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Abstract 

Boreal forests are considered as a global carbon (C) sink and are utilized for 

climate-change mitigation. Judging the climate impact of a forest solely on its C 

balance might leave an incomplete picture, since forest-climate feedbacks are also 

caused by various other biophysical and biogeochemical processes, e.g., albedo 

effects. Previous research showed a high importance of albedo effects in the boreal 

zone compared to other biomes, mainly due to the presence of snow.  

This study quantifies the net climate effect of a forest in boreal North Sweden 

by considering its C and albedo dynamics. For this purpose, remotely sensed high 

spatial resolution albedo and ground-based C balance data were combined into a 

radiative forcing (RF) model. The results suggest a distinct age-related albedo 

pattern and the possibility of using age as a proxy for successional biophysical 

changes in the forest landscape. Moreover, C-flux-induced climate cooling (75% 

of total RF) was found to overrule albedo-induced warming (25% of total RF), 

which challenges previous research. The findings point towards the need for biome-

specific forest management practices to yield maximum climate cooling potentials. 

Keywords: Boreal Forests Climate Effect, Remotely Sensed Albedo, Age-Albedo pattern, C-flux 

Radiative Forcing, Boreal Forests Climate Effect  
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1.1 The role of boreal forests in the climate system  

Forest-climate feedbacks are caused by biophysical and biogeochemical processes 

that directly or indirectly influence radiative forcing (Anderson et al. 2011; 

Kirschbaum et al. 2011). Radiative forcing (RF) describes variations in energy 

fluxes of the earth’s atmosphere and is measured in watts per square meter (IPCC, 

2007). In climate change research, RF quantifies the impact of external factors such 

as greenhouse gas emissions or land use change, e.g., forest management, on earth’s 

energy balance (IPCC, 2007). A positive radiative forcing refers to more incoming 

than outgoing energy on a planetary level, meaning a warming effect (here referred 

to as ‘climate warming’). A negative radiative forcing means more outgoing than 

incoming energy, thus a cooling effect (here referred to as ‘climate cooling’).  

 A variety of biogeochemical and biophysical processes can influence the effect 

of forests on the planet’s radiative forcing. Within that, climatic impacts of forests 

are mainly judged by their C sequestration potential whilst other climate relevant 

effects are largely ignored (Anderson et al., 2011). Boreal forests are storing around 

33% of the global carbon (C) pool (Pan et al. 2011) and are important climate 

change (CC) mitigation tools (UNFCC, 2016). Due to their C sequestration 

potential, boreal forests are considered to serve as sinks of atmospheric carbon 

dioxide (CO2) (Myneni et al. 2001). However, the CO2 sink strength depends on 

the stand age (Coursolle et al. 2012; Besnard et al. 2018; Peichl et al. 2023a), 

nutrient availability in soils (Janssens et al. 2010; Vicca et al. 2012; Fernández-

Martínez et al. 2014), climate (Coursolle et al. 2012) and species (Curtis & Gough 

2018). Within this variability, clear-cut and mature boreal forests can even function 

as a CO2 source (Hadden & Grelle 2016; Lindroth et al. 2020; Vestin et al. 2020). 

A previous study by Peichl et al. (2023a) in the same Swedish boreal forest 

catchment used in this work shows an influence of the stand age on the sink effect 

of atmospheric C, with young and very old stands having a lower C sequestration 

potential than middle-aged stands.   

Apart from C sequestration, multiple biophysical processes also have non-

negligible climate impacts and can either cool or warm the atmosphere (Anderson 

et al. 2011, Figure 1). Examples thereof are a) evapotranspiration and feedbacks 

Introduction 
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with cloud formation and precipitation (Xu et al., 2022; Zhao et al. 2017), b) forest-

aerosol-feedbacks like the emission of biogenic volatile organic compounds 

(BVOC) and secondary organic aerosols (SOA) (Kulmala et al. 2004), and c) 

surface reflectance effects from forest canopies (Anderson et al. 2011).  

The latter is also called albedo feedback, with the albedo (A) defined as the ratio 

of incoming to reflected solar radiation (Burakowski et al. 2015). The lower the 

albedo of a surface, the more solar radiation energy is absorbed and can contribute 

to surface warming. Albedo characteristics of surfaces highly depend on the surface 

colour and structure, e.g., the vegetation canopy  (Bright et al. 2015).  Forest 

canopies generally absorb more solar radiation than their bare underground or open 

landscapes due to their darker colour and surface roughness (Betts, 2000).  This 

means that – relative to unforested areas – forests have a lower albedo and thus a 

climate warming effect in this aspect (Bonan 2008), which can counter the 

biogeochemical climate cooling effect. Ignoring those biophysical impacts might 

result in less effective CC mitigation measures, since they can affect the regional 

climate more strongly than C sequestration – sometimes even in contradicting ways 

(Jackson et al., 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Forest-climate feedbacks apart from C-sequestration: evapotranspiration, cloud 

feedbacks, aerosol feedbacks and surface reflectance (conceptualizes as albedo). Source: own 

image, created with BioRender©.  

 

 

A large proportion of studies focus on C sequestration of forests as the main climate 

impact. Whilst this is an important part to study, it is crucial to consider other 

radiative and non-radiative aspects of forest-climate feedbacks (Anderson et al. 

2011; Bright et al. 2015). Apart from net climate effects research is in its early 

evapo- 

transpiration 

cloud and  

aerosol feedbacks 

surface reflectance  

(albedo) 
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stages with many research gaps (Anderson et al. 2011), especially the boreal zone 

of Fennoscandia remains understudied. Current research focuses more on boreal 

Canada and Russia, studying C balances under natural disturbances (Bond-

Lamberty et al. 2004; Amiro et al. 2006; Virkkala et al. 2022). Boreal Fennoscandia 

is an especially important area to be studied because a) opposing climate effects of 

C sequestration and of albedo are especially high in this region (see section 1.3), 

creating large uncertainties in net climate forcing of those forests (Bonan 2008) and 

b) the more actively managed forests differs strongly from those in other boreal 

zones, consequently do net climate effects too. Management mainly consists of 

rotational forestry which follows a regime of clear-cutting, regeneration via natural 

or planted tree seedlings, and thinning (Felton et al. 2020). This type of 

management creates a spatially heterogeneous landscape which is characterized by 

even-aged stands of different age classes (Peichl et al. 2023a). This heterogeneity 

also creates a spatial variation in net climate effects resulting from, e.g., different C 

balances or albedo, since each age class has distinct C cycles and surface structures. 

