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Firstly, we would like to express our sincere gratitude towards the two anonymous referees 

for taking the time to review our study, and for the constructive suggestions and comments to 

improve the manuscript. See point-by-point replies to the comment below, answers are given 5 

below each cited comment in italics. 

 

Answers for anonymous Referee #1 
Received and published: 28 November 2016 

 10 

“Rydsaa et al. present an interesting investigation into changes to the near-surface 

atmosphere resulting from vegetation change, with a particular focus on near-surface 

temperatures. They use the WRF model to compare simulations where the vegetation 

extent is (i) based on present day climate distributions, and (ii) relating to a 1K increase 

in summer temperatures, relative to the current vegetation distribution. The authors 15 

also considered the sensitivity of this response to inter-annual variability. Based on 

the results presented in this manuscript, the authors suggest that tall shrubs are key 

to a summer warming feedback but that the main impact of shrub expansion is on 

advancing the onset of snowmelt in the spring, thus inducing a positive feedback to 

spring temperatures. In terms of inter-annual differences, the authors propose that 20 

their results show that the warm summer-tall shrubs feedback is consistent across 

warm and cold seasons. They finish by proposing that their findings show “a clear 

potential for a so-called vegetation-feedback tipping point”.” 

 

We are glad that the reviewer finds the study interesting. The reviewer has clearly taken the 25 

time and effort to get to know our study very well, and we truly appreciate this and the 

following thorough review of the manuscript. 

 

“In order for this paper to be acceptable for publication in Biogeosciences, the following 

major revisions are required: 30 

 

1. Ideas are not always introduced in a logical manner, and the text is frequently hard 

to follow. Moreover the writing style needs to be more concise to improve clarity and flow of 

ideas (See detailed line-by-line comments for examples). It would also be nice 

to see some hypothesis or specific research questions clearly stated in the introduction 35 

and these used to structure the subsequent results and discussion. This would greatly 

facilitate the overall readability and coherence of the work, but will require some major 

structural changes to the manuscript to be achieved.” 

 

The text has now undergone a thorough revision for the purpose of increased readability. We 40 

have also adjusted and re-organized the manuscript to further clarify the focus and ideas 

behind the study, by 1. rewriting the introduction to better introduce the main research 

questions, and 2. change the headers in the methods section and re-organize the text, 3. 

changed order of figures in methods section and 4. change the flowchart in what is now 

Figure 2. Furthermore, we have re-arranged parts of the results presentation and discussion 45 

to follow up on the structure presented in the research questions and methods section.  

 

The language has been examined and clarified throughout the manuscript, and certain 

sections have been substantially shortened in the process. We sincerely hope the reviewer 

agrees that the revised manuscript improved and more easily accessible.  50 
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“2. Central to this work is the assumption that published climate envelopes for vegetation 

types in Norway are sufficient to predict changes in future vegetation when 

mean summer temperatures are 1K warmer. However, the authors show significant 5 

discrepancies between the present-day vegetation distribution and that expected from 

the climate envelopes based on present day climate. This suggests that either (i) the 

climate envelopes are inappropriate, or (ii) the present-day vegetation is out of equilibrium 

with the present climate – perhaps due to warming that has already occurred. The 

former case presents obvious difficulties for the use of these climate envelopes. In the 10 

second case, it seems somewhat unrealistic that the vegetation will have had time to 

adjust to the scenario indicated by the climatic envelopes under 1K warming, given the 

timeframe over which 1K warmer summer temperatures will be achieved. As it stands, 

this study is limited in how much can be drawn from the ‘future’ distribution based on 

the climatic envelopes associated with a 1K increase. There needs to be significantly 15 

more discussion of the limitations of using climatic envelopes and justification of their 

use.” 

 

As pointed out by the reviewer, we realize that our use of bioclimatic envelopes in this work 

has not been properly introduced and explained, and the background for each of the 20 

vegetation distributions not well enough distinguished. As mentioned in the original 

manuscript (but not adequately emphasized), the vegetation distribution in the reference 

simulations are based on the MODIS land use dataset (Broxton, 2014), which represents 

present day vegetation distribution (which one can only speculate to which degree is in total 

equilibrium with present day climate or not, as several other factors are also influencing the 25 

shrub cover, as explained in the introduction). As a satellite based dataset, it is not 

specifically linked to summer temperatures or bioclimatic envelopes and cannot be expected 

to be in complete equilibrium to the 10 year mean summer temperature based bioclimatic 

zones developed for the purpose of this study. Although this vegetation distribution in our 

opinion serves well as a reference point for our vegetation perturbations, one original 30 

limitation to this dataset with respect to our study, is that it has only one shrub vegetation 

category representing the tundra area of interest here (with shrub heights of <0.5m). To study 

the effects of different shrub heights on the atmospheric response (research question 1.a), we 

found it necessary to split this shrub class into three sub-classes with different heights; sub 

alpine, low alpine and mid alpine shrubs. In order to distribute these across the shrub 35 

covered area as defined by the MODIS dataset, we applied the simplified “bioclimatic 

envelopes” based on the key criteria of mean summer temperatures, in combination with 

empirically derived temperature-vegetation relationships from the region (as further 

explained in the Methodology section).  

 40 

We realize that the distinction between the use of the MODIS dataset (which is not based on 

bioclimatic envelopes) and the vegetation perturbations applied to it (which are based on a 

key bioclimatic criteria; summer temperatures which represents a simplified bioclimatic 

envelope) was not properly introduced in the manuscript, and appeared confusing.  

 45 

This has been clarified in the revised manuscript, both in the new “Study design” section 

(2.1) and by adding a further explanation of this in the “Land use and re-distribution” section 

2.3. Furthermore, it is illustrated in the flowchart figure (now Figure 2.) 
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We hope the reviewers agree that given this distinction, there is no discrepancy in the use of 

bioclimatic envelopes between the reference simulation and the perturbed simulations, rather 

bioclimatic envelopes are used as a refinement on the original, satellite-based dataset. 

However, following the reviewer’s suggestion, this side of the study and its potential 

limitations has been discussed further in the revised manuscript.  5 

 

With respect to the original 1K “future” scenario, we do agree with the reviewer in that 

results from this experiment should be interpreted with care (as highlighted in the Discussion 

section).  

 10 

The manuscript has been rewritten to emphasize this, and to more clearly highlight the actual 

purpose of this experiment; The vegetation perturbation produced from the 1K perturbation 

to the mean summer temperatures were applied as a sensitivity experiment, rather than to 

represent a pseudo-realistic future scenario for vegetation distribution in the area. As such, 

we have made no assumptions of a specific timeframe for this vegetation distribution. 15 

However, as a temperature increase is a very likely part of future climate conditions in this 

area, the loose term “future scenario” was used to describe it, yet the aim was rather to take 

into account an assumption of uncertainty in the shrubs’ response to summer temperatures as 

a key environmental condition. However, we argue that valuable information about potential 

future feedbacks can be inferred by interpreting the results from the two different 20 

experiments. 

 

The description of this experiment in the introduction and in the study design sections has 

been be clarified and rewritten to better reflect this purpose, rather than emphasizing the 

“future” aspect. In addition, the results and the discussion sections have been rewritten (both 25 

headers and text) to better present the experiment in the proper context. 

 

“3. It is stated that only the vegetation distributions are altered and that the simulations 

are identical in all other respects. This suggests that your model is being forced with 

present day climate for both the reference and 1K runs, i.e. you are measuring the 30 

strength of the vegetation feedback under today’s climate. However, of interest is the 

strength of the vegetation feedback in a 1K warmer climate. To assess this, surely the 

driving meteorological data need to reflect this 1K warming (and associated changes in 

winter climate and snow cover)? I suggest that you run a new 1K reference simulation 

with the present-day vegetation distribution and met data reflecting the 1K warming. 35 

This would still allow you to isolate the vegetation feedback, under a more meaningful 

scenario.” 

 

We agree with the reviewer’s opinion that the strength of the atmospheric feedback might 

vary under different climatic conditions. This was exactly our reason for choosing to simulate 40 

our reference and perturbed vegetation distribution under varying climatic conditions, by 

choosing two contrasting years with respect to snow cover and summer temperatures. The 

contrasting response between the two years will give an indication of how sensitive the 

feedback strength is to variations in the climatic conditions, whether they arise as part of the 

natural present climate variability, or represent some future mean state or condition.  45 

 

Although the perturbations to the vegetation distribution in the two sensitivity experiments are 

based on a shift in the bioclimatic envelopes corresponding to a 1K difference in mean 

summer temperatures, the goal of investigating feedbacks under varying climatic conditions is 

not particularly linked to a 1K general warming of the climate. The temperature difference 50 
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between the two contrasting years chosen here more than covers the 1K temperature 

difference chosen to perturb the vegetation cover (as shown in the results section). Rather 

than representing a particular shift in temperature, it represents the natural variability in 

temperature in this area over a 10 year period. However, our motivation is that the difference 

in response particularly across the warmer versus the colder year, may serve as an indicator 5 

of potential differences in feedback mechanisms that dominate in a warmer versus a colder 

climate.  

 

The reviewer suggests an approach to investigate this aspect of the feedback sensitivity, by 

making another reference simulation with met data reflecting a 1K warming. It is not clear 10 

whether the suggestion inherits a perturbation of met data (which could prove problematic in 

comparison with the other simulations in principle, as this would force the regional model 

with “unrealistic” meteorological conditions), or if the reviewer in fact suggests a similar 

approach as the one we have chosen yet apparently failed to properly communicate.  

 15 

We acknowledge that this side of the setup/approach was not introduced clearly enough in the 

original manuscript, and in the revised manuscript, more emphasis has been put on this 

aspect of the setup in both the introduction, study design section, results section and in the 

discussion. The different response across the two contrasting years has been more 

emphasized, and the context/meaning of this investigation has been highlighted. We hope the 20 

reviewer agrees that this is a sound approach to answer this research question.  

 

 

“4. The introduction highlights the importance of soil properties in determining the 

distribution of shrubs and their response to changes in climate, in particular drawing attention 25 

to soil moisture content, in addition to mean summer temperatures, as key drivers 

of shrub expansion. This study explores the effects of increased summer temperatures 

(by 1K). However, it is not clear that the influence of soil properties is taken into account 

regarding the perturbed vegetation simulations, although this will surely be an 

important constraint on future distributions. “ 30 

 

 As referred to in the introduction, both soil moisture content and summer temperatures have 

been shown to be important factors in regulating shrub expansion. In this study we have 

chosen to use only mean summer temperatures to derive our “simplified bioclimatic 

envelopes” used to perturb the vegetation distribution. This has been clarified in the revised 35 

manuscript, particularly under the section “study design”. The effect of soil moisture in the 

system is taken into account in the model simulations, and feedback to the soil moisture is 

briefly shown in the results. However, in the “simplified bioclimatic envelopes” as defined 

and used here, the soil moisture content is not a determining factor. We completely agree with 

the reviewer (and cited literature) that in a more realistic future scenario it would certainly 40 

be an interesting factor to include. Also, in the study region of interest here, other factors 

such as herbivory by reindeers could possibly play and equally important role, however a 

further investigation into these factors is not the aim of the present study (as also noted in 

point 1 by Reviewer#2). 

 45 

 

Detailed comments 

 

Abstract  



5 

 

We agree and the abstract has been rewritten in accordance with the reviewer’s suggestions. 

The abstract has also been revised to better fit with the restructuring of the rest of the 

manuscript. 

 

“P1L11 Specify that you are evaluating the sensitivity of near surface atmosphere / 5 

Temperatures 

 

Corrected  

 

P1L12 Specify that these are model experiments 10 

Corrected.  

 

P1L21 Shortwave radiation instead of SW would be clearer 

Corrected  

 15 

P1L22 “shrub and tree heights, which lower the surface albedo” 

Revised in accordance with the reviewer’s suggestion 

 

P1L28 Be more specific –a role in what?” 

We agree that this was vague and have adjusted the abstract accordingly. Added; “..role in 20 

land-atmosphere feedback processes…” 

 

 

Introduction 

“P1 L34-6 Writing style needs to be more concise” 25 

 

The section has been revised, and a thorough review of the language has been conducted 

throughout the manuscript.  

 

“P2 L6 You mention biochemical effects here but nowhere else. Can you provide some 30 

references for this opening sentence? 

 

As the biochemical effects are not addressed in this manuscript, the phrase has been removed 

to avoid confsion. 

 35 

P2 L7-8 The increase in radiation absorption is due to the decrease in surface albedo 

–please structure the sentence to reflect this. 

Corrected 

 

P2 L12 “influence the melt and sublimation” this sentence is quite vague –can you 40 

specify what this influence is (i.e. does it enhance or reduce melting/sublimation) 

 

Re-phrased for clarity 

 

P2L15-16 Provide a reference for this. 45 

 The paragraph is rewritten for clarity, showing that this statement is referring to the findings 

in the Sturm paper cited.  

 

P2 L16 Missing punctuation. 

 Corrected 50 
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P2 L21 “speed the melting season” –this is unclear, do you mean that the onset of 

melting is advanced or that the melting season is shorter and more intense? 

 

 Both the onset and rate of snowmelt is meant, and clarified in the revised manuscript.  5 

 

P2 L24-39 Provide more information regarding the climate scenarios these vegetation 

increases related to (i.e. how many degrees increase in temperature) –this will provide 

better context for your own study 

 10 

The mentioned modelling studies do not put their shrub expansion experiments in relation to a 

specified climate scenario or temperature increase, rather that the shrub expansion is a result 

of some hypothetical future climatic state (the year 2100 is mentioned in one of the studies). 

In this respect, their approach is similar to ours, and therefore, in our opinion, these studies 

serve as excellent studies for comparison to ours.  15 

 

P3 L4 coupled “with” not “to” 

Corrected  

 

P3 L9-12 Please provide a reference(s) to support/illustrate this” 20 

 

References inserted 

 

“P3 L31 “Also based on dendroecological observations in northern Scandinavia” is 

misleading as the study discussed just previously (Myers-Smith 2015) was based on data 25 

from across the circumpolar region, not just northern Scandinavia.” 

 

 This is a good point, and we acknowledge that this was not made clear. It has been adjusted 

as suggested. 

 30 

“P4 L 6-7 This spatial resolution cannot resolve “fine scale features of vegetation 

change”, which will be occurring on much smaller scales than the model grid size” 

 

This is of course a valid objection, and this statement was written in comparison with 

previous, coarser scale studies in mind. However, the sentence has been rewritten for clarity 35 

and the role of resolution more appropriately addressed to reflect the comparison. 

 

“P4 L12-18 This paragraph could be clearer in its presentation of the main aims of the 

study. In the methodology you state that differences between seasons are of particular 

interest, but this is not mentioned in this paragraph. You should list the hypotheses 40 

that are tested in the manuscript here (this will also help provide a structure to your 

discussion section, relating yours results to the research questions).” 

 

We agree with the reviewer that a more clear presentation in this paragraph greatly 

benefitted the total readability and re-structuring of the manuscript. As mentioned in point 1. 45 

above, the more clear structure in the presentation of both the purpose and corresponding 

setup presented above has been  added to the revised manuscript, and followed up throughout 

the methodology section and in the presentation  and discussion of the results. 

 

 50 
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Methodology 

“P4 L22-24 This needs to be explained more clearly, i.e. how do the vegetation change 

simulations differ from one another 

 

The difference between vegetation distributions have been more clearly presented and ideas 5 

behind them more appropriately introduced  in both the introduction and in the study design 

section. 

 

P4 L36 Requires references to said studies” 

 10 

P.4, Line 38: References inserted. 

 

“P6 L10-11 “Alterations in the atmosphere results from the biophysical changes related 

to the applied vegetation perturbations alone” –does this mean that in simulations 

where the vegetation is prescribed based on a 1k increase in summer temperature, you 15 

do not adjust the forcing met data to reflect this?” 

 

As discussed in the points above, yes, the reference and perturbed simulations are run with 

the same meteorological forcing to isolate the effect of vegetation perturbations on the 

atmosphere. However, the sensitivity of the feedbacks related to variations in climatic 20 

conditions such as the temperature are investigated by choosing two contrasting years (2003 

and 2008) with respect to temperature and snow cover.  

 

“P6 L19-23 This is not clear” 

 25 

P6, line 35-38: Rewritten for improved clarity.  

 

“P6 L19 The authors define vegetation categories according to “empirically derived climatic 

vegetation zones” –they cite Bakkestuen et al 2008 who develop a model for 

vegetation variation in Norway. It is not clear during the methodology section whether 30 

the “empirically derived climatic vegetation zones” are from Bakkestuen et al. 2008 or 

are derived by the authors.” 

 

 It will be clarified in the revised manuscript that we have followed a comparable approach 

as Bakkestuen et al, in deriving our simplified bioclimatic zones. However, whereas 35 

Bakkestuen et al. derived their bioclimatic zones from a multitude of climatic and other 

variables (temperature, precipitation, snow cover, geology, topography etc.), the presented 

zones were purely based on summer temperature. 

 

“P7 L4 Should be “e.g. see” 40 

Corrected  

 

P7 L23 Specify the increase in JJA 2 m temperatures applied” 

 

Clarification added, 45 

 

“P7 L34 I’m not sure what you mean here 

The sentence was unclear and unnecessary and has been removed from the revised 

manuscript 

 50 
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P7 L36-38 Shouldn’t the forcing met data reflect the temperature increase in the Veg1K 

simulation?” 

 

As explained above, the feedback sensitivity to temperature is investigated using the two 

contrasting years of met forcing data. 5 

 

Results 

“P8 L2-3 This should be explained properly in the methodology 

Section has been moved up to methods section. 

 10 

P8 L8-10 Refer to table 2 here 

The section has been rewritten for clarity, and reference to Table2 inserted below.  

 

P8 L25 Remove “also” 

Corrected  15 

 

P8 L27 Refer to specific plots, e.g. using lettered plots 

Lettered plots incerted, and references updated accordingly 

 

P8 L35 Reference to Fig. 7 not Fig. 6 20 

Corrected 

 

P9 L4 Reference to Fig. 4 not Fig. 3” 

Corrected 

 25 

“P9 L14 “These areas” –do you mean areas with low alpine shrub expansion?” 

Yes, and clarification has been added, in addition to other adjustments to the section.  

 

“P9 L22-23 “. . . the small albedo decrease associated with the low-alpine shrub increase. 

The areas with taller shrubs and trees on the other hand, are characterized 30 

by a decrease in snow cover throughout the spring and summer seasons due to a 

stronger albedo decrease (Fig. S4)” –I can’t see how this figure specifically shows the 

different albedo effects associated with these vegetation types (i.e. low-alpine shrub 

vs. tall shrub and tree)” 

 35 

The spatial distribution in mean seasonal albedo changes are shown in the bottom panels. 

Each area with vegetation changes can be recognized by comparing with e.g. Fig. 3.  

 

 “P9 L27 Add parenthesis” 

Corrected 40 

 

 

“P9 L29-30 “The increased SH mainly acts to heat the lower atmosphere within the 

boundary layer, while the LH is also released above the PBL height” –it’s not clear 

where this result comes from” 45 

 

This is not specifically shown here, but more a reference to general meteorological processes. 

The sentence has been rewritten for clarity:  
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P. 9, lines 38-40 “The increased SH mainly acts to heat the planetary boundary layer (PBL), while the LH is 

mainly released above the PBL height. The LH therefore does not affect the 2 m temperature to the same degree 

as the SH, as the heat is released as the water condenses, which may well be higher up in the atmosphere.”  
 

“P9 L37-39 The figures you refer to do not show the results you present in the 5 

manuscript text here (net not incoming SW and LW)” 

 

P.10, Lines 10-12: This is not specifically shown here, but provided as additional information 

to explain the results. This is clarified in the revised manuscript. 

 10 

“P10 L3 You refer to “increased shrub cover”, do you also mean increased tree cover 

here too? Later on in this paragraph you refer to “vegetation changes” and on L38 you 

talk about “increased shrub and tree cover” –are you using these three phrases 

interchangeably or do you mean something different in these instances? It is not clear. Also, 

please specify which simulation these results are from (I presume Veg0K – RefVeg).” 15 

 

Yes, the three phrases are, somewhat confusingly used interchangeably, as the reviewer 

points out. The revised manuscript has been rewritten towards a more coherent presentation 

of the vegetation changes applied.  

  20 

“P10 L 5-6 It is not clear from just looking at Fig. 7 that the low cloud cover increase is 

predominantly occurring over areas of vegetation change –you should at least refer to 

the bottom panel in Fig. 1 that shows this or include it again in the empty plot of Fig. 7 for 

easy reference. 

 25 

A reference to the maps in Fig. 3 has been inserted in the revised manuscript.  

 

“P10 L13-14 “This indicates”. If the only thing that you changed between the two simulations 

was the vegetation cover, then surely then all the precipitation change must 

be attributable to this? What else would have caused it if all other variables were kept 30 

constant?” 

 

 We acknowledge that this is vague, as the referee correctly points out, the changes are 

caused by vegetation changes and feedback mechanisms related to these. The sentence has 

been omitted from the revised manuscript as it was misleading.  35 

 

“P10 L15-18 What do you mean by “summarized”? Looking at Table 2, the 2.2% increase 

is the averaged change over all areas with vegetation changes and over both 

cold and warm summer seasons.  

