

regulating the stomatal opening, is by applying a multiplicative approach based on Jarvis (1976). 

This approach is recommended in the CLRTAP (2015) mapping manual, and applied in the 

DO3SE model (Emberson et al., 2000). Other approaches are also available and used in other 

models. There are several models in use, and more are constantly being developed.  

Our contribution to this development is presented in Paper I of this thesis. In this paper, we aim 

to test the skill of the WRF-Chem model (Grell et al., 2005), and the Wesely dry deposition 
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scheme (Wesely, 1989), in estimating ozone stomatal fluxes, by comparing modelled estimates 

to various types of vegetation. The details regarding the approach taken by this model in 

calculating stomatal ozone flux is presented in Chapter 3.3, and in Paper I, Section 2. A summary 

of our findings is presented in Chapter 4.1 in this thesis. 

2.2 Changes in the high latitude ecosystems 
The polar amplification of global warming is in part due to a cascade of local feedback 

mechanisms, such as sea ice decline and snow cover decrease, that act to increase the initial 

greenhouse gas forcing (Serreze and Barry, 2011). The warming at high latitudes over past 

decades has led to changes in the boreal and Arctic vegetation cover, and the term “Arctic 

greening” refers to the observed increase in high latitude “greenness”, commonly related to 

increased photosynthetic activity and biomass (Xu et al., 2013). Although greening is observed 

across the circumpolar Arctic and boreal regions, the rate of greening in response to the warming 

trends is far from homogenous across the area, or ecosystems. The ecological response also 

varies in speed across vegetation species and ecosystems (Corlett and Westcott, 2013). In the 

context of current climate change, some vegetation shifts, happening on the order of centuries, 

may be considered slow, while some are achieved within decades, and as such may be 

considered fast.  

2.2.1 Tree line migration; slow changes 
One observed change to the high latitude ecosystems in response to increased temperatures, is 

the migration of tree lines towards higher latitudes and altitudes. The substitution of tundra and 

shrub covered areas by boreal forest to the north of the previous boreal edges and the 

replacement of boreal forest by grasses or temperate trees along the southern edges have been 

observed across the boreal biome (Soja et al., 2007;Hofgaard et al., 2013;de Wit et al., 

2014;Tommervik et al., 2009;Chapin et al., 2005).  

Observations confirm anticipated patterns based on reconstructions from paleoclimate data from 

previous periods of high latitude temperature increase (Davis and Shaw, 2001), and modelled 

estimates of vegetation response to climate warming (Jeong et al., 2014;Jeong et al., 

2011;Strengers et al., 2010;Wolf et al., 2008). Although tree line migration represents a widely 

documented feature of recent climate response across the boreal forest, there are considerable 

time lags associated with this type of vegetation shift, in the sense that the climatic conditions are 
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presently shifting northward faster than the migration speed of the forest ecosystems. The 

migration of tree lines may as such be labeled a “slow” vegetation shift in relation to climate 

change.  

2.2.2 Shrub expansion; fast changes 
In contrast to the slow migration of forest ecosystems, the increase of shrub vegetation cover in 

the Arctic biomes is considered a much faster response in high latitudes ecosystems. Repeat 

photography (Sturm et al., 2001b;Hofgaard et al., 2013), satellite studies (Bhatt et al., 2010) and 

vegetation surveys (Elmendorf et al., 2012;Myers-Smith et al., 2015b) have provided evidence of 

large increases in the extent of shrubs across the Arctic over just the last few decades. They 

document that vast areas of previously tundra covered areas have been converted to shrub cover, 

in addition to increase in shrub height, density and abundance.  

Based on a synthesis of field data from Arctic Alaska, Chapin et al. (2005) estimated that since 

the 1950’s, the cover of tall shrubs in northern Alaska has increased by 1.2 % per decade, 

increasing the total cover from 14 to 20 %. They estimate that a temperature increase of 1-2 K is 

generally effective in triggering shrub growth within a decade. Based on tundra vegetation 

surveys of 158 plant communities spread across 46 sites around the globe, Elmendorf et al. (2012) 

found biome-wide evidence for increased canopy height, litter and abundance of low and tall 

shrubs with increased summer warming. They found that shrub growth was particularly sensitive 

to summer warming in locations that were relatively warmer to begin with. They emphasize a 

dependence of shrub expansion not only on summer warming, but also on soil moisture and 

presence of permafrost. These findings are supported by Myers-Smith et al. (2015a), who 

analyzed circumpolar dendroecological data from 37 Arctic and alpine sites in order to estimate 

the climate sensitivity of shrub growth. They found that sensitivity of growth to warming was 

higher at sites with higher moisture, and for taller shrubs, growing at the upper ranges of their 

latitudinal or altitudinal limits, and in areas where permafrost was thawing. 

Sturm et al. (2001a) suggest that part of why shrub cover increase is so rapid, is because of 

shrub-snow interactions triggering positive feedback mechanisms promoting further shrub 

expansion. In addition to enhanced atmospheric warming, they found that the insolating effect of 

thicker snow cover in shrub covered areas leads to better insulation of the winter time soil 

beneath the shrubs, enhancing nutrient supply to further shrub growth.  
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By investigating dendroecological data from sites across the Arctic, in combination with future 

climate scenarios, Pearson et al. (2013) predict that about half of the present tundra covered 

regions could be covered by shrubs by 2050. They conclude that the atmospheric and soil 

warming found in modelling studies may be substantially underestimated, due to 

underrepresented shrub expansion, and that the resulting warming should be expected much 

sooner than estimated. This illustrates the uncertainties related to future estimates of shrub 

expansion, and associated feedback effects.  

Shrub expansion represents a less drastic change in surface properties as compared to forest 

migration, and thus more subtle influence on the overlying atmosphere. However, the vast extent 

and timespan of just decades as compared to centuries, makes this vegetation change a key factor 

in estimating present and future climate response in the high latitudes.  

The biophysical effects on the regional atmosphere resulting from various shifts in high latitude 

ecosystems are the focus of objective 2 in this thesis, and discussed further in Papers II and III.  

2.3 High latitude vegetation changes and climate; biophysical feedbacks 
Increase in vegetation cover in high latitudes leads to both biochemical and biophysical 

feedbacks. Extensive evidence gathered over the past decades has established that changes in 

high latitude ecosystems are part of the feedback mechanisms amplifying high latitude warming 

(e.g. Sturm et al., 2001a;Bonfils et al., 2012;de Wit et al., 2014). These changes may have the 

largest direct impacts on the local scale. However, local scale feedbacks may propagate to 

regional and continental scales through cross-scale links, and possibly lead to critical transitions 

in the large scale climate (Rietkerk et al., 2011).  

2.3.1 The albedo effect 
The albedo varies across vegetation types, and is generally higher for short and low vegetation, 

as compared to taller, more complex canopy vegetation. This is because less short wave radiation 

is reflected back to the atmosphere from a taller and structurally more complex canopy.  

The largest impact of this effect is related to increase of high latitude (evergreen) vegetation 

where snow cover is present in parts of the year, as snow completely covers low vegetation, 

while taller vegetation protrudes the snow cover, thereby decreasing the otherwise high winter 

surface albedo. Through the decrease in surface albedo during the snow covered season, the 



20 
 

boreal evergreen forest has been estimated to have the greatest effect of all biomes on global 

warming (Bonan, 2008). By investigating the climate benefits of afforestation mitigation 

strategies, Arora and Montenegro (2011) also found that in high latitudes, the warming effect of 

decreased surface albedo related to increased boreal forest cover, dominated the cooling effect of 

increased carbon sequestration, supporting similar findings of Betts et al. (2007). 

Compared to evergreen forests, shrub expansion into tundra ecosystems generally leads to a 

weaker and more seasonally dependent albedo effect. However; Sturm et al. (2005) observed that 

the presence of tall shrubs protruding the snow cover during winter acted to lower the winter 

time surface albedo by 30%, which was about two thirds of what might be expected from a 

tundra to forest change. The decrease in albedo caused melting to start several weeks earlier. 

They estimated an increase in the absorption of solar radiation by 69-75%, depending on latitude.  

While the feedback effects of increased boreal forest cover have been studied in a number of 

global and regional modelling studies (e.g. Liess et al., 2012;Snyder and Liess, 2014;Arora and 

Montenegro, 2011), increased shrub cover has so far been examined in only a few modelling 

studies. A common approach has been applying a 20% increase in shrub land cover north of 60 
oN , and investigating the response on the soil and atmosphere (Bonfils et al., 2012;Lawrence and 

Swenson, 2011;Swann et al., 2010). These studies found that increased shrub cover leads to a 

mean annual warming with a peak in the spring melting season, mainly due to lowering of 

surface albedo, and effects on snow melt.  

2.3.2 The evapotranspiration (ET) effect 
The effect of increased ET associated with higher leaf area index (LAI) and increase in complex 

canopies was investigated by Swann et al. (2010). Focusing on tall, deciduous vegetation, they 

found that increased ET caused by an increase of deciduous vegetation species in the Arctic, 

reinforced by sea-ice interactions, strengthened the greenhouse effect of the overlying 

atmosphere leading to a temperature increase of the same magnitude as the one caused by the 

albedo effect.  