In comparison to extensive management, this creates uncertainties about the 

radiative forcing effect of managed boreal forests, leaving a gap in understanding 

their role in earth’s climate system.  

 

1.2 Albedo effects of boreal forests and net radiative 

forcing 

In several biomes (e.g., the tropics) biophysical effects like albedo often align 

with C sequestration effects to cool climate, but this is not the case within the boreal 

biome, where those factors often counteract (Jackson et al. 2008). There, albedo 

effects have a relatively higher importance compared to other biomes (Anderson et 

al., 2011). This is caused by snow masking effects of forests on the one hand (Bonan 

2008; Anderson et al. 2011) and lower C storage rates on the other hand (Jackson 

et al. 2008). In the boreal winter, forest canopies cover the snow and thus have a 

darker surface with a lower albedo compared to open spaces like tundra (Bonan 

2008).  

Consequently, afforestation in the boreal biome can have relative warming 

effect: the higher albedo of a forested area compared to tundra can counter the C 

sequestration effects (Bonan 2008; Anderson et al. 2011; Mykleby et al. 2017). E.g., 

replacing cropland with forests in Northern Europe causes a lower albedo which 

can be equivalent to an emission of 60 t C ha-1 for a period of 20 years, which is 

50% of the sequestration potential for that time period (Betts et al. 2000). Similarly, 

deforestation can have a relative cooling effect because the albedo increase from 
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deforestation can counter the CO2 emissions caused thereby (Bonan 2008; Jackson 

et al. 2008).  

The snow masking effect also leads to higher albedo differences between 

forested and non-forested areas in the boreal compared to other biomes (Li et al. 

2015). Also, seasonal variations between albedos are higher in boreal regions due 

to a relatively higher albedo in the winter because of a snow-covered landscape (Li 

et al. 2015). Due to the relative importance of the albedo, the overall biophysical 

climate feedbacks are stronger than in any other biome (Bonan 2008). E.g., 

evapotranspiration cooling of forests can be outweighed completely by albedo 

warming (Li et al. 2015).  

Not only albedo effects themselves, but also albedo estimations come with 

uncertainties. Deriving albedo from remote sensing offers an opportunity to create 

high-resolution data over larger areas (Li et al. 2018), though those Remote Sensing 

methods remain heavily understudied for fine-scale applications. Thus, the present 

study explores one of those evolving remote sensing methods to estimate high-

resolution albedo data.  

In the future the albedo will play an even bigger role in the boreal biome: 

modelling shows that this relative albedo warming effect will be amplified by 

climate change in the Scandinavian mountains (Wramneby et al. 2010). The distinct 

pattern and relatively high (future) importance of albedo effects in the boreal biome 

makes this aspect especially important to study when considering a boreal area. 

However, net climate effects of forests also highly depend on factors like species 

and management (Anderson et al. 2011; Lukes et al. 2013; Kellomäki et al. 2021), 

stand density (Mykleby et al. 2017), stand biomass (Lukes et al. 2013) and canopy 

density (Lukes et al. 2013; Bright et al. 2015) as well as stand age (Bonan 2008) 

and harvest level (Kalliokoski et al. 2020). In a study on Finnish retention forestry, 

C sequestration had a higher relative contribution to the radiative forcing compared 

to albedo effects (Kalliokoski et al. 2020). A North American study shows that with 

reducing stand density, C sequestration effects decrease at higher rates than 

biophysical warming effects do, so there is a threshold density where forests no 

longer provide net cooling (Mykleby et al. 2017). Similarly, albedo values are lower 

with higher stand biomass (Lukes et al. 2013). Comparable to stand density also 

canopy density influences net climate effects, mainly due to changing vegetation 

structure with changing canopy densities (Bright et al. 2015). This is shown for 

rotation forestry, where albedo changes after a clear-cut can be persistent until the 

new canopy closes (Bright et al. 2015). However, the influence of canopy density 

on albedo varies seasonally, with a stronger influence in snow-periods compared to 

non-snow-periods (Ni & Woodcock 2000), mainly due to the snow-masking effect 

described earlier.  Simulations from Finland show that non-managed forests have a 

climate cooling potential due to high carbon stock potentials, whilst management 

with even-aged and uneven-aged stands show a net-zero climate effect with albedo 
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and C sequestration effects levelling each other  out – mainly due to relatively lower 

carbon stock potentials in managed forests (Kellomäki et al. 2021). Also, different 

tree species have a different vegetation structure and thus produce different 

biophysical climate effects (Bright et al. 2015). A study from Finland suggests 

declining albedo with stand age for coniferous forests (Kuusinen et al. 2014). 

However, this aspect remains understudied in Fennoscandia. This is why the 

present study considers the dependencies of albedo on stand ages.  

Previous research shows that biophysical aspects like albedo can highly impact 

regional climate and that solely studying C sequestration potentials of forests is not 

sufficient since it neglects more complex net climate impacts. For a long time, 

biophysical considerations remained underrepresented in forest-climate-models 

(Bonan 2008) and in climate policy (Anderson et al. 2011). Research on forests net 

climate effects is evolving but remains understudied – especially for managed 

boreal landscapes of Scandinavia. Given the relatively high importance of albedo 

effects in this biome, this study aims to fill the research gap by estimating net 

climate effects via albedo and C balances of a managed boreal forest in Northern 

Sweden. 

 

1.3 Study aim, objectives, and hypothesis 

 

To fill the research gaps (see 1.1 and 1.2) this study investigated the net climate 

effects of a boreal area which remains understudied in comparison to other boreal 

zones. The aim was to determine the integrated net climate impact from albedo and 

C sequestration effects for a managed boreal forest landscape under rotational 

forestry in Northern Sweden.  

