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Abstract 
 

Land cover conversion affects climate by imposing changes in the surface properties 
and carbon dioxide fluxes. Forest management programs often disregard that modification in 
surface albedo influences the exchange of energy and climate sensitivity. By taking into 
account the role of vegetation in shaping the atmospheric circulation, forest harvesting not 
always leads to the warming of the climate. This study aims to determine the net climatic effect 
of clear-cutting in high-latitude regions by examining the importance of biogeophysical and 
biogeochemical climate drivers, albedo and carbon dioxide in Sweden. 

Comparative analysis between forest and clear-cut sites on 56°, 60° and 64°N was 
performed in order to account for different climatic conditions at various latitudes. Data on 
shortwave incoming radiation, shortwave outgoing radiation and carbon dioxide release from 
clear-cutting was retrieved from the selected study sites and converted to comparable radiative 
forcing by albedo change and radiative forcing by carbon dioxide release from clear-cutting. 

The findings reveal that the magnitude of the net radiative forcing by clear-cutting 
differs within high-latitudes. Although with a low confidence level due to the lack of available 
data, the outcome underlines results from previous studies by indicating that clear-cutting in 
northern Sweden might induce climate cooling but could also lead to climate warming in 
southern and central Sweden.  
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1. Introduction 
 

Human interference with the climate is observed in several spheres. Fossil fuel 
combustion and land-use change are the two main sources of perturbation affecting 
atmospheric greenhouse gas concentration. Moreover, it is unambiguous that the anthropogenic 
influence has led to the greenhouse effect enhancement since the pre-industrial period (Myhre 
et al. 2013; IPCC 2014b). Over the last half-century, 18% of the total human-induced carbon 
dioxide (CO2) emissions were a result of the land-use change (Quéré et al. 2018). In addition, 
studies reveal that modifications to the land cover not only change CO2 fluxes but also have an 
influence to the surface albedo thereby affecting the exchange of energy (Betts 2000; Bounoua 
et al. 2002; Myhre and Myhre 2003) 

Nowadays, increasing attention is brought to the capacity of vegetation to shape the 
climate system. On the one hand, vegetation change has an impact on the amount of the 
absorbed incoming shortwave radiation as well as on the exchanges in heat, moisture and 
momentum between the Earth’s surface and the atmosphere. In this way, it has been shown 
that the modifications in the vegetation cover affect atmospheric lower boundary conditions 
and bring about the impact on the climate (Betts 2001). On the other hand, stomatal activity 
influences evaporation from the leaves as well as carbon uptake by photosynthesis (Bounoua 
et al. 2002). The efficacy of these plant processes largely depends on the season, species type 
and on the geographical location (Betts 2000; Betts 2001; Gordon 2008). 

A growing amount of literature (Betts 2000; Bounoua et al. 2002; Claussen et al. 2001; 
Bright et al. 2016) focuses on the relevance of vegetation cover to climate. Some of the studies 
aim to test the interactions between albedo, soil wetness and surface roughness of different land 
cover types. In that way, they give an insight into the climate sensitivity to different parameters. 
Other studies focus more on the coupled effect of different land surface properties and show 
the influence of the land-cover change to climate on a regional and global level. Since distant 
climatic disturbance can be altered through the changes in the atmospheric circulation, these 
studies utilise simulations for comparison of the different radiative forcing drivers. The 
outcome usually illustrates different responses of the hydrologic cycle and climate to changes 
in vegetation cover.  

Since the reduction of anthropogenic greenhouse gas emissions is a slow process, forest 
management is seen as an opportunity for faster climate change mitigation. In general, the 
political imperative, like that of the Paris agreement of the United Nations Framework 
Convention on Climate Change (UNFCCC 2015), is that forests can counteract climate change 
because of their ability to remove CO2 from the atmosphere. Since forests represent global CO2 
sinks, they are believed to slow down the warming induced by the utilisation of fossil fuels 
(Naudts et al. 2016). The land CO2 uptake corresponds to 30% of the total emissions over the 
last half-century period (Quéré et al. 2018). Therefore, afforestation and reforestation are 
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assumed to have a cooling impact on the climate while contributing to the decrease in global 
temperature (Rost and Mayer 2006).  

However, the significance of anthropogenic land cover perturbations on global 
circulation shows conflicting results (Bounoua et al. 2002). For instance, Naudts et al. (2016) 
indicate that an increase in the forest area by 10% during the last two and a half centuries in 
Europe has not resulted in atmospheric CO2 decrease. More than 85% of the European forests 
have been put under management so the wood extraction has contributed to the release of 
carbon stored in the biomass, litter, dead wood and soil carbon pools of the previously 
unmanaged forests. Conversion of the deciduous forests into coniferous forests resulted in the 
decrease in evapotranspiration which decreased the thermal heat release from the atmosphere 
and led to the warming in the central and eastern Europe. Coniferous forests in northern Europe 
increased albedo due to the sparse forest density and tree canopy. Consequently, forest 
management and species conversion have contributed to the distinct climatic response based 
on the investigated area - warming over central Europe and cooling over northern Europe (Betts 
2000; Bounoua et al. 2002; Claussen et al. 2001; Bright et al. 2016; Naudts et al. 2016). 

Generally, forests feedbacks to the atmosphere impose a challenge to the present 
climate change studies. First, biogeochemical feedback unveils that forests store carbon by 
taking up CO2 from the atmosphere in the process of photosynthesis. This change in biomass 
thus leads to climate cooling. Second, one biogeophysical feedback suggests that forests have 
a low albedo and thereby absorbing more shortwave incoming radiation than open treeless 
landscape. This change in surface structure contributes to climate warming. Third, another 
biogeophysical feedback of forests suggests that their evapotranspiration increases water 
vapour in the air. In this way, forests decrease the sensible heat flux which leads to cooling of 
the atmosphere near the surface. Accordingly, land cover change (e.g. afforestation and 
deforestation) contributes to the changes in the surface properties and affects atmospheric 
circulation (Claussen et al. 2001).  

As presented, forests can have both warming and cooling effect on climate. Since 
different feedbacks are interconnected, it is complex to unravel the magnitude of the 
anthropogenic land cover modifications to climate. In addition, a quantification of the climate 
sensitivity to land use changes is limited because the plant physiological processes and their 
adaptations to future climatic conditions are not fully understood (Rost and Mayer 2006).  

The objective of this study is to unravel the importance of different forest feedbacks to 
climate sensitivity in high-latitude regions. The net climatic effect will be investigated by 
comparing the effect of biogeophysical (albedo change) and biogeochemical (CO2 release) 
climate drivers. Here, the evapotranspiration effect will be neglected, because on an annual 
average in northern latitudes the albedo change outweighs the change in evapotranspiration 
(Claussen et al. 2001). Also, changes in evapotranspiration are counteracted by changes in 
sensible heat flux and net radiation. Analysis of the influence of the albedo and CO2 on climate 
will be performed by quantifying the amount of the absorbed shortwave incoming radiation 
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(referring to the albedo change) in the forest and clear-cut sites as well as by estimating CO2 
release to the atmosphere by clear-cutting at three different latitudes in Sweden. In this way, it 
will be possible to investigate the climatic effect of clear-cutting and the differences among its 
influence along a latitudinal gradient, in the south, central and northern Sweden. The estimated 
CO2 release will be translated into an equivalent change in global absorbed radiation in order 
to perform a comparative analysis of the radiative forcing by albedo change and by CO2 release. 

Even though similar studies aiming to investigate the net climatic forcing have been 
conducted earlier (Betts 2000; Bounoua et al. 2002; Myhre and Myhre 2003; Chapin et al. 
2005; Claussen et al. 2001; Gordon 2008; Luyssaert et al. 2014; Bright et al. 2016; Luyssaert 
et al. 2018) these were based on model simulations which routinely link the biochemistry of 
photosynthesis with the biogeophysical regulation of albedo within different global biomes. 
This study, however, avoids uncertainties unique to specific models and their 
parameterisations. It is based on available field measurements and thus providing an insight 
into the climate sensitivity to the selected parameters within the high-latitudes, in Sweden. 

The aim of this study is to determine the net climate forcing from the albedo change 
and CO2 release by clear-cutting in Sweden. The hypothesis is as follows: In high-latitudes, the 
cooling effect induced by albedo increase can offset a warming effect by CO2 release, i.e. high-
latitude clear-cutting can reduce climate warming. 
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(Eq. 1) 

(Eq. 2) 

(Eq. 3) 

2. Background 
 
2.1 Energy balance 
 

Net energy balance at the Earth’s surface comprises of the net radiation (Rnet)  
components as well as sensible (H), latent (λE) and soil (G) heat fluxes: 

 
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐻𝐻 − 𝜆𝜆𝜆𝜆 − 𝐺𝐺 = 0 [𝑊𝑊/𝑚𝑚2] 

 
Sensible heat presents the energy stored in a substance that can be derived by cooling it. The 
latent heat can be extracted through a phase change, so it releases heat when condensation 
occurs. Heat transport within the ground is mainly through conduction (Houghton 2009; Moene 
and van Dam 2013).  