By “summarized”, we refer to the fact that rather than averaging over the areas with 40 

vegetation changes, as with the other variables, it was more informative to summarize over 

these areas for this particular, accumulated variable. The sentence has been rewritten for 

clarity in the revised manuscript.  

 

You only provide the warm spring increase in precipitation (1.1%), why not the change 45 

averaged over both warm and cold seasons in this case? This is not consistent with your 

presentation of the summer result.  

 

The number has been changed for the mean value, as suggested for consistency. 

 50 

The 1.4% increase in snow and ice appears to be from the cold summer season (looking 
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at Table 2), why did you select this specific value? Per Table 2 this is not a statistically 

significant finding, yet the p value you present in this paragraph is (p = 3.19 x 10-9).” 

 

The 1.4% was referring to the increase in spring average snowfall, however, Table 2 said 

1.3%, due to a  round-off error, which is now corrected. P-values for some of these numbers 5 

have been omitted in the revised manuscript, for improved readability, as they were not 

necessary.  

 

“P10 L20-25 Be clear that you are discussing the RefVeg simulations here 

 10 

Clarification in the form of simulation abbreviations have been added. 

 

P10 L 22 “and a 3.1K warmer 2 m temperature, on average.” Looking at Table 2, the 

difference seems to be 2.97K ? 

 15 

These are numbers that are based on the domain as a whole (as they are not linked to the 

experiments as such) which has been clarified in the revised manuscript.  

 

P10 L27-28 Be clear that you are discussing the RefVeg simulations here 

 20 

Clarifying references to simulation names have been inserted for clarity.  

 

P10 L28 Be more specific –how many days earlier? 

We refer the reader to the figure for more exact numbers.  

 25 

 

P10 L39 Spatial pattern of snow cover shown by Fig. S3 not the spatial pattern of snow 

Depth 

This is an excellent point, we have revised the manuscript to account for this.  

 30 

P11 L11 Please indicate the subplots of interest here, e.g. Fig. 10 c & d” 

 

Figure and references have been adjusted in accordance with the reviewer’s suggestion.  

 

“P11 L21-26 The temperature values presented here do not match those given in Table 35 

2. I presume this is because the Table values are means over areas with vegetation 

change only whereas in this paragraph you are presenting values for the entire model 

domain –is this correct? It is not clear why you are not consistent here, particularly 

as for precipitation you refer to Table 2 rather than continue with giving whole-domain 

values.” 40 

 

 The numbers presented here are not particularly related to the experiments or the areas with 

vegetation changes, as they are given as a summary of the mean differences in the climatic 

conditions between the two contrasting years in the area as a whole. Therefore, they are 

given as domain averages (only land areas) and not related to areas with vegetation changes 45 

specifically, as the case in the previous section. We have clarified this in the revised 

manuscript, following the reviewer’s constructive comment.  

 

 

“P11 L 36-38 If snow conditions are important then surely you need to take into account 50 
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that temperature increases during the winter months are projected to be much greater 

than 1K in your Veg1K simulations.” 

 

The differing snow conditions are a direct result of the differing temperatures between the 

warm and cold years selected here. The simulations span the whole snow accumulation 5 

season (from November), even though only spring and summer are in focus here, and is as 

such taken into account. The span in temperatures between the two spring seasons are 

greater than 1K, as explained in the first paragraph in Section .3.2. This sentence is only 

meant to summarize the findings in 3.2 and 3.3 by highlighting which meteorological 

condition that seems to have the greater effect on the atmospheric response and is further 10 

explained in the revised manuscript (P.12, lines 1-5).  

 

“P12 L2-4 This would benefit from a figure illustrating this change in the vegetation, i.e. 

such as in the bottom row of Fig. 1 

 15 

An additional panel is added to Fig 1(which is now Fig.3) to more clearly show the areas 

referred to in this section. A reference to this figure is also added.  

 

P12 L11-12 This is confusing as both vegetation simulations (Veg0K and Veg1K) represent 

a “future” scenario? Or at least, Veg0K does not reflect the present-day vegetation 20 

distribution but the distribution that one would expect given our present-day climate.” 

 

 We acknowledge that this side of the study design was not properly explained in the original 

manuscript, and a thorough revision has been made to better explain this in the revised 

manuscript (see also above, points 1 and 3).  25 

 

“P12 L14-16 The second sentence (“Therefore average spring season heating is therefore 

strongest in areas with the tallest vegetation”) does not logically follow on from the 

sentence preceding it. Also, over-use of “therefore”. 

 30 

The sentence has been rewritten for clarity. (P.12, lines 20-22) 

 

P12 L16-18 But what about the spread of temperatures. So, the highest temperature is 

found in Summer but in Fig 12 it looks as though this is very localized and that during 

the Spring more of the domain experiences higher temperatures.” 35 

  

We completely agree with the reviewers point, and have clarified this in the revised 

manuscript. (P.12, lines 18-25) 

 

“P12 L20 Why is this not included in the supplementary material? 40 

We found that the figure was very similar to the one with the net LW, and as such contributed 

little to the manuscript.  

 

P12 L28 Start your discussion off with a summary of your major findings in the order 

they were presented as hypotheses in the methods section.” 45 

 

We appreciate the reviewer’s suggestion and have re-organized and rewritten the entire 

discussion in accordance with the revised introduction, as suggested.  

 

“P13 L 17-19 Needs re-wording 50 
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Corrected 

 

P13 L21 The authors don’t change the greenness factor of each grid cell between the 

simulations, this seems strange as you would expect a ‘greening’ effect with the 1K 

increase?” 5 

 

 The reviewer makes a good point, and we acknowledge that there are many possible ways to 

make perturbations to the vegetation cover within this model framework. Here, our choice of 

only altering the type of vegetation is that this will indirectly lead to a modelled alteration of 

vegetation properties related to greenness (i.e. LAI, height, shading factor etc.), all properties 10 

that we through a thorough review of the literature have sound scientific basis for changing. 

Also, the perturbations made here are sufficient to give answers to the research questions in 

focus here. The “greenness factor” variable in this model setup is related to the overall 

density of vegetation in a grid cell, i.e. is based on an entirely different satellite dataset and 

also has a monthly varying distribution, and is used to scale other vegetation-type specific 15 

variables in time. We found it difficult to base any alterations to this distribution on empirical 

or theoretical arguments. Although, as the reviewer points out, one could expect a change in 

what this variable represents, it is hard to estimate to which the degree this would occur, and 

whether it would be in addition to, or instead of, the changes already taken into account. 

Also, another reason for making the perturbations as simple and concise as possible is the 20 

interpretability of the results, and as such, we found that changing the vegetation type (and 

corresponding properties) was more beneficial. However, the results are carefully interpreted 

with the model setup and its possible limitations to this in mind. A short discussion of this 

issue has been included in the revised manuscript, and a consideration of both greening and 

the opposite; a browning is inserted.  25 

 

“P13 L30 “. . .areas with increased tall vegetation” 

Corrected 

 

P13 L31 “. . .related to increased low shrub cover. . .” 30 

Corrected 

 

P13 L32 “enhanced” rather than “added”. What is the balance between these two 

factors during the spring season?” 

Corrected, and a clarification and further explanation of the balance is added and lifted up to 35 

the first paragraph in the Discussion section. 

 

“P13 L 36 What do you mean by “despite the snow masking effect in winter”? Also, 

you did not analyze winter months in this study. The final part of this sentence doesn’t 

make sense: “the deciduous nature of the northward expanding shrubs and trees in 40 

this study, which is based on what is observed in the study region”” 

 

This paragraph has been rephrased for clarity. See also point below. 

 

“P13 L38-40 They haven’t allowed for expansion of needle leaved trees –is this reasonable?” 45 

 

In this study the aim was to look at vegetation changes related to the expansion of shrubs 

(area and height) and low trees in the tundra region specifically. Also, the northern 

Fennoscandia region is dominated by mountain birch forest, which is deciduous. Whether the 

simultaneous northward migration of evergreen needle leaved trees would give a more 50 
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realistic vegetation distribution given our climatic conditions would certainly be interesting 

to look at, but is besides the aim of this study. This choice of limitation has been added to the 

discussion in the revised manuscript. (P 14, lines 15-25) 

 

“P14 L18 Clarify that you are talking about changes in SW and 2 m temperature, i.e. a 5 

reduction in early summer 

 

Clarified in the revised manuscript. 

 

P14 L21 Remove “also” 10 

Corrected 

 

P14 L26 “we note that they observed a substantially larger response in soils temperatures 

than was shown in our results”” 

 15 

Suggestions are appreciated and adjustments to the manuscript added.  

 

“P14 L36-37 Can you provide the equivalent percentage shrub increases for your simulations 

to aid comparison with the studies discussed here?” 

 20 

We could add an area extent or a percentage number for comparison as the reviewer 

suggests, however we are reluctant to do so for the following reason; The papers cited here 

have looked at the entire circumpolar area, and made adjustments to the vegetation cover 

that differ substantially in nature from the ones applied in our study. A percentage number 

relating the areal extent of changes to the entire study domains would as such aid little in 25 

comparing the studies, and on the contrary give rise to an unfounded expectation of 

similarities in the results. As the studies share a similar aim (i.e. to study the feedback effects 

of high latitude vegetation changes on the atmosphere), an overall comparison of the 

atmospheric effects are defendable. However, a more close and qualitative comparison of the 

applied changes in vegetation distribution between the studies could potentially be more 30 

misleading than beneficial, in our opinion.  

 

 

“P15 L1 “The response of shrub expansion” –this doesn’t make sense; the response of 

what to shrub expansion? 35 

P. 13, line 32: Added: “The atmospheric response to shrub cover increase” 

 

P15 L2-3 More moderate than what? 

 The paragraph has been rewritten for clarity (P. 13, Lines 32-37) 

 40 

P15 L6 Remove “were related to” and change to “are occupied by””  

Rephrased for clarity.  

 

“P15 L18 Change 0.04 to 0.05 as per Table 2 

Corrected 45 

 

P15 L14 “we find” This is the first time a time lag is mentioned. What sort of time-lag 

–provide an estimate. 
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 The sentence has been omitted during rewriting of the Discussion section for the revised 

manuscript.  

 

P15 L33 Remove “have” 

Corrected 5 

 

P15 L34 Change “in evaluating” to “to evaluate” 

Corrected 

 

P15 L35 Remove “have” 10 

Corrected 

 

P16 L12 You stated in your results that this increased snow cover was due to “increased 

snow fall in the cold season and possibly the increased shading effect of the shrubs” 

whereas here you are implying it is entirely down to shrub expansion –this seems to be 15 

a contradiction.” 

 

This is rewritten for clarity and coherence, mainly in the results section, where the 

speculation with regard to the shrubs shading is omitted.   

 20 

“P16 L35-36 Repetition of P15 L31-33” 

Corrected 

 

Figures 

“Figure 1. The following changes would improve the clarity of this figure: 25 

Labelling sub-plots (e.g. a, b, c, d) would be beneficial for clearer linking between the 

text and the figure (this comment applies for further figures also). 

The temperature limits shown by the contour lines are unclear. 

The axis labelling of the fourth subplot is slightly inconsistent with the others. 

Why does the vegetation classification change in the final subplot? For instance in the 30 

top panels, Tall shrubs are 0.5-2m whereas shrubs of this height are classed as Low 

alpine shrubs in the bottom panel. 

It would be helpful to see a subplot like the one at the bottom of this figure for the other 

vegetation perturbation, i.e. Veg1K – RefVeg. Why have you not included this? 

 35 

The figure has been revised in accordance with the reviewer’s suggestions.  

 

Figure 2. You have shown temperatures in degrees Celsius here but throughout the 

manuscript you refer to temperature changes in Kelvin, this should be kept consistent. 

Although the Kelvin formulation is used in the text, where temperature differences are 40 

presented (Si units are encouraged in most journals), the figures have temperatures in Celsius 

for better interpretability.  

 

Figure 3. If you re-ordered your figures so that figures 2 and 3 precede Figure 1, 

this would make Figure 1 clearer as it reflects the order that you present the related 45 

concepts in the manuscript text. 

The order of the figures has been altered in accordance with the reviewer’s suggestion.  

 

Figure 5. Refer to Fig. 4 not Fig. 3 

Corrected 50 
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Figure 6. This Figure is too small and trying to show too much, which makes it unclear 

and difficult to extract the key information. 

Why did you use that particular cross section? 

It is hard to see the stippled lines 5 

What is the difference between the inset scale and the main figure scale? Why are 

they not consistent? 

 

We agree that this figure shows a lot, which was also our intention with it. As the vertical 

profile of the atmospheric response in various variables has not been the main focus here, we 10 

found it beneficial to include only one figure of this, and rather condensed. The particular 

cross section is chosen so that it intersects areas with all types of vegetation changes, and 

areas with no changes. The main figure scale shows temperature differences in a vertical 

cross section, while the inset shows temperatures in the bottom model layer, therefore the 

scales differ.  15 

 

We would like to keep the figure as we think it shows several of the important processes 

related to shrub cover increase. However, we acknowledge that the figure is not of pivotal 

importance in presenting the main results of the article, we have chosen to move it to the 

supplementary material, along with some of the corresponding text.  20 

 

Figure 7. The middle row of figures would be easier to interpret if the scales were the 

same. 

Although we do acknowledge the reviewer’s point of interpretability, we find that due to the 

large differences in values in the two seasons, the figures are more informative and show the 25 

results more clearly with colors on different scales. We have strived to keep scales similar for 

several other figures, but find that an exception is necessary for this particular figure.  

 

Not clear from the figure caption which simulation we are looking at (i.e. Veg0k – 

RefVeg) 30 

Corrected 

 

Figure 8. On the right plot, label the two seasons as ‘warm’ and ‘cold’ or ‘RefVegwarm’ 

and ‘RefVegcold’ instead of the year, as this is how you refer to them elsewhere in the 

manuscript. 35 

Corrected 

 

The title of the left plot is too long and so is hard to read where it overlaps the left axis 

labels.  

Corrected 40 

 

Figure 11. In the all other figures showing anomaly distributions across the domain, 

you state that the figure is “only showing significant results at the 95% confidence level” 

–why do you not do that here? 

Just forgot, it has been corrected in the revised manuscript. 45 

 

Figure 12. Inconsistent use of “2 M” and “2m” throughout figures in the manuscript 

Specify that these are inter-seasonal means 

Corrected 

 50 
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Table 2. Responses are presented inconsistently: Why are precipitation, snowfall and 

low cloud coverage changes shown as percentages whereas the actual values are 

given for the other variables? Why is the mean value for RefVeg MAM Low cloud 

coverage 0.31 when the mean values for the warm and cold years are 0.29 and 0.29? 

(this applies to other values presented in the table) Why are you only averaging over 5 

areas with vegetation changes? Cloud cover and precipitation effects might not be 

limited to the atmosphere directly above the vegetation change for instance.” 

 

For precipitation and snowfall we found that accumulated values, and relative changes to 

these were more informative and gave a better impression than actual values as averaged 10 

over the areas, as presented for eh other variables. This is in part because of the temporally 

and spatially scattered pattern in these values, as opposed to the other variables presented. 

The low cloud fraction is a diagnostic variable more than a direct physical value, and as 

such, we found it more informative to also present changes in relative numbers. Although 

these specific variables (precipitation, cloud cover) affect the atmosphere over an area 15 

greater than the ones directly covered by shrub cover increase, this is not the case for all 

variables. To provide informative values of responses to shrub cover increase, and to keep as 

much consistency as possible, we have chosen to use these specific areas for averaging ad 

accumulation throughout. However, to show the spatial extent of the atmospheric response to 

the different variables, maps are presented in the figures as additional information to the 20 

values in this table.  We appreciate this thorough review of the table and constrictive 

suggestions for improving it. We have made corrections where needed.  

 

Reference list 

“P20L1-12 Duplication of reference: Myers-Smith et al. 2015a appears to be the same 25 

paper as Myers-Smith et al. 2015b” 

 

Corrected. 

 

Supplementary material 30 

“Figure S1. Consistent scales would be better 

Figure S5. In the text preceding this figure, it is not clear why “(Veg0K-RefVeg)” is 

included at the end. “ 

Figures and captions have been revised and corrected where appropriate.  

 35 

Answers for anonymous Referee #2 
Received and published: 7 December 2016 

 

“This paper extends prior research into the potential climatic effects of a hypothetical 

increase in shrub and tree cover (in this case, shrub and tree height) in a region in 40 

northern Fennoscandia. My overall impression is that this is a solid paper that provides 

some interesting new results on the topic of vegetation feedbacks onto climate in the 

Arctic region. This work does not represent a giant leap forward, but the study is sound 

and, in my opinion, the paper is worthy of publication. 

 45 

The paper can be divided into two main parts. The first part focuses on the potential 

changes in vegetation distribution under a 1K temperature change. The second part 

focuses on an assessment of the impact of such a shift in vegetation on temperature. 

From my perspective the first part is fine. One could quibble with aspects of the method  

and argue whether or not the projected changes in vegetation distribution are completely 50 

realistic or not, but I don’t feel that the realism is really the point. The main 
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goal is to generate vegetation distribution changes that are at least quasi-realistic and 

that can then be applied in the subsequent vegetation change experiment. Perhaps 

the only recommendation that I would have here is for the authors to be a bit more explicit 

about this with a statement to the effect that predicting vegetation change based 

primarily on a climatic envelope should just be treated as a first-order assessment of 5 

potential vegetation distribution change. “ 

 

Firstly, we appreciate the reviewer’s positive comments. Regarding the use of the bioclimatic 

envelopes in this study, the reviewer’s assessment is correct in that the aim of the re-

distribution of vegetation applied here is mainly aimed at providing a pseudo-realistic 10 

experiment for investigating the atmospheric feedback mechanisms, rather than providing an 

accurate and realistic map of present/future vegetation. We agree with the reviewer’s 

suggestion of highlighting this and communicating this aim more explicitly in the manuscript 

(also see our response to comments from Reviewer #1). In the revised manuscript this side of 

the study has been more appropriately introduced and the ideas and purpose of the use of 15 

bioclimatic envelopes has been better explained.  

 

“For the second part, my main recommendation to the authors is that they work to 

put this study into better context. Prior studies, cited in the paper have looked at the 

impacts of shrub and tree area expansion in models and concluded, mainly, that these 20 

vegetation changes can lead to warming. So, the authors need to clearly establish what 

is new from this study. I see two main areas where this is new. The first is that this is 

being done within a regional climate model, which allows a more detailed assessment 

of the response. The second new result relates to the variability in the impact across 

high and low snowfall years and warm and cool summers. The authors should strive to 25 

emphasize these points.” 

 

We have followed the reviewer’s constructive suggestion and reorganized the manuscript to 

better emphasize these aspects of the study design in the revised manuscript.  

 30 

With regard to the variability of the impacts across seasons, part of our goal has been to 

investigate the sensitivity of the atmospheric response to varying conditions represented here 

by choosing two contrasting years with respect to temperature and snow cover (as further 

explained in the answer to point 1 from Reviewer #1). In line with this comment, and with 

similar comments from Reviewer #1, this aspect of the study has been emphasized and 35 

presented more clearly in the revised manuscript.  

 

 

Minor points: 

“1. For the summer feedback, the authors note that the impact of shrubs on summer 40 

temperatures is less sensitive to the mean summer temperature (warm or cold summers) 

than spring temps are to high versus low snow years. That is not surprising. 

Nonetheless, it would be good to explain why one would think that the summer temperature 

sensitivity could be related to mean summer temps. “ 

 45 

This is a good point, and we see that this side of the expected feedbacks has not been properly 

introduced. As further explained in the revised manuscript, several other similar studies have 

found the strongest impacts in summer as resulting from increased shrub cover. Furthermore, 

and as highlighted and cited in the revised introduction, such feedbacks are largely driven by 

increased surface fluxes of heat and water resulting from shrub expansion, besides albedo 50 
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changes and the SW/LW fluxes. As such, the mean summer temperature can influence all 

these variables, and therefore potentially the strength of the feedback as averaged across the 

season. We hope the reviewer finds this aspect of the study better introduced and discussed in 

the revised manuscript. 

 5 

“2. p. 12, line 26. 0.16K versus 0.15K is essentially the same. Shouldn’t say that one season 

has a slightly larger response when they are effectively identical. “ 

 

We acknowledge that the sentence is placing too much emphasis on the second decimal 

number here, and have adjusted this statement in accordance with the reviewer’s comment.  10 

 

“3. Figure 11 and other figures. It would be clearer to be specific that you are talking about 

warm summer seasons and cool summer seasons. Just writing cold seasons and warm seasons 

can lead to ambiguity about whether referring to different seasons (spring versus summer, for 

example).” 15 

  

This has been amended in the revised manuscript, and figures adjusted where needed for 

clarity. 