As different types of vegetation have varying water use efficiency, photosynthetic rate and 

capability to draw water from the soils and transpire it into the atmosphere, the amount of water 

retained in the ground and canopy in response to climate forcing will vary. In addition, the total 
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surface of the canopy will determine the amount of rainwater that is intercepted and how much 

can evaporate from the canopy and surface beneath it. The combined effect will give the rate of 

evapotranspiration from the surface, and determine the amount of water vapor that is returned to 

the atmosphere through latent heat fluxes. This could in turn affect regional or continental scale 

evapotranspiration-precipitation feedbacks (Thompson et al., 2004;Beringer et al., 2005;Eugster 

et al., 2000), as further discussed in Section 4 and in Paper III.  

Changes in ET will affect the partitioning of excess energy into sensible and latent energy fluxes 

(the relationship called the Bowen ratio). Beringer et al. (2005) measured in general warmer and 

drier fluxes along a transition zone going from Arctic tundra to boreal forest, confirming findings 

by Thompson et al. (2004), who also found increased sensible to latent heat flux ratio associated 

with taller and more complex canopies. The change in this ratio resulting from shifts in the 

extent of the boreal forest was also investigated in Paper II in this thesis. 

In addition to the albedo and the ET effect, observational and modelling studies have evaluated a 

range of other effects of increased high latitude vegetation cover, such as increased snow cover 

(Sturm et al., 2005), effects on soil moisture and temperature affecting permafrost thaw (Blok et 

al., 2010;Lawrence and Swenson, 2011), and dynamic influence on the strength and position on 

the polar jet stream (Liess et al., 2012). Further investigation of the sensitivity of the atmosphere 

to the biophysical changes related to specific shifts in the high latitude vegetation is the focus of 

Papers II and III in this thesis, and a summary of the findings is presented in Chapters 4.2 and 4.3, 

respectively. 

The relative importance of each feedback loop will vary with the type and location of the 

vegetation. Bonan (2008) argues that at low latitudes, where broadleaved tree species dominate 

in a humid and warm climate, enhanced tree cover will have a net cooling effect, due to the 

dominating effect of increased evapotranspiration (ET) and decreased warming by enhanced CO2 

sequestration over other feedbacks like warming due to decreased albedo. In contrast, the main 

effect of increased cover of evergreen needle leaved trees at high latitudes would be enhanced 

warming due to the strong effects of lower albedo, especially by masking of the snow covered 

ground in winter and spring. The net effect of various feedback mechanisms may thus vary 

across vegetation types, as well as location, as illustrated in Fig. 3. 
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Figure 3: Simplified illustration of the relative importance of various feedback effects resulting from 
migration of ecosystems towards higher latitudes (or altitudes) in response to warming. 

 

The biochemical feedback loops are mainly related to the carbon sequestration associated with 

more biomass, in addition to the enhanced permafrost thaw, leading to release of carbon and 

methane stored in the soil in permafrost regions. In high latitude ecosystems however, the 

biophysical properties are regarded the most influential with respect to global mean temperatures 

and local feedback effects (Bonan, 2008;Pearson et al., 2013).  

2.4 Approaches and uncertainties in modelling vegetation change 
The increased recognition of vegetation as an important factor in the climate system has resulted 

in development of more advanced treatments of vegetation in numerical weather and climate 

models. Improved representation of vegetation properties and dynamics, and corresponding 

influence on climate, is regarded one of the great improvements in the CMIP5 suite of earth 

system models as compared to its predecessor (IPCC, 2013, Chapter 9.4.4).  
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As highlighted by Mckenney et al. (2007), a major unknown in estimating the future feedbacks 

of vegetation re-distribution, is the extent to which species are able to disperse into their new 

suitable habitats, e.g. to follow their “climate envelope”. There are large differences in migration 

rates across ecosystems, and additionally, migration rates are influenced by disturbances and 

geographical features. For example, Myers-Smith et al. (2011) presented a synthesis of findings 

relating the sensitivity of high latitude shrub expansion to various environmental factors. While 

warming and lengthening of the snow free season promotes greening, they highlight the more 

complex influence of altered disturbance regimes resulting from herbivory, permafrost thaw, 

tundra fires and anthropogenic activity. This complexity adds to the uncertainties and spread in 

modelled estimates of future high latitude vegetation distribution.  

In this section, a brief presentation of some methods and tools used in modelling vegetation 

changes are presented. Without going into detail about the complex and varied representation of 

vegetation and vegetation dynamics that is included in current earth system and vegetation 

models, some general methods in representing changes to the terrestrial vegetation in modelling 

are presented, along with some current uncertainties within modelling of vegetation-climate 

feedbacks that are of particular relevance to this thesis. Also, some perspectives of future 

challenges within this research field are highlighted. Special emphasis is on high latitude 

vegetation changes, as this is of particular interest in the thesis. 

In order for models to accurately quantify the feedbacks to climate resulting from alterations in 

terrestrial ecosystems, all aspects of such changes should be accounted for; re-distribution of 

plant species, alterations in ecosystem composition and diversity, alterations in canopy structure, 

disturbances (by e.g. herbivores, fires or insects), allocation and usage of carbon, nitrogen and 

other nutrients, and corresponding changes in water use efficiency. The perfect vegetation model 

would account for all of these aspects of vegetation changes. However; until such a model comes 

into existence, we make use of a variety of modeling tools which each accounts for some fraction 

of the full picture; so that put together, science is gradually reaching new levels of understanding 

of the complex mechanisms that comprise biosphere-atmosphere feedbacks.  

Vegetation models have often been separated into two main (yet often overlapping) groups; 

statistical models and process based models. The first group is based on establishing empirically 

based relationships between different climatic and/or environmental factors and species or 
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ecosystems. The second aims to explicitly resolve the various physiological, biophysical and 

biochemical processes and interactions that influence the distribution, growth and interactions of 

separate species or ecosystems. 

Bonan (2016) provides a historical overview of the main features in the development of the 

process based models employed as part of present day earth system models; from the first 

generation models developed in the 1960s, which used bulk transfer equations and prescribed 

descriptions of surface albedo, roughness and soil water without describing the influence of 

vegetation at all, to today’s third generation models. In addition to being able to account for the 

hydrological cycle and the explicit effects of vegetation and soil on the energy and water fluxes, 

third generation models are characterized by the direct link between photosynthesis and stomatal 

conductance, and were developed with a main motivation related to the investigation of the 

climate effect of reduced stomatal conductance in response to increased atmospheric CO2.  

The development and application of increasingly complex products from satellite data has also 

contributed to an increasing level of accuracy in vegetation models over the past decades. The 

fraction of Absorbed Photosynthetically Active Radiation (fPAR) is one much used satellite 

product, which is the ratio of vegetation-absorbed to incident PAR. It is derived from spectral 

reflectance data as a measure of vegetation greenness (Prentice et al., 2007). Seasonal cycles 

from such data are often used to either validate or prescribe vegetation phenology, and applied in 

constructing maps of vegetation composition by defining broad groups of plant functional types 

(PFTs). In addition, datasets with seasonally varying LAI and vegetated fraction are employed in 

models. However; as pointed out by Bonan (2016), the distinction between the two is not very 

clear, and the concept of fractional vegetation cover is not always consistent between models and 

satellite products.  

In vegetation models, the different vegetation types are commonly grouped together according to 

their characteristics and biophysical properties in relation to atmospheric interactions, in what is 

referred to as PFTs. Each PFT is assigned with parameters and functions describing their 

biogeophysical properties and other aspects of their interaction with the environment. The 

distributions of vegetation types in the model domain may be prescribed according to afore 

mentioned satellite based datasets and remain the same throughout the simulation. Alternatively, 

the distribution may be updated throughout the simulation in response to the environmental 
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forcing. This is the case in dynamic vegetation models (DVM). The redistribution is then based 

on climatic conditions, carbon concentration and available nutrients to the simulated ecosystem, 

in addition to elaborate routines describing plant specific establishment, competition, 

disturbances and mortality. The vegetation dynamics and interaction with the atmosphere is 

described with an ever increasingly level of detail, and varies greatly among models. This 

contributes to increase the spread among climate model projections especially when applied to 

future scenarios (IPCC, 2013, Chapter 9.4.4;Friedlingstein et al., 2013), and particularly in high 

latitudes. This is in part owing to the inter-model differences related to nutrient availability 

(IPCC, 2013, Chapter 9.4.4) and varied representation of snow-vegetation interactions and 

effects on albedo (Loranty et al., 2014). These demonstrated impacts on the climate response in 

high latitudes predicted by DVMs highlight the importance of also considering other approaches 

to estimate the atmospheric effects of potential shifts in the Arctic and boreal vegetation 

distribution.  

Manual re-distribution of vegetation cover in model simulations has often been applied in studies 

where the atmospheric effects of particular vegetation changes were of main interest. Manual re-

distribution of vegetation properties may be applied to general vegetation features such as the 

greenness or vegetation density in an area, or to specific vegetation types, typically represented 

by dominant PFTs. The re-distribution is based on certain criteria reflecting the aim of the study, 

and is often linked to specific environmental or climate characteristics derived from observations 

or empirical data (as in the case of Paper III in this thesis). Alternatively, alterations are applied 

to represent observed trends in vegetation in an area, such as migration of boreal forests, and 

shrub expansion in Arctic tundra (Bonfils et al., 2012;Swann et al., 2010;Lawrence and Swenson, 

2011;Snyder and Liess, 2014;Liess et al., 2012, and as illustrated in Paper II). A similar approach 

was taken when historical, prescribed land use change and deforestation patterns were applied in 

several CMIP5 climate simulations. This is regarded a great innovation in ESMs since the 

predecessor CMIP, despite introducing an additional spread in climate model projections, which 

is partly caused by counteracting effects of evapotranspiration and albedo changes (IPCC, 2013, 

Chapter 9.4.4). 