Net radiation balance (or net radiation) consists of the shortwave incoming radiation 
(SWin), shortwave outgoing radiation (SWout), longwave incoming radiation (LWin) and 
longwave outgoing radiation (LWout). It represents the sum of the net shortwave and net 
longwave radiation fluxes at the surface or at the top of the atmosphere (Monteith and 
Unsworth 2013): 

 
𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑆𝑆𝑊𝑊𝑖𝑖𝑛𝑛 − 𝑆𝑆𝑊𝑊𝑜𝑜𝑜𝑜𝑛𝑛 + 𝐿𝐿𝑊𝑊𝑖𝑖𝑛𝑛 − 𝐿𝐿𝑊𝑊𝑜𝑜𝑜𝑜𝑛𝑛 [𝑊𝑊/𝑚𝑚2] 

 
Shortwave radiation components originate from the Sun. Some of SWin that does not reach the 
surface is absorbed by the atmosphere. Another part of SWin arrives at the Earth’s surface 
where it is partly absorbed and partly reflected (Kiehl and Trenberth 1997; Houghton 2009). 
Albedo (α) is the ratio between the reflected energy and the incident energy at the Earth’s 
surface. It is unitless and depends on the surface properties, incoming radiation characteristics 
as well as on the solar zenith angle (Moene and van Dam 2013): 
 

𝛼𝛼 =  
𝑆𝑆𝑊𝑊𝑜𝑜𝑜𝑜𝑛𝑛

𝑆𝑆𝑊𝑊𝑖𝑖𝑛𝑛
 

 
Longwave radiation components come from the Earth’s surface or the atmosphere which in 
turn radiates thermal energy back to Earth or emits it out to space. LWin and LWout sum up to 
235 W/m2 thereby indicating the presence of the climate equilibrium since the sum of 
shortwave radiation components that remain in the Earth’s system also amounts 235 W/m2 
(Kiehl and Trenberth 1997; Houghton 2009; Moene and van Dam 2013). 

Only a small part of the LWout leaves the Earth’s system penetrating through the 
atmosphere (40 W/m2). It is not absorbed by the atmosphere and re-emitted to the Earth’s 
surface. This is due to the atmospheric selective absorption which strongly depends on 
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wavelength. Hence, the atmosphere is transparent to the shortwave radiation but opaque to 
most of the longwave radiation. The strongest absorbers of selected wavelength bands are 
carbon dioxide, water vapour and ozone. Since it is very cold at the levels near the top of the 
atmosphere (at the heights between 5 and 10 km), these gases emit very little longwave 
radiation to space. Gaps between the corresponding bands represent little absorption and are 
thus called atmospheric windows. They occur in the infra-red part of the spectrum where 
greenhouse gases are transparent for a small portion of LWout (Houghton 2009). 

Since longwave radiation fluxes strongly depend on atmospheric temperature, a limited 
diurnal variation of longwave radiation is a consequence of a relatively small change in 
temperature in a day and night in comparison to the absolute temperature. The magnitude of 
longwave radiation is lower in winter than in summer due to the lower atmospheric temperature 
(Moene and van Dam 2013). Net shortwave radiation, however, depends on sun elevation and 
albedo and varies considerably throughout both a day and a year. In a clear day, diurnal change 
between the longwave components is very small in comparison to the net shortwave radiation 
that nearly follows the shape of the sinusoidal curve. In the overcast day with low clouds, net 
longwave radiation is about zero so the net radiation during the day almost completely depends 
on the net shortwave radiation. In the night, the shortwave radiation is zero and the net radiation 
is almost zero (Monteith and Unsworth 2013). 

When perturbations happen in the Earth’s system, the energy balance is affected so the 
Earth responds to the introduced changes by setting up a new climate equilibrium. Climate 
sensitivity is a change in the annual mean surface temperature as a result of the new radiation 
balance. The change in temperature is a consequence of some external influence on climate, 
such as greenhouse effect enhancement or the output of the Sun (Houghton 2009; Roe 2009). 
Radiative forcing (RF), expressed in W/m2, is usually used to quantify and compare the 
anthropogenic and natural climate drivers. It represents a change in net radiation and is 
calculated either at the tropopause or at the top of the atmosphere (IPCC 2014a). A positive RF 
tends to increase the temperature, while a negative RF has an opposite effect (Roe 2009). 
Similarly, perturbations in the Earth's system are often expressed as climate feedbacks which 
can either be positive or negative. For positive feedbacks, an initial change is enhanced and for 
negative feedbacks, it is weakened (IPCC 2014a). 

 

2.1.1 Albedo 
Land use change affects the exchange of energy in the Earth’s system in different ways. 

Climate impact assessments thus need to take into account the changes in the surface albedo. 
Generally, the albedo of forested land is lower than that of the open treeless landscape since 
multiple reflections and scattering of SWin within the canopy reduce the fraction of the upward 
radiative flux (Betts 2000) as illustrated in Table 1. Radiation can be trapped in multiple layers 
within the canopy so the albedo decreases with increased vegetation height (Moene and van 
Dam 2013). The difference between albedo in the forest and in open treeless landscape is most 
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prominent during the snow period. During that time, open areas are completely covered by 
snow whereas the forests, particularly coniferous forests, expose a darker surface because the 
snow does not remain on their branches but lies on the forest ground (Betts 2000; Betts 2001).   
 
Table 1. Typical values for albedo for different surface types (Moene and van Dam 2013). 

Surface type Remark 
α 
(-) 

Forest Tropical rain forest 0.07 – 0.15 
 Coniferous 0.10 - 0.19 
 Deciduous 0.14 – 0.2 
Grass  0.15 – 0.30 
Soil Various types 0.10 – 0.35 
Snow Fresh 0.65 – 0.95 
 Old 0.45 - 0.65 

 
Anthropogenic influence on albedo is seen in the land cover change and in the CO2 

fertilisation (increased carbon accumulation) which affects the physical characteristics of the 
vegetation and changes its structure, density and function (Pitman 2003). Changes in albedo 
throughout a year cause different feedbacks at various land cover types. The complex nature 
of these changes is usually expressed in feedback loops. Warming in the high-latitude regions 
causes shrub encroachment and stimulates the forest growth rate (Figure 1). Higher 
temperatures boost the rate of the photosynthesis which leads to vegetation development. Since 
trees grow in height with their canopies becoming bigger in size, they expose a darker surface 
than the open treeless areas. As a result, more incoming radiation is absorbed in the forests 
which has a heating effect. A low surface albedo in forest areas increases absorbed shortwave 
radiation (SWabs) thereby providing a warming effect on climate (Claussen et al. 2001). 
 

 
Figure 1. Snow-vegetation albedo feedback (or taiga-tundra feedback). 
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Coupling latent heat flux and sensible heat flux with albedo increases the complexity 
of albedo feedbacks to climate. Decreased Rnet reduces available energy for vegetation growth 
thereby decreasing both latent and sensible heat fluxes. Lower latent heat flux contributes to 
less water vapour in the atmosphere and thus, decreased cloudiness and precipitation. Reduced 
sensible heat flux leads to a decline in both boundary layer heating and in convection. A 
decrease in cloudiness enhances SWin of an open treeless landscape, however, a high surface 
albedo again leads to a decrease in SWabs (Pitman 2003). The open treeless landscape has a 
lower aerodynamic roughness than forests which decreases convective and other dynamic 
activity that could lead to more rainfall (Houghton 2009). Less precipitation corresponds to 
reduced soil moisture and reduced vegetation growth. The consequence of this is an increased 
albedo leading to negative feedback since the SWabs is reduced (Pitman 2003). 
 
 
2.2 Carbon dioxide 
 

Greenhouse gases absorb thermal radiation from the Earth and can contribute to 
temperature changes. The most important among the greenhouse gases is water vapour, but 
human activity has a direct influence on carbon dioxide, methane, nitrous oxide, 
chlorofluorocarbons and ozone concentrations. Among these, CO2 has to date contributed 
approximately 72% of the anthropogenic greenhouse effect enhancement and is the most 
investigated greenhouse gas (Houghton 2009). 

The atmospheric CO2 concentration is a result of the net land flux, net ocean flux as 
well as anthropogenic fossil fuel emissions and emissions related to cement production and net 
land use change (Figure 2). The transport of carbon from soils to the oceans is done by rivers 
and lakes (Ciais et al. 2013). On a longer time scale, volcanic eruptions (carbon source) and 
geological weathering thermostat (carbon sink) control the CO2 concentration. A warmer 
atmosphere accelerates the rate of silicate and carbonate weathering, leading to an increase in 
CO2 uptake (Archer 2010). 
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Figure 2. Simplified schematic representation of the global carbon cycle. Black numbers and 
arrows indicate reservoir mass and exchange fluxes estimated for the time prior to the Industrial 
Era whereas the red indicators denote cumulative changes of anthropogenic carbon over the 
Industrial Period 1750–2011 (re-produced from [Ciais et al. 2013] with permission from 
publisher IPCC). 
 