 

 20 
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Abstract. Shrub expansionIncreased shrub and tree cover in high latitudes is a widely observed response to 

climate change. Extensive evidence has shown that shrub expansion  that can lead to positive feedbacks to the 

regional climate. In this study we evaluate the sensitivity of the near surface atmosphere of the near surface 

atmosphere to a potential expansion increase in shrub and tree cover in the northern Fennoscandia region. We 35 

have applied the Weather Research and Forecasting model (WRF) with the Noah-UA land surface module in 

evaluating biophysical effects of increased shrub cover on the near surface atmosphere on a fine resolution (5.4 

km x 5.4 km). Using a state-of-the-art atmospheric model, two perturbation Perturbation experiments are 

performed in which we prescribe a gradual increase of vegetation height in the alpine shrub and tree cover 

according to empirically established bioclimatic zones within the study region. The first experiment is based on 40 

present day climate, and the second is based on a future 1 K increase in temperature.  We focus on the spring and 

summer atmospheric response. To evaluate the sensitivity of the atmospheric response to inter-annual variations 

variability in climateic conditions, simulations were conducted for two different contrasting years, one with 

Comment [LMT1]:  
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warmer and one with cold yearer. spring and summer conditions. We have applied the Weather Research and 

Forecasting model (WRF) with the Noah-UA land surface module in evaluating biophysical effects of increased 

shrub cover on the near surface atmosphere on a fine resolution (5.4 km x 5.4 km). We find that shrub and tree 

cover increase leads to a general increase in near surface temperatures with the peak highest influence seen 

occurring during the snow melting season. It has the largest effect in spring, by advancing the onset of the 5 

melting season, and has a more moderate effect on during summer temperatures. We find that the net short wave 

radiation absorbed by the surfacewarming effect is sensitive to anthe enhancement of shrub and tree heights, 

which lower decreases the surface albedo, resulting in . C taller vegetation having a stronger influence on both 

spring and summer temperatures. Counteracting effects include increased evapotranspiration increased snow 

cover and enhanced evapotranspiration which can causinglead to increased cloud cover, and precipitation and 10 

snow cover. We find that the strength of the atmospheric feedback effects resulting from increased shrub cover is 

more sensitive to snow cover variations , and to a lesser extent to than summer temperatures.. Taller vegetation 

has a stronger influence on both spring and summer temperatures. However, OoOur results show that the 

positive feedback to high latitudes warming induced by increased shrub and tree cover is a robust feature across 

inter-annual differences in meteorological conditions, and will likely play an important role in land-atmosphere 15 

feedback processes in land-atmosphere feedback processes land-atmosphere feedback processes in the future. 

{can you be more specific here? – potentially delete this part} 

 

Keywords. Climate change, Arctic amplification,  Vvegetation perturbationsShrubs, shrub expansion, Arctic 

greening, Fennoscandia, Fennoscandia, WRF, land-atmosphere feedback  20 

1 Introduction 

Arctic warming is occurring at about twice the rate as the global mean warming (IPCC, 2013;Pithan and 

Mauritsen, 2014)., This is partly owing to partly due toland-atmosphere feedback mechanisms in thein  high 

latitude ecosystems (Beringer et al., 2001;Chapin et al., 2005;Serreze and Barry, 2011;Pearson et al., 2013), such 

as . Some of these feedbacks are related to the observed aArctic greening (Myneni et al., 1997;Piao et al., 25 

2011;Snyder, 2013). This Arctic greeningterm refers to the observed increase in high latitude biomass mainly 

resulting mainly from increased temperatures (Walker et al., 2006;Forbes et al., 2010;Elmendorf et al., 2012). 

While present across arctic ecosystems, tThe observed increase in biomass is largely related toincludes the 

extensive expansion increase in shrub and tree cover in areas previously tundra covered by tundra areas (Tape et 

al., 2006;Sturm et al., 2001b;Forbes et al., 2010) and northward migrating tree lines (Soja et al., 30 

2007;Tommervik et al., 2009;Hofgaard et al., 2013;Chapin et al., 2005).  

 

Increased tree and shrub cover alters the biophysical as well as the biochemical properties of the surface., leading 

toinducing  This changeschanges in land-atmosphere feedbacks (e.g. Bonan, 2008). With increasing canopy 

height and complexity, the overall surface albedo is decreasesd, and more incoming radiation is absorbed, and 35 

the overall surface albedo is decreased. This is known as the albedo effect of increased vegetation. Sturm et al. 

(2005a) observed the importance impact of shrub cover on wintertime albedo in snow covered regions and its 

implications for the winter surface energy balance. They concluded that increased shrub cover due to higher 

temperatures caused a positive feedback to warming through lowered surface albedo. The absorbed radiation 
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heated the canopy itself and increased the sensible heat flux to the atmosphere. They also found that an increase 

of shrub canopies protruding the snow covercover also shaded the snow beneath the canopy from radiation. This 

further led to  and decreaseddecreased  melt and sublimation,. as increasedhigher shrub and tree cover 

enhancedincreased the winter snow cover beneath the shrubs and increased the soil temperatures in winter. Other 

studies have shown that more shrubs act to speed both the onset and advance of the melting season through its 5 

effect on surface albedo (McFadden et al., 2001;Sturm et al., 2001a). 

 

Increase Enhancedin leaf area index (LAI) associated with an increase in shrub and tree cover can cause 

enhanced morelead to higher evapotranspiration (ET). This subsequently leads to more latent heat (LH) being 

transferred into the atmosphere, andwhich may also acts to increase air the temperatures (Chapin et al., 2005). 10 

The enhanced increase ind LH mayight also lead to enhanced more cloudiness and precipitation (Bonfils et al., 

2012;Liess et al., 2011). Increased cloud cover may in turn act to limit the effect of anthe albedo decrease 

through lowering of the short wave (SW) radiation reaching the surface. In addition, increased shrub and tree 

cover has been observed to increase the soil temperatures in winter, enhance the winter snow cover and speed the 

melting season through its effect on surface albedo (McFadden et al., 2001;Sturm et al., 2001a).  15 

 

The height of the shrubs and trees height is also important forinfluences the strength of the atmospheric 

responseland-atmosphere feedbacks, and this wasas studied specifically by Bonfils et al. (2012). By modelling 

an increase in the shrub cover by 20% in areas north of 60
o
N, they found that a higher increase in the regional 

temperature increased more for taller shrubs as compared to lower ones. They explained the temperature increase 20 

by the additional lowering of albedo and increase in ET LH corresponding to taller and more complex canopies.  

 

In summer, Iincreased shrub cover may also act to shade the soil beneath the shrubs, thereby lowering the 

temperature of the soil and . Thisthus, acted to decrease summer permafrost thaw as observed by Blok et al. 

(2010). This effect was also modelled in a study by Lawrence and Swenson (2011) who applied an increase in 25 

shrub cover by ~20% in the Arctic region. Their findings suggest,y, however, found that increased temperatures 

due to albedo decrease more than offset the cooling of the soil by the shading effect, resulting in a net increase in 

soil temperatures. In both these  

 

The studies of In both of the mentionedBonfils et al. (2012) and Lawrence and Swenson (2011) both prescribe  30 

modelling studies, a 20% increase in shrub cover was prescribed, based onby a procedure of expanding existing 

shrub cover into areas of tundra or bare ground. Based on circumpolar dendroecological data and several future 

emission scenarios, Pearson et al. (2013) concluded that the warming effects of increased shrub cover found in 

these two studies by Bonfils et al. (2012) and Lawrence and Swenson (2011) were realistic, however, , but  that 

athe applied shrub expansion of a 20% increase in land cover mayight be substantially underestimated. They 35 

predicted by applying various climate thatscenarios, that about half of the regions defined as tundra could be 

covered by shrubs by 2050, by applying various climate scenarios.  

 

The actual extent of shrub expansion into tundra regions , as well asa nd the predicted increase in shrub density 

and height in coming decades, are is highly uncertain, and determined by numerous and complex mechanisms 40 
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and environmental forcers. As highlighted by Myers-Smith et al. (2011), climatic forcers (e.g. air temperature, 

incoming solar radiation, precipitation), and soil properties (e.g. soil moisture, soil temperature and active layer 

depth), coupled withto biochemical factors such as the availability of soil nutrients and atmospheric CO2 

concentrations, all influence the rate of shrub growth. In addition, disturbances, such as fires, heavy snow pack 

and biotic interactions including herbivory, makes accurate estimates of future shrub distribution challenging 5 

(Milbau et al., 2013). Tape et al. (2012) also highlighteds the importance of soil properties in estimating likely 

areas of shrub expansion and shrub-climate sensitivity, and argued that. Tthis factor increases the geographic 

heterogeneity of shrub expansion. In addition to these determining mechanisms, increased shrub cover has also 

been suggested to trigger feedback loops that further induce shrub growth by e.g., shrub-snow interactions 

(Sturm et al., 2005a;Sturm et al., 2001a;Sturm et al., 2005b). Positive feedbacks include lowering of winter 10 

spring albedo which causinges earlier snowmelt, longer growing seasons and increased soil temperatures, all 

favorable for growth. Also, thicker wintertime snow packs in shrub areas acts to insulate the ground during 

winter and increase the soil temperatures (Sturm et al., 2001a).  

 

Several of the controlling factors regulating shrub growth and expansion have been further investigated using 15 

dynamic vegetation models. Miller and Smith (2012) found simulated an increase in shrub cover caused by 

mainly warmer temperatures and longer growing seasons. They explained found that the shrub cover increase 

was in part enhanced by shrub-atmosphere feedbacks, particularly related to a reduction in the albedo effect of 

covering tundra with shrubs, related to  leading to with an increase in canopiesy heights protruding the snow 

cover. In agreement with observations, several other modelling studies have also reported found increased 20 

biomass production and LAI  related to shrub invasion and replacement of low shrubs by taller shrubs and trees 

in response to increased temperatures in tundra regions, resulting partly from shrub invasion and replacement of 

low shrubs by taller shrubs and trees (e.g. Zhang et al., 2013;Miller and Smith, 2012;Wolf et al., 2008).  

 

Several recent studies have aimed at isolating a few of the dominating environmental drivers of shrub expansion. 25 

Myers-Smith et al. (2015a) investigated climate-shrub growth relationships and found that mean summer 

temperatures and soil moisture content are particularly important forcers. By examining circumpolar 

dendroecological data from Arctic and alpine sites, they demonstrated that the sensitivity of shrub growth to 

increased summer temperatures was higher at European than American sites. Furthermore, they found that thea 

higher sensitivity to climate forcing was higher for taller shrubs at the upper or northern edges of their present 30 

domain and at sites with greater higher soil moisture. Also bBased on dendroecological observations in northern 

Scandinavia, Hallinger et al. (2010) concluded that the mean summer temperatures and winter snow cover are 

the main climatic drivers correlated with shrub growth in sub- alpine areas in northern Scandinavia. Based on 

tundra vegetation surveys covering 30 years in 158 plant communities spread across 46 high latitude locations,. 

Elmendorf et al. (2012)  also demonstrated a biome-wide link between high latitude vegetation increase and local 35 

summer warming, based on tundra vegetation surveys covering 30 years in 158 plant communities spread across 

46 high latitude locations.  

 

TCompared to e.g. an expansion of forest ecosystems, Since the changes in biophysical properties related 

associated withto increased shrub cover in tundra areas areis more moderate compared for example to an 40 

Comment [JHR2]: Dette avsnittet kan 
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expansion of forest ecosystems, , and  as compared to changes resulting from e.g. a comparable expansion of 

forest ecosystems, a comparatively morerather modest effect on the overlying atmosphere is to be expected 

(Beringer et al., 2005;Chapin et al., 2005;Rydsaa et al., 2015). Still, afore mentioned observational and 

modelling studies have shown considerabledemonstrated notable feedbacks to the regional climate. Considerable 

However, large uncertainties still exist concerningwithin the estimateds of both the extent of shrub and tree 5 

advance in relation response to climatic warmingforcing, and to the corresponding feedback to climate resulting 

of in response to these ecosystem changes (Myers-Smith et al., 2015a;Pearson et al., 2013).  

 

1. In this study we investigate the regional atmospheric response related to biophysical changes resulting 

from enhanced vegetation cover in high latitudes. Our investigations are carried out on a domain covering 10 

northern Fennoscandia and north-west Russia. This is a sensitive region for shrub expansion in response to 

climate forcing according to (Myers-Smith et al., 2015a). Extensive increase in the shrub covered area, in 

addition toas well as shifts in the tree lines towards higher latitudes and altitudes, haves been observed in this 

region over the past decades (Tommervik et al., 2004;Hallinger et al., 2010;Tommervik et al., 2009;Rannow, 

2013). We The study focus addresses the atmospheric response to on both an expansion of the areal extension 15 

increase in the aread covered byof shrubs and low deciduous trees in northern Fennoscandia, area and and the 

sensitivity effects ofto their increased  height when it comes to feedback strengthheight of shrubs and trees. For 

this purpose, simulations are conducted for a limited region on high temporal and spatial resolution (5.4 km x 5.4 

km), using a state-of-the-art regional atmospheric model. This enables us to investigate fine scale features of 

vegetation changes and the corresponding atmospheric response. The shrub and tree vegetation is redistributed 20 

across the study domain by applying three types of shrub and tree classes according to their climatic envelope. 

These are derived from empirically determined vegetation-climate relationships for the region.The  primary 

research questions motivatingin this study, and the corresponding experimental setup is presented below are;:  

  

  25 

 The warmer climate is causing more shrubs and low trees to grow in the northern Fennoscandia area, 

how does this feed back to the atmosphere in the region? More specifically: 

a. How will the feedback be influenced by increased shrub and tree cover and heights?  

b. Which season will be more affected and experience the strongest feedback? 

c. How sensitive is the feedback to varying climatic conditions, such as snow cover andor temperatures? 30 

d. How sensitive are the atmospheric feedbacks to the amount of shrub and tree increase? 

 

The spring season has been identified as the season with the strongest feedback to temperatures from increased 

shrub cover in previous studies (!!! INVALID CITATION !!! (Bonfils et al., 2012;Lawrence and Swenson, 

2011)). This is due to the effects on snowmelt and corresponding surface albedo changes. As the mean summer 35 

temperature has been identified as one of the main environmental drivers for future shrub expansion by several 

studies, a large potential for growth feedbacks lies with the warming response of the atmosphere during this 

season. For these reasons we have chosen to focus on the atmospheric response during spring and summer 

seasons.  
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DThe details of the methodology, and the experimental design,  is presented in section 2.1, the model used in 2.2 

and and the ddevelopment of bioclimatic envelopes for re-distributing shrubs and trees across the study domain 

in accordance with empirical vegetation-climate relationships for the region isare presented in Section 2.3. The 

results for the atmospheric response for spring and summer isare presented in Section 3 (Results).1, andincluding 

the differencesing in response under various climatic conditions and for varying amountsdegree of shrub and tree 5 

cover are presented in Sections 3.2-3.4,. Finally, followed by a discussion and conclusions follow in Sections 4 

and Section 5. 

We focus on the response of the atmosphere during the spring and summer seasons. In addition, the sensitivity to 

inter-annual variation in mean environmental conditions is investigated. Finally, to explore the potential future 

atmospheric feedbacks to increased shrub and tree cover on high latitudes, an additional experiment representing 10 

a simplified future scenario is conducted. In this experiment, we apply a re-distribution of the shrub and tree 

cover corresponding to a theoretical 1 K increase in summer temperatures. The resulting feedbacks to the 

atmosphere are assessed and compared to the effect of vegetation changes corresponding to present day climatic 

envelopes.  

2 Methodology and modelstudy design 15 

 MethodologyStudy design 2.1

SModel simulations were conducted on a limited region onwith a state-of-the-art high temporal and spatial 

resolution (5.4 km x 5.4 km), using an atmospheric model. This enableds us to investigate finer scale features of 

vegetation changes as compared to modelling studies applying coarser grids, and the corresponding finer scale 

atmospheric responses. To answer research question 1a and investigate the effects of increased shrub and tree 20 

cover (referring to both areal expansion and increased height) (Research question a)), we have conducted six 

simulations; reference simulations for two seasons (Research questions b) and two climatically contrasting years, 

(Research question c), and for each year, two separate correspondingaccompanying sets of simulations in which 

the vegetation cover has beenwas manually altered to represent increased shrub and tree cover (using two 

different vegetation redistributions) (Research questions d). By comparing the reference and perturbed 25 

simulations, we can isolate the effect of shrub and tree cover changes on the overlying atmosphere and evaluate 

the feedback sensitivity to the degree of shrub and tree increase, (Research question d)assince the simulations are 

otherwise identical (i.e. they are driven by the same meteorological forcing and input datasets). Mean summer 

temperatures were selected as the key environmental criteria used to guide the perturbations applied to the shrub 

and tree cover. 30 

 

In order to answer the research question in point 1b, we chose to focus on spring and summer. The spring season 

has been identified as the season with the strongest feedback to temperatures from increased shrub cover in 

previous studies due to  surface albedo changes (Bonfils et al., 2012;Lawrence and Swenson, 2011). This is due 

to the effects on snowmelt and corresponding surface albedo changes. As the mean summer temperature has 35 

been identified as one of the main environmental drivers for future shrub expansion by several 

studiesFurthermore, a large potential for growth feedbacks lies with the warming response of the atmosphere 
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during this summereason. For these reasons we have chosen to focus on the atmospheric response during spring 

and summer seasons.  

 

As the atmospheric response may vary under different climatic conditions (e.g. warm vs. cold, snow rich vs. 

snow poor, present vs. future), and we chose to run each seasonexperiments for two contrasting years, spanning 5 

the  natural variability across a 10-year period with respect to temperature and snow cover in the study region. 

By averaging the response across two climatically contrasting years, we achieve a robust result representing a 

wide range inthe meteorological variability across this period, without having to simulatinge many years. 

Secondly, weby investigatinge the contrasting response between the two years, this setup provides us with 

valuable information of how the contrasting climatic conditions influence the atmospheric feedbacks (Research 10 

question c).  

 

The two contrasting years were selected based on a ten-year (2001-2010) long simulation by Rydsaa et al., 

(2015), who performedwhich is a dynamical downscaling of ERA Interim, using the Weather Research and 

Forecasting (WRF) model. The reason for using this dataset, instead of a global dataset, was the ability to search 15 

through relevant variables to identify suitable years. , and theFurthermore, it provideds consistency in modelling 

toolmodel setup and boundary conditions with this study. The year of 2003 was chosen as it representeds a low 

snow cover spring season and a warm summer season in this region in thisthe study region (hereafter referred to 

as the warm spring and summer season). The year 2008 representeds a snow-rich spring season and a cold 

summer season in this region (hereafter referred to as the cold spring and summer season).  20 

 

Two different vegetation redistributions were applied In order to take into account for some of the uncertainties 

inherit inherited in the shrubs’ response to summer temperatures, one bioclimatic envelope is based on a 10 year 

average of JJA temperatures, and one based on a 1 K increase in the same JJA temperatures, yielding a newtwo 

different vegetation redistributions have been introduced. They are based on the concept of bioclimatic zones 25 

(ref. , as explained in Section 2.3), and the two distributions allows. The difference in atmospheric response to 

these two cases of shrub cover increase provides a measure of the sensitivity of the atmospheric feedback to the 

variability in shrub cover increase in response to mean JJA temperatureschange to be assessed, and is briefly 

examined. The more drastic vegetation change (i.e. the one based on a 1 K temperature increase) may represent a 

scenario in which the response of the shrub cover to warmer conditions is faster, or alternatively represent some 30 

future distribution of shrubs.  

 

 StudyingCombining findings of the atmospheric response in two different vegetation distributions, and 

contrasting years (, and considering the differing response in the warm versusas wellnd the cold) years, further 

some careful assumptions about the potential changes in atmospheric response under varying climatic conditions 35 

and vegetation distributions can be made. Based on this, we can make some careful assumptions regarding 

whatallow us to identify potential responses under various future  may be expected under varying (e.gversus 

present)climate conditions. 
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 In order to investigate the effects of increased shrub and tree cover (referring to both areal 

expansion and increased height), we have conducted six simulations; control simulations for two 

different years, and two corresponding sets of simulations in which the vegetation cover has been 

manually altered to represent increased shrub and tree cover. By comparing the reference and 

experiment simulations we can determine the effect of vegetation cover changes, as the simulations 5 

are otherwise identical. Our investigations are carried out on a domain covering northern 

Fennoscandia and north-west Russia (Fig. 1). This is a sensitive region for shrub expansion in 

response to climate forcing according to (Myers-Smith et al., 2015b). Extensive increase in the 

shrub covered area, in addition to shifts in tree lines towards higher latitudes and altitudes, has 

been observed in this region over the past decades (Tommervik et al., 2004;Hallinger et al., 10 

2010;Tommervik et al., 2009;Rannow, 2013).  

  

 In this study, subjects of particular interest include differences in atmospheric feedbacks between 

seasons. The spring season has been identified as the season with the strongest feedback to 

temperatures from increased shrub cover in previous studies (Bonfils et al., 2012;Lawrence and 15 

Swenson, 2011). This is due to the effects on snowmelt and corresponding surface albedo changes. 