Based on historical and/or current observations, simplified future projections for an area may 

also be derived. In this thesis, Papers II and III also follow such an approach, by applying 
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simplified perturbations to the current boreal and Arctic vegetation cover, represented by 

dominant PFTs, in order to investigate the atmospheric effects resulting from specific changes in 

the high latitude ecosystem. A more accurate description of the methodology and 

parameterization of vegetation properties in the model applied in the work included here is given 

in Chapter 3.2, and in the model and methodology sections of Papers II and III. 

An “intermediate” approach has sometimes been applied, with the aim to apply continuously 

updated environmental drivers for vegetation change, without running a dynamical model. Alo 

and Wang (2010) rather applied a cyclic update of the vegetation cover based on a year-to-year 

climate development in response to annually updated vegetation distribution.  

There are, however, still considerable uncertainties associated with modelling vegetation and 

changes to vegetation cover that are common to all types of the mentioned models and methods. 

The representation of vegetation types by use of PFTs is by far the most dominant method across 

vegetation modelling tools. Wullschleger et al. (2014) argue that there is mounting evidence that 

uncertainties in vegetation modelling in part arises from the incorrect or incomplete 

classifications of PFTs and their parameterization, particularly at high latitudes. Prentice et al. 

(2007) highlighted that there is no international standard or consistent, global high resolution 

vegetation map available to use for validation across vegetation models. They also argue that 

current PFT representation is simplistic and parameter values are neither agreed on, or are 

particularly well founded. To our knowledge, various satellite-based global and regional 

vegetation maps still have considerable differences among them. Procedures applied in 

generating such maps vary among products, and Wullschleger et al. (2014) also highlight that the 

number of representative PFTs differs among models and land use datasets. They particularly 

recommend four major aspects of future development regarding the use of PFTs in climate 

modelling; a review of the PFT classification in relation to integrating remote sensing products 

and validation, amended inclusion of appropriate PFTs in regional models, database compilation 

with emphasis on trait identification with regard to both above and below ground properties, and 

data development for cross-model validation. Several have argued that as the definition of PFTs 

is based on a discretization of what is a continuous variation in plant traits defining their 

interactions among each other and with climate, new techniques in describing plant variations in 

modelling is required (Verheijen et al., 2013;Wang et al., 2012;Wullschleger et al., 2014). 
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Uncertainties in the results arising from parameter values related to PFTs are also discussed in 

Papers I-III in this thesis.  
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3 Research tools and methodology 
The main research tool applied in the studies presented in this thesis, are numerical models. A 

regional weather or climate model is used to dynamically downscale results from a global 

weather or climate model, for the purpose of providing results on finer spatial resolutions. This 

has advantages when regional and local scale processes are important to resolve (Rummukainen, 

2010;Giorgi and Mearns, 1991).  

Although important on a global scale, all research questions addressed here are related to local 

and regional scale processes, and for that reason we chose to apply regional models to resolve 

them. Simulating land surface processes are dependent on the highly heterogeneous features of 

the land surface, such as topography, land-water boundaries and vegetation cover which is the 

main focus here. Simulations on so-called convection-permitting resolutions are beneficial for 

processes such as soil-moisture-precipitation feedbacks and local wind patterns (Rummukainen 

et al., 2015). Particularly simulations conducted for Papers I and III in this thesis were important 

to run on fine, convection permitting spatial scales, and required running a non-hydrostatic 

model. For the purpose of Paper I, chemical processes were also required on a fine temporal and 

spatial scale.  

The measurements used in Paper I were gathered by co-authors in that paper, Giacomo Gerosa 

and Angelo Finco and are described in Paper I. For the chemical initial and boundary conditions, 

data from the Oslo CTM3 model was used, which was run by co-author Øivind Hodnebrog.  

3.1 Atmospheric model   
For the purpose of all three studies, we applied the WRF modeling system (Skamarock et al., 

2008). WRF is a community model, with users registered around the world. The code is 

maintained at the Mesoscale and Microscale Meteorology (MMM) Division at the National 

Center for Atmospheric Research (NCAR), who also provide support for the user community.  

WRF is a widely used and highly adjustable state-of-the-art numerical weather prediction system 

with a wide variety of applications on scales ranging from local regions with a resolution of a 

few hundred meters, to global simulations with much coarser resolution. It can be run in a non-

hydrostatic or hydrostatic mode, and with a wide range of physical parameterization schemes. 
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The setup may as such be adjusted to simulate case-specific short-term local weather events as in 

Paper I, or decadal long climate simulations, as in Paper II.  

The setup in Paper I was based on review of literature and NCAR guidelines for chemical 

simulations, in addition to various sensitivity tests (not shown). Particularly, we have tested the 

effect of spatial and vertical resolution, domain sizes and chemical boundary conditions with 

focus on simulated ozone concentrations, anthropogenic and biogenic emissions related to the 

diurnal cycle of near surface ozone concentrations, and nudging parameters and PBL schemes 

with the aim to accurately resolve the land sea-breeze.  

The applied setup in Papers II and III was based partly on the Polar WRF setup and validation 

studies (however not equal to), and partly on the NCAR recommendations of physical 

parameterizations for cold climates (shorter and longer simulations). The Polar WRF version has 

been evaluated in a series of experiments (Hines and Bromwich, 2008;Hines et al., 2011;Wilson 

et al., 2011, 2012). Main findings of a benchmark study of the forecast hydrological cycle of 

Polar WRF, a one year long forecast covering the entire Arctic region, include a tendency of 

excessive summer precipitation linked to overestimated mid-latitude annual precipitation, and 

excessively warm and moist atmospheric boundary layer (Wilson et al., 2012). In addition, too 

low cloud fraction, underestimated downwelling LW, and overestimated SW radiation were 

found. These findings are invoked to explain a slight warm bias in the 2 m temperature north of 

60 oN (Wilson et al., 2011;Hines et al., 2011). In these studies however, the biases are judged 

sufficiently small to conclude that the modelling system accurately predicts the annual cycle of 

the 2 m temperature. The findings of excessively warm and moist boundary layer in WRF 

simulations were supported by findings by Mölders and Kramm (2010), studying a short-time 

winter inversion event using WRF in two different setups, and they highlight the strong impact 

of the choice of physical parameterizations on the results. Although according to findings by Jin 

et al. (2010), excess precipitation in the WRF model seemed detached from land surface 

processes, and remained overestimated across four different land surface schemes.  

Although domains and model versions vary between our experiments and the ones analyzed in 

these studies, the findings of these validation studies are kept in mind while interpreting the 

results in our papers.  
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For atmospheric initial and boundary conditions, we used the ERA Interim 6-hour reanalysis for 

all three studies. A brief presentation of the most important parts of the model in relation to the 

work presented here is described below.  

3.2 Land Surface model 
For all three studies, we have run the atmospheric model coupled to the Noah Land Surface 

Model (LSM) (Tewari et al., 2004). It is a widely used LSM currently coupled to several 

regional and global modelling systems. The land surface model computes the surface fluxes of 

energy and water, and controls the energy and water budget of the surface and soils. The 

parameterization of vegetation plays a key part in these processes, as illustrated in Fig. 4. 

 

Figure 4: Surface processes handled by the land surface model. Surface energy budget (left) and surface 
water budget (right).  

In our simulations, the soil is divided into four layers of varying thickness, summing up to a total 

of 2 m. The top surface layer is a combined soil, vegetation and snow layer, which properties are 

dependent on soil and vegetation category. The partitioning of energy between sensible and 

latent heat fluxes is related to the vegetation dependent exchange coefficients for heat and 

moisture. Besides meteorological conditions such as wind speed and atmospheric stability, they 
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are dependent on the vegetation’s stomatal resistance, greenness fraction, roughness length, 

rooting depth and LAI. 

3.2.1 Noah-UA 
For the purpose of addressing the research questions in Paper III, the model was run with the 

Noah-UA land surface model, which is the Noah LSM, with parameterization for snow-

vegetation interactions added by Wang et al. (2010) at the University of Arizona. The added 

parameterizations include consideration of the vegetation shading effect on snow sublimation 

and snowmelt, under-canopy resistance, improvements to the ground heat flux computation 

when snow is deep, and revision of the momentum roughness length computation when snow is 

present.  

3.2.2 Treatment of vegetation in Noah 
In the Noah LSM, the vegetation cover is represented by plant functional types (PFTs), which 

are interpolated to the simulation domain from satellite based datasets. There are several such 

datasets with varying resolution and vegetation categories provided with the standard model 

package download. In the simulations, the dominant PFT for each grid cell is used for calculating 

interactions with the atmosphere. The dominant vegetation category in a given grid cell 

determines a range of biophysical parameters related to its interaction with the atmosphere. 

These parameters include the height and density of the canopy, the number of soil layers 

available to the plants’ roots, minimum canopy resistance, snow depth water equivalent required 

for total snow cover, and ranges for maximum and minimum values for LAI, emissivity and 

surface roughness length. The surface albedo and green vegetation fraction is either prescribed 

per vegetation category, or interpolated from monthly datasets.  

In the model the dominant categories in each grid cell are fixed throughout the simulation, as 

there is no parameterization for competition, survival and establishment.  

3.2.3 Land cover data 
For land use data in Paper II, the MODIS IGBP modified 21 class land surface data was used. 

This dataset is available with the standard WRF package download. The dataset is based on the 

original 1 km resolution MODIS IGBP vegetation map (Friedl et al., 2010), but excludes 

permanent wetland. It has three tundra classes and lakes added by the Land Team at EMC/NCEP. 