Through the process of photosynthesis, CO2 is taken from the atmosphere, converted 
to carbohydrates and used for the production of organic matter. Respiration is oxidation of 
carbohydrates which leads to CO2 release. Carbon is stored in all plant parts, namely in foliage, 
branches, roots and stem. Decomposition is a process of breaking down organic substances. 
The decomposition rates of the forests are predominantly influenced by the climatic conditions, 
substrate availability, vegetation and soil type. Organic matter in the soil is a result of the input 
of organic matter from vegetation below-ground (root litter) and above-ground (literfall) 
(Nilsson and Schopfhauser 1995). The anthropogenic disturbance in the CO2 exchange 
between the forests and the atmosphere is primarily linked to the extraction of wood for fuel 
and timber.  
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2.3 Efficacy of albedo and carbon dioxide forcings 
 

To date, there have been many studies which aimed to compare albedo and CO2 
sequestration potential to investigate the net effect of land cover change to climate (Betts 2000; 
Bounoua et al. 2002; Myhre and Myhre 2003; Chapin et al. 2005; Claussen et al. 2001; Gordon 
2008; Luyssaert et al. 2014; Bright et al. 2016; Luyssaert et al. 2018). These studies accounted 
for different forest feedbacks and examined both warming and cooling effects in forest 
ecosystems. Forest areas were presented as carbon sinks demonstrating cooling, which is either 
enhanced or reduced by warming induced by the albedo effect. For the purpose of comparison 
between the net effect of radiation and CO2 in forest areas, albedo and CO2 climate drivers 
were transformed to the same units. RF by albedo change (RFΔα) was in some studies converted 
to the CO2 emission equivalents and expressed in, for example, t C/ha (Betts 2000). Similarly, 
RF by CO2 release (RFco2) was in some other studies, converted to W/m2 where the reference 
area is either the total area of the Earth or the target area (Bright et al. 2016). Efficacy of climate 
forcings was in the majority of the studies estimated through model simulations. The common 
outcome of most of studies was that the biogeophysical forcing (albedo) often outweighed the 
biogeochemical forcing (CO2) in high-latitude regions (Betts 2000; Bounoua et al. 2002; Myhre 
and Myhre 2003; Chapin et al. 2005; Claussen et al. 2001; Gordon 2008; Bright et al. 2016).  

 
 

2.4 Albedo and carbon dioxide forcings in boreal coniferous forests 
 

Forests cover approximately 31% of the Earth’s surface with boreal forests accounting 
for about 33% of the global forest area (Keenan et al. 2015). Generally, both satellite-derived 
and in situ radiation flux measurements show that boreal forests have a lower surface albedo 
than open treeless areas during the snow season (Gordon 2008). The properties of boreal 
forests, as well as snowfall, contribute to the strongest albedo decrease with afforestation 
among all biomes (Betts 2000; Gordon 2008).  

The influence of forests on the climate is evident through surface albedo, 
evapotranspiration and carbon cycle. In comparison to tropical and temperate forests with 
strong carbon storage in the both above- and below-ground biomass, boreal forests have a lower 
carbon uptake limited by not only the type of forest but also by temperature, the amount of 
precipitation and the age of trees (Gordon 2008). However, boreal ecosystems are considered 
carbon storage because a large amount of carbon remains in the forest soils, permafrost and in 
wetlands (Gordon 2008). The cold climate and low drained soils in the boreal ecosystems 
restrict decomposition of detritus leading to the carbon accumulation in the soil (Gower 2003). 
Furthermore, boreal forests contain about 32% of the global forest stocks of carbon in their 
biomass and soils (Vestin 2017). The total carbon content per unit area, accounting for both 
carbon in the vegetation and soil, is about 50% greater in boreal forests than in tropical forests. 
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Because of the higher temperature and moisture availability, litterfall of the tropical and 
temperate forest is four to five and two to three times higher than in the boreal forest, 
respectively (Gower 2003). Drier conditions in the north lead to the weak evaporative cooling 
in boreal forests. The net forcing to climate by surface albedo, evapotranspiration and carbon 
cycle in boreal forests is still poorly understood but indicates that warming influenced by low 
surface albedo may outweigh the importance of carbon sequestration and evaporation (Gordon 
2008). 
 
 
2.5 A life cycle of a managed Swedish forest 
 

The investigated economically managed forests in Hyltemossa, Norunda and 
Svartberget go through several different stages in their life cycle. In this way, the same area 
changes surface properties over time as well as imposes both sources and sinks of carbon.  

When the forest is young, cleaning ditches and clearing takes place to enhance the 
growth of the new uniform, coniferous forest. This is done because the deciduous trees, e.g. 
birch, use the available energy to grow faster than the coniferous trees and thus, might impose 
negative consequences for the development of the coniferous stand (Bergvik Skog 2019).  

While the forest is growing, it takes nutrients and water from the soil and evaporates 
through stomata. As a result, photosynthesis is enhanced, forest biomass grows and carbon 
sequestration potential raises. The atmospheric CO2 is stored in the woody tissues as well as in 
the constantly produced and gradually decomposed organic matter in litter and soil. The forest 
soil contains more organic matter and has more litter in comparison to the soil in the clear-cuts 
owing to the higher nutrient availability (Nilsson and Schopfhauser 1995; Gower 2003). The 
increased area covered by leaves of the trees provides higher evapotranspiration rates thus 
leading to an increase in latent heat fluxes and a decrease in sensible heat fluxes in the forest 
(Mamkin et al. 2019). The surface temperature of the trees is lower than that of the bare soil 
because trees use available energy for evapotranspiration, rather than for heating of the stems 
and leaves. Forest gradually increases in height, thereby increasing surface roughness and 
imposing a darker surface. Correspondingly, surface albedo decreases with the vegetation 
height because of the multiple reflections of the SWin in the canopy layers (Moene and van 
Dam 2013). The amount of SWabs in the forest ecosystem roughly increases with the albedo 
decrease. Consequently, more energy is being trapped in the forest system. 

The thinning is performed during the forest growth about one to four times so that finest 
trees that will later be used as planks can increase in growth and width. The thinning does not 
decrease the CO2 uptake (Vesala et al. 2005; Lindroth et al. 2018). Stems, branches and treetops 
that come from thinnings are often used for paper and bioenergy production. After final 
thinning, forests are sometimes fertilized in order to maximize the growth of the remaining 
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trees. Nitrogen fertilisation may enhance the carbon sequestration in the forest (Gower 2003; 
Sathre and Gustavsson 2012). 

When boreal forest reaches felling age, the trees are harvested (Bergvik Skog 2019). 
The management turnover rates in Sweden depend on the region and vary between 60 to 140 
years. In order to account for the water management in the soil as well as to protect the bird 
habitats, some trees are usually left as residuals in the site. Also, some pine trees are left to 
provide seed. Depending on the use of the harvested stems, branches (and stumps), carbon 
stored in those tree parts can either instantly be released to the atmosphere in the form of CO2 
through burning or stored in the building structures for a longer time period. The main 
harvested wood products in Sweden are sawn wood, wood-based panels and paper (Swedish 
Environmental Protection Agency 2018).   

After the harvesting is performed, clear-cut reveals higher albedo, lower 
evapotranspiration rates and a decrease in SWabs. The reduction in evapotranspiration leads to 
the raised groundwater table and commonly results in the clear-cuts being wet. In addition, by 
growing of the grasses, shrubs and small deciduous trees, clear-cuts become drier. Clear-cuts 
are a CO2 source because of increased soil respiration and lack of photosynthesis (Gower 2003; 
Mamkin et al. 2019). The conversion of forests to clear-cuts decreases soil carbon content by 
approximately 42% and the afforestation increases carbon content in the soil by about 53% 
(Mamkin et al. 2019). These estimates may vary depending on are the harvest residues left on 
the clear-cut or some soil scarification method was implemented. The studies on the effect of 
soil scarification on CO2 fluxes in a Swedish context revealed that the CO2 emissions were, on 
average, lower or equal to the ones at control plots (Vestin 2017). 

Finally, after the soil has been prepared for a new forest, forest managers usually plant 
more seedlings than they aim to harvest, taking into account that not all of the planted trees 
will reach the felling age (Bergvik Skog 2019). 

The highest carbon sequestration in Sweden is in the south-west and the lowest is in the 
northern parts of the country. The gradient corresponds to the amount of litterfall (Akselsson 
et al. 2005). 

Annual net CO2 uptake (i.e. net ecosystem productivity, NEP) depends not only on the 
nutrient availability, soil characteristics and climatic conditions but also on the forest age 
(Roupsard et al. 2018). Uptake of the CO2 is not linearly dependent on age and shows a rapid 
increase at the beginning followed by stabilisation. The stabilisation occurs because the old 
forests accumulate carbon for a long time and thus contain extensive carbon quantity. Even 
though they have reduced carbon sequestration rate, they still represent carbon storages 
(Luyssaert et al. 2008).  
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3. Methodology 
 
3.1 Study sites description 
 

The study areas chosen for analysis were forests with neighbouring clear-cut/mire sites 
at three different latitudes in Sweden (Figure 3).  
 

 
Figure 3. Study site locations (based on data from [ICOS Sweden 2019b]). 
 