The research objectives were to: 

1. explore remote sensing as a tool for estimating high spatial resolution albedo 

over boreal catchments,  

2. determine landscape variations of albedo and net climate effects within the 

catchment (i.e., across 50 stands differing in age and dominating tree 

species), 

3. explore the relative importance of C sequestration vs. albedo in determining 

the net climate impact, 

4. determine at which stand age the net climate effect is most beneficial and,  

5. scale the data to understand the integrated net climate effect of the entire 

Krycklan catchment.  

 

To achieve this, albedo values of different stands within the study area were 

retrieved and combined with  C sequestration values studied by Peichl et al. (2023a) 
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in an integrated radiative forcing model to estimate net climate effects over the 

years 2016-2018.  

The hypotheses are:  

1. Remote sensing serves as a valuable method for deriving high spatial 

resolution albedo, though over- or underestimations are supposed.  

2. A distinct age-albedo pattern is predicted: 

2.1 In very young stands with low C sequestration, a high albedo is 

expected, since canopies are less dense in young stands. Because relative 

albedo changes (i.e., albedo change between initiation stage and young 

stands) are small in very young stands, the NEP might play a stronger role 

– leading to net positive radiative forcing of very young stands. 

2.2 For very old stand ages, the maximum positive albedo-induced 

radiative forcing is expected due to the highest relative albedo changes (i.e., 

albedo change between initiation stage and old stands) with maximum 

canopy closure. Since the C sequestration potential is reduced in very old 

stands (Peichl et al. 2023a), its relative contribution to the climate effect 

might be smaller, possibly resulting in a net radiative forcing might close to 

zero. 

3. A generally high relative contribution of the albedo to the net climate effect 

due to a) the masking of snow in winter (Li et al. 2015), which could possibly 

influence the average annual albedo, and b) the generally low C storage rates 

in the boreal biome (Jackson et al. 2008). 

4. Optimum net climate effects are expected in middle-aged stands where 

maximum C sequestration potential is reached, and the canopy is not fully 

closed yet – resulting in a strong influence of the C-flux induced negative 

radiative forcing.  
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2.1 Study site 

The study site is located in the Krycklan Catchment (KC) area (64°14′ N, 19°46′ E, 

6780 ha) in Northern Sweden and  belongs to the boreal biome (Laudon et al. 2021). 

The 30-year (from 1991-2020) mean annual precipitation is 638 ± 40 mm, the mean 

annual air temperature is 2.4 ± 0.3 °C, and the climate is cold, temperate, and humid. 

Elevations range from 138 m.a.s.l. (in the SE part) to 339 m.a.s.l. (in the NW). The 

lower part is dominated by sediment soils, whilst till-soils are found in the higher 

altitudes. Present land cover types are forests (87%), mires (9%), agricultural lands 

(2%), lakes (1%) and rock outcrops (1%). Scots pine (Pinus sylvestris L.) and 

Norway spruce (Picea abies (L.) H. Karst) dominate the forest (63% and 26%, 

respectively), and the stands are mixed with deciduous trees like Betula spp. Alnus 

incana (L.) Moench., and Populus tremula L. (11%). Ericaceous shrubs are present 

in the understory layer (e.g., Vaccinium myrtillus L., Vaccinium vitis-idaea L.) and 

moss mats (Hylocomium splendens (Hedw.) Br. Eur. and Pleurozium screberi 

(Brid) Mitt.). The forests are managed under rotation forestry, creating different 

stands of even age which are thinned and regenerated artificially. The stands are 

harvested via clear-cuts (excluded individual trees for retention).  

In this study, 50 forests stands with different ages (i.e., years passed after 

establishment of stand) were selected. The stand age ranges from 5 to 211 years 

with five age classes: initiation (5 to 27 years old, n = 8), young (31 to 58 years old, 

n = 9), middle-aged (61 to 78 years old, n = 13), mature (80 to 105 years old, n = 

14) and old (131 to 211 years old, n = 6). Each stand was categorized by the main 

tree species (pine, n = 28, and spruce, n = 22). The classification is rooted in a 350 

m x 350 m grid covering 556 permanent plots of forest inventory (Martínez-García 

et al. 2022). A map of the KCS representing the landscape variations in 

aboveground biomass (AGB, Mg ha-1), the 50 forest plots and their species 

composition as well as stand age is shown in Figure 2.  

 

 

 

 

Material and Methods 
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Figure 2.: Map of the Krycklan Catchment (KC) in Northern Sweden showing the variations in 

aboveground biomass data (AGB, Mg ha-1), the 50 forest plots, their stand ages, and species 

composition. The map is taken from Peichl et al. (2023a),  

2.2 Carbon flux measurement 

Carbon balance data were available from Peichl et al. (2023a), these data included 

measurements of the C balance, defined as the net ecosystem production (NEP), 

over 3 years (2016-2018), combining chamber-based C flux measurements and 

forest inventory data. NEP was assessed as the combination of net primary 

production (NPP) and heterotrophic respiration (RH) including C fluxes and pools 

of trees, understory and soil, with  

𝑁𝐸𝑃 = 𝑁𝑃𝑃 − 𝑅𝐻    (1) 

and positive NEP describing net C uptake and negative NEP net C emission. NPP 

was calculated by summing up tree and understory NPP (NPPt and NPPu, 

respectively, see equation 2), considering above (ANPPt and ANPPu, see equation 

3a) and belowground biomass (BNPPt and BNPPu, see eq. 3b). 
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𝑁𝑃𝑃 =  𝑁𝑃𝑃𝑡 +  𝑁𝑃𝑃𝑢   (2) 

 

𝑁𝑃𝑃𝑡 =  𝐴𝑁𝑃𝑃𝑡 +  𝐵𝑁𝑃𝑃𝑡  (3a) 

𝑁𝑃𝑃𝑢 =  𝐴𝑁𝑃𝑃𝑢 +  𝐵𝑁𝑃𝑃𝑢 (3b) 

 

NPPt of aboveground and belowground biomass was measured via changes in C 

pools via litterfall and tree diameter at breast height on forest inventory plots and 

tree increment cores. NPPu of aboveground and belowground biomass was 

estimated using destructive clipping of subplots and annual shoot length 

increments. Belowground fine roots were estimated using the ingrowth core 

method. RH was calculated as soil heterotrophic respiration (RHs) and deadwood 

heterotrophic respiration (RHdw, see equation 4). 