To represent high latitude and altitude ecosystems more accurately, the vegetation category of 
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open shrub land was replaced by various tundra vegetation classes north of 60 degrees latitude in 

the modified MODIS dataset. 

For the land cover in Paper III, we used the newly available 20 class MODIS 15 sec resolution 

dataset (Broxton et al., 2014). In this dataset, most of the shrub and tundra covered part of our 

study area is covered by the dominant vegetation category of “open shrubland”, consisting of 

low shrubs of <0.5m height. As we would like to also study the effects of shrub height on the 

atmospheric response, we used this category as a basis to make adjustments in order to 

distinguish shrubs of various heights, in accordance with their temperature based potential 

habitats. More about the details of this approach is found in Paper III, Section 2.  

3.3 Chemistry model 
In WRF-Chem (Grell et al., 2005), a chemistry module is completely embedded in WRF, 

allowing it to simulate the coupling between chemistry and meteorology. The chemistry package 

consists of the following main components; a dry deposition scheme, anthropogenic emissions, 

biogenic emission, gas-phase chemical mechanisms, photolysis schemes and aerosol schemes. 

Tracer transport is computed by the meteorological part of the model. It is employed for e.g. 

forecasting for field campaigns, testing in relation to air pollution abatement strategies, and 

assimilation of satellite and in-situ chemical measurements. For our purpose the WRF-Chem 

package is used in Paper I to estimate the ozone distribution and deposition in order to compare 

estimated stomatal fluxes into vegetation with measurements gathered at various field campaigns 

in different Mediterranean ecosystems.  

3.3.1 Chemical input data 
The chemical initial and boundary conditions are gathered from the chemistry transport model 

OsloCTM3 (Søvde et al., 2012). For the anthropogenic emissions we use the TNO MACC II 

gridded anthropogenic emission database (Kuenen et al., 2014), which is a gridded emission 

inventory covering UNECE-Europe for the years 2003-2009. It contains European emissions of 

air pollutions (CH4, CO, NH3, NMVOC, NOX, PM10, PM2.5 and SO2). It is furthermore divided 

per source sector, and the emissions from area sources have been distributed in a sector-specific 

way, while the point source emissions keep their particular coordinates (Denier van der Gon et 

al., 2010a;Denier van der Gon et al., 2010b). Hodnebrog et al. (2011) demonstrated that the 

resolution of the emission inventory greatly influences accuracy in the modelling of ozone 
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distribution. Based on these findings, and for the purpose of this study, we were given access to 

the TNO MACC II high resolution dataset (HAC Denier van der Gon, pers. comm.), which 

covers Europe with a resolution of ~7 km x 7 km. Examples of the NO emissions as re-gridded 

to the inner domains are shown in Fig. 5. 

 

Figure 5.NO emissions at two points in time as re-gridded from the TNO MACC II emissions inventory 
resolution to the WRF-Chem inner domains simulated in Paper I, with resolution 3km x3km. The sites of 

measurements are indicated. 

3.3.2 Calculation of ozone fluxes using WRF-Chem 
The dry deposition of gaseous species and aerosols in WRF-Chem is based on the work of 

Wesely (1989). The Wesely scheme uses the “big-leaf” approach, where the surface vegetation is 

treated as one big canopy. To classify the plant properties, the dry deposition scheme uses the 

same vegetation categories as the rest of the model. In the dry deposition scheme these categories 

are grouped together to 11 categories, by giving them the same value for parameters that are only 

land use and season dependent, using five seasonal categories that distinguish the main stages of 

plant phenology through the year.  

The deposition velocity is calculated utilizing a resistance analogy. The deposition velocity 

reflects the surface conductance, and is given as the reciprocal of the overall surface resistance. 

The total surface deposition velocity  is given as the sum of the reciprocal of three resistances 

placed in series, and can be expressed as 

   (3.1) 
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where ra represents the aerodynamic resistance of the turbulent air between a specified height 

above the canopy and the surface. rb gives the resistance of the quasi-laminar sub layer adjacent 

to the deposition surface, and rc represents the bulk surface resistance. The surface resistance 

represents the plant canopy, twigs and stem, and the soil. It is computed as the sum of seven 

minor resistances, placed in four parallel pathways to account for the various processes 

controlling the flux of gas particles deposited at the surface. This resistance network introduced 

by Wesely (1989) is illustrated in  Fig. 6.  

 

Figure 6. Schematic diagram of the pathway resistances used in the Wesely module. ra is the aerodynamic 
resistance, rb is the quasi-laminar sublayer resistance, rc is the bulk surface resistance. The latter consists 

of the stomatal resistance (rst), mesophyll resistance (rm), cuticular resistance of the upper canopy (rlu), 
cuticular resistance of lower canopy (rcl), resistance of buoyant convection (rdc), resistance of gas 

transfer through the canopy (rac) and the soil and ground resistance (rgs). (Modified from Wesely (1989)) 

The main entry of gaseous species into the leaf is through the stomata, which is parameterized as 

the pathway regulated by the stomatal resistance and the mesophyll resistance (marked as rst and 

rm in Fig. 4). In the Wesely expression for stomatal resistance the surface temperature and the 

solar radiation is accounted for by the following expression:  

  

where G is the solar irradiation in W m−2, and Ts is the surface air temperature between 0 and 

40oC. Outside this temperature range the resistance is set to a large value, assuming that the 

stomatal transfer has stopped. The parameter represent the minimum stomatal resistance for 

water vapor and is vegetation type and season dependent. After passing through the stomata, the 
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gas encounters the mesophyll resistance, which for simplicity is set to zero for ozone, assuming a 

near instant oxidation of sub-stomatal mesophyll once it has entered the vegetation. The 

combined mesophyll and stomatal resistance for gaseous species is calculated by scaling the 

stomatal resistance by the ratio of molecular diffusivity of water vapor, to that of the gas of 

interest. 

The non-stomatal pathways are grouped together according to the resistance network depicted in 

Fig. 3. The cuticular resistances are only dependent on vegetation type and season, however they 

are increased whenever the canopy is wet due to rain or dew. The buoyancy resistance is 

dependent on the short wave radiation and solar zenith angle, giving it a diurnal variation. The 

soil and in-canopy air transfer resistances are solely dependent on the Wesely vegetation type 

and season. A comprehensive description on the parameterization of the single resistances can be 

found in Wesely (1989). 

In order to estimate the flux of ozone into the vegetation, the bottom layer ozone concentration is 

scaled according to the ratio of the canopy height deposition velocity to that of the grid cell 

average velocity, in order to get the canopy height concentration. This concentration is then 

multiplied with the combined stomatal and mesophyll conductance, given as the reciprocal of the 

resistance, to get the flux: 

 (3.3) 

where  is the stomatal flux of ozone,  is the stomatal conductance, and  is the canopy-

height ozone concentration, and assuming that the ozone concentration inside the leaf is zero. 

These fluxes are used for comparison to measured fluxes in Paper I of this thesis.  
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4 Presentation of findings 
In this section, the research corresponding to each of the scientific papers included in thesis is 

presented in relation to the research objectives as defined in Section 1.1. For each study, a brief 

explanation of why and how our research was conducted is presented, along with a discussion 

aimed to relate our findings to similar studies in the field. More details of the methods and results 

are described in each of the scientific papers.  

4.1 Evaluation of ozone fluxes from the Wesely scheme in WRF-Chem 
The first research objective is the focus of Paper I. This study investigates the skill of the widely 

used community model WRF-Chem equipped with the Wesely deposition scheme in estimating 

the flux of ozone into vegetation. This is a highly adjustable model which we believe could 

prove to be a versatile and powerful tool in estimating ozone damage to vegetation in both 

present and future climates.  

However; some weaknesses regarding the surface conductance parameterization in the Wesely 

dry deposition scheme have been found in previous studies that were aimed at evaluating the dry 

deposition fluxes produced by this scheme. Limitations related particularly to the surface 

resistance have been highlighted. More specifically, the scheme lacks an explicit account for the 

plants’ water stress through parameterizations of effects of vapor pressure deficit or soil moisture 

deficit (Hardacre et al., 2015;Fowler et al., 2009). This relates particularly to the stomatal 

resistance parameterization, which compared to other parameterizations, as e.g. in the DO3SE 

model (Emberson et al., 2000), is simplified and only dependent on the ambient temperature and 

available sunlight, in addition to vegetation type and season (as shown in Eq. 3.2).  

Building on the findings by previous validation studies, we aimed to give an indication of the 

ability of this parameterization to estimate stomatal ozone fluxes and potentially harmful ozone 

doses. Furthermore, emphasis was placed on how the known weaknesses in the current 

parameterization might influence these results. By comparing estimated fluxes for three different 

vegetation types to flux measurements gathered from field campaigns in three different typical 

Mediterranean ecosystems; a holm oak forest, a maquis ecosystem and a barley field, under 

varying meteorological conditions, this study identifies strengths and weaknesses of the current 

parameterization, with particular emphasis on the influence of water availability. 
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Our results show that the WRF-Chem system generally underestimated both the ozone mixing 

ratios (by 5%) and temperatures (by 2%) as averaged across all measurement periods, and 

overestimated the stomatal fluxes by 58% as compared to the measurements (Fig. 7) 

  

Figure 7. Mean diurnal modelled (lines) and measured (dots) stomatal (black) and total (green) surface 
fluxes for each measurement period. Figure from Rydsaa et al.,(2016) 

The reasons for modelled biases of stomatal fluxes varied somewhat between vegetation types 

(Objective 1b). For the holm oak and maquis ecosystems, there was a clear mismatch in diurnal 

pattern for the stomatal conductance and stomatal flux for all measurement periods, which was 

caused by the temperature response function within the Wesely scheme. This function assumes 

an optimal temperature for stomatal opening at about 20 oC, which seems low for these particular 

types of vegetation. In contrast, the optimal temperature for Mediterranean woody species as 
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suggested in CLRTAP (2015) is 23oC, which would decrease the observed bias produced by the 

Wesely scheme, in which the same optimal temperature is used for all vegetation types. 