In southern Sweden, data from a forest site was taken from the ICOS1 station 
Hyltemossa (~53 ha) (ICOS Sweden 2019b) and the nearby clear-cut (~4.8 ha) (Google Earth 
2019a) established in 2005. ICOS site Hyltemossa (56°06′N, 13°25′E, 115 m a.s.l.) is situated 
in northwestern Skåne, a few kilometres south of Perstorp and placed in a predominantly 
Norway spruce (Picea abies) forest. The trees are on average 19 m high and the forest stand is 
approximately 35 years old (Table 2). Prevalent soil type at the site is Cambisol (ICOS Sweden 
2019b). 

In central Sweden, a forest site within ICOS station Norunda and a clear-cut established 
in 2009 (Vestin 2017) in the close vicinity (~18.5 ha) (Google Earth 2019b) were used for 
analysis. The Norunda ICOS station (60°05′N, 17°29′E, 46 m a.s.l.) is located about 30 km 
north of Uppsala surrounded by middle-aged and old (60-110 years) mainly Norway spruce 
(Picea abies) and Scots pine (Pinus sylvestris) trees with the height of about 25 m. The site is 
covered by blocks and stones, sandy-loamy tills and soils with a high organic content (ICOS 
Sweden 2019b).  
                                                 
1 Integrated Carbon Observation System 
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In northern Sweden, data from the forest was taken from the ICOS station Svartberget 
(~1076 ha) and data from a mire was taken from the neighboring ICOS station Degerö (~650 
ha). In this study, Degerö was added to simulate an open treeless landscape, as a proxy of a 
clear-cut, because it provides the only data available in the close vicinity to the Svartberget 
forest. The albedo of a mire corresponds to the albedo of bare soil, specifically during the 
presence of a snow cover (Krinner 2003). The Svartberget experimental forests (64°15′N, 
19°46′E, 270 m a.s.l.) is about 60 km west of Umeå in a mixed forest consisting of Scots 
pine (Pinus sylvestris) and Norway spruce (Picea abies). Trees are about 100 years old and 20 
m tall. Degerö mire (64°11′N, 19°33′E, 270 m a.s.l.) is situated on a highland between the 
Umeälven and Vindelälven rivers, approximately 13 km apart from the measurement tower at 
Svartberget. The geology of both sites comprises of gneiss and moraines (ICOS Sweden 
2019b). 
 
Table 2. Study sites land-cover age and height. 
Component Southern Sweden (56°N) Central Sweden (60°N) Northern Sweden (64°N) 

  Hyltemossa 
forest 

Hyltemossa 
clear-cut 

Norunda 
forest 

Norunda 
clear-cut 

Svartberget 
forest 

Degerö 
mire 

Age (years) 35 14 60-110 10 100 n. a. 

Vegetation 
height (m) 

19 n. a. 25 n. a. 20 n. a. 

 
Data on SWin, SWout and CO2 were retrieved from three different latitudes in Sweden 

in order to examine the importance of climate drivers, albedo and CO2 release, and to compare 
changes in RFΔα and changes in RFco2. The reason for the site selection on a latitudinal gradient 
is because both changes in albedo and CO2 sequestration depend on meteorological conditions, 
length of day and snow cover (Moene and van Dam 2013; Roupsard et al. 2018). 

In addition to choosing study locations on distinct latitudes, pairs of sites were utilised 
in southern, central and northern Sweden, respectively. The reason for choosing neighbouring 
forest and clear-cut areas is the presumption that there is a similarity in meteorological 
conditions between the sites owing to the short distance between them (Rost and Mayer 2006). 
Hence, it is assumed that they have the same climatological characteristics, namely, SWin, air 
temperature, amount of precipitation and wind direction.  

The field measurements on radiative fluxes and CO2 release from harvest were not 
performed during the NGEM01 course. However, these were explained during the visit to the 
forest and clear-cut sites in Hyltemossa which took place on the 22nd of March 2019 and were 
thus described in this report. 
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3.2 Data on radiation 
For the calculation of RFΔα, only shortwave data was utilised. The same approach was 

applied by Betts (2000). The mean annual loss of longwave radiative energy from the Earth’s 
system equals the mean net gain from solar radiation. Net shortwave radiation accounts for the 
total SWabs that is received from space to the Earth’s surface. Consequently, RF was calculated 
for SWabs and not for the Rnet thereby neglecting the net longwave radiation. Even though the 
net radiometers utilised in the study sites record both data on net shortwave and net longwave 
radiation, longwave radiation was disregarded because it originates mostly from the Earth and 
from the atmosphere thereby remaining in the Earth’s energy system. In addition, net longwave 
radiation shows little variation throughout both a day and a year in comparison to the net 
shortwave radiation (Moene and van Dam 2013; Monteith and Unsworth 2013). 
 

3.2.1 Field measurements 
In all sites, Kipp & Zonen CNR4 net radiometers are utilised for measuring shortwave 

and longwave radiation flux density (Table 3). They comprise of two pairs of instruments, 
pyranometer and pyrgeometer, both consisting of upward and downward positioned devices 
for measuring all four net radiation components (Kipp & Zonen 2019). 
 
Table 3. Instrumentation at study sites. 

 
Shortwave radiation is measured with a pyranometer, whereas pyrgeometer is used to 

measure the longwave radiation (Figure 4). Data used in this study is collected by the 
pyranometer sensors located below the domes (covers) made of either glass or quartz. 
Radiation is absorbed at the top of the sensor which causes heating up of the sensor surface. 
The difference in temperature between the heated top and the cooler bottom indicates the heat 
flux through the sensors and enables measurements of the radiation input (Moene and van Dam 
2013).  

 
 

Component Southern Sweden (56°N) Central Sweden (60°N) Northern Sweden (64°N)  
Hyltemossa 
forest 

Hyltemossa 
clear-cut 

Norunda 
forest 

Norunda 
clear-cut 

Svartberget 
forest 

Degerö 
mire 

Net radiometer 
height (m) 

50 2-3 50 2-3 50 4 
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Figure 4. Kipp & Zonen CNR4 net radiometer. Instrument measures shortwave (pyranometer 
pair) and longwave (pyrgeometer pair) radiation flux (modified from [Kipp & Zonen 2019]). 
 

Some sources of error might occur in measurements of shortwave radiation. In the first 
place, the instrument must be horizontally aligned. Radiation from the entire hemisphere is 
collected in the upward pointing sensors whereas about 90% of the radiation is collected from 
a circle with radius equal to the three times of the height of an instrument in the downward 
pointing sensors. With this in mind, the location of the instrument is crucial when measuring 
Rnet above a heterogeneous surface. Other sources of errors stem from the instruments 
themselves. For example, since the absorbing surface in pyranometers does not act like a 
Lambertian surface, it implies different sensitivity for radiation coming from different 
directions (Moene and van Dam 2013). Another error source in pyranometers refers to the 
thermal offset owing to the cooler dome than the heated absorbing surface. Consequently, the 
absorbing surface of the sensor is being cooled specifically during night time, which is why 
instead of zero flux, the instrument sometimes records negative values. Regular ventilation of 
the instrument partly overcomes this error because it helps to keep the temperature of the dome 
similar to the one of the absorbing surface of the sensor (Moene and van Dam 2013). 
Furthermore, negative radiation values and gaps in data could be a result of low SWin and 
SWout, power failure, instruments covered by ice and snow, presence of fog between the 
instrument and the canopy, etc.  

 

3.2.1.1 Forest sites 
Measurements of radiation in all ICOS forest sites were recorded as half-hourly 

averages and taken from the net radiometers installed at 50 m a.g.l. on the tall flux towers 
(ICOS Sweden 2019a). An example of the flux tower in Hyltemossa is illustrated in Figure 5. 
The measurements on net radiation are carried out on a boom pointing in a different direction 
than the others so that no obstacles are positioned in the field of view of the instrument sensors. 
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Figure 5. Instruments on the tall tower in Hyltemossa. Net radiation is measured on a boom 
pointing in a different direction than the other instruments. Photo by Iris Mužić. 
 
 

3.2.1.2 Non-forest sites 
In a similar way, but on lower heights, instruments measure exchange in shortwave 

radiation in Degerö (ICOS Sweden 2019b) and clear-cuts in Hyltemossa and Norunda (Figure 
6). 
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Figure 6. Net radiometer in Hyltemossa clear-cut. Photo by Iris Mužić. 
 
 
3.3.2 Data download 

Data on shortwave radiation for all forest sites and Degerö mire is maintained by ICOS 
Sweden and was thus downloaded from ICOS Carbon Portal (ICOS Carbon Portal Data 2019). 
The files in for Hyltemossa, Norunda, Svartberget and Degerö were in ASCII format. 

Data on shortwave radiation from clear-cuts in Hyltemossa and Norunda in ASCII 
format has been provided by researchers at the Department of Physical Geography and 
Ecosystem Science at Lund University. Data from clear-cuts was pure raw data containing 
some missing dates and repeated rows.  

Only years with available complete annual data on radiation fluxes for both forests and 
clear-cuts were used in the study. For this reason, three years (2016-2018) of data was available 
for southern Sweden, five years (2014-2018) in central Sweden and one year (2014) in northern 
Sweden.  