As the mean summer temperature has been identified as one of the main environmental drivers for 

future shrub expansion by several studies, a large potential for growth feedbacks lies with the 

warming response of the atmosphere during this season. For these reasons we have chosen to focus 

on the atmospheric response during spring and summer seasons.  20 

  

 The atmospheric response to shrub expansion may also be sensitive to inter-annual variation in 

mean environmental conditions. Our investigations are conducted for two spring seasons and two 

summer seasons which represent a wide range in two key environmental conditions; the spring 

snow cover and the summer temperature. This setup enables us first to investigate the importance 25 

of shrub cover increase on the land-atmosphere interactions in both summer and spring seasons. 

Secondly, we are able to examine how the atmospheric response varies between snow-rich and 

snow-poor melting seasons, and the sensitivity to temperature on the summer atmospheric 

response. The two years were selected based on a ten-year (2001-2010) long simulation by Rydsaa 

et al., (2015), which is a dynamical downscaling of ERA Interim, using the Weather Research and 30 

Forecasting (WRF) model. The reason for using this dataset instead of a global dataset was the 

ability to search through relevant variables, and the consistency in modelling tool and boundary 

conditions with this study. The year of 2003 represents a low snow cover spring season and a warm 

summer season in this region (hereafter referred to as the warm spring and summer season). The 

year 2008 represents a snow-rich spring season and a cold summer season in this region (hereafter 35 

referred to as the cold spring and summer season).  

 Land cover and re-distribution 2.2

The land cover data in the reference simulations (RefVeg) is based on the newly available 20 class MODIS 15 

sec resolution dataset (Broxton et al., 2014). In this dataset most of the Arctic and alpine part of our study area is 

covered by the dominant vegetation category “open shrubland”, consisting of low shrubs of less than 0.5 m 40 

height. This land use category was split into three shrub categories to distinguish the atmospheric sensitivity to 

shrubs and low deciduous trees of various heights. The study domain was divided into bioclimatic zones based 

on mean JJA temperatures and re-distributed shrubs and low trees following the approach of Bakkestuen et al. 

(2008). The shrub and tree vegetation was re-distributed across the study domain by applying bioclimatic 

envelopes, which were derived from empirically determined vegetation-climate relationships for the region. In 45 

order to prevent shrubs from being distributed in areas unsuitable for growth despite favorable climatic 

conditions, the area extent of other vegetation categories than “open shrubland” was kept unaltered. In this way, 

the heterogeneity in the vegetation distribution across the domain was kept similar to the original dataset.  

 

Field Code Changed



26 

 

The bioclimatic zones for each shrub category were derived using some general features of vegetation 

distribution that have been determined for this area. Gottfried et al. (2012) defined various alpine zones as 

altitudinal dependent belts of vegetation above the forest line, where each alpine zone represents a bioclimatic 

envelope in this study. Although the altitudinal extent of each alpine zone is determined by the local mean 

temperature lapse rate, in addition to various geographical and climatic features, the altitudinal extent of each 5 

zone remains rather constant across the domain, as illustrated in Fig. 1. The altitudinal extent of each alpine zone 

used in this study is based on Moen et al. (1999), but also confirmed by a new dataset from the region 

(Bjørklund et al., 2015).  

 

Following the vegetation categorization of Moen et al. (1999) and Bakkestuen et al. (2008), we defined tall 10 

shrubs and boreal deciduous trees with a height from 2 to 5 m (Aune et al., 2011) to belong to the sub-alpine 

zone, shrubs with height from 0.5-2 m to belong to the low-alpine zone, and low shrubs with height up to 0.5 

meters to belong to the mid-alpine zone (Fig. 1). The high-alpine zone contains no shrubs and is characterized by 

barren ground, boulder fields or scattered vegetation (Moen et al., 1999). High mountain tops were regarded as 

high-alpine (largely in agreement with the defined climatic limits), and vegetation cover in these areas were 15 

adjusted accordingly (e.g. see Karlsen et al. (2005)).  

 

The climatic forest line was used to separate the boreal forest from the sub-alpine region characterized by 

scattered mountain birch (Aas and Faarlund, 2000). The last mountain birches stretching towards higher 

elevations are approximately 2 m tall, and define the so-called boreal-tundra or tree line ecotone (Hofgaard, 20 

1997;Bryn et al., 2013;de Wit et al., 2014). This ecotone was determined here to be above the line where the 

fraction of boreal tree exceeds 25% in each grid cell. This line furthermore defines the base line temperature 

used to derive the alpine vegetation zones at higher elevations, and was found to correspond well with the mean 

summer 12
o
C isotherm (in our domain). This is slightly higher than what is found in southern parts of 

mountainous Scandinavia (Aas and Faarlund, 2000;Bryn, 2008). The sub-alpine zone was then determined based 25 

on an average altitudinal extent of 100 m (Aas and Faarlund, 2000), the low-alpine and mid-alpine zones were 

both estimated to be on average 300 m in altitudinal extent, and vegetation cover at higher elevations defined as 

high-alpine zone (Moen et al., 1999).  

 

Based on temperature simulations by Rydsaa et al. (2015), the mean tropospheric JJA lapse rate for the area was 30 

found to be 6.0 K km
-1

. This value was used together with the average zone-heights to find the summer 

temperature ranges for each vegetation zone (Fig. 2). The interpolated mean JJA 2 m temperature was then used 

to distribute each shrub category across the domain in accordance with their climatic envelope (Fig. 2). This 

vegetation distribution is referred to as Veg0K.  

 35 

Revised bioclimatic zones with the same relative altitudinal extent, but with a 1 K increase in JJA 2 m 

temperatures, were calculated and vegetation categories re-distributed, resulting in a shift in the distribution of 

shrub categories across the domain. This distribution is referred to as Veg1K (Fig. 2). The reference vegetation 

distribution (RefVeg) and the two perturbed distributions (Veg0K and Veg1K) are shown in Fig. 3.  

 40 
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To represent each alpine shrub type in the model, we chose suitable vegetation categories (and corresponding 

parameter values) from the ones already defined within the satellite dataset provided and thus tested within the 

framework of the model system. The categories were chosen based on vegetation types already present in the 

domain. Special emphasis was given to decreasing LAI and canopy height for vegetation distributed towards 

higher altitudes and latitudes, and further based on a recent mapping of vegetation types in the region (Bjørklund 5 

et al., 2015). A list of the shrub categories and their corresponding parameter values is presented in Table S1, 

supplementary material. With two exceptions (see supplementary material, Table S1, bold), parameter values 

were left unaltered to keep consistency between and within each vegetation category.   

 

The only alteration between the reference simulations (RefVeg) and perturbed simulations (Veg0K, Veg1K) is 10 

the land cover. Any differences in atmospheric and soil variable values result from the land cover changes, as 

simulations are otherwise identical with respect to setup and meteorological forcing. The difference between 

Veg0K and RefVeg shows the effects of an increase in shrub and tree cover where shrub heights are in 

equilibrium with the climatic potential (as defined by the bioclimatic zones and 10-year mean JJA temperatures). 

The difference between Veg1K and RefVeg, in comparison, shows the sensitivity to a potential vegetation shift 15 

derived from a 1 K increase in mean JJA temperatures.  

 Model 2.22.3

For the purpose of this study, we have used WRF  V3.7.1 (Skamarock et al., 2008). WRF is a non-hydrostatic 

weather prediction system with a wide variety of applications ranging from local scale domains of a few hundred 

meters in resolution to global simulations. With a wide range of physical parameterization schemes, the setup 20 

may be adjusted to simulate case-specific short-term weather events, or decadal long climate simulations. The 

current setup is based on available literature (aboutref. the NCAR choices for physical parametrizations for high 

latitude domains), and a consideration of the polar WRF setup and validation studies (Hines and Bromwich, 

2008;Hines et al., 2011). A summary of key physical schemes applied in this study is presented in Table 1. 

 25 

As initial and boundary conditions we used the ERA Interim 6-hour reanalysis. The model was run for two 

domains, where the outer domain with a resolution 27 km x 27 km (90 x 49 grid cells) serves purely as a bridge 

between the coarse resolution boundary conditions and the finer inner domain with resolution 5.4 km x 5.4 km 

used for analysis. The model was run with 42 vertical layers and output written every 3 hourly outputss. Each 

simulation spans the snow accumulation season (starting in November), spring and summer, however, only the 30 

spring (MAM) and summer (JJA) seasons are included in the analyses.  

 

The model was run with the Noah-UA land surface model (LSM), which is the widely used Noah LSM (Tewari 

et al., 2004), with added parameterization for snow-vegetation interactions by Wang et al. (2010),. The added 

parameterizations includinge consideration of the vegetation shading effect on snow sublimation and snowmelt, 35 

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. In the model, tThe soil is divided into four 

layers of varying thickness, summing up to ain total of 2 m. The LSM controls the soil and surface energy and 

water budgets, and computes the water and energy fluxes to the atmosphere, depending on air temperature and 
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moisture, wind speed and surface properties. The dominant vegetation category in a given grid cell determines a 

range of biophysical parameters related tothat controls 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 values of leaf area 

index, albedo, emissivity and surface roughness length. A list of parameter values used to represent the relevant 5 

vegetation categories in our simulation is presented in Table S1, supplementary material. The value within each 

range is scaled according to the vegetation greenness factor, which is updated here {how?} based on a prescribed 

monthly dataset provided with the WRF model.  

 

As such, tThis model setup is able to capture changes in surface properties related tofollowing a redistribution of 10 

vegetation classes and the corresponding atmospheric responseeffects resulting from these. It will not simulate 

the vegetation’s response to environmental forcing, such as changes in surface temperature or soil moisture. 

Only prescribed changes to the vegetation as described in the next section , and corresponding effects on the 

overlying atmosphere, differ in reference versus perturbed simulations. DAny differencess Alterations in the 

atmosphere  seen in the comparison of reference to perturbed simulations results from the biophysical changes 15 

related accompanying to the applied vegetation changes onlyperturbations alone..  

2.2.1 Land cover and re-distribution 

For tThe land cover input data is based on, we use the newly available 20 class MODIS 15 sec resolution dataset 

(Broxton et al., 2014). In this dataset most of the Arctic and alpine part of our study area is covered by the 

dominant vegetation category of “open shrubland”, consisting of low shrubs of less than 0.5 m height. This 20 

category was further used tohas a basis to implement empirically based adjustments aiming to distinguish the 

atmospheric sensitivity to shrubs and low deciduous trees of various heights. The study domain was divided into 

bioclimatic zones based on mean JJA temperatures and re-distributed shrubs and low trees following the 

approach of Bakkestuen et al. (2008). The shrub and tree vegetation was re-distributed across the study domain 

by applying bioclimatic envelopes, which were derived from empirically determined vegetation-climate 25 

relationships for the region. For this purpose we divided our study domain into climatic vegetation zones based 

on mean JJA temperatures, and we defined shrub and low tree categories according to their empirically derived 

climatic vegetation zones (Bakkestuen et al., 2008). In order to prevent shrubs from being distributed in areas 

that are unsuitable, despite favorable climatic conditions, the extent of area extents with of other vegetation 

categories wasere kept unaltered. In this way, the vegetation was adjusted in accordance with the derived 30 

climatic vegetation zones, while keeping the heterogeneity in the vegetation distribution acrosswas kept 

assimilar to observed in the original dataset.  

 

TThe results for the dominant vegetation categories as distributed across the domain for the different 

simulations, along with mean JJA 2 m temperature limits used to determine the climatic envelopes, are shown in 35 

Fig. 1.  

In order to distribute the climatic vegetation zones geographically across the study domain, we utilizedwere 

derived using some general features of vegetation distribution among the alpine zones that have been determined 

for this area. ()The various alpine zones are defined as altitudinal dependent belts of vegetation above the forest 
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linewhere (Gottfried et al., 2012). Although the altitudinal extent of each alpine zone is determined by the local 

mean decline in temperature with elevation (i.e. local meantemperature lapse rate,) (Bakkestuen et al., 2008) in 

addition to various geographical and climatic features, the relative {needed?} altitudinal extent of eachalpine 

zones remains rather constant throughout across the domain in focus here. This altitudinal extent is used here to 

determine temperature based climatic envelopes for each alpine zone. The altitudinal extent of each alpine zone 5 

used in this study is based on Moen et al. (1999), but also confirmed by a new dataset from the region 

(Bjørklund et al., 2015).  

 

As illustrated in Fig. 2, and fFollowing the vegetation categorization of Moen et al. (1999) and Bakkestuen et al. 

(2008), we defined tall shrubs and boreal deciduous trees reported to be characterized bywith a height from 2 to 10 

5 m (Aune et al., 2011) as to belonging to the sub-alpine zone, . We defined tall shrubs with height from 0.5-2 m 

as to belonging to the low-alpine zone, and low shrubs with height up to 0.5 meters to belonging to the mid-

alpine zone (Fig. 1). The high-alpine zone contains no shrubs and is characterized by barren ground, boulder 

fields or scattered vegetation (Moen et al., 1999). High mountain tops were regarded as high-alpine (and largely 

fit in agreement withwith the defined climatic limits), and vegetation cover in these areas were adjusted 15 

accordingly (see e.g. Karlsen et al. (2005)).  

The climatic forest line was found and appliedused to separate the boreal forest from the sub-alpine region 

characterized by scattered mountain birch (Aas and Faarlund, 2000). The last mountain birches stretching 

towards higher elevations are approximately 2 m tall, and define the so-called boreal-tundra or tree line ecotone 

(Hofgaard, 1997;Bryn et al., 2013;de Wit et al., 2014). This ecotone was determined here to be above the line 20 

where the fraction of boreal tree cover exceeds 25% in each grid cell. This line furthermore defines the base line 

temperature used to derive the alpine vegetation zones at higher elevations. The climatic boreal forest line was 

found to correspond well with the mean summer 12 
o
C isotherm (in our domain) (Fig. 1), which is slightly higher 

than what is found in southern parts of mountainous Scandinavia (Aas and Faarlund, 2000;Bryn, 2008). The sub-

alpine zone was then determined based on an average altitudinal extent of 100 m (Aas and Faarlund, 2000), the 25 

low-alpine and mid-alpine zones were both estimated to be on average 300 m in altitudinal extenteach, and 

vegetation cover at higher elevations defined as high-alpine zone (Moen et al., 1999). This constitutes the 

reference vegetation distribution (RefVeg) as illustrated in  (Fig. 2).  

 

Based on temperatures from previous simulations covering the area by (Rydsaa et al., (2015), the mean 30 

tropospheric JJA lapse rate for the area was found to be 6.0 K km
-1

. This value was used together with the 

average zone-heights to find the summer temperature ranges for each climatic vegetation zone. The interpolated 

mean JJA 2 m temperature was then used to distribute each shrub category across the domain in accordance with 

their climatic envelope. isIn order to simulate a shrub expansion and re-distribution of tall vs. low shrubs in 

accordance with a theoretical future increase in summer temperatures, rRevised climatic zones with the same 35 

relative altitudinal extent were calculated based on increased JJA 2 m temperatures, and vegetation categories 

were re-distributed accordingly. is (Fig. 2)For simplicity, the mean lapse rate is assumed to be the same in the 

new temperatures. The procedure is illustrated in Fig. 3T. 
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the two To represent each alpine vegetation type in the model, we chose suitable vegetation categories (and 

corresponding parameter values) from the ones already defined within the thus model system. The categories 

were chosen based on categories types already present in the domain., with Sspecial emphasis was ongiven to 

decreasing LAI and canopy height for vegetation applied distributed towards higher altitudes and latitudes, and 

further based on. The choices were based on a recent mapping of vegetation types in the region (Bjørklund et al., 5 

2015). A list of shrub categories and their corresponding parameter values is presented in Table S1, 

supplementary material. With two exceptions (see supplementary material, Table S1, bold), parameter values 

were left unaltered to keep consistency between and within each vegetation category. The original usage in the 

model system is given along with the minor alterations.The only changealteration between the reference 

simulations (“RefVeg”) and perturbed simulations (“Veg0K”, “Veg1K”) is the land cover. Any other differences 10 

in other variable values result from the land cover changes, as simulations are otherwise identical with respect to 

setup and meteorological forcing data. This methodology aims to isolate the signal in the atmospheric response 

to land cover changes alone.The difference between Veg0K and RefVeg shows the effects of an increase in 

shrub and tree cover as having reached the present day climatic potential (as de-mean rfined here). The 

difference between Veg1K and RefVeg on the other hand, ,shows the enhanced effect of a potential vegetation 15 

shift corresponding to a 1 K shift in surface temperatures and is presented afterwards. 

3 Results  

The only change between the reference simulations (“RefVeg”) and perturbed simulations (“Veg0K”, “Veg1K”) 

is the land cover. Any other differences in other variable values result from the land cover changes, as 

simulations are otherwise identical with respect to setup and meteorological forcing data. This methodology aims 20 

to isolate the signal in the atmospheric response to land cover changes alone. The results are therefore presented 

largely as anomalies between reference and perturbed simulations when the effects of land cover are of main 

interest. The difference between Veg0K and RefVeg shows the effects of an increase in shrub and tree cover as 

having reached the present day climatic potential (as defined here). The difference between Veg1K and RefVeg 

on the other hand, shows the enhanced effect of a potential vegetation shift corresponding to a 1 K shift in 25 

surface temperatures and is presented afterwards.  

 

In the following sSections  3.1 - 3.-3 present the the mean seasonal effects on the overlying atmosphere of 

increased shrub and tree covercover (Veg0K-RefVeg) for each mean season (MAM and JJA) are presented. , 

specifically. The most moderate vegetation re-distribution (Veg0K) is focused. Results are presented as mean 30 

anomalies between the reference and perturbed simulations (Veg0K-RefVeg), as averaged over the warm and the 

cold year. Special emphasis is on Special emphasis is on how the increased shrub and tree cover alters the 

feedback to atmospheric near surface temperatures. Changes in other variables are presented largely to explain 

the variations in temperature. We start presenting the results In Section 3.1 Rresults are first given aas averages 

over the two spring seasons (MAM) seasons, and the two summer (JJA) seasons (Section 3.1warm and cold). , 35 

followed by a spring seasons and two summer seasons. This gives an mean estimate of the mean response of the 

atmosphere across a wide range in meteorological conditions and thus represents a robust estimate of shrub 

induced effects across inter-annual variations. To show the sensitivity in the atmospheric response to differing 

meteorological conditions, rResults Next we comparingson ofeing the anomalies response between in the warm 
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and versus the cold spring and summer seasons are presented next in Sections 3.2 and 3.3, as it will indicate the 

sensitivity of the atmospheric response to specific meteorological variations. Section 3.2 focuses on the effect of 

variation We focus in Section 3.2primarily on Here tthese effects of are limited to variations inin spring snow 

cover between the two years, primarily (in Section 3.1.1) and Section 3.3 on the effect of variation in summer 

near surface temperatures (in Section 3.31.2). Finally, in order to account for the sensitivity of the shrub and tree 5 

cover to JJA temperatures, the atmospheric resultsresponse to of the morest extensive vegetation re-distribution 

(Veg1K-RefVeg) isare presented in Section 3.43.in Section 3.2 a brief analysis of the future scenario with 

vegetation distributed according to a 1 K increase in temperature is presented. Special emphasis is on how the 

increased shrub and tree cover alters the feedback to atmospheric temperature. Mean values for the reference 

simulations, along with mean response as averaged over all areas with vegetation changes for surface fluxes and 10 

near surface atmospheric variables, are presented in Table 2. 

 Atmospheric effects of shrub and tree cover increase  3.1

Mean values for the reference simulations (mean of RefVegcold and RefVegwarm), along with mean rResponses in 

surface fluxes and near surface atmospheric variables (as averaged over all areas with vegetation changes and 

across the warm and cold years (Veg0K-RefVeg),and and acrossfor botheach years ( in parentheses )years, are 15 

presented in Table 2. ) for surface fluxes and near surface atmospheric variables, are presented in Table 2. 

Separate values for the spring seasons are given in.Effects of shrub and tree cover increase as averaged over the 

two spring seasons (Veg0K-RefVeg)by both expansion into areas with lower vegetation, and by increased height 

of existing shrubs (Veg0K-RefVeg) as averaged over the two spring seasons , are presented in Fig. 4., . Top 

panels Fig. 4a shows the spatial distribution change in 2 m temperature anomalies averaged over the spring 20 

seasons (left) and mean values for each separate bioclimatic zone area with vegetation changes for each 

vegetation type(corresponding areas are indicated in Fig.14, botttom panel) in the bar plot (right)(right).  