For the barley field, the overall daytime stomatal conductance level was too high, causing a 

severely overestimated stomatal flux of ozone. The results point to the Wesely scheme’s value 

for the minimum resistance. Based on these results, the value representing the category of 

“Agricultural land” is likely too low in the case of this particular crop. Again comparing to the 

CLRTAP (2015) suggestion for the generic crop value for Mediterranean areas, the Wesely 

scheme’s value is significantly lower. Our findings support those of Wu et al. (2011), who also 

concluded that large uncertainties were associated with the minimum stomatal resistance values 

in the Wesely scheme in WRF-Chem. 

The Wesely scheme’s parameterization for stomatal conductance imposes a requirement of 

daylight on stomatal opening (Eq. 3.2). However; unlike the modelled estimates, the 

measurements do indicate that nighttime values for stomatal conductance are not zero. As such, 

the low modelled nighttime stomatal flux fails to reproduce particularly the woody vegetation’s 

ability to open their stomata during nighttime. This supports results by Mereu et al. (2009), who 

found high nighttime stomatal uptake of ozone in Mediterranean woody species, especially in 

drought situations. Caird et al. (2007) suggests that the parameterization of zero nighttime 

stomatal conductance is inaccurate for most plants.  

With regard to Objective 1c, this study confirms that the previously known weaknesses of the 

surface resistance parameterization, particularly with respect to the lack of explicitly accounting 

for the plant’s water availability, result in overestimated daytime ozone stomatal fluxes 

particularly in warm and dry periods. Although such dependencies are included in most stomatal 

conductance parametrizations (Damour et al., 2010), the Wesely scheme only takes into account 

the water status of the plants in an indirect way, through the dependence on season and 

vegetation type (Wesely, 1989). For the purpose of estimating absorbed and potentially 

damaging doses of ozone to vegetation, such dependencies are of particular importance. In 

drought and water stress situations, while the vegetation closes the stomata to prevent water loss, 

it prevents ozone from entering the plant and thereby lowers the risk of ozone-induced damage. 

For this reason, estimating potential risk of ozone induced damage to vegetation in (semi) arid 
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areas such as in Mediterranean ecosystems, is particularly sensitive to such parameterizations 

(e.g. CLRTAP, 2015;Gerosa et al., 2004;Gerosa et al., 2009a).  

To illustrate the effect of a simple improvement of the model performance, we tested including 

critical VPD as suggested in Pleijel et al. (2007). This acts to remove the afternoon peak values 

in estimated stomatal fluxes, and the overall mean fluxes, and bias for the period is reduced.  

Based on results presented in Paper I, we conclude that the limited environmental conditions 

accounted for in the Wesely conductance calculations do cause specific and substantial biases 

compared to measurements, particularly in drought periods. The dependence on daylight for 

stomatal openings seems inaccurate and causes systematic biases for the vegetation types 

investigated in Paper I. For the purpose of estimating ozone doses in vegetation, the stomatal 

resistance parameterization should be improved by extending it to include an explicit and time 

varying dependence on the water availability of the vegetation in question, in addition to a 

revision of the temperature response function and night time stomatal conductance in woody 

vegetation (Objective 1d).  

The Wesely deposition scheme is a widely known parameterization which is employed in a 

variety of chemical transport models, and as such a well validated scheme. To our knowledge 

however, Paper I is the first study to explicitly test the stomatal component of the estimated 

surface fluxes resulting from this scheme. Our findings could form the basis of further 

development efforts that might lead to the employment of this modelling tool in future estimation 

of ozone induced damage to vegetation.  

4.2 Sensitivity of the high latitudes atmosphere to biophysical effects of vegetation 

changes 
The research questions in Objective 2 were investigated in Papers II and III. More specifically; 

Paper II focuses on the biophysical effects on the atmosphere resulting from three specific 

vegetation shifts in the boreal vegetation, and is mainly aimed at Objective 2 a-d, whereas Paper 

III focuses on the effects of increased shrub and tree cover specifically, corresponding to 

research Objectives 2 e-g. Following is a short presentation of each study, along with a 

discussion placing our findings in context with related research. 
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The sensitivity of the atmosphere to the biophysical effects of northward migrating boreal tree 

lines (Objective 2a) was part of the focus of Paper II. For this purpose we chose to aim our 

investigation at the boreal European vegetation cover. As mentioned in Chapter 2, a trend of 

northward migration of the boreal European forest has been confirmed in observational studies 

(e.g. Soja et al., 2007;Hofgaard et al., 2013). For this study, we applied WRF V3.5.1, coupled to 

the Noah land surface model. For the vegetation cover, the MODIS modified IGBP vegetation 

data set was chosen. The atmospheric response was investigated over a 10 year simulation period. 

The 10 year period was chosen as a compromise between sufficient length to represent a robust 

climate signal and computational cost. More details about the experimental setup and the 

simulations can be found in Section 2 of Paper II.  

To limit uncertainties related to the dynamical response of the biosphere to climate changes, 

several previous studies have applied  manual rather than dynamical vegetation changes in 

studies where the main objective was to study the resulting effects on the atmosphere. To reduce 

the complexity related to the ecosystem migration in our investigation, we chose a similar 

approach, by applying simplified perturbations to the vegetation cover based on observed and 

anticipated trends in forest migration in the area. The aim was to represent dominating vegetation 

shifts while keeping simplicity in the setup, enabling us to investigate the atmospheric response 

corresponding to each specific shift in vegetation type. We aimed to apply changes that were 

moderate enough to be achieved within a 100 year timespan, assuming a mean migration rate 

based on cross-species observational studies, resulting in a shift of up to 108 km in the northward 

direction. The perturbations to the vegetation cover applied in Paper II are illustrated in Fig. 8. 

 

 

Figure 8: Changes to the MODIS IGBP land 
cover applied in experiments, as compared to the 

control simulation. The colors indicate areas 
where the tree lines have been moved northward, 

and where shrub cover has been expanded. 
(Figure from Rydsaa et al.,2015) 
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To achieve a simplified, yet realistic experimental setup, we further limited the vegetation shifts 

to only apply to neighboring grid cells covered by certain dominating vegetation; the evergreen 

forest was only allowed to “migrate” into grid cells covered by wooded tundra, which represents 

tundra already partly covered by deciduous trees and shrubs. Along the southern edges of the 

boreal forest, the mixed forest, comprising both evergreen and deciduous trees, was allowed to 

“take over” for pure evergreen needle leaved forest. The category of mixed tundra was converted 

to wooded tundra, representing a slight increase in shrub and tree cover. Although simplified, the 

vegetation shifts in these experiments represented more moderate and perhaps more realistic 

perturbations given the 100 year timeframe, as compared to other similar studies as in the 

following examples.  

Other studies applying dynamical vegetation shifts resulting from future climate projections, like 

a doubling of atmospheric CO2, have resulted in enhanced greening and vegetation shifts on a 

substantially larger scale as compared to our study (e.g. Jeong et al., 2011;Jeong et al., 2014). 

Using the CCSM3 model with a DVGM on a resolution of 2.8o x 2.8o, their vegetation changes 

included higher LAI across all six PFT categories covering the northern high latitudes, more 

vegetation in the permafrost region and northward migration of the boreal forest. They do 

however highlight uncertainties related to these vegetation shifts, particularly related to known 

model biases.  

With a motivation to amend for such uncertainties inherent in DGVMs, Snyder and Liess (2014) 

based their vegetation changes on an assumed theoretical timeframe of 100-500 years. They used 

the CAM3-CLM3 model and applied a 2.8o northward shift in the circumpolar boreal evergreen 

forest (represented by a one grid cell shift, and as such the smallest possible shift within that 

model setup). This led to the replacement of both grass, shrubs, and bare ground by evergreen 

forest in their simulations, with the aim to examine not only the regional, but also global 

atmospheric responses.  

In a study more similar to ours, Liess et al. (2011), using the WRF model on a circumpolar 

domain covering the entire Arctic (on a 30 km x 30 km resolution), for the month of July, 

applied a shift in which vegetation in all grid cells covered by the PFT “open shrubland” was 
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replaced by evergreen (and deciduous) needle leaf forest in the circumpolar area north of 50 and 

60oN (depending on the longitude). This however, represented a larger areal extent, and larger 

change in all biophysical properties (like LAI, albedo and roughness length), as compared to 

changes applied in our study. They also highlighted some unrealistic features of their vegetation 

shift, namely the lack of a simultaneous increase in shrub cover, and movement of the southern 

border of their boreal forest. Both of these features have been included in our simulations in 

Paper II.  