 
 

3.3 Data on carbon dioxide  
 

Ideally, data on CO2 derived from eddy-covariance measurements could have been 
adopted for calculation of the annual net cumulative CO2 flux (g CO2/m2/yr). However, the 
readily available data on CO2 flux from clear-cuts in Hyltemossa and Norunda did not 
correspond to the same time periods as data obtained for radiation.  
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Since the amount of CO2 emitted by clear-cutting equals to the atmospheric CO2 that 
was utilised by the tree through growing (Gower 2003), data on the volume of harvested wood 
from clear-cut provided by the forest owners in Hyltemossa was used to calculate how much 
carbon was released into the atmosphere by forest harvesting in the present day clear-cut in 
Hyltemossa. The forest in Norunda is maintained by multiple forest owners who performed 
harvesting. For that reason, in order to obtain required data on amount of carbon stored in the 
trees in Norunda within the time frame of the thesis project, an estimated amount of above- 
ground carbon (in the standing biomass) in Norunda forest site (in kilograms of carbon per 
square meter) given by Håkansson and Körling (2002) was utilised. Similarly, the amount of 
above-ground biomass in Svartberget forest (in tonnes of dry matter per hectare) was taken 
from Wallerman et al. (2018), 

Generally, root biomass is estimated to be about 20% of the above-ground forest carbon 
stock (Marklund 1988). A few studies on afforestation, which implies lower carbon content in 
the root biomass than it is in the unmanaged forests, suggest that about 80% of the total carbon 
storage of the tree is in the above-ground components thereby excluding the parts in the soil 
(Nilsson and Schopfhauser 1995; Gower 2003). These estimates might, however, vary 
depending on the considered biome, nutrient availability, soil characteristics, climatic 
conditions, etc. In this study, the above-ground carbon stock was assumed to correspond to 
80% of the total carbon in the tree because the investigated forests in Sweden are actively 
managed. Hence, the calculated amount of CO2 release from clear-cutting which corresponds 
only to above-ground carbon stock of the trees was divided by 0.8. In this way, RFCO2 
accounted for the total amount of carbon in the tree, stored in harvested above-ground 
components and below-ground components. By including the below-ground carbon stock of 
the tree in the RFCO2 calculation, not only instant CO2 release by clear-cutting was accounted 
for, but also part of the CO2 emission from the soil after clear-cutting. However, gradual 
changes in the soil carbon stock after clear-cutting e.g. reduced litter inputs to the soil, increased 
decomposition rate of older material in soil and movement of carbon from upper to lower soil 
layers in the clear-cut (Sathre and Gustavsson 2012) were neglected. Therefore, the resulting 
RFCO2shows how much warming causes a release of CO2 from the entire carbon stock of the 
tree due to clear-cutting (Figure 7). Here, the assumption is that all carbon previously stored in 
the tree is released to the atmosphere in a relatively short time. 

In reality, not all CO2 from the forest biomass is released shortly after harvesting. Some 
of the harvested biomass is, for instance, used as a building material and not subject to 
combustion. Other parts of the tree stems are used for relatively short-lived wood products 
while tree tops and branches are often utilised for bioenergy production where the CO2 is 
quickly released to the atmosphere through burning. Stumps are sometimes also harvested for 
bioenergy production although this takes place on very small areas annually (Vestin, 2017). 
More commonly, the stumps are left at the site and gradually decomposed. In comparison to 
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logs and stumps, fine roots and needles decay more rapidly (Sathre and Gustavsson 2012) if 
left on site. However, a complete life-cycle analysis of the residues and wood products after 
harvesting is outside of the scope of this study. 

 

 
Figure 7. A simplified illustration of the change in the ecosystem carbon stock induced by 
forest harvesting. In this study, only change in the carbon stock due to the release of CO2 in a 
relatively short time by clear-cutting (ΔC1) was considered. The effect of changes in the forest 
and clear-cut carbon stocks (CO2 uptake and release) by time (ΔC2) was neglected.  
 
 

3.3.1 Field measurements 
There are two types of tree biomass estimation in the field, destructive and a non-

destructive method. Data on above-ground biomass and forest carbon stocks used in this study 
was collected from the destructive (harvest method). It is based on measurements of the weight 
of the tree trunk, leaves and branches of harvested trees before and after they have been oven 
dried. Harvest method is usually applied on a smaller scale in order to develop biomass 
equations and estimate biomass in the larger areas. Biomass is assessed using allometric 
equations for single species or a mixture of species referring to the relationship among the 
breast height diameter, crown diameter, tree trunk height, total tree height, etc. (Vashum 2012). 

 
 

3.4 Data analysis 
 
3.4.1 Radiative flux 

3.4.1.1 Mean daily albedo calculation 
The calculation of albedo for all half-hourly measurements was performed in MATLAB 

using the equation Eq. 3. Every day Sun passes over different zenith and azimuth angles. When 
the solar altitude is low, the solar zenith angle is high and that causes higher albedo values 
(Figure 8). This happens because the SWin in the morning and late afternoon reflects from the 
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top of the leaves and does not go through the vegetation. On the contrary, around midday time, 
SWin is trapped in the vegetation which causes multiple reflections and slightly lowers the 
albedo. Diurnal cycle of a clear, sunny, summer day is evident, with the lowest albedo values 
being during midday when the SWin and the SWout are the highest. On a cloudy, snowy, winter 
day, the albedo varies a lot due to the large measurement uncertainties in SWin and SWout 
because of their low values (Moene and van Dam 2013).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Diurnal cycle of albedo and SWin and SWout in Norunda clear-cut in a) summer day 
and b) winter day in 2015. The example b) illustrates that there might only be a few 
measurements within the whole day which could be used for mean daily albedo calculation 
during winter. 
 

Only appropriate albedo values were extracted from the dataset for the calculation of 
mean daily albedo. For instance, it is possible to use only half-hourly measurements on 

a) 

b) 
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shortwave radiation for midday hours, for instance between 10:00 and 14:00 when the Sun’s 
elevation is the highest, the solar zenith angle is low and the albedo values are constant (Moene 
and van Dam 2013). However, following this methodology, the differences in the length of the 
daylight hours in the south and in the north of Sweden as well as between winter and summer 
would not be considered so the resulting average daily albedo might not be representative for 
the selected sites. Another technique might have been to omit the non-valid albedo 
measurements where albedo values are not in the range between 0 and 1 as well as those when 
SWin and/or SWout are negative. However, this approach would not account for the data on 
albedo when the absolute values of SWin or SWout are very low or for the disturbances such as, 
for example, power failure, snow and ice covering the instrument or fog. As a result, the 
extraction of required albedo measurements for the mean daily albedo calculation was based 
on predefined SWin threshold. The threshold set for all sites was 50 W/m2. In this way, half-
hourly measurements were separated in above 50 W/m2 and below 50 W/m2 data on SWin 
(Figure 9). 

 

 
Figure 9. Shortwave incoming radiation above 50 W/m2 was used as a criterion for the mean 
daily albedo calculation. The example shown is from Hyltemossa forest in 2017. 
  

Mean daily albedo was calculated in MATLAB. Only daily average was used for 
further calculation because albedo does not show a lot of variation throughout the day. Data in 
clear-cut sites was missing some half-hourly shortwave radiation measurements. Hence, mean 
daily albedo was calculated from the available data and missing values were interpolated. Gap-
filling of missing data was done on daily average basis, using a shape-preserving piecewise 
cubic interpolation (pchip2) of at least four average daily albedo neighbouring values. 
Interpolation methods that require minimum two embracing points, as for instance linear, were 
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(Eq. 4) 

not picked since these only account for two neighbouring values and do not fill missing data in 
the beginning or at the end of the dataset. Even though both pchip and spline interpolation 
techniques require at least four points, pchip showed better performance because it does not 
overshoot as freely as a spline (Figure 10).   

 

 
Figure 10. Comparison of the three commonly used interpolation methods. The notable 
difference among the methods could be detected in months with sparse data (Jan, Nov, Dec). 
 

3.4.1.2 Mean annual absorbed radiation calculation 
In order to account for the same SWin in study site pairs, SWin recorded in ICOS forest 

stations was used for calculation of mean daily absorbed radiation in both forest and clear-cut 
sites. This approach corresponds to the assumption that there is the same SWin in the 
neighbouring study locations. 

Mean daily shortwave incoming radiation was calculated as a mean of all SWin 
measurements during the whole diurnal cycle without gap-filling on 30 min basis. Given that 
length of the day differs among latitudes and between winter and summer, in this way, all 
variations within the day were considered for the calculation of the mean daily absorbed 
radiation. 

The calculation of mean daily absorbed shortwave radiation was performed in 
MATLAB using the equation derived from the Eq. 3: 

 
𝑆𝑆𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎 = (1 − 𝛼𝛼) × 𝑆𝑆𝑊𝑊𝑖𝑖𝑛𝑛 [𝑊𝑊/𝑚𝑚2] 

 
where SWabs is the mean daily absorbed shortwave radiation, α is the interpolated mean daily 
albedo and SWin is the mean daily shortwave incoming radiation in the forest study site. 
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(Eq. 5) 

(Eq. 6) 

Mean annual absorbed radiation was then calculated as an average of the mean daily 
absorbed radiation data. 