 

𝑅𝐻 =  𝑅𝐻𝑠 +  𝑅𝐻𝑑𝑤               (4) 

 

RHs was estimated using chamber measurements of CO2 fluxes on each plot. RHdw 

was estimated by multiplying the above- and below-ground deadwood C pools with 

decomposition rate constants. For further details on methods for deriving the C 

balances, please refer to Peichl et al. (2023a). The dataset and the landscape 

variability of NEP are described in the following section 2.3.  

Apart from NEP data, further stand data was available from the work of Peichl 

et al. (2023a) and used in this study to explain landscape variations in NEP, albedo 

and resulting radiative forcing. Those stand data included: NEP (g C m-2 yr-1), age 

(yr), stand age class, dominant tree species, tree density, and Leaf Area Index (LAI, 

m2 m-2).  

 

2.3 NEP dataset  

Peichl et al. (unpublished data) used the plot-level NEP data and literature-based 

NEP data for respective landscape elements (forests, lakes, agricultural land, etc.) 

for scaling the C-balance to the whole Krycklan catchment. Figure 3 shows this 

upscaled map of the catchment-level NEP of the year 2016. The mean catchment 

NEP for the years 2016-2018 is 124.61 g C m-2 yr-1. The upscaled NEP map was 

used in the present study to compute a catchment-level radiative forcing. 
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Figure 3.: Upscaled map of catchment-level Net Ecosystem Production (NEP, gC m-2 yr-1) of the 

year 2016 over the Krycklan Catchment (unpublished data).  

Peichl et al. (2023a) also analysed the landscape variability of NEP amongst the 50 

forest plots. Their analysis showed a distinct age-NEP pattern: net C emission was 

observed in the first stand years, followed by a sharp increase in NEP (and 

consequently a net C fixation) in the following decades with a peak in the mature 

age class and a gradual decline in older forests (Figure 4). Figure 4 shows the NEP-

age dataset by Peichl et al. (2023a): the black dots are empirical NEP data whilst 

the red line represents a fitted NEP-age relationship  (Peichl et al. 2023b). 

Additionally, mean and median NEP values per stand age class are shown in Table 

1. More details of the age-NEP pattern are described in Peichl et al. (2023a).

Table 1.: Median and mean NEP (g C m-2 yr-1) values of the five stand age classes initiation (n=8),

young (n=9), middle-aged (n=13), mature (n=14), old-growth (n=6), according to Peichl et al. 

(2023a).  

stand age class years median NEP mean NEP 

1 – initiation 5-27 39.24 54.97 

2 – young 31-58 126.49 140.14 

3 – middle-aged 61-78 140.19 174.49 

4 – mature 80-105 147.74 150.77 

5 – old-growth 131-211 133.67 137.92 
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Figure 4.: Age-NEP relationship for the empirical NEP data (black dots) and the fitted NEP values 

(red line) with the NEP formula according to Peichl et al. (2023b).  

 

These datasets (the upscaled albedo map and the plot-based NEP values) were used 

to calculate the C-flux driven radiative forcing of the Krycklan Catchment forest.  

 

2.4 Datasets for validation of remotely sensed albedo 

data 

To validate the remotely sensed albedo estimations they were a) aggregated from 

S2 to MODIS resolution and then compared with the available MODIS Black Sky 

Albedo product (MCD43A3.061 MODIS Albedo Daily 500 m), b) compared to 

tower-based ground measurements of albedo in clear-cut and old-growth stand 

reference sites inside and outside the Krycklan catchment, and c) compared with 

ground-based LAI measurements. The location of the clear-cut reference site is 

𝑁𝐸𝑃 =  −488.18 + 308.77 × ln(𝑎𝑔𝑒) − 37.3 × [ln(𝑎𝑔𝑒)]2 
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64°10’37.344’’ N, 19°51’52.171’’ E. Half-hourly tower-based albedo 

measurements were available for this site for the year 2021. The mean full year 

albedo between the local hours 10-14 h was calculated and used as a reference 

albedo for clear-cut sites. The old-growth stand (Svartberget) is located in the 

Krycklan catchment (64°15’N, 19°46’E) and part of the Integrated Carbon 

Observation System (ICOS) National Network Sweden (https://www.icos-

sweden.se/Svartberget, accessed 06/06/2023). A mean full year albedo was 

calculated for this site based on tower-based incoming and outgoing solar radiation 

data between 10 and 14 h local time (for 2019 for Svartberget and for 2021 for the 

clear-cut site). It was used as a reference albedo for old-growth stands and 

compared with mean remotely sensed albedo data for the Svartberget location.  

 

2.5 Albedo retrieval  

2.5.1 Algorithm theory 

Surface albedo is the ratio between on the hemispherical incoming and outgoing 

radiation via surface reflectance. It changes temporally and spatially, depending on 

the surface structure and its dynamics (Li et al. 2018) as well as the sun angle. 

Calculating albedo requires several aspects: estimating the allocation of direct and 

diffuse incoming radiation, and merging surface reflectance over the hemispherical 

directions (Li et al. 2018). The anisotropic nature of natural land surfaces (Wanner 

et al. 1997) requires a description of that anisotropic light reflection. The 

bidirectional reflectance distribution function (BRDF) describes this reflection 

under varying solar and viewing angles (Nicodemus et al. 1977; Schaepman-Strub 

et al. 2006). Two extreme cases describe a) completely direct illumination 

conditions, called black-sky albedo (BSA), and b) completely diffuse illumination 

conditions (white-sky albedo, WSA, Lucht et al., 2000). The BSA is integrated over 

all viewing angles and the WSA is integrated over all illumination angles. The 

actual surface albedo A (also called Blue-Sky albedo) is somewhere in-between and 

can be calculated as a function of BSA and WSA, using an atmospheric optical 

depth as weighting (Lucht et al. 2000).  