In contrast to the above mentioned studies, which all were carried out on circumpolar large 

domains, our study in Paper II was conducted on a limited sub-region of the boreal and Arctic 

biome, on higher horizontal resolution. As the vegetation shifts in our study represents a smaller 

fraction of the total study area, and the vegetation types replacing each other in our experiments 

are more structurally similar (as reflected in their biophysical properties, see Table 2, Paper II), 

comparatively less drastic effects on the atmosphere following our perturbations may be 

expected. However, as highlighted by Beringer et al., (2005), their observations suggested 

substantial non-linearity in the atmospheric response to changes in the structural properties of 

vegetation, and they showed that moderate structural and biophysical changes may cause 

significant feedbacks to the atmosphere, and is therefore of interest for further investigation.  

Emphasis in the investigation in Paper II was placed on the effects on land-atmosphere fluxes of 

heat and moisture (Objective 2a), along with other near-surface atmospheric variables. The 

northward migrating evergreen forest led to increased latent heat fluxes with an annual average 

of 4.4 W m-2, and with a peak of 18 W m-2 in July (Fig. 10). The large increase in summer LH in 
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our 

 

Figure 9: Result of northward migration of boreal forest and shrub expansion given as a 10 year average 
in 2 m temperature (upper left panel) and moisture (upper right panel), and surface fluxes of heat and 

moisture (lower left and right panel ,respectively) as compared to the control simulation. (Only showing 
significant results at the 95% confidence level). Figure modified from Rydsaa et al., (2015). 

 

simulations is caused largely by the simulated increase in LAI (and corresponding increase in 

inception and canopy evaporation). This led to enhanced atmospheric water content in our 

simulations (Fig. 9, upper right panel), increased cloud cover (as evident from the radiation 

fluxes, Fig. 10) and increased summer precipitation (+ 3.4 %). The increased LW and lowered 

incoming SW radiation in the summer season for this vegetation change is shown in Fig. 10 (thin, 

stippled line). 
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The increase in LH, cloud cover and rainfall enhances the partitioning of increased absorbed 

radiation (due to decreased albedo) into latent rather than sensible heat flux, and thereby 

decreases heating of the overlying atmosphere. This results in a lowering of summer SH, with a 

mean reduction of the July sensible heat flux by 11.2 W m-2 in areas with northward expanding 

evergreen forest, despite the counteracting effect of a slight increase in surface roughness 

associated with this vegetation shift (which leads to an increase during the other seasons). In 

areas with shrub expansion (conversion from mixed tundra to wooded tundra), the largest 

monthly mean effect was seen in June, with an average reduction of sensible heat of 1.3 W m-2. 

This decrease in summer SH stands in contrast to results of other studies simulating enhanced 

vegetation cover at high latitudes (Liess et al., 2011;Snyder and Liess, 2014;Jeong et al., 2014).It 

is largely explained by the comparatively moderate vegetation shift and corresponding small 

effects on structural canopy properties that affect the SH flux, combined with  the strong increase 

in LH, leading to an ET effect (here acting to reduce surface incoming SW radiation) dominating 

over the albedo effect (a positive feedback) during the summer months for this particular 

vegetation change.  

 

Figure 10. Monthly 10-year average changes in LW (left) and SW (right) downwelling in ech area with 
changed vegetation. Average of all vegetation changes shown as the thick black line (Ex2-Control). 

The flux repartitioning with reduction in summer SH in our simulations led to a modest annual 2 

m temperature increase of 0.12 K in areas with evergreen forest expansion (Objective 2b). Our 
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simulations show a peak temperature increase of 0.45 K in autumn, when the albedo decrease 

was larger and sensible heat increase was largest. This annual mean and seasonal response was 

largely related to the applied vegetation changes, where evergreen trees were replacing wooded 

tundra. The largest albedo response was seen in autumn when the deciduous trees shed their 

leaves. This led to increases in absorbed SW at the surface and increased SH, warming the lower 

atmosphere.  

The atmospheric response resulting from the separate vegetation changes along the northern and 

southern edges of the boreal forest largely pointed in different directions (Objective 2c); the high 

northward shrub and evergreen forest expansion lead to a decreasing albedo and enhanced near 

surface temperatures by 0.12 K, and a deeper and wetter planetary boundary layer. The 

replacement of evergreen forest by more broadleaved species along the southern border of the 

boreal forest led to lower LAI, higher albedo and lower surface fluxes. This resulted in decreased 

heating of the boundary layer and lower near surface temperatures and humidity. This vegetation 

shift as such led to an annually averaged negative feedback of about 0.2 K (Fig. 9). However, 

there were large seasonal differences in atmospheric response for the individual vegetation shifts.  

These results support findings by Jeong et al. (2011), who found that vegetation changes 

resulting from a doubling of atmospheric CO2 over the northern high latitudes led to an 

reinforced increase in daytime near surface temperatures in high latitudes (~0.9 K), but limited 

the initial increase in temperature in the mid-latitudes temperate forest regions by ~0.4 K.  

Beringer et al. (2005) examined the potential influence of structural vegetation changes by 

measuring surface energy exchanges along tundra to forest transition zone in Alaska during the 

summer. Beringer et al. (2005) reported small differences in latent energy flux between the sites, 

and a decrease in ground evaporation was compensated by an increase in ET moving from tundra 

towards more complex canopies. Sensible heat flux was increased going from tundra to more 

complex canopy vegetation, with both shrubs and trees enhancing the sensible heat flux to the 

atmosphere.  

Our summer increase in LH is slightly higher than the mean July value of 11.5 W m-2 found in 

Liess et al. (2011), who similarly to us found that expanding the needle leaved boreal forest led 

to an increase in LH rather than SH (+8.3 W m-2). The larger increase in SH as compared to our 
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results relates to larger changes in surface roughness length following their vegetation 

perturbations, and resulted in an overall annual warming of 0.63 K. Similar to our study, they 

found that the increased ET and LH led to a more humid PBL and increased cloud cover, leading 

to reduced SW downward flux, and increased LW. They also found areas within their study 

domain where these effects dominated over the albedo decrease, and led to cooling rather than 

warming. Their study did not include an analysis of precipitation. 

This partly contrasts findings in a follow-up study by Snyder and Liess (2014), who found a 

slight decrease in summer LH following a northward shift of boreal forest, and an annual 

increase of only 1 W m-2. They explained their findings by the counteracting effects of increased 

ET (+3.2 W m-2) and decreasing ground evaporation (-2.2 W m-2), and little or no increase in 

near surface atmospheric humidity or precipitation. Furthermore they found annual mean 

increases in sensible heat (+ 2.7 W m-2) as response to lowered albedo and increased net 

radiative forcing, leading to an annual warming of 0.3 K (JJA temperature increase of 0.4 K, and 

a peak in spring of 0.7 K). They found little or no increase in near surface humidity and 

precipitation, and a decrease in low cloud cover. They emphasize the role of coarse resolution in 

their simulations and argue that compared to the study by Liess and Snyder (2011), less fine 

scale surface processes can be captured on such a coarse resolution. They also highlight that the 

static representation of vegetation represents a limitation as it does not capture important 

processes related to vegetation dynamics. 

Jeong et al. (2014) found an increase in summer LH of 4.35 W m-2. They also found an increase 

in summer SH (+4.12 W m-2) leading to a peak increase in JJA near surface temperatures of 1.95 

K, although the main albedo effect was seen in spring. The increase in surface fluxes was caused 

by an increase in net radiation due to increased SW radiation in spring and summer (5.49 W m-2 

in MAM, 13.19 W m-2 in JJA), despite a decrease in LW caused by reduced low cloud fraction (-

6.98 % in JJA). The decrease in cloud cover was linked to a decrease in PBL moisture despite 

the relatively large increase in LH, which they explain by the relatively large summer 

temperature increase and corresponding increase in saturation vapor pressure in the 2xCO2 

environment forcing the simulation. No analysis of the effect on precipitation was included in 

their study. 
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As discussed further in Paper II, the spring effect on the albedo and surface temperature in our 

simulations may be underestimated, due to the limited treatment in this model version of the 

snow-masking effect of trees when the ground is covered by snow. Although the snow masking 

by the wooded deciduous vegetation on the tundra might be substantial (Sturm et al., 2001a), the 

effect of evergreen trees in spring most likely would exceed this, given a more elaborate 

parametrization. As such, the results for spring in these simulations might be underestimated 

with regard to the springtime albedo effect. This uncertainty in the results for the spring season 

in Paper II is investigated further in Paper III, by applying a more advanced parameterization of 

snow-vegetation effects.   

The areas with simulated shrub expansion (conversion from mixed to wooded tundra), 

experienced a small increase in temperatures throughout the year (Objective 2c) and increased 

PBL height (Fig. 9). The high north vegetation shifts as such contribute as positive feedbacks to 

the theoretical initial warming, as expected based on the findings by other studies (Bonfils et al., 

2012;Lawrence and Swenson, 2011). Although the effects on surface fluxes of heat and moisture 

resulting from this vegetation shift are weak as compared to the ones related to the boreal forest 

migration (Objective 2d), the results for the near surface temperature are interesting. The effect 

of increased shrub cover is further investigated in Paper III. 

Based on a broad analysis of available observational data from Arctic and boreal ecosystems, 

Eugster et al. (2000) found a general increase in latent heat flux in areas with deciduous trees 

replacing evergreen needle leaf forest, due to lower canopy conductance in conifer trees. A 

similar, yet less drastic replacement was made along the southern border of the boreal forest in 

our experiment, where we applied a replacement of evergreen needle leaf forest by mixed forest 

(representing a mix of coniferous and deciduous trees). This shift in vegetation, however, caused 

a modelled year-round reduction in latent heat. This result is closely related to the model 

parameterization related to this vegetation shift, which implies a decrease in LAI, but no increase 

in stomatal conductance, and it thereby acts to decrease the latent heat release to the atmosphere. 