 

3.4.1.3 Radiative forcing calculation 
The calculation of the radiative forcing by albedo change was performed in Excel. 

The annual mean RF at each of the study site pairs can be calculated using: 
 

𝑅𝑅𝑅𝑅∆𝛼𝛼 =
𝑆𝑆𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑐𝑐𝑛𝑛𝑎𝑎𝑐𝑐−𝑐𝑐𝑜𝑜𝑛𝑛 − 𝑆𝑆𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎
𝑓𝑓𝑜𝑜𝑐𝑐𝑛𝑛𝑎𝑎𝑛𝑛

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝑎𝑎𝑐𝑐𝑛𝑛ℎ
 [𝑊𝑊/𝑚𝑚𝐸𝐸𝑎𝑎𝑐𝑐𝑛𝑛ℎ

2 ]  

 
where RFΔα is the radiative forcing by albedo change calculated as a difference between SWabs 
in a clear-cut and forest and divided by the total area of the Earth (AreaEarth). The surface area 
of the Earth amounts 1.5 × 1014 m2 (Scientific American 1999). This equation is utilised 
because it provides the effect of albedo change due to clear-cutting.  
 

3.4.2 Carbon dioxide emission 

3.4.2.1 Hyltemossa clear-cut 
The total amount of harvested wood provided by the forest owners in Hyltemossa is 

545.82 m3f ub (cubic meters under bark) and 1211.80 m3to ub (cubic meters top measurement 
under bark). These units were converted to forest cubic meters2, m3sk using the table provided 
by SkogsSverige (2016) and summed up. Total mass m of the carbon in the harvested wood in 
the whole target area (per m2) was derived from the equation: 

 

𝑚𝑚 =
𝜌𝜌 × 𝑉𝑉
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

 [𝑡𝑡 𝐶𝐶/𝑚𝑚2] 

 
where ρ is the density of carbon in the total above-ground biomass of European forests (soil 
carbon fixation in the forest is excluded), amounting 0.3 t C/m3 (Nilsson and Schopfhauser 
1995), V is the volume of harvested wood and Area is the clear-cut area. According to Nilsson 
and Schopfhauser (1995), no assessment on the carbon sequestration potential per m3 on the 
subregional level has been made available. 

Calculation of the change in the CO2 atmospheric concentration due to forest harvesting 
was based on the estimate that 2.12 Gt C stands for 1 ppm of atmospheric CO2 (Quéré et al. 
2018). 

Radiative forcing by CO2 release for the whole forest biomass was then calculated from 
the following equation derived from Betts (2000): 

                                                 
2 Forest cubic meters account for the tree trunk volume including top and bark above the stubble cut (SkogsSverige 
2016). 
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(Eq. 7) 

(Eq. 8) 

𝑅𝑅𝑅𝑅𝑐𝑐𝑜𝑜2 = �5.35𝑙𝑙𝑙𝑙 �1 +
𝛥𝛥𝐶𝐶
𝐶𝐶0
�� /0.8 [𝑊𝑊/𝑚𝑚𝐸𝐸𝑎𝑎𝑐𝑐𝑛𝑛ℎ

2 ] 

 
where RFco2 is radiative forcing by CO2 release, ΔC is a change in the CO2 atmospheric 
concentration and C0 is the reference concentration. The reference concentration used was 
411.97 ppm representing an average CO2 concentration in March 2019 (Earth’s CO2 2019). 
The reason for dividing the equation provided by Betts (2000) by 0.8 is because RFco2 accounts 
for total carbon stock in the tree. 
 

3.4.2.2 Norunda forest 
Since there was no data on the harvest of the clear-cut available, existing standing 

above-ground biomass in Norunda was used. An estimated amount of above-ground carbon in 
Norunda forest is 10.52 kg C/m2 with an uncertainty of 18% (Håkansson and Körling 2002). 
The amount was expressed in t C/m2 and converted to Gt C and divided by 2.12 to obtain the 
change in the CO2 atmospheric concentration induced by forest harvesting. RFco2 was then 
determined using Eq. 7.  

 

3.4.2.3 Svartberget forest 
Utilising a mire instead of a clear-cut in the north of Sweden did not have implications 

on the amount of CO2 emission by clear-cutting since this was estimated based on the 
assumption that the present day trees in Svartberget forest are harvested. The mean above-
ground biomass in Svartberget forest used to simulate yield of harvesting is 111.49 t dry 
weight/ha (Wallerman et al. 2018). Carbon concentration of tree components corresponds to 
50% of the dry biomass (Vashum 2012). Hence, the provided amount was divided by 2 to get 
the total mass of the above-ground carbon in the whole target area (in t C/m2). The following 
procedure was then the same as in the case of Norunda.   

 

3.4.3 Net radiative forcing confidence interval calculation 
After a net radiative forcing, RFnet was calculated as a difference between the RFΔα and 

RFco2, as the last step, standard error of the mean was determined using: 
 

𝑆𝑆𝜆𝜆𝑆𝑆 =  
𝜎𝜎
√𝑁𝑁

 

 
where SEM is a standard error of the mean, σ is a standard deviation of RFnet and N is the 
number of considered years in the study sites. In order to account for a confidence level of 95% 
(or statistical significance of 5%) which is typically used for data representation, SEM was then 
multiplied by 1.96. 
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4. Results 
 
4.1 Radiative flux 
 

Annual variability in albedo and SWin across different latitudes is illustrated in Figure 
11. Mean daily albedo at clear-cuts is higher than the albedo of forests throughout the whole 
year. The annual pattern of SWin is reversed to the one of albedo with the highest values in the 
summer months and the lowest in winter. In the south, SWin varied considerably within the 
whole year. In the north, however, the biggest variation in SWin was during summer months. 
Higher sun elevation angles and longer daylight hours enhance mean daily SWin during 
summer months in the northern high-latitudes which resulted in the highest daily average SWin 
values being recorded in Svartberget. 
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Figure 11. Comparison between the annual pattern of mean daily albedo and mean daily SWin 
in a) Hyltemossa in 2016, b) Norunda in 2016 and c) Svartberget and Degerö in 2014.  
 

 
 

a) 

b) 

c) 
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During the investigated period, the mean annual SWin was highest in Norunda and 
lowest in Svartberget (Table 4). Overall, the highest SWin was recorded in Norunda in 2018 
and the lowest in Svartberget in 2014. The mean annual albedo value across the examined 
periods of a clear-cut site was higher than the one of a forest site by 57-59% depending on the 
latitude. The largest difference between the mean annual clear-cut and forest albedo was in the 
north. There was a larger variation in albedo in clear-cuts (0.20 – 0.30) than in forests (0.08-
0.13) among various years. In addition, mean annual albedo increases with increased latitude 
in both forest and clear-cut sites. 
 
Table 4. Mean annual SWin and albedo in study locations. 
  Mean annual SWin 

(W/m2) 
Mean annual α 
(-) 

Southern Sweden Hyltemossa Hyltemossa forest Hyltemossa clear-cut 
2016 110.0 0.09 0.20 
2017 100.8 0.08 0.20 
2018 121.0 0.09 0.21 
Central Sweden Norunda Norunda forest Norunda clear-cut 
2014 113.0 0.10 0.21 
2015 112.6 0.10 0.23 
2016 111.6 0.10 0.24 
2017 110.7 0.10 0.22 
2018 126.3 0.10 0.26 
Northern Sweden Svartberget Svartberget forest Degerö mire 
2014 107.9 0.13 0.30 

  
Winter albedo was generally higher than summer albedo in all locations (Table 5). The 

difference between winter and summer albedo was the largest in the north. Also, the highest 
mean albedo values were recorded during winter months in the north of Sweden, 0.21 and 0.79  
in Svartberget and Degerö, respectively.
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Table 5. Mean winter (January and February) and summer (July and August) albedo.  
Mean α 
(-)  

  Winter Summer Winter Summer 
Southern Sweden Hyltemossa forest  Hyltemossa clear-cut 
2016 0.10 0.09 0.36 0.19 
2017 0.09 0.09 0.27 0.20 
2018 0.09 0.09 0.32 0.18 
Central Sweden Norunda forest Norunda clear-cut 
2014 0.11 0.10 0.39 0.18 
2015 0.14 0.09 0.54 0.18 
2016 0.14 0.09 0.47 0.18 
2017 0.11 0.10 0.34 0.21 
2018 0.14 0.09 0.42 0.22 
Northern Sweden Svartberget forest Degerö mire 
2014 0.21 0.09 0.79 0.17 

 
Mean annual SWabs was always higher in forest sites than in clear-cuts (Table 

6). The largest mean annual difference in SWabs (ΔSWabs) between forests and clear-
cuts was in Norunda sites in 2018 (17.5 W/m2). 
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Table 6. Mean annual absorbed radiation in study sites. 
  Mean annual SWabs 

 
 (W/m2) 

Mean annual 
ΔSWabs 

(W/m2) 

mean annual SWabs
clear−cut

mean annual SWabs
forest  

(%) 
Southern 
Sweden 

Hyltemossa 
forest 

 Hyltemossa 
clear-cut 

Hyltemossa 

2016 100.1 89.9 10.2 89.8 
2017 92.1 81.1 11.0 88.0 
2018 109.6 97.5 12.0 89.0 
Central 
Sweden 

Norunda 
forest 

Norunda 
clear-cut 

Norunda 

2014 102.2 92.5 9.6 90.6 
2015 101.8 91.8 9.9 90.2 
2016 101.0 90.2 10.8 89.3 
2017 100.1 89.0 11.1 88.9 
2018 113.8 96.3 17.5 84.6 
Northern 
Sweden 

Svartberget 
forest 

Degerö 
mire 

Svartberget and Degerö 

2014 97.8 87.7 10.1 89.7 
 

The cumulative sum of the mean daily SWabs was calculated for both forest and 
clear-cut sites to illustrate the difference in their annual pattern throughout the year. As 
expected from Figure 11. and Eq. 4, the results show that cumulative sum of the mean 
daily SWabs was higher in the forest than in the clear-cut throughout the whole year, in 
all study site pairs, starting to diverge already during winter months. An example of a 
study site pair is given in Figure 12.  
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Figure 12. Cumulative sum of the mean daily absorbed radiation for the forest and for 
the clear-cut site in Norunda in 2014. 
 