 

In spring, an overall increase in near surface temperatures is seen for all areas whereith shrub and tree cover 

increases (Fig. 4a). The higher anomaly values are seen in areas with increase in taller vegetation shrubs and 25 

trees (as also indicated in the bar plots). Average increase in 2 m temperature over the spring season is 0.1 K 

(Table 2); however, there are large spatial differences appear (Fig. 4a, bar plot). Values close toThe mean 

response reaches up to 0.6 K arein seen in some areas with taller vegetation (Fig 4). There isare also large 

temporal differences variability within the seasonal response, and the increase as averaged over all areas with 

vegetation changes peaks during the melting season in mid-May with 0.8 K (not shown).  30 

 

The second row of panels in Fig. 4b  shows changes in fluxes of net short wave (SW) radiation (towards the 

surface). The main strongesthighest increase in net short wave (SW) radiation fluxes is seen during the spring 

season (Fig. 4b), mainly due to decreased surface albedo caused by both the increased shrub and tree cover, and 

particularly its effect on earlier snowmelt (Section 3.21.1). The spring season’s net increase in SW radiation 35 

occurs despiteThere is a slight decrease in downwelling SW (not shown) caused by enhanced cloud cover (Fig. 6 

and Table 2), but . Tthe reduction in downwelling SW is more than compensated by the albedo decrease in areas 

with sub- alpine vegetation (taller vegetation). T, but the net value is close to zero in areas with low- alpine shrub 

increase (lower vegetation) due to smaller albedo changes (second row4b, and bar plot). The long wave (LW) 
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radiation is slightly increasesd (Fig. 4c) in response to enhanced cloud cover and atmospheric humidity (ref.Fig. 

7 and Table 2). The increase in LW is more evenly distributed across the region than changes in SW, as it is not 

as directly linked to the vegetation changes.  

 

The heating associated with the increase in SW is partly balanced by an increase in evapotranspiration (ET), 5 

shown as the latent heat flux (LH) (Fig. 4d3, row 4). The increased LAI due tocaused by increased more shrub 

and tree cover (Table S1, and Fig. S4, supplementary material) causes results in increased ET, and 

correspondingly increased higher LH. The effect is larger in areas with larger LAI increase, i.e. in areas with 

taller vegetation. The increase is largest towards the end of the spring season (not shown), much owing to larger 

above-snow canopy fraction due to the canopy height increase associated with more shrubs and trees and 10 

reduced snow cover (Fig. S2, S3, supplementary material). An increase in sensible heat flux (SH) (Fig. 4e, row 

5) from the surface and from canopies protruding the snow cover is seen in areas with taller vegetation, where 

net SW is positive. This adds to the effect of increasinged LH in balancing the surplus of SW energy at the 

surface. 

 15 

In the summer season (Fig. 5) the 2 m temperature is increasesd in areas with taller vegetation, and decreasesd in 

the areas with low- alpine shrub increase (lower vegetation) (Fig. 5a). These latter areas are characterized by a 

lowering of net SW radiation in this season, which results in a decreased sensible heat flux and less warming of 

the lower atmosphere. The negative net SW (Fig. 5b) is related to a slight albedo increase in the early summer 

season (early to mid-June, not shown) caused by enhanced snow cover in these areas (Fig. S3 and S4, in the 20 

supplementary material). The enhanced snow coveris is due toa result of increased precipitation (alsoincluding 

snow fall; ) (Table 2). The summer season SW downwelling is decreased due to increased cloud cover (Table 2, 

Fig.7 and as confirmed by the increased LW to the surface). In addition, tThe summer season SW down welling 

is decreased due to an increase ind cloud cover (Table 2), Fig.7 and as confirmed by the increased LW to the 

surface (Fig. 5c)). On the other hand, in the negative net SW is caused by a slight albedo increase in the early 25 

summer season (early to mid-June, not shown) due to enhanced snow cover in these areas (Fig. S3 and S4, 

supplementary material). The latter is due to the increased precipitation (also snowfall) (Table 2) and enhanced 

shading effect by more shrubs, combined with the small albedo decrease associated with the low-alpine shrub 

increase.  In Tthe areas with taller shrubs and trees on the other hand,, the stronger albedo decrease are 

characterized dominates,by  leading to a a decrease in snow cover throughout the spring and summer seasons 30 

due to a stronger albedo decrease (albedo changes are shown in Fig. S4, supplementary material)..  

 

The increased SH mainly acts to heat the lower atmosphere within the planetary boundary layer (PBL), while the 

LH is alsomainly released above the PBL height. The LH therefore does not affect the 2 m temperature to the 

same degree as the SH, as the heat is released as the water condenses, which may well be higher up in the 35 

atmosphere as the water condenses (Fig. 6). The vertical structure of the lower atmosphere heating along a 

somewhat arbitrarily chosen cross section across the areas with vegetation changesdomain is shown in Fig. S6 in 

the supplementary material,  along with changes in planetary boundary layer PBL) height and turbulent fluxes of 

SH and LH. The values are mean monthly May values from the warm spring season, and as such they represent 

one of the months with the largest heating anomaly. The increased SH mainly acts to heat the lower atmosphere 40 
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within the boundary layer, while the LH is also released above the PBL height. The heating anomaly has a 

westward tilt with altitude, and the signal extends well beyond the PBL, however the main heating is occurring 

within the lower 200 meters. The changes in LH and SH fluxes are local to the areas with vegetation changes, as 

is the increase in PBL height. 

 5 

The atmospheric humidity increase associated with increased shrub cover results in more clouds and 

totalaccumulated precipitation in both seasons (Table 2).  

 

The spatial distribution of mean changes to in the low cloud fractions?s (here defined as below 3 km) and 

precipitation anomalies for in the two seasons is shown in Fig.  76?. The top panels show the relative change in 10 

low cloud cover resulting from increased shrub and tree cover. Here the change in cloud cover is  shown as the 

difference in fractional cloud cover averaged over the lower 3 km of the atmosphere (further details about this 

variable in the supplementary material). The atmospheric humidity increase associated with increased shrub 

cover results in more clouds and accumulated precipitation in both seasons (Table 2). The increased cloud cover 

acts to decrease the SW radiation reaching the surface in both seasons (shown only as net SW, Fig. 4 and 5) and 15 

increase the amount of LW radiation towards the surface (shown only as net LW, Fig. 4 and 5). The effect is 

largest in areas where the humidity is increasesd the most through enhanced LH, i.e. in areas with an increase in 

taller vegetation.  

 

Top panels in Fig. 7 show the relative change in low cloud cover resulting from increased shrub cover. Here the 20 

change in cloud cover is shown as the fractional cloud cover as averaged over the lower 3 km {ref.above – is it 

the same variable?} of the atmosphere (further details about this variable in the supplementary material). The 

most prominent increase in low cloud cover is occurring in spring (Fig. 67, upper left panel) and is largely 

covering areas with vegetation changes. The pattern for the summer season’s response is is more patchiery,, 

although a tendency of towards increased cloud cover in areas with vegetation change (ref Fig. 3) is 25 

recognizable. and statistically significant{first time mentioned – also mapped in earlier figures} (see Table 2). 

The second row shows the relative increase in precipitation (in percent), as accumulated over the season. For 

both variables Oonly areas with significant changes are shown. and tThe relative change in precipitation is based 

on daily accumulated values. As with the cloud cover, Tthe spatial distribution of significant values of 

(significant) precipitation changes is also somewhat patchy, particularly for the summer season. However, 30 

changes are concentrated above areas with applied vegetation changes (the significance is higher in areas with 

vegetation changes, as compared to the total area (;  (the relative amount of cells with significant results 

differences in areas with vegetation changes is 8.3%, versus 5.7% in the total domain). This is indicating that 

most of the significant increase in precipitation is related to the vegetation changes. The increase in accumulated 

precipitation is most prominent in summer, amounting to 186 mm i, during which the precipitation increase 35 

summarized over in all the areas with vegetation changes is 186 mm, corresponding to a 2.2% increase (p-value 

based on the Mann-Whitney significance test is 1.2 10
-5

). For spring, the increase in precipitation is 1.107% (p = 

2.8 10
-9

), and for precipitation in the form of snow and ice, it is 1.4% (p = 3.19 10
-9

)..  
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3.1.1  Sensitivity to snow cover differences  3.2

The two contrasting spring seasons are characterized by large differences in snow cover, albedo and near surface 

temperatures between the two years. As compared to the cold seasonIn the reference simulationscase, the warm 

spring season (RefVegwarm) has 16% less snow cover than the cold one (RefVegcold), resulting in a decreased 

albedo of 12% and an on average 3.1 K warmer 2 m temperature (numbers are averages over the land area of 5 

covered areas of the total study simulation domain). There are small differences in Total precipitation is similar 

foramong  the two years, although the rain-to-snow ratio is larger in the warm season spring due to higher 

temperatures. The difference in mean spring snow cover between the warm and cold spring seasons is presented 

in Fig. 78. 

 10 

It is clear from Fig. 7 that t The snowmelt lso starts earlier in the warm spring season (RefVegwarm) (more than 

two weeks) and a fasteronset and speed of the melting rate of snowmelt is seen as  seen for the warm season 

differ between the two as compared to the cold spring season (RefVegcold)years, with and the mainthe largest 

difference in snow cover is in May (Fig. 7). The melting starts more than two weeks earlier in the warm spring 

season. It is worth noting that theThe dominatingmost pronounced effects of increased shrub cover differ 15 

between snow covered and snow free conditions and the differences in the shrubs’ influence on the atmosphere 

are largest during the melting season, i.e.  in May-June.  

 

The difference in 2 m temperature response to increased shrub cover (∆T2m =Veg0K-RefVeg) between the 

warm and cold spring seasons (∆T2mwarm-∆T2mcold), is shown in Fig. 89. The warm spring season experiences 20 

up to 0.38 K higher increases in 2 m temperature in response to shrub and tree cover increase as compared to the 

cold one (Fig. 8)spring season. As seen in the right panel of Fig. 89, the anomaly distribution is shifted towards 

overall higher values in general in the warm season. The shrubs act to enhance warming more in the warm spring 

season more than in the cold spring season. This represents a positive feedback to warm conditions and early 

snowmelt.  25 

 

The increased shrub and tree cover decreases leads to a reduction inthe snow depth in the spring season as 

averaged over all areas with vegetation changes, as seen in Fig. 910a, top panel (the spatial pattern distribution of 

snow cover is shown in Fig. S3,, in the  supplementary material). An exception is seen in the late spring (and 

early cold season summer, not shown). This is owing related to the above mentioned late spring and early 30 

summer increase in snow cover found in areas with low- alpine shrub increase. These areas experience. In these 

areas the mean increase is due tod an increase ind snow fall in the cold summer season and subsequently, and 

possibly the increased shading effect of the shrubs. These effects dominate over the effect of the weak albedo 

decrease.  This increase in late spring/early summer snow cover leads to a a shortening of the snow free season 

in these areas (a grid cell is considered snow freehere defined as if the fraction of ground covered by snow is less 35 

than 0.1) (Fig. 9b). In the cold season the shortening is only about half a day averaged over the areas with 

vegetation changes. The warming effect of shrub cover in the warm season on the other hand, acts to prolong the 

snow free season by just over one day, but however, it speeds the onset of melting by several days.  
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Also, increased shrub and tree cover acts to enhance the soil temperatures (Fig. 9c ), with maximum impact in 

the upper layers of the soil (not shown). The increased precipitation throughoutduring both spring and summer 

seasons also influences the soil moisture. SThe soil moisture (Fig. 9d) is increasesd in areas with increased shrub 

and tree cover throughout the warm spring., and dDue to the shrubs’ ability to decrease surface runoff during the 

main snowmelt, A notable increase in the mid-May soil moisture, and corresponding decrease in surface runoff, 5 

is particularly increasedseen in mid-May at the time of maximum snow melt.Increased shrub and tree cover also 

influences the soil moisture and temperature, as shown in Fig. 10 . The shrubs act to decrease surface runoff (Fig 

9e), during the peak of for both the cold and warm melting seasons. However, during the warm spring season 

before the main snowmelt starts, runoff is slightly increased higher due to shrubs during the warm spring season, 

because of their effect onthe increased snow melt earlier in spring for areas with increased shrub and tree cover. 10 

The soil moisture is increased in areas with increased shrub cover throughout the warm spring, and due to the 

shrubs’ ability to decrease surface runoff during the main snowmelt, the mid-May soil moisture is particularly 

increased. Also, increased shrub and tree cover acts to enhance the soil temperatures (Fig. 10, third panel), with 

maximum impact in the upper layers of the soil (not shown). The increased precipitation throughout both spring 

and summer seasons also influences the soil moisture.   15 

 

3.1.2  Sensitivity to summer temperatures 3.3

The two warm and cold summer seasons represent encompass a large range in inter-annual temperature 

variability. For the With reference vegetation (RefVeg), Tthe mean JJA 2 m temperature temperature (averaged 

over land areas in the domain) for the warm summer season (RefVegwarm) was 11.7 
o
C, while the cold summer 20 

(RefVegcold) represents a lower than usual mean temperature of 9.7 
o
C, for the warm and the cold year in the two 

cases.  Comparing the two summers, tInhe temperature difference over land is on average 2 
o
C, and in some 

places areas the average difference reacheds 3.3 
o
C. The corresponding increase in atmospheric absolute 

humidity at 2 m is 6.9%. The warm summer also represents drier conditions with lower less precipitation (Table 

2).  25 

 

The difference in atmospheric temperature response to increased shrub and tree cover between the two summers 

(∆T2mwarm-∆T2mcold), is shown in Fig. 101.  

 

The response of the atmosphere to increased shrub cover (Veg0K-RefVeg) shows more similarity across the two 30 

warm and cold summer seasons as compared to the two warm and cold spring seasons. For the summer seasons, 

the mean difference in near surface2 m temperature response between the warm and cold season is smaller and 

more rather evenly distributed around zero (Fig. 101, right panel). PThe positive values over areas with low- 

alpine shrub expansion largely indicate less cooling in the warm summer season as compared with the cold 

summer season, during which these areas were partially covered by snow. The tall vegetation changes 35 

contributes to similar warming in the summer seasons. The temperature response in the warm season is slightly 

shifted towards warmer anomalies (Fig 101, right panel), indicating a slightly positive larger vegetation feedback 

to warmer summer temperatures in the warm summer season when compared with the cold. 
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TAs the difference in atmospheric temperature response is larger between the warm and cold spring season when 

compared with than between the warm and cold summer season., Thus, it seems like seems that the strength of 

the temperature feedback to increased shrub cover feedback is more sensitive to snow meteorological conditions 

in spring than summer temperatures. This is likely due to the fact that to the temperature feedback isbeing 

closely linked to albedo changes, which again are heavily dependent on snow cover. Therefore, the strength of 5 

the feedback is more sensitive to temperature in the melting season. 

 SSensitivity to a 1 Kthe degree of  shift in vegetationvegetation changes cover: “future scenario” 3.23.4

The shift in shrub and tree distribution according to the theoretical 1 K increase in summer temperature (Veg1K 

vegetation distribution)) results largely in a northward shift in  migration ofdistribution of the boreal tree line 

ecotone, replacing low- alpine shrubs with small trees across most of the shrub covered areas, as compared to the 10 

Veg0K distribution. It also acts to increase the low- alpine shrub cover in higher latitudes and altitudes (Fig. 32). 

The increased cover of trees rather thanat the expense of shrubs, with corresponding strong decrease in albedo 

and increase in LAI, enhances the net SW absorbed by the surface. This is balanced by strong increases in SH 

and LH (Table 2, and Fig. S5 in the , supplementary material). In addition, the vegetation changes result in 

increasing precipitation and cloud cover (Table 2).  15 

 

The mean seasonal response in 2 m temperature caused by this vegetation shiftto the increase in shrub and tree 

cover corresponding to the 1 K increasein the most substantial vegetation change case (Veg1K-RefVeg) is 

shown in Figure 121.  

 20 

The atmospheric warmingheating effect at 2 m resulting from the “future” vegetation shift is on average more 

than doubled as compared to that of the more moderate shrub and tree cover increase distributionaccording to 

present day climate (in (Veg0K-RefVeg),-RefVeg) in both seasons (Table 2). This is due to the more 

drasticstronger effectmore extensive changes in on the biophysical properties related to the extensive shift 

towards taller vegetation. In Veg1K TtThe warming is most prominent in the spring season, particularly in late 25 

spring whenas the increased vegetation cover notably affects the snow melt and corresponding albedo and 

surface heat fluxes. The average spring season heatingwarming is therefore strongest in areas with the tallest 

vegetation. However, aStilllthough highly localized t, Tthe highest peak peak values, up to 0.71 K, are however 

found in summer (Fig. 112). The potential enhancement of the warming effect in Veg1K (as compared to the 

warming resulting from Veg0K) is thus largest in the summer season. Increased LH also leads to enhanced 30 

atmospheric moisture and more summer precipitation in this experiment (Table 2) and corresponding greenhouse 

effect of up to 5 W m
-2 

(not shown).  

 

The response of the isVeg1K vegetation change also differs between the warm and cold summer and spring 

seasons. In contrast to the response of the previous experiment (Veg0K), the strongest warming is taking 35 

placefound in the cold summer in most areas. However, due to the influence of early summer cooling in areas 

with low alpine shrubs caused by increased snow cover in the cold summer (as in the previous experiment), the 

average response across the entire area with vegetation changes is a slightly stronger warming in the warm 

summer (0.16 K versus 0.15 K in the cold summer, Table 2).  
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4 Discussion 

The spring albedo effect is often regarded as the most important effect of increased vegetation cover in high 

latitudes (Arora and Montenegro, 2011;Bonan, 2008), and our results confirm this as the main cause of warming 

during the spring season. Our findings show that the net SW is highly sensitive to the vegetation properties such 

as the height of the vegetation. We find that competing effects of increased ET (resulting in more cloud cover, 5 

precipitation and snowfall, less downward SW), versus the effect of albedo decrease (more absorbed SW), 

determine the net SW and corresponding near surface temperatures.  

 

In the most moderate vegetation re-distribution case (Veg0K-RefVeg) Tthe seasonal average spring temperature 

increase  reached 0.59 K in in the areas with the tallest vegetation. The warming as averaged over the entire area 10 

with vegetation changes reached 1.0 K during the warm melting season in the warmest of the two years 

studied(Veg0Kwarm-RefVegwarm), due to the strong impact of shrubs and trees under snow free conditions. These 

peak values represent the warming potential of the vegetation changes applied in this experiment. The albedo 

decrease related to more complex canopies and enhanced snowmelt dominate over competing effects and cause 

warming in spring in areas with increased tall vegetation, but this dominance is smaller and sometimes reversed 15 

in areas with increased low shrub cover. In the large areas with increased low-alpine shrub cover, the average 

summer warming was only 0.1 K, reflecting an increased early summer snow cover and albedo in these areas 

caused by increased snowfall. This, combined with the weak counteracting effect of small albedo decreases 

associated with the low-alpine shrubs, resulted in a decrease in the net SW and 2 m temperatures. In areas with 

taller vegetation, the summer maximum increase in near surface temperature reached 0.39 K. This contrasting 20 

pattern in summer warming, confirms the strong dependence of the atmospheric response on vegetation height as 

was also found by Bonfils et al. (2012). They applied a 20% increase in shrub cover in bare ground areas north 

of 60
o
N in order to simulate the influence of shrubs on climate. They found a regional annual mean temperature 

increase of 0.66 K for shrubs up to 0.5 m high, which was most prominent during the spring melting season. To 

investigate the sensitivity of height and stature of shrubs, they performed a second experiment, increasing the 25 

shrub heights to 2 m. This caused the regional annual warming to increase to 1.84 K by 2100. Furthermore, they 

found increases in both SH and LH, the latter mainly resulting from an increase in ET. Similarly to our results, 

they also found an increase in summer precipitation, particularly in the case of tall shrubs. -that -, interesting inin 

up to  high 

Lawrence and Swenson (2011) also applied a 20% increase in shrub cover north of 60
o
N. In their case this led to 30 

a moderate increase in mean annual temperatures of 0.49-0.59 K, with a peak during the melting season in May 

of 1-2 K. They also found an increase in soil temperatures of 3-5 K in winter and spring following added shrub 

cover and re-distributed snow cover. Although not directly comparable, we note that their results were 

substantially larger than the soil temperature response in our results, with maximum values reaching up to 1.5 K 

in the top soil layer during the warm melting season. This difference is probably related to inter-model 35 

differences in soil and vegetation properties, and particularly to differences in simulation domain and extension 

of shrub and snow cover increase. Their analyses did not include effects on cloud cover and precipitation.  

 Also Swann et al. (2010) applied a 20% increase in shrub cover north of 60
o
N and found an annual warming of 

0.2 K and a decrease in low level clouds despite increased vapor content due to increased ET. Similarly to our 

study, they also found increase in summer precipitation, but not in spring. 40 
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The atmospheric response to shrub cover increase in our simulations was larger in the warm than in the cold 

year, both in the spring and summer seasons. However, the difference in response between warm and cold 

summers was more moderate as compared to the warm and cold spring. Based on these results, we might expect 

that in a warmer climate, shrub expansion would increase spring surface temperatures more than summer 5 

temperatures. The areas with strongest feedback to the summer season warming were related to increase in taller 

vegetation (sub- alpine and boreal).  