Whilst albedo and BRDF products exist, e.g., from the MODerate-resolution 

Imaging Spectroradiometer (MODIS), they lack on a finer spatial resolution (e.g., 

from Sentinel-2 at 10 m resolution). However, Shuai et al. (2011) propose an 

algorithm for deriving surface albedo at finer resolutions by coupling surface 

reflectance of near-nadir observing sensors like Sentinel-2 with MODIS BRDF 

products. This approach was validated for Landsat and Sentinel-2 products over 

different land cover types with a root-mean-square error  of < 0.05 (Shuai et al. 

2011; Li et al. 2018). The approach expects that the ratio between the albedo and 

https://www.icos-sweden.se/Svartberget
https://www.icos-sweden.se/Svartberget
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the near-nadir reflectance – also called AN ratio (a) – for the BSA and WSA are 

the same for MODIS as for Sentinel-2 (S2), when the same area observed (Li et al. 

2018). This is described in equations 5a and 5b:  

𝑎̅𝜆,𝑆2(Ω𝑆2) ≈ 𝑎̅𝜆,𝑚(Ω𝑆2) for the spectral BSA AN ratio (5a) 

𝑎̿𝜆,𝑆2(Ω𝑆2) ≈ 𝑎̿𝜆,𝑚(Ω𝑆2) for the spectral WSA AN ratio (5b) 

with 𝑎̅𝜆,𝑆2  and 𝑎̿𝜆,𝑆2 describing the BSA and WSA spectral AN ratio, respectively. 

The subscript 𝜆 stands for the spectral band, whilst S2 and m denote for S2 and 

MODIS pixels, respectively. Ω𝑆2 refers to the S2 sun-view geometry and is 

represented by the solar zenith angle 𝜃𝑠 and the view zenith angle 𝜃𝑣 of the S2 

image that was taken on the same day as the MODIS image over the same area. 

Calculation of MODIS AN ratios 

The MODIS AN ratios are calculated as: 

𝑎̅𝜆,𝑚(Ω𝑆2) =
𝐵𝑆𝐴𝜆,𝑚(𝜃𝑠)

𝑅𝜆,𝑚(Ω𝑆2)
       for spectral MODIS BSA AN ratio (6a) 

𝑎̅̅𝜆,𝑚(Ω𝑆2) =
𝑊𝑆𝐴𝜆,𝑚

𝑅𝜆,𝑚(Ω𝑆2)
     for spectral MODIS WSA AN ratio (6b) 

where 𝐵𝑆𝐴𝜆,𝑚(𝜃𝑠) is the MODIS BSA for a given spectral band under the given 

solar zenith angle, 𝑊𝑆𝐴𝜆,𝑚 is the MODIS WSA for the given spectral band and 

𝑅𝜆,𝑚(Ω𝑆2) is the MODIS bidirectional reflectance at S2 sun-view geometry.  

Calculation of MODIS bidirectional reflectance 

𝑅𝜆,𝑚(Ω𝑆2) is defined as 

𝑅𝜆,𝑚(Ω𝑆2) =  𝑓𝑖𝑠𝑜(𝜆) +  𝑓𝑣𝑜𝑙(𝜆) 𝐾𝑣𝑜𝑙(𝜃𝑠) +  𝑓𝑔𝑒𝑜(𝜆) 𝐾𝑔𝑒𝑜(𝜃𝑠) (7) 

with 𝑓𝑖𝑠𝑜(𝜆), 𝑓𝑣𝑜𝑙(𝜆), 𝑓𝑔𝑒𝑜(𝜆) being the isometric, volumetric and geometric

weighting parameters provided in the MODIS BRDF product. 𝐾𝑣𝑜𝑙 and 𝐾𝑔𝑒𝑜 are 

the volumetric and geometric kernels and are dependent on the sun zenith angle 

(𝜃𝑠) and the view zenith angle (𝜃𝑣) and the relative sun-view azimuth angle (φ) 

(Roujean et al.,1992). The kernels represent the basic scattering types (volumetric 

and geometric scattering) of land surfaces (Lucht et al. 2000). The volumetric 

scattering kernel 𝐾𝑣𝑜𝑙 represents scattering effect caused by interleaf gaps in the 

canopy, whilst the geometric scattering kernel 𝐾𝑔𝑒𝑜 represents scattering effects 

caused by intercrown gaps (Lucht et al. 2000). The description of their calculation 

can be found in Lucht et al. (2000). For the present study, the calculation by Lucht 
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et al. was carried out with a modified height-to-base ratio of the trees (set to h/b = 

1, see equation 41 Lucht et al. 2000), because the computation of the trigonometric 

function cos(t) (see equation 41 in Lucht et al. 2000) did otherwise not produce an 

output.  

 

Calculation of MODIS BSA and WSA 

The volumetric and geometric kernels 𝐾𝑣𝑜𝑙 and 𝐾𝑔𝑒𝑜 in equation 7 are difficult to 

solve analytically, and hence for the BSA and WSA they are often approximated 

using ℎ𝑣𝑜𝑙(𝜃𝑠) and ℎ𝑔𝑒𝑜(𝜃𝑠) as approximations for the BRDF (Lucht et al. 2000). 

These approximations are acceptable for view and sun zenith angles up to 80°.  