The cumulative difference between the mean daily SWabs in forests and clear-
cuts was calculated by subtracting the cumulative sum of the mean daily SWabs in the 
clear-cut from the one of the forest to examine how SWabs components, SWin and 
albedo, shape the magnitude of SWabs. The cumulative difference between the mean 
daily SWabs in forests and clear-cuts increases by time at all examined latitudes (Figure 
13).  

 

 
Figure 13. The cumulative difference between the mean daily SWabs in forests and clear-
cuts in Hyltemossa (dashed line), Norunda (solid line) and Svartberget (dotted line). 
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Since the cumulative difference between the mean daily SWabs in forests and 
clear-cuts shows the largest disparity between the Hyltemossa and Norunda sites in 
2018 (Figure 13), the annual pattern of the mean daily albedo and mean daily SWin are 
compared in Figure 14. 

Figure 14. Comparison between the annual pattern of the mean daily albedo and mean 
daily SWin in a) Hyltemossa and b) Norunda sites in 2018.  
 
 
4.2 Radiative forcings by albedo change and by carbon dioxide release 
 

Differences in radiative forcings by albedo change and by CO2 release were 
compared and are shown in Table 7. Increase in RFΔα by time at all latitudes is further 
illustrated in Figure 15.  

 
 
 

 
 

b) 

a) 
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Table 7. Comparison of radiative forcing by albedo change and radiative forcing by 
carbon dioxide release. 
  RF∆α 

(W/mEarth
2 ) 

RFco2  

(W/mEarth
2 ) 

RFnet 
(W/mEarth

2 ) 
RF∆α/RFco2  
(%) 

Southern Sweden 
2016 -6.8×10-14 12×10-14 4.8×10-14 59 
2017 -7.3×10-14 4.2×10-14 63 
2018 -8.0×10-14 3.6×10-14 69 
Central Sweden 
2014 -6.4×10-14 8.0×10-14 1.6×10-14 80 
2015 -6.6×10-14 1.4×10-14 83 
2016 -7.2×10-14 0.8×10-14 90 
2017 -7.4×10-14 0.6×10-14 92 
2018 -12×10-14 -3.7×10-14 146 
Northern Sweden 
2014 -6.7×10-14 4.3×10-14 -2.4×10-14 156 

 
 

 
Figure 15. Radiative forcing by albedo change (W/mEarth

2 ) at investigated sites. 
 

The effect of RFnet at all examined latitudes is given in Table 8. and illustrated 
in Figure 16. Mean RFnet is positive in southern and central Sweden while it is negative 
in northern Sweden. The highest standard deviation of RFnet is in central Sweden where 
mean RFΔα within the analysed time frame is almost equal to the RFco2 (98.1%).  
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Table 8. Net radiative forcing in southern, central and northern Sweden.  
Mean RFnet 
(W/mEarth

2 ) 
St. deviation of RFnet 
(W/mEarth

2 ) 
Mean RF∆α RFco2 ⁄  
(%) 

Southern Sweden 4.2×10-14 0.5×10-14 63.9 
Central Sweden 0.2×10-14 1.9×10-14 98.1 
Northern Sweden -2.4×10-14 n. a. 156.2 

 
 

 
Figure 16. Mean net radiative forcing of clear-cutting in Sweden with a 95% confidence 
interval. 
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5. Discussion 
 
5.1 Radiative flux 
 

This study confirms analyses by Betts (2000) showing that the largest difference 
between mean annual albedo of different land surface types was in the farthest north. 
The mean annual albedo throughout the investigated period of a clear-cut area was 
higher than the one of a forest area by 59% in northern Sweden and by 57% in southern 
Sweden (Table 4). In addition, the study by Rost and Mayer (2006) conducted in south-
western Germany (47°N), indicates that albedo of a grassland site was on average 52% 
higher than the one of the neighbouring sparse pine forest. The results are also in 
accordance to a study on albedo in the state New Hampshire in the USA (44°N) by Lutz 
and Howarth (2014) who showed that mean annual clear-cut albedo was on average 
41% higher than the spruce-fir albedo (Table 9). 
 
Table 9. Mean annual difference in albedo between clear-cuts and forests. 

Study Location αclear−cut − αforest

αclear−cut
 

(%) 
Mužić 2019 Sweden (56° - 64°N) 57 - 59 
Rost and Mayer 2006 Germany (47°N) 52 
Lutz and Howarth 2014 USA (44°N) 41 

 
As illustrated in Figures 11 and 14, the difference between forest and clear-cut 

albedo is largest in the periods with snow presence. This is in accordance with studies 
by Betts (2000) and Stiller et al. (2005). The albedo of the forests never reaches the 
snow albedo values (0.45-0.95). Similar was found by Betts and Ball (1997) who 
illustrated that albedo of the coniferous forest sites in Saskatchewan and Manitoba in 
Canada (55°N) in winter rarely reaches 0.3. In the southern latitudes, there are fewer 
days with snow cover so the variations in albedo during winter days are higher what 
can be observed in single spikes in albedo in Figures 11 and 14. The mean summer 
albedo values in Hyltemossa sites are similar to the ones given by Betts and Ball (1997) 
(Table 10).  
 
 
 
 
 
 



 

38 
 

Table 10. Mean summer albedo in forests and clear-cuts. 
Study Location Years Mean summer 

α in the forest 
(-) 

Mean summer α 
in the clear-cut 
(-) 

Mužić 2019 Sweden (56°N) 2016 - 2018 0.09 0.19 

Betts and Ball 1997 Canada (55°N) 1994 - 1995 0.08 0.20 
 

The vegetation cover varies more in the clear-cuts than in forests during a year 
and has thus contributed to the larger change in albedo among various seasons in clear-
cuts than in the forest areas (Table 5). Grasses in clear-cuts appear in early summer but 
they often become yellow and die out already in July. Therefore, summer albedo 
increases in mid-July to late July and then decreases from the beginning of August 
(Figures 11 and 14). Betts and Ball (1997) show that the mean summer albedo in 
grassland is 0.2, whereas it is 0.083 in the coniferous site which is slightly lower than 
presented in this study (Table 5). They also indicate that the jack pine sites and spruce 
sites have mean winter albedo of 0.15 and 0.11, respectively. This corresponds to the 
mean winter albedo values of forest sites investigated in this study. 

Higher mean annual SWabs in forest sites than in clear-cuts is a result of the 
difference in albedo between them since SWin was similar on both sites (Table 6). The 
mean annual SWabs throughout the examined periods of a forest site was higher than 
the one of a clear-cut site by 10-11% depending on latitude.  

Within the same investigated year, the northern sites always had higher 
cumulative difference between the mean daily SWabs in forests and clear-cuts because 
the longer daylight hours in the northern sites correspond to the summer period with 
high SWin and because of a higher difference between albedo of the forests and clear-
cuts in northern than in southern sites (Figure 13). At the beginning of 2014, the 
cumulative difference between the mean daily SWabs in Svartberget and Degerö showed 
slower growth than the one between Norunda sites because of the longer darker period 
which decreased SWin in the north. In spring, the cumulative difference between the 
mean daily SWabs in Svartberget and Degerö had sharply increased surpassing the 
Norunda sites. The disparity between the two was the highest during spring because of 
an increase in number of daylight hours in northern sites and higher difference between 
albedos of the northern sites due to snow presence than in Norunda sites. In 2016, both 
mean annual albedo and mean annual SWin were slightly higher in Norunda sites than 
in Hyltemossa sites as illustrated in Table 4. The cumulative difference between the 
mean daily SWabs in Hyltemossa sites and Norunda sites started to deviate in spring 
2016 due to longer daylight hours in central than in southern Sweden as well as due to 
higher albedo difference between Norunda sites than between Hyltemossa sites. In 
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2017, the cumulative differences overlapped throughout the whole year except at the 
end when the sites in Norunda had slightly higher values.  