 

The sensitivity of shrub expansion to mean summer temperatures is not well known, and for this reason, we 

applied a second set of simulations with vegetation distribution based on a 1 K increase in JJA temperatures 10 

(Veg1K). When interpreted with care, the atmospheric response to this vegetation change as compared to the 

more moderate on Assuming that future climate in this region inherits an increase in JJA temperatures and 

corresponding increase in shrubs and trees, the vegetation distribution applied according to a theoretical 1 K 

increase in JJA temperaturesThismay serve as a simplified proxy foras a future vegetation re-distribution 

scenario with regard to vegetation trajectories and re-distribution. However, precautions should be made, as the 15 

time delay related to such a vegetation shift could be substantial (Corlett and Westcott, 2013), and because the 

actual vegetation re-distribution according to such a shift in summer temperatures wcould be limited by other 

environmental and ecological factors, as mentioned in the introduction and discussed  by Svenning and Sandel 

(2013) and Myers-Smith et al. (2011). Also, the warmer climate might influence the response itself, with 

responses even falling outside the wide range of climatic conditions represented by the two contrasting years in 20 

this study. However ifKeeping all this is kept in mind, a careful interpretation of the results as representing some 

future state can still be interesting. The increased vegetation cover resulting from the 1 K increase in JJA 

temperaturesVeg1K re-distribution was largely dominated by extended areas of sub- alpine and boreal deciduous 

vegetation cover, consisting of tall shrubs and low trees. The northward migration of taller trees and the sub-

alpine ecotone more than doubled the warming in both seasons, but to a larger degree in summer (on average 25 

0.16 K in Veg1K-RefVeg, as compared to 0.,05 in Veg0K-RefVeg, Table 2). Peak mean values of sSPeak 

seasonal anomalies in this experiment were also higher in the summer season as compared to the spring season.  

 

Combining our findings, These findings lead us to concludeWwe find that the main summer temperature 

feedbacks are mainly related to increases in taller vegetation. The surface albedo decrease is largest in summer in 30 

areas with boreal and sub-alpine deciduous trees, despite the snow masking effect of snow-protruding canopies 

in spring. This is mostly owing to the deciduous nature of the northward expanding shrubs and trees in this 

study, which is based on what is observed in the study region (Hofgaard et al., 2013;Aune et al., 2011). This 

would be different if we allowed for expansion of evergreen needle leaved trees (Rydsaa et al., 2015;Arora and 

Montenegro, 2011;Betts and Ball, 1997), which would more strongly affect the albedo across all seasons. 35 

Allowing for such a vegetation change could certainly be interesting in this type of investigation. However, in 

this study, the main focus has been on the relatively “fast” shrub and (deciduous) tree cover increase.  

 

As the mean summer temperature is assumed here to be the main environmental driver of shrub expansion, our 

results lead us to conclude that a warming effect on summer temperature strong enough to lead to a positive 40 
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feedback to shrub and tree growth, would depend on establishment of taller shrubs and sub- alpine trees in tundra 

areas, rather than an increase in lower shrub types. This also supports the findings by de Wit et al. (2014).  

As the differences in atmospheric response between the warm and cold summer in these experiments are rather 

small, a positive feedback to summer warming seems to be a robust feature across inter-annual variations. Given 

the strong impact of the northward migrating sub-alpine ecotone on the summer temperature shown here, we find 5 

the possibility for a future ecological “tipping point” in this area possible, and this would be an interesting topic 

to investigate further. The term refers 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). 

 10 

The temperature increases in our results, both for the peak melting seasons and in seasonal means, are below the 

seasonal estimates of some of the similar studies. This was expected given the comparatively more moderate 

vegetation shifts (both on areal scale and partly in vegetation properties) in our simulations. Also, large 

variations in the atmospheric response with regard to cloud cover and precipitation were found among the other 

modelling studies, despite qualitatively similar responses of enhanced ET and LH related to increased shrub 15 

cover. The vegetation perturbations applied to represent shrub and tree cover increase in this study are moderate 

in both areal extent and in vegetation property changes, as compared to other studies with similar purpose (e.g. 

Bonfils et al., 2012;Lawrence and Swenson, 2011). We have altered shrub properties only in areas already 

covered by tundra and low shrubs, and only within empirically based suitable climatic zones (Fig. 1 and 32). 

Shrub properties were selected from predefined vegetation categories within the modelling system employed to 20 

represent high latitude vegetation. Only minimal alterations were made to the existing categories in order to keep 

consistency within and between the vegetation categories applied in the modelling domain. This approach does 

inherit some uncertainty regarding the suitability of single parameter values. However, we judged that changing 

further alterationsthem might lead to unintended biases within the modelling system. A complete review of the 

parameter values applied for each vegetation category within the modelling system is beyond the scope of this 25 

study.  

 

As Since we have chosen to focus on biophysical aspects of the effects of increased shrub and tree 

coverexpansion, there has been no atmospheric or soil chemistry changes included, nor effects of aerosols. These 

factors may substantially alter atmospheric composition and possibly impact on the response to vegetation 30 

changes. However, other studies have concluded that the main impact of changes in the high latitudes 

ecosystems results from biophysical effects (Pearson et al., 2013;Bonan, 2008).  

 

Our investigations are based on simulations using a relatively fine spatial resolution,. which haveThis has 

enabled a more realistic representation of finer scale features of the shrub-atmosphere feedbacks as compared to 35 

the otherprevious modelling studies mentioned. However, this comes with the price of having to reduce the size 

of the domain. Due to its limited size, and the proximity to warm waters off along the coast of Norway, our 

domain is largely influenced by the incoming marine air from the west. This advection of weather into the 

domain acts to diffuse the effects of shrubs’ and trees’  effects on the atmosphere. As such, our results for 

impacts on upper atmospheric features, such as cloud cover and precipitation, are more heavily influenced by the 40 
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meteorological boundary conditions than theand not only near surface variables. This effect could influence our 

results for atmospheric response to be more modest as when compared to results of similar studies on 

circumpolar domains (e.g. Bonfils et al., 2012;Liess et al., 2011).  

 

No vVegetation dynamics were not included in this study to account for the vegetation’s response to the 5 

changing environmental conditions. This represents a limitation in our simulations, particularly with regard to 

differing responses among the cold and warm seasons. However, it is hard to predict whether this represents an 

over or underestimation of our results. In this model version, Tthe  daily interpolated greenness factor (based on 

monthly values), acts to scale between maximum and minimum parameter values representing each vegetation 

category (such as the LAI and vegetation albedo etc.). This gives rise to the seasonal variations of in vegetation 10 

in these simulations.  are results of the daily interpolated greenness factor (based on monthly values), acting to 

scale between maximum and minimum parameter values representing each vegetation category (such as the LAI 

and vegetation albedo etc.). The greenness fraction describes the vegetation density distribution within each grid 

cell. As Since we have made no assumptions about changes in the density of vegetation, only about the type of 

dominant vegetation, vegetation density distribution within each grid cell besides that of the vegetation specific 15 

properties, the greenness fraction this variable was left unaltered in our perturbations. Although it can be argued 

that an assumption of enhanced vegetation density (i.e. ”greenness”) is reasonable, we considered it beyond the 

scope of this study to estimate scales and predictions regarding such changes. In addition, recent reports on arctic 

browning suggest high uncertainty related to enhanced vegetation density (Phoenix and Bjerke, 2016)(Phoenix 

and Bjerke, 2016). Also, limiting the perturbations to affecting only the vegetation types and heights, not the 20 

density, is beneficial for the interpretation of the results. We do however acknowledge that tThis choice might 

influence the results for the atmospheric response.  and in pParticularly could influence the partitioning between 

latent and sensible heat flux could be affected by the choice of perturbations applied..  

 

The spring albedo effect on absorbed radiation is often regarded as the most important effect of increased 25 

vegetation cover in high latitudes (Arora and Montenegro, 2011;Bonan, 2008), and our results confirm this as 

the main cause of warming during the spring season. Our findings show that the net SW is highly sensitive to the 

vegetation properties such as the height of the vegetation. We find that competing effects of increased ET 

resulting in more cloud cover and precipitation, versus the effect of albedo decrease and enhanced melting, 

determine the net SW and influence the near surface temperatures. Albedo changes related to more complex 30 

canopies and enhanced snowmelt dominate the spring effects in areas with increase in tall vegetation. The net 

effect related to increase in lower shrub cover is more dependent on the balance between the albedo decrease and 

added snowfall and snow cover due to more moisture in the atmosphere.  

 

Taller vegetation has a stronger impact on the summer surface fluxes and temperature due to the large increase in 35 

LAI and decrease in albedo in summer for the boreal and sub-alpine deciduous trees. The surface albedo 

decrease is largest in summer, despite the snow masking effect in winter, mostly owing to the deciduous nature 

of the northward expanding shrubs and trees in this study, which is based on what is observed in the study region 

(Hofgaard et al., 2013;Aune et al., 2011). This would be different if we allowed for expansion of evergreen 
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needle leaved trees (Rydsaa et al., 2015;Arora and Montenegro, 2011;Betts and Ball, 1997), which would more 

strongly affect the albedo across all seasons. 

Bonfils et al. (2012) applied a 20% increase in shrub cover in bare ground areas north of 60
o
N in order to study 

the influence of shrubs on climate. They found a regional annual mean temperature increase of 0.66 K for shrubs 

with height 0.5 m, which was most prominent during the spring melting season. To investigate the sensitivity of 5 

height and stature of shrubs, they performed a second experiment, increasing the shrub heights to 2 m. This 

caused the regional annual warming to increase to 1.84 K by 2100. Furthermore, they found increases in both SH 

and LH, the latter mainly resulting from an increase in ET. They also found an increase in summer precipitation, 

particularly in the case of tall shrubs.  

 10 

The seasonal mean spring temperature increase in our simulation for present day shrub distribution (Veg0K) 

reached 0.59 K in in some areas with the tallest vegetation. The warming as averaged over the entire area with 

vegetation changes reached 1.0 K during the warm melting season, due to the strong impact of shrubs and trees 

under snow free conditions. These peak values represent the warming potential of the vegetation changes applied 

here. However, we find large differences in the response related to the varying heights of the shrub cover, as was 15 

also found by Bonfils et al. (2012). In the large areas with low alpine shrub cover increase, the average warming 

was of only 0.1 K, reflecting the increased snow cover in late spring in these areas which was partly caused by 

increased snowfall and partly by the increased shading. Combined with the weak counteracting effect of small 

albedo decreases associated with the low alpine shrubs as compared to the low shrubs previously present in these 

areas, the net results for the SW and 2 m temperature were negative in early summer. The summer maximum 20 

increase in near surface temperature reached 0.39 K in areas with taller vegetation. The warming was mainly 

associated with taller vegetation, confirming the strong dependence of the atmospheric response on vegetation 

height also in this season.  

 

Lawrence and Swenson (2011) also applied a 20% increase in shrub cover north of 60
o
N. In their case this led to 25 

a moderate increase in mean annual temperatures of 0.49-0.59 K, with a peak during the melting season in May 

of 1-2 K. They also found an increase in soil temperatures of 3-5 K in winter and spring following added shrub 

cover and re-distributed snow cover. Although not directly comparable, we note that their results were 

substantially larger than the soil temperature response in our results, with maximum values reaching up to 1.5 K 

in the top soil layer during the warm melting season. This difference is probably related to inter-model 30 

differences in soil and vegetation properties, and particularly to differences in simulation domain and extension 

of shrub and snow cover increase. Their analyses did not include effects on cloud cover and precipitation. 

Swann et al. (2010) applied a 20% increase in shrub cover north of 60
o
N and found an annual warming of 0.2 K 

and a decrease in low level clouds despite increased vapor content due to increased ET. Similarly to our study, 

they also found increase in summer precipitation, but not in spring. 35 

 

The temperature increases in our results, both for the peak melting seasons and in seasonal means, are below the 

seasonal estimates of some of the similar studies. This was expected given the comparatively more moderate 

vegetation shifts (both on areal scale and partly in vegetation properties) in our simulations. Also, large 

variations in the atmospheric response with regard to cloud cover and precipitation were found among the 40 
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mentioned modelling studies, despite qualitatively similar responses of enhanced ET and LH related to increased 

shrub cover.  

The response of shrub expansion in our simulations was larger in the warm than in the cold year, when averaged 

over the entire area with vegetation shifts, both in spring and summer. However, the difference in response 

between warm and cold summers was more moderate. Based on these results, we might expect that in a warmer 5 

climate, the effect of shrub expansion would enhance the positive feedback of early snow melt, and contribute to 

prolonged growing season and particularly increase spring surface temperatures. The areas with strongest 

feedback to the summer season warming were related to taller vegetation (sub alpine and boreal).  

 

We assume that the vegetation distribution applied according to a theoretical 1 K shift in summer temperatures 10 

may serve as a simplified proxy for a future scenario with regard to vegetation trajectories and re-distribution. 

However, precautions should be made when interpreting these results, as the time delay related to such a 

vegetation shift could be substantial (Corlett and Westcott, 2013), and the fact that the actual vegetation re-

distribution according to such a shift in summer temperatures would be limited by other environmental and 

ecological factors, as mentioned in the introduction and discussed by Svenning and Sandel (2013) and Myers-15 

Smith et al. (2011). If this is kept in mind, a careful interpretation of these results is still useful. The increased 

vegetation cover resulting from the 1 K shift in JJA temperatures was largely represented in this study by 

extended areas of sub alpine and boreal deciduous vegetation cover, consisting of tall shrubs and low trees. The 

northward migration of taller trees and the sub-alpine ecotone enhanced the warming in both seasons, but to a 

larger degree in summer (on average 0.16 K in Veg1K-RefVeg, as compared to 0,04 in Veg0K-RefVeg, Table 20 

2). Peak mean values of seasonal anomalies in this experiment were higher in the summer season as compared to 

the spring season.  

 

These findings lead us to conclude that the main summer temperature feedbacks are related to taller vegetation. 

As the mean summer temperature is assumed here to be the main environmental driver of shrub expansion, we 25 

find that the warming effect on summer temperature and thus feedback to further shrub and tree growth is 

subject to a time lag corresponding to that of establishment of taller shrubs and sub alpine trees in tundra areas, 

as also found by de Wit et al. (2014).  

 

Also, based on the differences in response between the warm and cold summer in these experiments, a positive 30 

feedback to summer warming seems to be a robust feature across inter-annual differences, as warming of the 

summer atmosphere occurs quite evenly in cold and warm summers. Given the strong impact of the northward 

migrating sub-alpine ecotone on the summer temperature shown here, we find the possibility for a future 

ecological “tipping point” in this area rather probable, and this would be an interesting topic to investigate 

further. The term refers here to the level of vegetation response, where the atmospheric warming resulting from 35 

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). 
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5 Summary and conclusions 

In this study, weWe have applied the weather, research and forecasting model (WRF) coupled with the Noah-

UA land surface model, in to evaluateing the biophysical effects of shrub expansion and increase in shrub height 

on the near surface atmosphere on a state-of-the-art fine resolution. We have first applied an increase in shrub 

and deciduous tree cover with heights varying in line with the present climate potential according to empirical 5 

temperature-vegetation limits for the region (Veg0K vs. RefVeg) region (bioclimatic envelopes). To evaluate the 

sensitivity of the atmospheric response to inter-annualclimatic variations, simulations were conducted for two 

different contrasting years, one with warmer and one with colder spring and summer conditions. The response 

across the different years represents an atmospheric response across a broad range in temperature and snow 

cover conditions. To evaluate the sensitivity to a potential further expansion in shrub and tree cover 10 

corresponding to a 1 K increase in mean summer temperature, we conducted additional simulations for each 

year, applying a new second vegetation cover shifted according to new bio climatic envelopes corresponding to a 

1 K increase in mean summer temperature(Veg1K).  

 

Our results show that shrub and tree cover increase leads to a general increase in near surface temperatues, 15 

enhanced surface fluxes of heat and moisture, increase in precipitation and cloud cover across both warm and 

cold years and seasons. A noteable exception is areas with sub- alpine shrubs early in the cold summer season, 

where increased snow atmospheric moisturecover resulting from shrub expansion leads to increased snowfall 

and surface albedo, early in the colder summer season.  dominating over the decrease in albedo resulting from 

the shrub increase. This highlights that the net SW absorbed by the surface strongly depends on the strength of 20 

the albedo decrease due to enhanced canopies, versus albedo changes related to enhanced snow cover. The 

strength of the albedo effect is also influenced by the increased ET causing enhanced cloud cover and 

precipitation (including /snow fall). The atmospheric responses in all variables strongly depend on the shrub and 

tree heights. However; increased LAI leads to a persistent increase in LH in all areas with shrub expansion, in all 

seasons investigated.  25 

 

We find that the effects of increased shrub and tree cover are more sensitive towards snow cover variations than 

summer temperatures. Increased shrub cover has the largest effect in spring, leading to an earlier onset of the 

melting season, particularly in the warmer spring season., This representsing a positive feedback to warm spring 

temperatures. Taller vegetation influences summer temperatures more than spring temperatures in most areas., 30 

and Tthe response is not affected by variations in summer temperatures to any large degree, but rather seems to 

be a robust signal across inter-annual variations in summer temperatures. 

 

Summer temperatures have been estimated to be one of the strongest drivers of vegetation expansion in high 

latitudes. Here, we find that the strongest impacts onfeedbacks to the summer temperatures are related to the 35 

expansion of taller vegetation rather than shorter shrubs. Due to large areas with small elevation gradients within 

this domain as well as the rest of the circumpolar tundra covered areas, the temperature zones as derived here are 

highly sensitive to increases in summer temperatures. Small increases in mean temperatures will as such make 

vast areas climatically available for shrubs and tree growth. Our results show that the positive feedback to 

summer temperatures induced by increased tall shrub and tree cover is a consistent feature across inter-annual 40 
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differences variability in summer temperatures. In combination with the vast area that is made available for taller 

shrubs and trees by relatively small increases in temperature, this represents a clear potential for a so-called 

vegetation-feedback tipping point. This is a possibility , which we find to be an interesting subject for further 

research. s 

Competing interests 5 

The authors declare that they have no conflict of interest. 

 

Acknowledgements 

This work is part of LATICE which is a strategic research area funded by the Faculty of Mathematics and 

Natural Sciences at the University of Oslo. Discussions and collaboration with members of LATICE has greatly 10 

improved this manuscript. In particular we thank Dr. James Stagge for his valuable advice regarding the 

statistical analysis. We would also like to express our gratitude towards the two anonymous referees for their 

constructive comments and suggestions that led to improvements of our manuscript. 

References 

, !!! INVALID CITATION !!! (Bonfils et al., 2012;Lawrence and Swenson, 2011). 15 

Aas, B., and Faarlund, T.: Forest limits and the subalpine birch belt in North Europe with a focus on 
Norway, AmS-Varia, 37, 103-147, 2000. 
Arora, V. K., and Montenegro, A.: Small temperature benefits provided by realistic afforestation 
efforts, Nat Geosci, 4, 514-518, Doi 10.1038/Ngeo1182, 2011. 
Aune, S., Hofgaard, A., and Soderstrom, L.: Contrasting climate- and land-use-driven tree 20 

encroachment patterns of subarctic tundra in northern Norway and the Kola Peninsula, Can J Forest 
Res, 41, 437-449, 10.1139/X10-086, 2011. 
Bakkestuen, V., Erikstad, L., and Halvorsen, R.: Step-less models for regional environmental variation 
in Norway, J Biogeogr, 35, 1906-1922, 10.1111/j.1365-2699.2008.01941.x, 2008. 
Beringer, J., Tapper, N. J., McHugh, I., Chapin, F. S., Lynch, A. H., Serreze, M. C., and Slater, A.: Impact 25 

of Arctic treeline on synoptic climate, Geophys Res Lett, 28, 4247-4250, Doi 10.1029/2001gl012914, 
2001. 
Beringer, J., Chapin Iii, F. S., Thompson, C. C., and McGuire, A. D.: Surface energy exchanges along a 
tundra-forest transition and feedbacks to climate, Agr Forest Meteorol, 131, 143-161, 
http://dx.doi.org/10.1016/j.agrformet.2005.05.006, 2005. 30 

Betts, A. K., and Ball, J. H.: Albedo over the boreal forest, Journal of Geophysical Research: 
Atmospheres, 102, 28901-28909, 10.1029/96JD03876, 1997. 
Bjørklund, P. K., Rekdal, Y., and Strand, G.-H.: Arealregnskap for utmark, Arealstatistikk for Finnmark 
01/2015, 2015. 
Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., Kononov, A. V., Maximov, T. C., and Berendse, 35 

F.: Shrub expansion may reduce summer permafrost thaw in Siberian tundra, Glob. Change Biol., 16, 
1296-1305, 10.1111/j.1365-2486.2009.02110.x, 2010. 
Bonan, G. B.: Forests and climate change: Forcings, feedbacks, and the climate benefits of forests, 
Science, 320, 1444-1449, 10.1126/science.1155121, 2008. 

http://dx.doi.org/10.1016/j.agrformet.2005.05.006


45 

 