According to the look-up Tables by Lucht et al. (2000) 

 

ℎ𝑣𝑜𝑙(𝜃𝑠) =  −0.007574 − 0.070987𝜃𝑠
2 + 0.307588𝜃𝑠

3
 (8a) 

ℎ𝑔𝑒𝑜(𝜃𝑠) =  −1.284909 − 0.166314𝜃𝑠
2 + 0.041840𝜃𝑠

3
 (8b) 

 

so that 

 

𝐵𝑆𝐴𝜆,𝑚(𝜃𝑠) =  𝑓𝑖𝑠𝑜(𝜆) +  𝑓𝑣𝑜𝑙(𝜆) ℎ𝑣𝑜𝑙(𝜃𝑠) +  𝑓𝑔𝑒𝑜(𝜆) ℎ𝑔𝑒𝑜(𝜃𝑠)            (9) 

 

Integrating the kernel approximations ℎ𝑣𝑜𝑙(𝜃𝑠) ℎ𝑔𝑒𝑜(𝜃𝑠) and over the sun zenith 

angles  𝜃𝑠 gives the WSA integrals 𝐻𝑖𝑠𝑜, 𝐻𝑣𝑜𝑙 and 𝐻𝑔𝑒𝑜. According to Table 1 in 

Lucht et al. (2000)  

 

𝐻𝑖𝑠𝑜 = 1 and 𝐻𝑣𝑜𝑙 = 0.189184 and 𝐻𝑔𝑒𝑜 = −1.377622  

Then, the WSA can be calculated as:  

 

𝑊𝑆𝐴𝜆,𝑚 =  𝑓𝑖𝑠𝑜(𝜆)𝐻𝑖𝑠𝑜 +  𝑓𝑣𝑜𝑙(𝜆) 𝐻𝑣𝑜𝑙 +  𝑓𝑔𝑒𝑜(𝜆) 𝐻𝑔𝑒𝑜 (10) 

 

Calculation of S2 BSA and WSA 

From the AN ratio derived from the MODIS BSA and WSA (see equation 6a and 

6b) the S2 BSA and WSA AN ratios can be inferred (see equation 5a and 5b) so 

that the S2 BSA and WSA can be calculated for each S2 pixel as  

 

𝐵𝑆𝐴𝜆,𝑆2(𝜃𝑠) = 𝑎̅𝜆,𝑚(Ω𝑆2) 𝑅𝜆,𝑆2(Ω𝑆2)      for the S2 BSA (11a) 

𝑊𝑆𝐴𝜆,𝑆2(𝜃𝑠) = 𝑎̅̅𝜆,𝑚(Ω𝑆2) 𝑅𝜆,𝑆2(Ω𝑆2)     for the S2 WSA (11b) 

 

with 𝑅𝜆,𝑆2(Ω𝑆2) being the atmospherically corrected surface reflectance measured 

with the S2 sensor (Level 2A product). 
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Calculation of the S2 Blue Sky Albedo 

From the BSA and WSA the actual spectral Blue-Sky albedo (α𝜆,S2) can be 

calculated as follows (Shuai et al. 2011):  

 

α𝜆,S2(𝜃𝑠) = (1 − 𝛽(𝜃𝑠))𝐵𝑆𝐴𝜆,𝑆2(𝜃𝑠) + 𝛽(𝜃𝑠)𝑊𝑆𝐴𝜆,𝑆2(𝜃𝑠)      (12) 

 

with 𝛽(𝜃𝑠) describing the weighting of direct and diffuse sunlight (Shuai et al. 

2011),  also called atmospheric optical depth (He et al. 2018), with 0.2 as a default 

value as described by He et al. (2018).  

 

Narrow-to-broadband conversion 

Further, a narrow-to-broadband conversion is applied to estimate the broadband 

albedo (A) from only a few narrow (spectral) bands, in the present study the VIS 

bands (Li et al. 2018; Liang & Wang 2020). 

 

A = 𝑐0 +  ∑ 𝑐𝑖α𝜆𝑖,S2(𝜃𝑠)𝑛
𝑖=1  (13) 

 

where A denoted the broadband albedo, α𝜆,S2(𝜃𝑠) the spectral Blue-Sky albedo, and 

𝑐𝑖 (𝑖 = 0, 1, … , 𝑛, with 𝑛 being the number of spectral bands) are the band 

conversion coefficients. The visible spectrum (VIS) coefficients for S2 as published 

by Li et al. (2018) were used for this calculation, which cover the spectral range of 

450 – 700 nm (Table 2). For simplification purposes, only the snow-free VIS 

conversion coefficients were used. 

 

Table 2. Narrow-to-broadband conversion coefficients 𝑐𝑖 for S2 VIS bands for retrieving the 

broadband albedo (A), from Li et al. (2018). 

 𝑐𝐵𝑎𝑛𝑑 2 𝑐𝐵𝑎𝑛𝑑 3 𝑐𝐵𝑎𝑛𝑑 4 𝑐0 

Snow-free VIS  0.5673 0.1407 0.2359 -0.0048 

 

2.5.2 Datasets and data processing strategy  

Datasets 

For retrieving albedo values of the Krycklan Catchment, the Sentinel-2 MSI Level-

2A reflectance product (S2 Level 2A) was combined with the MODIS MCD43A1 

V6.1 BRDF-Albedo Model Parameters Daily 500 m. The S2 Level-2A product is a 

multi-spectral, high resolution, cloud-free Bottom of Atmosphere reflectance 

product, derived from two identical polar-orbiting satellites (Sentinel-2A and 
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Sentinel-2B) equipped with a multi-spectral instrument (ESA, 2015). Since the 

spectral response curve of S2A and S2B are similar (Lin et al. 2022), both satellite 

product were used in this study. The radiometric resolution of the S2 satellites is 

12-bit with a radiometric error allowance of 5%, which makes the retrieval of 

surface signals viable (Sentinel-2 Team, 2021). The MCD43A1 product provides 

surface anisotropy information via the isometric, volumetric and geometric 

weighting parameters used in equation 4 (Lucht et al. 2000; Wang et al. 2018).  