In 2018, the disparity among the cumulative difference between the mean daily 
SWabs of Hyltemossa sites and the one between Norunda sites was considerably higher 
than in any of the previous years (Figure 13). The cumulative differences started to 
diverge from the end of winter and the disparity between them was the most prominent 
in the second half of the year. This happened because of the high SWin, anomalous 
drought conditions and clear skies that year. The summer in Sweden in 2018 set new 
records in temperature, particularly in the south and central parts of the country. Warm, 
sunny and dry conditions prevailed in most of Sweden except in northern Norrland 
where there was a surplus in precipitation (SMHI 2018). High summer SWin values and 
decreased cloud cover in May and at the beginning of June in Norunda can be observed 
in Figure 14. This goes in line with the finding that the largest ΔSWabs between forest 
and clear-cut was in Norunda in 2018 (Table 6) as well as with the high mean annual 
SWin and mean annual clear-cut albedo in Norunda in 2018 (Table 4). As a result, both 
high SWin and clear-cut albedo contributed to the increase in mean annual SWabs in 
Norunda sites in 2018.  

An increase in summer albedo in clear-cuts each year (Table 5) has a higher 
contribution to a constant increase in RF∆α by time (Figure 15) than small differences 
in winter albedo. This is because the snowfall in Sweden corresponds to the period with 
low SWin (Sieber et al. 2019). 

 
 

5.2 Carbon dioxide emission 
 

Table 7 illustrates that RFco2 decreased with increased latitude. The reason why 
RFco2 decreases in the north of Sweden is because of the lower amount of above-ground 
biomass accounting for fewer trees per unit area than in the southern locations 
(Håkansson and Körling 2002). The carbon storage also differs depending on species 
type and is bigger in spruce than in pine forests (Akselsson et al. 2005).  
 
 

5.3 Net radiative forcing  
 

The net radiative forcing caused by clear-cutting (RFnet) decreased by time in 
both southern and central Sweden (Table 7). The reason for this might lie in the constant 
increase in RF∆α due to the increase in summer albedo among years. However, this 
should be investigated in future studies. The outcome of the mean RFnet calculated in 
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this study indicates different effects depending on the considered latitudes (Table 8 and 
Figure 16). Data on the mean RFnet suggests that clear-cutting in the southern and 
central Sweden has a warming effect on climate, whereas in northern Sweden it imposes 
cooling of the climate. RFnet was positive in Hyltemossa where, in comparison to other 
study sites, RFΔα imposed the lowest proportion of the RFco2. Norunda had a positive 
RFnet in all years except in 2018 when RFΔα became almost one and a half times higher 
than the RFco2. In Svartberget, however, RFΔα was already more than one and a half 

times higher than RFco2in 2014.  
The highest uncertainty imposes the climatic effect of changes in RFnet due to 

clear-cutting in the two northern sites. The net effect in central Sweden, a site with the 
longest time series, showed very high variability among different years. The net 
response of climate to clear-cutting in northern Sweden is based on the single year data 
which is considered insufficient for determining the general pattern. Furthermore, 
RFco2 was calculated as a time-independent variable and does not correspond to the 
same years as the data on SWabs (Bright et al. 2016). In addition, post-harvest changes 
in CO2 fluxes were not considered. Moreover, the contribution of RFΔα and RFco2to 
RFnet may not change linearly in time. Albedo can abruptly decrease throughout the 
development of forest by modifications in the canopy density, while changes in the 
carbon storage happen more slowly (Betts 2000). Warm, sunny and dry conditions, as 
in the case of Norunda sites in 2018, also have an influence on RFnet (Table 7). 
Therefore, more years of available instrumental data on radiation and CO2 fluxes are 
needed to provide a comparison of the results in various study sites (with different soil 
properties, weather events, insect infestations, etc.) for a longer continuous time period 
during the whole rotation cycle of a forest. As a result, based on the data used in this 
study, with a 95% confidence interval it is not possible to claim if clear-cutting induces 
warming or cooling what is particularly unclear in central and northern Sweden.  

 
 

5.4  Effect of land-use change in high-latitudes in the future 
 

The RFnet of land-use to the climate in the future is unknown. The outcome of 
the complex interactions between the forests and climate will depend on the magnitude 
of climate change. Modifications in the atmospheric CO2 concentration, temperature or 
precipitation could have a substantial impact on the properties of the forests which 
could then, in turn, affect climate.  

Associated with the growing demand for the forest products, policy makers have 
developed various forest management programs which aim to increase the carbon 
sequestration of the forests and reduce atmospheric greenhouse gas concentrations. 
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These include afforestation and conversion of natural forests to plantations (Gower 
2003). Even though the management practices can increase the carbon sequestration 
rates by ensuring that there is the sufficient nutrient and water availability, each forest 
region has a threshold representing maximum sequestration potential and shows a 
different response to the added substances. For example, irrigation and nitrogen 
fertilisation have reinforced the carbon sink of the Scots pine (Pinus sylvestris) in 
southern Sweden by 78% (Gower 2003). From the albedo point of view, it is suggested 
to increase the number of broadleaved trees in the coniferous forests in order to 
maximize albedo of the boreal forest areas. In that way, boreal forests would absorb 
less incoming radiation but will not show a decrease in productivity (Hovi et al. 2016). 
However, not all forest management practices mitigate climate change (Naudts et al. 
2016). Almost all studies that estimate the carbon sequestration potential account only 
for the carbon accumulation in trees thereby neglecting the carbon accumulation in 
ground vegetation (Vesala et al. 2005; Lindroth et al. 2018). Equally important, most 
studies do not account for carbon emissions from harvest and mills as well as the 
transportation emissions to processing plants, regional distributors or consumers. 
Similarly, greenhouse gas emissions associated with the production of fertilisers are 
often disregarded (Gower 2003). Finally, most of the studies examining forest 
management practices focus on the increase of carbon storage and thereby neglect the 
albedo effect. 

 
 

5.5  Potential improvements 
 

In the study, some of the contributing factors were disregarded to lower the 
complexity of various processes. Future studies should thus account for a larger 
complexity of the interactions among the involved factors. These should examine the 
annual pattern of the vegetation growth in clear-cuts which would explain why summer 
albedo in clear-cuts increases among years contributing to an increase in RFΔα. Soil 
properties of investigated sites, as well as weather components such as air temperature, 
humidity, wind speed, wind direction, soil heat flux, soil moisture and precipitation, 
should be incorporated to examine their interdependence with a change in the RFnet. 
This would also show how atmospheric circulation might affect distant regional 
climates. A major improvement not requiring a global (or regional) 
climate/biogeophysical modelling approach would be to take into account the CO2 
fluxes after clear-cut was established. Furthermore, adopting data on annual net 
cumulative CO2 flux derived from eddy-covariance measurements in clear-cuts for 
calculation of RFCO2 would enable direct comparison with the radiation fluxes at 
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different sites for the same years. The utilisation of data on both albedo change as well 
as on CO2 emission in clear-cuts during the whole rotation cycle of the managed forests 
would provide a more accurate evaluation of the climatic effect from clear-cutting. 
Finally, including emissions from not only CO2 but also other greenhouse gases such 
as CH4 and N2O following clear-cutting would contribute to the accuracy of the results 
(Vestin 2017).  
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6. Conclusion 
 

Previous studies illustrate that the land surface modifications have a capacity to 
affect climatic conditions through the changes in albedo and greenhouse gas 
concentration. The results varied in magnitude of change depending on the spatial 
location of the investigated area. 

In this study, the net effect of clear-cutting on climate was examined on three 
latitudes in Sweden to account for the different temperature, length of the incoming 
radiation, moisture availability, etc. in those areas. The analysis was performed by 
comparing the RFΔα in the forest and clear-cut study site pairs and RFCO2from clear-
cutting. 

The outcome of the comparison between the forest and clear-cut sites on the 
same latitudes confirmed previous studies showing that the albedo of the clear-cut was 
higher than the forest albedo and that the mean annual SWabs in the forest was higher 
than that of the clear-cut in all RFΔα examined years and at all latitudes.  

The results comparing the effect at different latitudes supported previous studies 
illustrating that RFΔα increases with increased latitude when comparing the same years. 
It has also been shown that RFco2  decreases with increased latitude.  

In southern Sweden (56°N), the mean RFnet due to clear-cutting had a net 
warming effect on climate during all years in the investigated period, between 2016 and 
2018. In central Sweden (60°N), the mean RFnet due to clear-cutting had a net warming 
effect on climate in the period between 2014 and 2018. However, the RFΔα was nearly 
equal to the RFco2  in all years except in 2018 when it overweighed the latter. Therefore, 
clear-cutting had a net warming effect on the climate in all years except in 2018. In 
northern Sweden (64°N), the RFnet due to clear-cutting had a net cooling effect on 
climate in 2014. 

To conclude, the outcome of clear-cutting to climate varies considerably 
depending on the latitudinal position of the examined sites. This may indicate that the 
climatic conditions have an important role in the RFnet by land-use change. Based on 
the provided results, clear-cutting in the southern and central Sweden has a warming 
effect on climate whereas the same process imposes cooling in northern Sweden. This 
study underlines results from the previous research, illustrates the importance of the 
climatic conditions to the changes in albedo and CO2 and provides an insight into the 
climatic effect of RFΔα and RFco2 in the Swedish context. It also implies that the albedo 
effect has an essential role in the estimation of the climatic effect of clear-cutting and 
should thus be incorporated in future forest management strategies. Due to a lack of 
data, the outcome of this stand-alone study is not able to support the hypothesis that the 
high-latitude clear-cutting can reduce climate warming with a high level of confidence. 
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