Bonfils, C. J. W., Phillips, T. J., Lawrence, D. M., Cameron-Smith, P., Riley, W. J., and Subin, Z. M.: On 
the influence of shrub height and expansion on northern high latitude climate, Environ Res Lett, 7, 
Artn 015503 
10.1088/1748-9326/7/1/015503, 2012. 
Brook, B. W., Ellis, E. C., Perring, M. P., Mackay, A. W., and Blomqvist, L.: Does the terrestrial 5 

biosphere have planetary tipping points?, Trends Ecol Evol, 28, 396-401, 10.1016/j.tree.2013.01.016, 
2013. 
Broxton, P. D., Zeng, X. B., Sulla-Menashe, D., and Troch, P. A.: A Global Land Cover Climatology Using 
MODIS Data, J Appl Meteorol Clim, 53, 1593-1605, 10.1175/Jamc-D-13-0270.1, 2014. 
Bryn, A.: Recent forest limit changes in south-east Norway: Effects of climate change or regrowth 10 

after abandoned utilisation?, Norsk Geogr Tidsskr, 62, 251-270, Pii 906016152 
10.1080/00291950802517551, 2008. 
Bryn, A., Dourojeanni, P., Hemsing, L. O., and O'Donnell, S.: A high-resolution GIS null model of 
potential forest expansion following land use changes in Norway, Scand J Forest Res, 28, 81-98, 
10.1080/02827581.2012.689005, 2013. 15 

Chapin, F. S., Sturm, M., Serreze, M. C., McFadden, J. P., Key, J. R., Lloyd, A. H., McGuire, A. D., Rupp, 
T. S., Lynch, A. H., Schimel, J. P., Beringer, J., Chapman, W. L., Epstein, H. E., Euskirchen, E. S., 
Hinzman, L. D., Jia, G., Ping, C. L., Tape, K. D., Thompson, C. D. C., Walker, D. A., and Welker, J. M.: 
Role of land-surface changes in Arctic summer warming, Science, 310, 657-660, DOI 
10.1126/science.1117368, 2005. 20 

Corlett, R. T., and Westcott, D. A.: Will plant movements keep up with climate change?, Trends Ecol 
Evol, 28, 482-488, 10.1016/j.tree.2013.04.003, 2013. 
de Wit, H. A., Bryn, A., Hofgaard, A., Karstensen, J., Kvalevag, M. M., and Peters, G. P.: Climate 
warming feedback from mountain birch forest expansion: reduced albedo dominates carbon uptake, 
Glob. Change Biol., 20, 2344-2355, 10.1111/gcb.12483, 2014. 25 

Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Bjork, R. G., Boulanger-Lapointe, N., Cooper, E. J., 
Cornelissen, J. H. C., Day, T. A., Dorrepaal, E., Elumeeva, T. G., Gill, M., Gould, W. A., Harte, J., Hik, D. 
S., Hofgaard, A., Johnson, D. R., Johnstone, J. F., Jonsdottir, I. S., Jorgenson, J. C., Klanderud, K., Klein, 
J. A., Koh, S., Kudo, G., Lara, M., Levesque, E., Magnusson, B., May, J. L., Mercado-Diaz, J. A., 
Michelsen, A., Molau, U., Myers-Smith, I. H., Oberbauer, S. F., Onipchenko, V. G., Rixen, C., Schmidt, 30 

N. M., Shaver, G. R., Spasojevic, M. J., Porhallsdottir, P. E., Tolvanen, A., Troxler, T., Tweedie, C. E., 
Villareal, S., Wahren, C. H., Walker, X., Webber, P. J., Welker, J. M., and Wipf, S.: Plot-scale evidence 
of tundra vegetation change and links to recent summer warming, Nat Clim Change, 2, 453-457, 
10.1038/Nclimate1465, 2012. 
Forbes, B. C., Fauria, M. M., and Zetterberg, P.: Russian Arctic warming and 'greening' are closely 35 

tracked by tundra shrub willows, Glob. Change Biol., 16, 1542-1554, 10.1111/j.1365-
2486.2009.02047.x, 2010. 
Gottfried, M., Pauli, H., Futschik, A., Akhalkatsi, M., Barancok, P., Alonso, J. L. B., Coldea, G., Dick, J., 
Erschbamer, B., Calzado, M. R. F., Kazakis, G., Krajci, J., Larsson, P., Mallaun, M., Michelsen, O., 
Moiseev, D., Moiseev, P., Molau, U., Merzouki, A., Nagy, L., Nakhutsrishvili, G., Pedersen, B., Pelino, 40 

G., Puscas, M., Rossi, G., Stanisci, A., Theurillat, J. P., Tomaselli, M., Villar, L., Vittoz, P., Vogiatzakis, I., 
and Grabherr, G.: Continent-wide response of mountain vegetation to climate change, Nat Clim 
Change, 2, 111-115, 10.1038/Nclimate1329, 2012. 
Hallinger, M., Manthey, M., and Wilmking, M.: Establishing a missing link: warm summers and winter 
snow cover promote shrub expansion into alpine tundra in Scandinavia, New Phytol, 186, 890-899, 45 

10.1111/j.1469-8137.2010.03223.x, 2010. 
Hines, K. M., and Bromwich, D. H.: Development and testing of Polar Weather Research and 
Forecasting (WRF) Model. Part I: Greenland ice sheet meteorology, Mon. Weather Rev., 136, 1971-
1989, Doi 10.1175/2007mwr2112.1, 2008. 
Hines, K. M., Bromwich, D. H., Bai, L. S., Barlage, M., and Slater, A. G.: Development and Testing of 50 

Polar WRF. Part III: Arctic Land, J Climate, 24, 26-48, Doi 10.1175/2010jcli3460.1, 2011. 



46 

 

Hofgaard, A.: Inter-relationships between treeline position, species diversity, land use and climate 
change in the central Scandes Mountains of Norway, Global Ecol Biogeogr, 6, 419-429, Doi 
10.2307/2997351, 1997. 
Hofgaard, A., Tømmervik, H., Rees, G., and Hanssen, F.: Latitudinal forest advance in northernmost 
Norway since the early 20th century, J Biogeogr, 40, 938-949, 10.1111/jbi.12053, 2013. 5 

Iacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W., Clough, S. A., and Collins, W. D.: 
Radiative forcing by long-lived greenhouse gases: Calculations with the AER radiative transfer 
models, Journal of Geophysical Research: Atmospheres, 113, D13103, 10.1029/2008JD009944, 2008. 
IPCC: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University Press, 10 

Cambridge, United Kingdom and New York, NY, USA, 1535 pp., 2013. 
Janjic, Z. I.: The Step-Mountain Eta Coordinate Model - Further Developments of the Convection, 
Viscous Sublayer, and Turbulence Closure Schemes, Mon. Weather Rev., 122, 927-945, Doi 
10.1175/1520-0493(1994)122<0927:Tsmecm>2.0.Co;2, 1994. 
Karlsen, S. R., Elvebakk, A., and Johansen, B.: A vegetation-based method to map climatic variation in 15 

the arctic-boreal transition area of Finnmark, north-easternmost Norway, J Biogeogr, 32, 1161-1186, 
10.1111/j.1365-2699.2004.01199.x, 2005. 
Lawrence, D. M., and Swenson, S. C.: Permafrost response to increasing Arctic shrub abundance 
depends on the relative influence of shrubs on local soil cooling versus large-scale climate warming, 
Environ Res Lett, 6, Artn 045504 20 

10.1088/1748-9326/6/4/045504, 2011. 
Liess, S., Snyder, P. K., and Harding, K. J.: The effects of boreal expansion on the summer Arctic 
frontal zone, Clim Dyn, 10.1007/s00382-011-1064-7, 2011. 
McFadden, J. P., Liston, G. E., Sturm, M., Pielke, R. A., and Chapin, F. S.: Interactions of shrubs and 
snow in arctic tundra: measurements and models, Iahs-Aish P, 317-325, 2001. 25 

Milbau, A., Shevtsova, A., Osler, N., Mooshammer, M., and Graae, B. J.: Plant community type and 
small-scale disturbances, but not altitude, influence the invasibility in subarctic ecosystems, New 
Phytol, 197, 1002-1011, 10.1111/nph.12054, 2013. 
Miller, P. A., and Smith, B.: Modelling Tundra Vegetation Response to Recent Arctic Warming, Ambio, 
41, 281-291, 10.1007/s13280-012-0306-1, 2012. 30 

Moen, A., Lillethun, A., and Odland, A.: Vegetation: National Atlas of Norway, Norwegian Mapping 
Authority, Hønefoss, Norway, 1999. 
Morrison, H., Thompson, G., and Tatarskii, V.: Impact of Cloud Microphysics on the Development of 
Trailing Stratiform Precipitation in a Simulated Squall Line: Comparison of One- and Two-Moment 
Schemes, Mon. Weather Rev., 137, 991-1007, 10.1175/2008MWR2556.1, 2009. 35 

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T., Blok, D., Tape, K. D., Macias-
Fauria, M., Sass-Klaassen, U., Levesque, E., Boudreau, S., Ropars, P., Hermanutz, L., Trant, A., Collier, 
L. S., Weijers, S., Rozema, J., Rayback, S. A., Schmidt, N. M., Schaepman-Strub, G., Wipf, S., Rixen, C., 
Menard, C. B., Venn, S., Goetz, S., Andreu-Hayles, L., Elmendorf, S., Ravolainen, V., Welker, J., 
Grogan, P., Epstein, H. E., and Hik, D. S.: Shrub expansion in tundra ecosystems: dynamics, impacts 40 

and research priorities, Environ Res Lett, 6, Artn 045509 
10.1088/1748-9326/6/4/045509, 2011. 
Myers-Smith, I. H., Elmendorf, S. C., Beck, P. S. A., Wilmking, M., Hallinger, M., Blok, D., Tape, K. D., 
Rayback, S. A., Macias-Fauria, M., Forbes, B. C., Speed, J. D. M., Boulanger-Lapointe, N., Rixen, C., 
Levesque, E., Schmidt, N. M., Baittinger, C., Trant, A. J., Hermanutz, L., Collier, L. S., Dawes, M. A., 45 

Lantz, T. C., Weijers, S., Jorgensen, R. H., Buchwal, A., Buras, A., Naito, A. T., Ravolainen, V., 
Schaepman-Strub, G., Wheeler, J. A., Wipf, S., Guay, K. C., Hik, D. S., and Vellend, M.: Climate 
sensitivity of shrub growth across the tundra biome (vol 5, pg 887, 2015), Nat Clim Change, 5, 2015a. 
Myers-Smith, I. H., Elmendorf, S. C., Beck, P. S. A., Wilmking, M., Hallinger, M., Blok, D., Tape, K. D., 
Rayback, S. A., Macias-Fauria, M., Forbes, B. C., Speed, J. D. M., Boulanger-Lapointe, N., Rixen, C., 50 

Levesque, E., Schmidt, N. M., Baittinger, C., Trant, A. J., Hermanutz, L., Collier, L. S., Dawes, M. A., 
Lantz, T. C., Weijers, S., Jorgensen, R. H., Buchwal, A., Buras, A., Naito, A. T., Ravolainen, V., 



47 

 

Schaepman-Strub, G., Wheeler, J. A., Wipf, S., Guay, K. C., Hik, D. S., and Vellend, M.: Climate 
sensitivity of shrub growth across the tundra biome, Nat Clim Change, 5, 887-+, 
10.1038/Nclimate2697, 2015b. 
Myneni, R. B., Keeling, C. D., Tucker, C. J., Asrar, G., and Nemani, R. R.: Increased plant growth in the 
northern high latitudes from 1981 to 1991, Nature, 386, 698-702, 1997. 5 

Pearson, R. G., Phillips, S. J., Loranty, M. M., Beck, P. S. A., Damoulas, T., Knight, S. J., and Goetz, S. J.: 
Shifts in Arctic vegetation and associated feedbacks under climate change, Nat Clim Change, 3, 673-
677, 10.1038/Nclimate1858, 2013. 
Phoenix, G. K., and Bjerke, J. W.: Arctic browning: extreme events and trends reversing arctic 
greening, Glob. Change Biol., 22, 2960-2962, 10.1111/gcb.13261, 2016. 10 

Piao, S., Wang, X., Ciais, P., Zhu, B., Wang, T. A. O., and Liu, J. I. E.: Changes in satellite-derived 
vegetation growth trend in temperate and boreal Eurasia from 1982 to 2006, Glob. Change Biol., 17, 
3228-3239, 10.1111/j.1365-2486.2011.02419.x, 2011. 
Pithan, F., and Mauritsen, T.: Arctic amplification dominated by temperature feedbacks in 
contemporary climate models, Nat Geosci, 7, 181-184, 10.1038/Ngeo2071, 2014. 15 

Rannow, S.: Do shifting forest limits in south-west Norway keep up with climate change?, Scand J 
Forest Res, 28, 574-580, 10.1080/02827581.2013.793776, 2013. 
Rydsaa, J. H., Stordal, F., and Tallaksen, L. M.: Sensitivity of the regional European boreal climate to 
changes in surface properties resulting from structural vegetation perturbations, Biogeosciences, 12, 
3071-3087, 10.5194/bg-12-3071-2015, 2015. 20 

Serreze, M. C., and Barry, R. G.: Processes and impacts of Arctic amplification: A research synthesis, 
Global Planet Change, 77, 85-96, DOI 10.1016/j.gloplacha.2011.03.004, 2011. 
Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. M., Duda, M. G., Huang, X.-Y., Wang, 
W., and Powers, J. G.: A Description of the Advanced Research WRF Version 3, National Center for 
Atmospheric Research, Boulder, Colorado, USA, 2008. 25 

Snyder, P. K.: ARCTIC GREENING Concerns over Arctic warming grow, Nat Clim Change, 3, 539-540, 
2013. 
Soja, A. J., Tchebakova, N. M., French, N. H. F., Flannigan, M. D., Shugart, H. H., Stocks, B. J., Sukhinin, 
A. I., Parfenova, E. I., Chapin, F. S., and Stackhouse, P. W.: Climate-induced boreal forest change: 
Predictions versus current observations, Global Planet Change, 56, 274-296, DOI 30 

10.1016/j.gloplacha.2006.07.028, 2007. 
Sturm, M., McFadden, J. P., Liston, G. E., Chapin, F. S., Racine, C. H., and Holmgren, J.: Snow-shrub 
interactions in Arctic tundra: A hypothesis with climatic implications, J Climate, 14, 336-344, Doi 
10.1175/1520-0442(2001)014<0336:Ssiiat>2.0.Co;2, 2001a. 
Sturm, M., Racine, C., and Tape, K.: Climate change - Increasing shrub abundance in the Arctic, 35 

Nature, 411, 546-547, Doi 10.1038/35079180, 2001b. 
Sturm, M., Douglas, T., Racine, C., and Liston, G. E.: Changing snow and shrub conditions affect 
albedo with global implications, J Geophys Res-Biogeo, 110, Artn G01004 
10.1029/2005jg000013, 2005a. 
Sturm, M., Schimel, J., Michaelson, G., Welker, J. M., Oberbauer, S. F., Liston, G. E., Fahnestock, J., 40 

and Romanovsky, V. E.: Winter Biological Processes Could Help Convert Arctic Tundra to Shrubland, 
Bioscience, 55, 17-26, 10.1641/0006-3568(2005)055[0017:wbpchc]2.0.co;2, 2005b. 
Svenning, J. C., and Sandel, B.: Disequilibrium Vegetation Dynamics under Future Climate Change, Am 
J Bot, 100, 1266-1286, 10.3732/ajb.1200469, 2013. 
Swann, A. L., Fung, I. Y., Levis, S., Bonan, G. B., and Doney, S. C.: Changes in Arctic vegetation amplify 45 

high-latitude warming through the greenhouse effect, Proceedings of the National Academy of 
Sciences, 107, 1295-1300, 10.1073/pnas.0913846107, 2010. 
Tape, K., Sturm, M., and Racine, C.: The evidence for shrub expansion in Northern Alaska and the 
Pan-Arctic, Glob. Change Biol., 12, 686-702, 10.1111/j.1365-2486.2006.01128.x, 2006. 
Tape, K. D., Hallinger, M., Welker, J. M., and Ruess, R. W.: Landscape Heterogeneity of Shrub 50 

Expansion in Arctic Alaska, Ecosystems, 15, 711-724, 10.1007/s10021-012-9540-4, 2012. 



48 

 

Tewari, M., Chen, F., Wang, W., Dudhia, J., LeMone, M. A., Mitchell, K., Ek, M., Gayno, G., Wegiel, J., 
and Cuenca, R. H.: Implementation and verification of the unified NOAH land surface model in the 
WRF model, 20th conference on weather analysis and forecasting/16th conference on numerical 
weather prediction, 2004. 
Tommervik, H., Johansen, B., Tombre, I., Thannheiser, D., Hogda, K. A., Gaare, E., and Wielgolaski, F. 5 

E.: Vegetation changes in the Nordic mountain birch forest: The influence of grazing and climate 
change, Arct Antarct Alp Res, 36, 323-332, Doi 10.1657/1523-0430(2004)036[0323:Vcitnm]2.0.Co;2, 
2004. 
Tommervik, H., Johansen, B., Riseth, J. A., Karlsen, S. R., Solberg, B., and Hogda, K. A.: Above ground 
biomass changes in the mountain birch forests and mountain heaths of Finnmarksvidda, northern 10 

Norway, in the period 1957-2006, Forest Ecol Manag, 257, 244-257, 10.1016/j.foreco.2008.08.038, 
2009. 
Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist, L. E., Alatalo, J. M., Bret-Harte, 
M. S., Calef, M. P., Callaghan, T. V., Carroll, A. B., Epstein, H. E., Jonsdottir, I. S., Klein, J. A., 
Magnusson, B., Molau, U., Oberbauer, S. F., Rewa, S. P., Robinson, C. H., Shaver, G. R., Suding, K. N., 15 

Thompson, C. C., Tolvanen, A., Totland, O., Turner, P. L., Tweedie, C. E., Webber, P. J., and Wookey, P. 
A.: Plant community responses to experimental warming across the tundra biome, P Natl Acad Sci 
USA, 103, 1342-1346, 10.1073/pnas.0503198103, 2006. 
Wang, Z., Zeng, X., and Decker, M.: Improving snow processes in the Noah land model, Journal of 
Geophysical Research: Atmospheres, 115, D20108, 10.1029/2009JD013761, 2010. 20 

Wolf, A., Callaghan, T. V., and Larson, K.: Future changes in vegetation and ecosystem function of the 
Barents Region, Climatic Change, 87, 51-73, 10.1007/s10584-007-9342-4, 2008. 
Xu, K. M., and Randall, D. A.: A semiempirical cloudiness parameterization for use in climate models, 
J Atmos Sci, 53, 3084-3102, Doi 10.1175/1520-0469(1996)053<3084:Ascpfu>2.0.Co;2, 1996. 
Zhang, W. X., Miller, P. A., Smith, B., Wania, R., Koenigk, T., and Doscher, R.: Tundra shrubification 25 

and tree-line advance amplify arctic climate warming: results from an individual-based dynamic 
vegetation model, Environ Res Lett, 8, Artn 034023 
10.1088/1748-9326/8/3/034023, 2013. 
 

  30 



49 

 

6 Tables and figures 

Table 1: Key parameterizations used in the model setup. 

Parameterization scheme Reference 

Mellor–Yamada–Janjić planetary boundary  (Janjic, 1994) 

Morrison two moment microphysics  (Morrison et al., 2009) 

RRTMG short- and longwave radiation options (Iacono et al., 2008) 

Noah-UA land surface model  (Wang et al., 2010) 
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Table 2. Mean response in surface fluxes and near surface atmospheric variables as averaged over all areas with 

vegetation changes. 

 

 RefVeg mean value Δ Veg0K-RefVeg Δ Veg1K-RefVeg 

 MAM JJA MAM JJA MAM JJA 

 (Warm,Cold) (Warm,Cold) (Warm,Cold) (Warm,Cold) (Warm,Cold) (Warm Cold) 

Near surface 

temperature [K] 

-5.77 

(-4.28 , -7.25) 

10.02 

(11.0, 9.06) 

0.10 

(0.13,0.07) 

0.05 

(0.06, 0.03) 

0.23 

(0.28, 0.18) 

0.16 

(0.16, 0.15) 

Upward sensible 

heat  flux                             

[W m-2] 

0.3 

(0.1, 0.5) 

52.3 

(59.2, 45.5) 

0.8 

(1.1, 0.6) 

1.8 

(2.2, 1.5) 

1.9 

(2.4, 1.3) 

4.2 

(4.5, 3.8) 

Upward latent 

heat flux                              

[W m-2] 

6.1 

(7.7, 4.5`) 

33.7 

(34.7, 32.7) 

2.3 

(2.3, 2,3) 

2.5 

(2.8, 2.2) 

3.7 

(3.7, 3.7) 

3.8 

(4.2, 3.5) 

Net short wave 

down [W m-2] 

54.2 

(60.2, 48.3) 

153.2 

(165.4, 141.0) 

2.45 

(3.18, 1.73) 

3.6 

(4.26, 2.99) 

4.93 

(5.98, 3.88) 

7.22 

(7.86, 6.58) 

Net Long wave 

down [W m-2] 

-38.0 

(-40.3, -35.7) 

-55.45 

(-60.8, -50.1) 

0.35 

(0.09, 0.60) 

0.64 

(0.59, 0.69) 

0.60 

(0.16, 1.04) 

0.47 

(0.53, 0.42) 

Precipitation*      

[mm day-1] 

5865 

(6496, 5234) 

8446 

(8090, 8801) 

1.07% 

(1.1%,1.01%) 

2.2% 

(2.4%, 2.06%) 

2.5% 

(2.7%, 1.6%) 

4.3% 

(5.0, 3.7)% 

Snowfall*               

[mm day-1] 

4477 

(4289, 4666) 

274 

(328, 220) 

1.43% 

(1.5%, 1.3%) 

2.3 %** 

(3.04%, 1.4%)** 

2.8% 

(3.0%, 2.4%) 

3.0%** 

(3.5%, 1.2%)** 

Low  cloud 

coverage  (<3km)         

[fraction]† 

0.31 

(0.29,0.29) 

0.16 

(0.14, 0.19) 

1.92% 

(2.06%, 

1.85%) 

0.81% 

(1.0%, 0.7%) 

3.2% 

(3.3%, 3.4%) 

0.71% 

(1.0%, 0.5%) 

Vegetation 

buried by snow              

[fraction] 

0.87 

(0.78, 0.95) 

0.01 

(0.00, 0.02) 

-0.42 

(-0.43, -0.42) 

- -0.52 

(-0.49, -0.55) 

- 

*accumulated values over areas with vegetation changes, **not statistically significant ,†average fraction over model layers below 

3km 



51 

 

 

Figure 21: Illustration of alpine zones and corresponding dominating shrub vegetation. The altitudinal extent of each 

alpine zone is indicated by the values of elevation differences (dz), and corresponding mean JJA temperatures 

dividing the zones based on mean summer lapse rates in the area.  