A 10 m pixel resolution were chosen for the albedo retrieval, since the 

corresponding C balance data have a plot resolution of 10 m. That way, albedo and 

corresponding C datasets could be combined accurately without losing information 

on the stands. For retrieving a 10 m albedo product the S2 bands B2 (448-546 nm), 

B3 (538-583 nm), and B4 (656-684 nm), were used, which correspond to the blue, 

green, red (RGB) – also summarized as visible (VIS) spectrum. For the MODIS 

products the equivalent bands within the same wavelength range were used, 

meaning B3 (459-479 nm), B4 (545-565 nm), and B1 (620-670 nm), respectively 

(Li et al., 2018, Table 3). In many studies the albedo is determined as the shortwave 

(SW) albedo, taking into account a wavelength spectrum of ca. 300 – 5000 nm (Li 

et al. 2018). In this study, a smaller wavelength range from ca. 450 – 700 nm (VIS) 

was used as an approximation for the full SW broadband spectrum. This is based 

on the observation that the most amount of solar irradiance ranges in this 

wavelength spectrum, whilst a smaller fraction is located in the adjacent wavelength 

ranges (Ranabhat et al. 2016). The same approach was used for the narrow-to-

broadband conversion, where the conversion coefficients for the VIS spectrum 

were used.  

Table 3. Corresponding band names and bandwidth (in nm) of the four bands from the S2 and 

MODIS, respectively, that were used for the 10 m resolution albedo retrieval. 

Common band name Blue Green Red 

S2a Band 2 Band 3 Band 4 

 448-546 538-583 656-684 

MODISb Band 3 Band 4 Band 1 

 459-479 545-565 620-670 

ahttps://sentinel.esa.int/web/sentinel/technical-guides/sentinel-2-msi/msi-instrument (accessed 

27/03/2023), b https://modis.gsfc.nasa.gov/about/specifications.php (accessed 27/03/2023) 

Data processing strategy  

The data was downloaded for the area of interest using Google Earth Engine (GEE) 

for the period March 2017 to March 2019. S2 Level-2A data only existed from 

March 2017 on, even though the NEP data are from 2016-2018. The assumption 

here is that the changes of the relationship between albedo and C sequestration from 

one year to the other year with similar climatic conditions is negligible. Cloud-

masking for retrieving S2 cloudless image was done via the S2cloudless algorithm 

https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-2-msi/msi-instrument
https://modis.gsfc.nasa.gov/about/specifications.php
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in Google Earth Engine (GEE Community, 2023) with filtering to a maximum 

image cloud cover of 20%. MODIS products were then downloaded for the same 

dates as S2 cloud-free images were available. Following the approach described in 

section 2.3.1 the albedo was retrieved in the following steps:  

1. calculation of MODIS bidirectional reflectance at S2 sun-view angle 

(equation 7) 

2. calculation of spectral MODIS BSA (equation 9) based on kernel 

approximations (equations 8a & 8b) 

3. calculation of spectral MODIS WSA (equations 10) 

4. inferring of S2 spectral BSA and WSA AN ratio (equations 5a & 5b) based 

on MODIS spectral BSA and WSA AN ratios (equations 6a & 6b) 

5. calculation of S2 spectral BSA and WSA based on S2 AN ratios (equations 

11a & 11b) 

6. calculation of S2 Blue Sky Albedo (equation 12) 

7. narrow-to-broadband conversion of spectral albedo to broadband albedo 

(equation 13) 

 

A yearly mean value for the albedo was calculated for each pixel using the 

complete remotely sensed dataset of 2018-2019, resulting in one Blue Sky 

Broadband Albedo map of Krycklan. Blue Sky Broadband Albedo raster data was 

possible to compute between 2018/02/04 and 2018/11/03 as well as 2019/02/06 and 

2019/11/05 (resulting in n = 95 remote sensing images), representing an estimation 

of the full-year albedo over Krycklan but missing albedo values for some winter 

months. Additionally, mean pixel values for the 10 m x 10 m forest plots were 

extracted from the full Blue Sky Albedo raster using zonal statistics in the QGIS 

software. These plot-level yearly means were used for further data analysis and the 

radiative forcing model. All calculations were carried out using R Version 4.2.3 (R 

Core Team, 2023) and the packages “raster” (Hijmans, 2023a), “GeoLight” 

(Lisovski and Hahn, 2013), “terra” (Hijmans, 2023b), “stringr” (Wickham, 2022) 

and “sp” (Pebesma and Bivand, 2005). All codes are made available on GitHub (see 

Appendix 1). 

 

2.6 Radiative forcing models  

2.6.1 C-flux RF  

The C flux induced radiative forcing 𝑅𝐹𝐶 at any time 𝑡 was calculated based on 

Frolking  and Roulet (2007), where 

𝑅𝐹𝐶(𝑡) =  ∑ (𝑅𝐸 𝑓𝑖  ×  ∫ 𝜙𝑖(𝑡′)𝑒
𝑡′−𝑡

𝜏𝑖 𝑑𝑡′
𝑡

0
4
𝑖=0 ) (14) 
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where 𝑅𝐸 is the radiative efficiency of CO2 (0.0198x10-13 Wm-2 kg-1), 𝑓𝑖  is the 

fractional multiplier for the net flux into the reservoir (Table 4), 𝜙𝑖(𝑡′) is the net 

flux of CO2 to the atmosphere at time 𝑡′ and 𝜏𝑖 is the residence time of gas in the 

reservoir 𝑖 (Table 4). The RF model was used to calculate a yearly mean radiative 

forcing for each forest plot based on the respective C-flux data from 2016-2018.  

 

Table 4.: CO2 parameters for radiative forcing model based on Frolking and Roulet (2007).  

Radiative efficiency (10-13 

W m-2 kg-1) 

Index Fraction Residence time 𝜏𝑖  (years) 

0.0198 0 0.176 Infinite (modelled as 108 

years) 

0.0198 1 0.138 421 

0.0198 2 0.186 70.6 

0.0198 3 0.242 21.4 

0.0198 4 0.259 3.42 

 

 

2.6.2 Albedo-induced RF and total RF 

The albedo-induced radiative forcing was calculated following the approach by 

Lohila et al. (2010):  

𝑅𝐹𝑔𝑙𝑜𝑏 =  𝑅𝐹𝑙𝑜𝑐 × (
𝑆𝑙𝑜𝑐

𝑆𝑔𝑙𝑜𝑏
)  (15) 