The relatively high stomatal conductance in evergreen needle leaved trees (as compared to the 

other vegetation types) in our simulations also supports the significant increase in latent heat flux 

in summer months in areas with evergreen forest expansion.  
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Out of the mentioned model studies, not all include an analysis of clouds cover or precipitation, 

however, the only two reporting enhanced cloud cover and rain in response to increased 

evergreen needle leaved forest are the Liess and Snyder (2011) study and ours. Based on 

previous validation studies of the WRF modelling system in high latitudes, a persistent bias have 

been an overestimation of PBL moisture and especially summer convective precipitation (Wilson 

et al., 2011, 2012). This was supported by findings by Mölders and Kramm (2010), who 

highlighted the strong dependence on the choice of physical parameterizations on these results. 

However, according to findings by Jin et al. (2010), excess precipitation in the WRF model 

seemed detached from land surface processes, and remained overestimated across tests of four 

different land surface schemes. They did, however, not include an analysis of the dependency of 

land cover or land cover parameter values, which remain the same across land surface schemes. 

Based on our results, a further investigation related to cloud cover and precipitation in the WRF 

model in relation to vegetation parameters would be an interesting topic for further investigation. 

Also, here we have chosen to perturb only the vegetation type in each area. The greenness 

fraction is not altered, which influences the evapotranspiration and thereby available energy for 

sensible heat, as demonstrated by Hong et al. (2009). This choice in perturbation seemed more 

appropriate for the aim of this study. However, it might have influenced the results for the 

surface fluxes. 

We consider the vegetation shifts applied in Paper II as more moderate and, although simplified, 

in areal extent more realistic as compared to the ones applied in other studies with similar aim. 

Although stronger effects on near surface temperature and surface fluxes as compared to our 

results are to be expected in more extreme scenarios, it is also clear that the simulated 

atmospheric response is also strongly dependent on the model dependent vegetation properties, 

and that dominating feedback effects vary among model studies. Particularly the rate of increase 

in ET and LH, and the fate of excess moisture in the atmosphere seem to vary greatly among 

models. Further investigation into the mechanisms behind these differing results would be an 

interesting topic for further research.  

4.3 Further investigation of the effects of increased shrub cover  
The effects of increased shrub cover were largely dominated by the northward migration of 

boreal forest in Paper II. A further investigation of the biophysical effects related to this widely 
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observed vegetation change was the focus of Paper III. In this study we have again applied WRF 

(V3.7.1), but this time coupled with the Noah-UA land surface model, which has a more 

elaborate treatment of snow-vegetation interactions as compared to Noah. 

For the first experiment we adjusted the existing shrub cover by applying a cover with varying 

shrub heights according to present day summer temperature limits, based on well documented 

temperature-vegetation relationships for the region. This led to an increase in low alpine shrubs 

(height 2 m) and in sub-alpine and boreal tall shrubs and deciduous small leaved trees (height > 5 

m and 10 m, respectively) (Fig. 1, Paper III). To evaluate the sensitivity of the atmospheric 

response to inter-annual variations, simulations were conducted for a warm and a cold spring and 

summer season. The mean atmospheric response across these seasons represents a broad range in 

atmospheric conditions. To evaluate the sensitivity to a potential further expansion in shrub and 

tree cover related to a 1 K increase in mean summer temperature, we conducted additional 

simulations for each season, applying a new vegetation cover shifted according to new 

temperature limits. This led to the expansion of sub-alpine and boreal shrubs and low trees across 

the domain (Fig. 2, Paper III).  

Other modelling studies have suggested that the effect of increased Arctic shrub cover is largest 

in spring due to the strong albedo decrease resulting from the influence on the melting season 

(Bonfils et al., 2012;Lawrence and Swenson, 2011;Miller and Smith, 2012). This was confirmed 

in our results (Objective 2f). The relatively subtle increase in shrub and tree cover led to increase 

in near surface temperatures across both the spring and summer seasons, with the largest effect 

seen during the melting season in mid-May, with a peak in 2 m temperature increase of 0.8 K. 

Furthermore, the warming was larger in the warm spring season than in the cold, during which 

the temperature increase as averaged over the total area with vegetation change reached 1 K (Fig. 

11 and 12). Although these numbers represent comparatively moderate temperature responses, 

these results support previous modelling findings of peak warming anomalies following shrub 

cover increase during the spring melting season (Bonfils et al., 2012;Lawrence and Swenson, 

2011).  
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Figure 11. Effects of shrub cover increase on the seasonal mean near surface temperature. Effects of 
shrub cover increase on the spring season (top left panel) and summer season (top right panel), and 

effects of a vegetation shift corresponding to a 1 K increase in summer temperatures (bottom row), spring 
season (left) and summer season (right).Only showing significant results at the 95% confidence level 

according to a Mann-Whitney U-test of equal median. Figure modified from Paper III. 

Swann et al. (2010), using the CAM3-CLM3 on a 2.8o x2.8o resolution found an annual 

temperature increase of 0.2 K resulting from mainly increased ET following a 20% increase in 

deciduous broadleaved tree cover in previously bare ground areas north of 60oN (representing an 

area about 1.75 times the size of Alaska). In their simulations the strongly enhanced ET caused 

an enhanced greenhouse effect through increase in atmospheric water vapor, reinforced by sea-

ice interactions. They found that the warming caused by increased greenhouse effect was as 

strong as the one caused by decreased surface albedo. They furthermore found the largest effects 

on surface fluxes in summer, with a July increase in LH of 4.16 W m-2, and a comparatively 

weak increase in SH, of 1 W m-2. 

By applying a uniform ~20% increase in shrub cover with height 0.5 m in areas with bare ground 

north of 60oN, Bonfils et al. (2012) found a peak warming of nearly 2 K in the June melting 

season (using the CAM4-CLM4 model). By increasing the height of the total shrub cover to 2 m, 

the result for the peak warming increased to 4.75 K in May. Similarly, Lawrence and Swenson 

(2011) found a peak warming resulting from shrub cover increase in May-June of 1.5-2 ± 1 K. 
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This contrasts findings by Jeong et al. (2014), who found the largest temperature response to 

increased vegetation greenness in the summer season (+1.95 K), and a greater warming response 

also in the autumn season (0.98 K). Despite more drastic vegetation alterations as compared to 

our study, they find a similar spring season warming of 0.9 K.  

 

Figure 12. Time evolution of temperature anomalies following increased shrub and tree cover for the 
spring season (left column) and summer season (right column) as averaged over all areas with vegetation 
change, and averaged over only areas with low Alpine shrub increase (bottom row). Red lines represent 

the warm season feedback, the blue lines represent cold season feedbacks, and black lines represent mean 
values, which form the basis for the mapped values. Note that scales differ. 

The spring temperature response in our simulations are largely attributed to the albedo feedback 

of enhanced snow melt due to shrub and tree increase, leading to an increase in SW absorbed at 

the surface, despite a weaker SW downwelling attributed to increased cloud cover (Fig. 13 and 

14). As in Paper II, the increased net SW leads to enhanced LH more than SH, a deeper and 

wetter boundary layer, and increased cloud cover and precipitation (Fig. 14).  
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Summer warming was not as pronounced in 

our simulations, partly due to enhanced early 

summer snow cover and increased surface 

albedo in areas with low alpine shrubs (Fig. 

11, bottom right panel and Fig 12, upper 

right panel), leading to a reduction in net SW 

radiation absorbed by the surface and 

correspondingly lowered SH and temperature 

decrease. The resulting mean warming 

response across all areas with vegetation 

changes was a comparatively moderate 

increase of 0.05 K, concealing the fact that 

the warming in areas with taller vegetation 

was almost as pronounced as during the 

spring season. The effects of increased shrub 

cover on the near surface temperature are 

shown in Fig.12. 

One of the objectives of this paper was to 

investigate the sensitivity to shrub and tree 

height on the atmospheric response 

(Objective 2e), in addition to expansion into 

tundra areas. Other modelling studies found 

that taller shrubs have a greater ability to 

warm the overlying atmosphere (Bonfils et al., 2012). The peak effects on temperature, latent 

and sensible heat fluxes in their simulations were increased and shifted from June to May in the 

case with taller shrubs, according to the maximum reduction of albedo related to the earlier 

emergence of canopy from beneath the snow in spring, and a stronger effect on snowmelt in the 

tall shrub case.  

The high sensitivity to shrub height, and corresponding increase in LAI was confirmed in our 

findings in Paper III. We found that the atmospheric warming, increase in surface fluxes, and 

Figure 13. Mean response as averaged over the 
separate areas with vegetation changes (black lines 

indicate one σ range about the mean). Note that 
scales differ among panels. Figure modified from 

Paper III. 
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albedo decrease were larger in areas with increase in taller vegetation (Fig. 13). The atmospheric 

response in areas with expansion of low alpine shrubs (lower vegetation) were more sensitive to 

environmental conditions such as snow cover and mean temperature.  

  

Figure 14. Mean seasonal effects on low level cloud cover fraction (top row), relative change in 
accumulated seasonal precipitation (middle row) and spring season snow and ice precipitation (bottom 
panel). Only showing significant changes at the 95% confidence level. For precipitation, significance 

tests are conducted on daily values of accumulated precipitation, rather than three-hourly values. Mean 
over spring seasons in left column, and summer season in right column. Note that scales differ among 

panels. Figure from Paper III. 