 5 

 

 

 Figure 32. Illustration of the procedure applied to derive the re-distribute the alpine vegetation distributions used in 

each simulation.  across the study domain.Tref is the mean summer (JJA) temperature distribution in the area as 10 
averaged across 2001-2010 (from Rydsaa et al. (2015)). Tref+1K is the same temperature distribution, with a 1 K 

increase. Each of the three distributions has been simulated for two climatically contrasting years (cold and warm), 

yielding in total six simulations.  
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Figure 13: Dominant land use categories (colors) in the a. reference simulations (RefVeg) (top panel), and as 

distributed according to 2 m temperature limitsthe derived bioclimatic zones (indicated by contour lines) in each of 

the perturbed simulations. Panel b. shows Re-distributed vegetation according to present day climatic envelopes 

(Veg0K distribution) in the second panel,  and future scenario (Veg1K) and c. based on a 1 K temperature increase 5 
Veg1K vegetation distributionin the third panel. Only the temperature contour lines calculated to distinguish between 

the various alpine zones are shown. In the bottom panelsthe bottom panel, only areas with increased shrub and tree 

cover are colored, givento show as the difference in vegetation cover between the Veg0K perturbed and the reference 

simulations. Panel d. shows Veg0K-RefVeg vegetation changes, e. shows Veg1K-RefVeg vegetation changes.  

  10 
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Figure 2: Illustration of alpine zones and corresponding dominating shrub vegetation. The altitudinal extent of each 

alpine zone is indicated by the values of elevation differences (dz), and corresponding mean JJA temperatures 

dividing the zones based on mean summer lapse rates in the area.  

 5 

 

 

 Figure 3. Illustration of procedure applied to re-distribute the alpine vegetation across the study domain. 
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Figure 44: Effects of increased shrub cover (Veg0K-RefVeg) on the MAM season a. 2 m temperature (top panel),  and 

surface fluxes of b. net SW,  and and c. LW radiation (both direction downward).  and fFluxes of d. LSH and e. SLH 

(direction upward from surface). The minimum and maximum in mean seasonal mean values are shown below each 

map, to present the full spatial variations in the average seasonal response. Colors only show significant results at the 5 
95% confidence level based on a Mann-Whitney test of equal medians. Bar plots indicate the mean response as 
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averaged over the separate areas with vegetation changes (black lines indicate one σ range about the mean). Note that 

scales differ among variables.  
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Figure 55. Effects of increased shrub cover (Veg0K-RefVeg) on the JJA season. Variables as in Fig. 4.  2 m 

temperature (top panel) and surface fluxes of net SW and LW radiation (direction downward) and fluxes of LH and 

SH (upward from surface) (Only showing significant results at the 95% confidence level, as in Fig 3). Bar plots 

indicate the mean response as averaged over the separate areas with vegetation changes (black lines indicate one σ 5 
range about the mean). Note that scales differ among variables.  
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Figure 6: Cross section showing anomalies resulting from increased shrub cover (Veg0K-RefVeg) as averaged over 

the warm May month. The air temperature anomaly ∆T is shown in colors, and PBL height in grey lines, left axis. 

Blue and red lines show LH and SH, respectively (in W m-2, right axis). Stippled lines show RefVeg values, and solid 

lines show Veg0K values. Black lines along the bottom line indicate areas with shrub expansion along the cross 5 
section. The placement of the cross section line is shown in the inset, along with mean monthly bottom model layer air 

temperature anomalies.  
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Figure 67. Effects of increased shrub cover (Veg0K-RefVeg) Mean seasonal effects on low level (< 3 km) 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, as in Fig. 4)4. For 

precipitation, significance tests are conducted on daily values of accumulated precipitation, rather than three-hourly 5 
values. Mean over spring seasons in left column, and summer seasons in right column. Note that scales differ among 

panels.  
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Figure 87: Difference in mean seasonal snow cover between the warm and cold spring season (RefVegwarm –

RefVegcold). Mean seasonal spatial differences are shown in the left panel, and the temporal development over the 

seasons in the right.  

 5 

  

Figure 98: Difference (warm-cold) in temperature response due to increased shrub cover (Veg0K-RefVeg) between the 

warm and cold year (only showing significant results at the 95% confidence level). The distributions of shrub induced 

anomaly values are shown in box plots, the red box shows warm season anomalies and blue box cold season anomalies 10 
in areas with vegetation changes.   
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Figure 109: Effect of increased shrub cover 

(Veg0K-RefVeg) on spring snow depth and cover, 

soil temperatures and moisture content and surface 

runoff, as averaged over all areas with vegetation 

changes. Red and blue lines indicate warm and 

cold season response, respectively. Black lines 

indicate inter-seasonal means.  
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Figure 1110: Difference (∆T2mwarm-∆T2m cold) warm-cold) in temperature response due to increased shrub cover 

(Veg0K-RefVeg) (only showing significant results at the 95% confidence level, as in Fig. 4). The anomaly distribution 5 
across the domain is shown (right panel), red box shows warm season anomalies and blue box cold season anomalies 

in areas with vegetation changes.  

 

 

 10 

Figure 1211: Effects of increased shrub cover (Veg1K-RefVeg) Effect on the 2 m temperature resulting from a shrub 

and tree cover increase corresponding to a 1 K warming of JJA temperatures (Veg1K-RefVeg) ( (only showing 

significant results at the 95% confidence level, as in Fig. 4). Mean spring season response is shown in the left panel 

and mean summer season response in the right. 

 15 
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Supplementary material 

To support the findings described in the results chapter, some extra figures are attached, along with Table S1, 

containing details of key shrub category parameter values.  

 

Cloud fraction which is shown in Fig. 6 is parameterized based on a modified computation as suggested by Xu 5 

and Randall (1996). It depends on the cloud ice and water content, large scale RH and saturation vapor pressure. 

The cloud fraction is given as a value between 0 and 1.  

 

The effect on LAI changes resulting from increased shrub cover is shown in Fig. S1, as averaged over each 

season (top row) and as averaged over areas with vegetation changes (bottom row). 10 

 

Figure S1: Effects on leaf area index (LAI) for the spring (left column) and summer season (right column) resulting 

from increased shrub cover (Veg0K-RefVeg). Note that scales differ among panels. 

 

 15 

Figure S2. Mean MAM season change in fraction of vegetation canopy buried by snow (left panel) and changes in 

fraction of ground covered by snow, as averaged over all areas with vegetation changes (right panel) (Veg0K-RefVeg). 
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Figure S3. Mean seasonal changes in fractional snow cover resulting from increased shrub and tree cover (Veg0K-

RefVeg).  Spring (left column) and summer season (right column). 

 

 5 

 

Figure S4. Mean seasonal albedo changes resulting from increased shrub and tree cover (Veg0K-RefVeg). Spring (left 

column) and summer season (right column). 

In Fig. S5 changes to surface variables resulting from vegetation changes corresponding to a 1 K shift in summer 

temperatures are presented. Average anomalies over the spring season in the left column, and summer in the 10 

right column. Increased shrub cover leads to higher ET and LH and acts to increase cloud cover and 

precipitation. 
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Figure S5: Changes in surface fluxes of heat and moisture (top two rows) and surface albedo (bottom row) resulting 

from a theoretical 1 K shift in shrub and boreal tree distribution (Veg1K-RefVeg). Spring (left column) and summer 

season (right column). 

 5 

 

 

Figure S6: Cross section showing anomalies resulting from increased shrub cover (Veg0K-RefVeg) as averaged over 

the warm May month. The air temperature anomaly ∆T is shown in colors, and PBL height in grey lines, left axis. 

Blue and red lines show LH and SH, respectively (in W m-2, right axis). Stippled lines show RefVeg values, and solid 10 
lines show Veg0K values. Black lines along the bottom line indicate areas with shrub expansion along the cross 

section. The placement of the cross section line is shown in the inset, along with mean monthly bottom model layer air 

temperature anomalies.  
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It is clear from Fig. S6 that the changes in LH and SH fluxes are local to the areas with vegetation changes, as is 

the increase in PBL height. The values are mean monthly May values from the warm spring season, and as such 

they represent one of the months with the largest heating anomaly. The heating anomaly extends well beyond the 

PBL, however the main heating is occurring within the lower 200 meters.  

 5 

Parameter values for biophysical properties of the key vegetation categories in this study are presented in Table 

S1.  

 

 

  10 



69 

 

T
ab

le
 S

1
. 
K

ey
 v

eg
et

at
io

n
 c

at
e
g

o
ri

es
 a

n
d

 c
o

rr
es

p
o

n
d

in
g

 p
ar

a
m

et
e
r 

v
al

u
es

. 

 

C
a

n
. 
h

ei
g

h
t 

M
in

  
  
 M

a
x
 

0
.1

  
  
 5

.0
 

 

0
.1

  
  
 1

0
.0

 

0
.1

  
  
 2

.0
 

0
.1

  
  
 0

.5
 

0
.0

1
  
  

 0
.0

2
 

a
S
h
a
d
in

g
 f

a
ct

o
r,

 b
N

u
m

b
er

 o
f 

ro
o
t 

la
ye

rs
, 

c M
in

im
u
m

 s
to

m
a

ta
l 

re
si

st
a

n
ce

, 
d
S

n
o
w

 w
a
te

r 
eq

u
iv

a
le

n
t 

fo
r 

to
ta

l 
sn

o
w

 c
o
ve

r 

 

Z
0
 

M
in

  
  
 M

a
x
 

0
.1

5
  
  

 0
.1

5
 

 

0
.3

0
  
  

 0
.3

0
 

0
.0

1
  
  

 0
.0

6
 

0
.0

1
  
  

 0
.0

6
 

0
.0

1
  
  

 0
.0

1
 

A
lb

ed
o

 

M
in

  
  
 M

a
x
 

0
.1

5
  
  

 0
.2

0
 

 

0
.1

5
  
  

 0
.2

0
 

0
.2

2
  
  

 0
.3

0
 

0
.2

2
  
  

 0
.3

 

0
.3

8
  
  
0

.3
8

 

E
m

is
si

vi
ty

 

M
in

  
  
 M

a
x
 

0
.9

2
0

  
  

 0
.9

2
0

 

 

0
.9

3
0

  
  

 0
.9

3
0

 

0
.9

3
0

  
  

 0
.9

5
0

 

0
.9

3
0

  
  

 0
.9

5
0

 

0
.9

0
0

  
  

 0
.9

0
0

 

L
A

I 

M
in

  
  
 M

a
x
 

0
.4

1
  
  

 3
.3

5
 

 

0
.4

1
  
  

 3
.3

5
 

0
.6

0
  
  

 3
.0

0
 

0
.6

0
  
  

 2
.6

0
 

0
.1

  
  
 0

.7
5

 

M
a
x 

a
lb

ed
o

 

(w
it

h
 s

n
o

w
) 

6
0
 

 

5
5
 

6
5
 

6
5
 

7
5
 

S
n

u
p

d
 

0
.0

2
5

 

 

0
.0

2
5

 

 

0
.0

3
5

 

0
.0

3
5

 

0
.0

2
 

R
sc  

1
5

0
 

 

1
5

0
 

 

1
7

0
 

1
7

0
 

9
9

9
 

N
ro

o
ts

b
 

3
 

3
 

3
 

3
 

1
 

S
h

d
fa

ca
 

0
.6

0
 

 

0
.6

0
 

0
.7

0
 

0
.7

0
 

0
.0

1
 

V
eg

et
at

io
n

 t
y

p
e 

 

(o
ri

g
in

a
l 

n
a

m
e/

u
sa

g
e 

in
 

m
o

d
el

 

sy
st

em
) 

S
u

b
-a

lp
in

e 
ta

ll
 s

h
ru

b
s/

tr
ee

s 
(2

-5
m

) 

(M
ix

ed
 t

u
n

d
ra

) 

B
el

o
w

 t
re

e
 l

in
e
 s

h
ru

b
s/

tr
ee

s 
(>

5
m

) 

(W
o

o
d

ed
 t

u
n

d
ra

) 

L
o

w
-a

lp
in

e 
sh

ru
b

s 
(0

.5
-2

m
) 

(O
p

en
 s

h
ru

b
la

n
d

, 
a

d
ju

st
ed

) 

M
id

-a
lp

in
e 

sh
ru

b
s 

(0
.1

-0
.5

 m
) 

(m
ix

ed
 s

h
ru

b
la

n
d

/g
ra

ss
la

n
d

) 

H
ig

h
-a

lp
in

e 
(t

u
n

d
ra

/b
ar

re
n

) 

(B
a

rr
en

/S
p

a
rs

el
y
 v

eg
et

a
te

d
) 



70 

 

 

 

 

 

-- Supplementary material 5 

To support the findings described in the results chapter, some extra figures are attached, along with Table S1, 

containing details of key shrub category parameter values.  

 

Cloud fraction which is shown in Fig. 6 is parameterized based on a modified computation as suggested by Xu 

and Randall (1996). It depends on the cloud ice and water content, large scale RH and saturation vapor pressure. 10 

The cloud fraction is given as a value between 0 and 1.  

 

The effect on LAI changes resulting from increased shrub cover is shown in Fig. S1, as averaged over each 

season (top row) and as averaged over areas with vegetation changes (bottom row). 

 15 

Figure S1: Effects on leaf area index (LAI) for the spring (left column) and summer season (right column) resulting 

from increased shrub cover (Veg0K-RefVeg). Note that scales differ among panels. 
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Figure S2. Mean MAM season change in fraction of vegetation canopy buried by snow (left panel) and changes in 

fraction of ground covered by snow, as averaged over all areas with vegetation changes (right panel) (Veg0K-RefVeg). 

 

 

Figure S3. Mean seasonal changes in fractional snow cover resulting from increased shrub and tree cover (Veg0K-5 
RefVeg).  Spring (left column) and summer season (right column). 

 

 

 

Figure S4. Mean seasonal albedo changes resulting from increased shrub and tree cover (Veg0K-RefVeg). Spring (left 10 
column) and summer season (right column). 

In Fig. S5 changes to surface variables resulting from vegetation changes corresponding to a 1 K shift in summer 

temperatures are presented. Average anomalies over the spring season in the left column, and summer in the 

right column. Increased shrub cover leads to higher ET and LH and acts to increase cloud cover and 

precipitation. 15 
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Figure S5: Changes in surface fluxes of heat and moisture (top two rows) and surface albedo (bottom row) resulting 

from a theoretical 1 K shift in shrub and boreal tree distribution (Veg1K-RefVeg). Spring (left column) and summer 

season (right column). 

 5 

 

 

Figure S6: Cross section showing anomalies resulting from increased shrub cover (Veg0K-RefVeg) as averaged over 

the warm May month. The air temperature anomaly ∆T is shown in colors, and PBL height in grey lines, left axis. 

Blue and red lines show LH and SH, respectively (in W m-2, right axis). Stippled lines show RefVeg values, and solid 10 
lines show Veg0K values. Black lines along the bottom line indicate areas with shrub expansion along the cross 

section. The placement of the cross section line is shown in the inset, along with mean monthly bottom model layer air 

temperature anomalies.  Comment [JHR6]: Vurder å kutte 
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It is clear from Fig. S6 that the changes in LH and SH fluxes are local to the areas with vegetation changes, as is 

the increase in PBL height. The values are mean monthly May values from the warm spring season, and as such 

they represent one of the months with the largest heating anomaly. The heating anomaly extends well beyond the 

PBL, however the main heating is occurring within the lower 200 meters.  

 5 

Parameter values for biophysical properties of the key vegetation categories in this study are presented in Table 

S1.  

 

 

  10 



74 

 

T
ab

le
 S

1
. 
K

ey
 v

eg
et

at
io

n
 c

at
e
g

o
ri

es
 a

n
d

 c
o

rr
es

p
o

n
d

in
g

 p
ar

a
m

et
e
r 

v
al

u
es

. 

 

C
a

n
. 
h

ei
g

h
t 

M
in

  
  
 M

a
x
 

0
.1

  
  
 5

.0
 

 

0
.1

  
  
 1

0
.0

 

0
.1

  
  
 2

.0
 

0
.1

  
  
 0

.5
 

0
.0

1
  
  

 0
.0

2
 

a
S
h
a
d
in

g
 f

a
ct

o
r,

 b
N

u
m

b
er

 o
f 

ro
o
t 

la
ye

rs
, 

c M
in

im
u
m

 s
to

m
a

ta
l 

re
si

st
a

n
ce

, 
d
S

n
o
w

 w
a
te

r 
eq

u
iv

a
le

n
t 

fo
r 

to
ta

l 
sn

o
w

 c
o
ve

r 

 

Z
0
 

M
in

  
  
 M

a
x
 

0
.1

5
  
  

 0
.1

5
 

 

0
.3

0
  
  

 0
.3

0
 

0
.0

1
  
  

 0
.0

6
 

0
.0

1
  
  

 0
.0

6
 

0
.0

1
  
  

 0
.0

1
 

A
lb

ed
o

 

M
in

  
  
 M

a
x
 

0
.1

5
  
  

 0
.2

0
 

 

0
.1

5
  
  

 0
.2

0
 

0
.2

2
  
  

 0
.3

0
 

0
.2

2
  
  

 0
.3

 

0
.3

8
  
  
0

.3
8

 

E
m

is
si

vi
ty

 

M
in

  
  
 M

a
x
 

0
.9

2
0

  
  

 0
.9

2
0

 

 

0
.9

3
0

  
  

 0
.9

3
0

 

0
.9

3
0

  
  

 0
.9

5
0

 

0
.9

3
0

  
  

 0
.9

5
0

 

0
.9

0
0

  
  

 0
.9

0
0

 

L
A

I 

M
in

  
  
 M

a
x
 

0
.4

1
  
  

 3
.3

5
 

 

0
.4

1
  
  

 3
.3

5
 

0
.6

0
  
  

 3
.0

0
 

0
.6

0
  
  

 2
.6

0
 

0
.1

  
  
 0

.7
5

 

M
a
x 

a
lb

ed
o

 

(w
it

h
 s

n
o

w
) 

6
0
 

 

5
5
 

6
5
 

6
5
 

7
5
 

S
n

u
p

d
 

0
.0

2
5

 

 

0
.0

2
5

 

 

0
.0

3
5

 

0
.0

3
5

 

0
.0

2
 

R
sc  

1
5

0
 

 

1
5

0
 

 

1
7

0
 

1
7

0
 

9
9

9
 

N
ro

o
ts

b
 

3
 

3
 

3
 

3
 

1
 

S
h

d
fa

ca
 

0
.6

0
 

 

0
.6

0
 

0
.7

0
 

0
.7

0
 

0
.0

1
 

V
eg

et
at

io
n

 t
y

p
e 

 

(o
ri

g
in

a
l 

n
a

m
e/

u
sa

g
e 

in
 

m
o

d
el

 

sy
st

em
) 

S
u

b
-a

lp
in

e 
ta

ll
 s

h
ru

b
s/

tr
ee

s 
(2

-5
m

) 

(M
ix

ed
 t

u
n

d
ra

) 

B
el

o
w

 t
re

e
 l

in
e
 s

h
ru

b
s/

tr
ee

s 
(>

5
m

) 

(W
o

o
d

ed
 t

u
n

d
ra

) 

L
o

w
-a

lp
in

e 
sh

ru
b

s 
(0

.5
-2

m
) 

(O
p

en
 s

h
ru

b
la

n
d

, 
a

d
ju

st
ed

) 

M
id

-a
lp

in
e 

sh
ru

b
s 

(0
.1

-0
.5

 m
) 

(m
ix

ed
 s

h
ru

b
la

n
d

/g
ra

ss
la

n
d

) 

H
ig

h
-a

lp
in

e 
(t

u
n

d
ra

/b
ar

re
n

) 

(B
a

rr
en

/S
p

a
rs

el
y
 v

eg
et

a
te

d
) 



75 

 

 

 

 

 

Formatted: Norwegian (Bokmål)

Formatted: Heading 1