Similar to the findings of Bonfils et al. (2012), a strong increase in LH in our simulations (fourth 

row, Fig. 13) led to increased cloud cover and precipitation in both spring and summer seasons 

(Fig. 14). The enhanced atmospheric moisture increased LW (fifth row, Fig. 13) to the surface 
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and reduced the albedo effect through reduced SW downwelling, although the net SW was 

increased in areas with taller vegetation due to strongly decreased surface albedo. 

Like Swann et al. (2010), Bonfils et al., (2011) also found large increase in LH (> 5 W m-2 and > 

12 W m-2 in low and tall shrub cases, respectively) acting to enhance warming through the 

greenhouse effect, particularly in the case with taller shrubs. In addition to increased downward 

net LW radiation (5-10 W m-2), they similarly to our results found that the increased atmospheric 

water content resulted in a slight increase in summer season rain, particularly in the tall shrub 

case.  

This contrasts the findings of Jeong et al. (2014), who experienced that despite a strong increase 

in LH (+4.35 W m-2), the atmospheric relative humidity (RH) decreased, resulting in a decrease 

in summer low cloud cover, as mentioned in the discussion of Paper II. Similarly, Swann et al., 

(2011) found an increase in LH (1.39 W m-2 in spring, 4.16 W m-2 in summer) rather than SH 

(1.30 W m-2 in spring, 1 W m-2 in summer). However, they found that the low cloud fraction was 

reduced, despite  increased atmospheric water vapor leading to an enhanced greenhouse effect.  

The vegetation distribution applied according to a theoretical 1 K shift in summer temperatures 

may serve as a simplified proxy for a future scenario with regard to vegetation re-distribution, 

providing the results are interpreted with care (Objective 2h). We found that the larger feedback 

to the summer season warming (Fig. 10, bottom row and Fig. 11, second row) was related mainly 

to taller vegetation, and stronger in the future scenario The spring response to increased shrub 

and tree cover was enhanced mainly in the warm spring season in both the present and future 

scenario. Based on these results, we might expect that in a warmer climate, the positive feedback 

effect of shrub expansion would strengthen in both spring and summer seasons. 

The northward migration of taller trees and the sub-alpine ecotone in the future scenario 

enhanced warming in both seasons, and in some areas summer warming even more than spring. 

As the summer temperatures are highlighted here as one of the main environmental drivers of 

shrub expansion, we can conclude that the main feedback to shrub and tree growth in these areas 

are subject to a time lag corresponding to that of establishment of taller shrubs and sub alpine 

trees in tundra areas, as concluded by de Wit et al. (2014) and coherent with the results of 

Bonfils et al. (2012).  
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As in Paper II, our simulations in Paper III represented more subtle vegetation changes as 

compared to those applied in other modelling studies with similar aim. The vegetation changes in 

Paper III were applied according to well established climate-vegetation relationships in the area 

of interest, and aimed at representing the shrub and low tree cover in accordance with present 

day temperature limits. In addition a future projection, based on a theoretical summer 

temperature increase of 1 K, was simulated. In both simulations the shrub height increase was 

limited to areas already covered with lower shrubs, and trees were only allowed to expand into 

areas with pre-existing shrub cover. As anomalies from studies with similar aim (Swann et al., 

2010;Lawrence and Swenson, 2011;Bonfils et al., 2012;Jeong et al., 2014;Jeong et al., 2011) 

represented effects of increased shrub and tree cover as compared to bare ground (Swann et al., 

2010;Bonfils et al., 2012) or Arctic grasslands (Lawrence and Swenson 2011), or according to 

the dynamic vegetation response resulting from a doubling of CO2 and corresponding heating 

(Jeong et al., 2014;Jeong et al., 2011), the atmospheric effects resulting from our vegetation 

perturbations should be expected to be less extreme. However, comparing results in Paper III to 

the other modelling studies and to the findings in Paper II, the near surface warming associated 

with our more drastic vegetation shifts were often of the same magnitude, particularly in the peak 

melting season.  

Compared to other studies with similar aim, our study is conducted on, to our knowledge, state-

of-the-art high resolution (so-called “convection-permitting” at 5.4 km x 5.4 km). As highlighted 

in Snyder and Liess (2014), one might expect that the modelled effects on the atmosphere caused 

by fine scale changes in the surface properties are better captured when resolved on higher 

resolution. However, it is hard to estimate to which degree this aspect has influenced our results 

in comparison with other modelling studies. 

Based on the above comparison of modelling studies it is clear that there is a qualitatively 

consistent temperature response in atmospheric temperature across models and vegetation 

perturbations in response to increased high latitude vegetation. However considerable differences 

arise in the response related to the surface fluxes of heat and moisture, and particularly to the fate 

of additional atmospheric moisture. In our simulations strong increases in LH following the 

vegetation perturbations in both Paper II and Paper III lead to enhanced cloud cover and 

precipitation, particularly in summer. This is also the case in Bonfils et al. (2012). However, the 
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opposite effect on cloud cover is seen in other studies (Swann et al., 2010;Jeong et al., 2014). 

This relates not only to the nature of the applied changes to vegetation cover, but also to the 

parameterization of vegetation characteristics, and model dependent calculations of cloud 

microphysics and convective dynamics. In addition, the mentioned difference in spatial 

resolutions among the modelling studies might have influenced these results.  
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5 Discussion and suggestions for future research 
The work presented as part of this thesis has contributed to identify several interesting topics for 

further research. Some of these are emphasized in the following. 

Based on the findings of Paper I, we agree with the conclusions of previous validation studies in 

that the Wesely dry deposition scheme in WRF-Chem should be revised to better account for 

environmental conditions such as water availability. In addition, we suggest that some further 

investigation on the suitability of the temperature response function and vegetation-specific 

values for the minimum stomatal resistance parameters could act to improve estimation of the 

stomatal resistance used in the gaseous deposition. For the purpose of applying WRF-Chem in 

estimating potential ozone induced damage to vegetation, the stomatal conduction 

parameterization could be improved according to other well tested models, such as the DO3SE 

model. Further testing and validation towards measurements in various ecosystems would be 

required in order to establish a suitable setup for applying this model in dose estimates. If the 

stomatal dose simulated by the model can be improved, we believe the WRF-Chem model could 

be a powerful and versatile tool in estimating risk of ozone induced damage to vegetation under 

present and future climate conditions. 

The findings related to the partitioning of excess energy into latent and sensible heat fluxes in 

response to increased vegetation cover in Papers II and III were interesting, and to some degree 

they differ as compared to the results of several observational and modelling studies. It is also 

worth noting that this aspect of land atmosphere interactions differ notably among other 

modelling studies, as it is closely linked to the parameterization of vegetation properties and 

vegetation changes in models. Based on our findings of substantial increase in LH due to 

vegetation increase in high latitudes, it would be interesting to further investigate this aspect in 

relation to previously known biases in the WRF model, regarding excess atmospheric moisture 

and convective precipitation (particularly in summer) (Wilson et al., 2012;Mölders and Kramm, 

2010). Special focus could be on vegetation types and particularly the corresponding parameter 

values. 

Also, our results show that the contrasting effects of albedo decrease and increased cloud cover 

due to enhanced ET impact on net short wave radiation and corresponding warming. In our Paper 
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III the net response varies among vegetation shifts, and furthermore we have seen that this effect 

also varies greatly among modelling studies. This is an aspect of increased vegetation cover that 

is difficult to measure in situ, and modelled effects are highly sensitive to model 

parameterizations of vegetation properties (such as LAI, rooting depth, stomatal conductance and 

albedo). However, it is of great importance in estimating atmospheric effects of high latitude 

vegetation changes. It would be interesting to investigate this aspect further in sensitivity 

analyses and modelling experiments. As highlighted by Wullschläger et al., (2014) and in Bonan 

(2016), further investigations and development of PFT parameter values and validation datasets 

regarding plant functions and properties are necessary to increase accuracy in biosphere-

atmosphere modelling, and would greatly enhance confidence in all aspects of modelled results. 

Paper III in this thesis is conducted on a comparatively fine resolution as compared to other 

modelling studies focused on the atmospheric effects of increased shrub cover. To our 

knowledge, there are no other studies on equally fine resolution, and limited numbers of studies 

with similar aim, and consequentially, relating our results to other studies has proven somewhat 

challenging. More fine scale simulations of vegetation changes and corresponding feedbacks to 

the atmosphere are needed in order to increase understanding of these processes, both in the 

present and the future climate.  

The term ecological “tipping point” can refer to the level of vegetation response, where the 

atmospheric warming resulting from increased shrub and tree cover feedbacks enhances the 

further growth to such a degree that the response becomes nonlinear in relation to the initial 

warming (Brook et al., 2013). Given the strong impact of the northward migrating sub-alpine 

ecotone on the summer temperature shown in Paper III in this thesis, we find the possibility for 

such a future tipping point in the circumpolar tundra area probable. This could be investigated 

further by e.g. model sensitivity experiments, fine scale vegetation distribution modelling and 

possibly observational studies.  

Substantial uncertainties regarding the future response of high latitude ecosystems to climate 

change contribute to large spread in climate model projections of future climate (IPCC, 2013, 

Chapter 9;Friedlingstein et al., 2013;Piao et al., 2013). This is in part due to limitations in the 

representation of high latitude ecosystems in climate models (Wullschleger et al., 2014). To 
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improve understanding of cold climate vegetation-atmosphere feedback processes increased 

efforts in model development and observational studies for validation should be prioritized. 
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