 

where 𝑅𝐹𝑔𝑙𝑜𝑏 is the global radiative forcing caused by local radiative forcing 𝑅𝐹𝑙𝑜𝑐 , 

scaled by the earth’s surface with 𝑆𝑙𝑜𝑐 being the surface area of the plot and 𝑆𝑔𝑙𝑜𝑏 

being earth’s surface area (Lohila et al. 2010). Based on the estimated albedo values 

and annual mean shortwave downward radiation over Krycklan the amount of 

absorbed radiation was calculated. Annual mean shortwave downward radiation 

(𝑆𝑊𝑖𝑛) data for 2018 were taken from the National Aeronautics and Space 

Administration (NASA) Langley Research Center (LaRC) Prediction of 

Worldwide Energy Resource (POWER) Project funded through the NASA Earth 

Science/Applied Science Program (NASA, 2023). In line with Lohila et al. (2010), 

local radiative forcing of a plot was then computed as the differences in absorbed 

radiation between the youngest plot of the initiation age class (𝑆𝑊𝑎𝑏𝑠,𝑖𝑛𝑖𝑡) and the 

respective plot (𝑆𝑊𝑎𝑏𝑠,𝑝𝑙𝑜𝑡), since the youngest plot is closest to a clear-cut 

reference albedo:  

 

𝑅𝐹𝑙𝑜𝑐 =  𝑆𝑊𝑎𝑏𝑠,𝑝𝑙𝑜𝑡 − 𝑆𝑊𝑎𝑏𝑠,𝑖𝑛𝑖𝑡  (16) 

𝑆𝑊𝑎𝑏𝑠,𝑖 =  𝑆𝑊𝑖𝑛 − (𝑆𝑊𝑖𝑛 ×  𝛼𝑖)  (17) 
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Finally, the two datasets of albedo-induced RF and C-flux-induced RF were 

combined to a total RF (𝑅𝐹𝑡𝑜𝑡𝑎𝑙) for each plot:  

𝑅𝐹𝑡𝑜𝑡𝑎𝑙 =  𝑅𝐹𝑔𝑙𝑜𝑏 +  𝑅𝐹𝑐 (18) 

All codes for the radiative forcing model are made available on GitHub (see 

Appendix 1).  

2.7 Statistical analysis 

All analyses were conducted with yearly mean values, from 2016-2018 (for NEP) 

and from 2018-2019 (for albedo estimations) The estimated plot-level albedos were 

statistically analysed for significant correlations between stand data and albedo 

using nonparametric tests (Kendall’s and Spearman’s correlations). A principal 

component analysis (PCA) was performed to determine the explanatory factors for 

landscape variability of albedos. A mathematical fitting function was used to 

describe the age-albedo relationship: firstly, a linear model was calculated with the 

logarithmic-transformed age and the empirical albedo and RF data. Secondly, based 

on the linear model, fitted albedo data were calculated and plotted against the age 

together with the empirical albedoand RF data. Statistical analysis was carried out 

in R Version 4.2.3 (R Core Team, 2023) using “dplyr” (Wickam et al., 2023), 

“base” and “stats” (R Core Team, 2023) packages, and plots were created using 

“ggplot2” (Wickam, 2016). 
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3.1 Remotely sensed albedo map  

The estimations of the yearly mean albedos per pixel suggested that Blue Sky 

Broadband Albedo values over the catchment area varied between 0.009 and 0.408 

with a mean of 0.131 and a median of 0.067 (Figure 5). Water bodies had the lowest 

albedo, whilst infrastructure elements (i.e., buildings and roads) were characterized 

by higher albedo values. The plot level albedo of the forest stands varied between 

0.017 and 0.239, with a mean of 0.074 and a median of 0.058.  

 

Figure 5.: Map of mean Blue-Sky Albedos over the Krycklan Catchment, estimated from data from 

the years 2018-2019. A high albedo translates to a high surface reflectance. Albedo values range 

from 0.009 and 0.408. The resolution is 10 m x 10 m and the scale bar unit is m. 

Results 
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3.2 Validation of remotely sensed albedo estimates 

3.2.1  Aggregation to MODIS resolution 

Since the used method of retrieving S2-resolution albedo estimations from MODIS 

BRDF is little explored, a validation of the dataset and the methodology is crucial. 

In this study, the S2 mean yearly Blue Sky Broadband Albedo was aggregated to a 

MODIS resolution and compared this with the 2018-2019 mean of the available 

MODIS Black Sky Albedo product. Compared to the S2 aggregated product, the 

MODIS product lacks the White Sky Albedo component but can still serve as a first 

benchmark for evaluating the albedo estimation. The differences between the 

MODIS product albedo values and the S2 aggregated albedo values ranged between 

0.061 and 0.087 with no clear pattern for the different stand age classes, indicating 

an underestimation of albedo across all stand age classes. The aggregated albedo 

maps can be found in Appendix 3.  

3.2.2 Comparison with reference sites 

The two reference sites (Trollberget clear-cut and Svartberget mature forest) 

represent the starting and end points of a standard rotation period in boreal Sweden: 

an initiation phase, and a 110-year-old stand, respectively. Table 5 summarizes the 

comparison of the remotely sensed albedos over those stands and the tower-based 

measurements on the respective site. The comparison indicates an underestimation 

of albedo in the lower range values and an overestimation in the upper range values. 

Table 5.: Comparison of remotely sensed Blue Sky Broadband Albedo estimations and tower-based 

albedo measurements over the two reference sites. The Trollberget clear-cut site is located outside 

the catchment, the Svartberget mature forest site is in the Krycklan catchment area. 

site 
remotely sensed albedo 

estimation 

tower-based albedo 

measurement 

Clear-cut median A = 0.177 median A = 0.146 

Svartberget (old-

growth)  

median A = 0.027 median A = 0.079 

3.2.3 Comparison with ground-based measurements (LAI) 

LAI and albedo of the plots correlate strongly (Spearman`s ρ = -0.742) and with 

high significance (p < 0.001). This is true across all stand age classes. The 
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relationship between albedo and LAI is as expected, since a higher LAI is usually 

associated with a thicker canopy, whilst a thicker canopy results in less reflectance 

and thus a lower albedo. The strength of the correlation reflects a reasonable 

dependency of the albedo on canopy thickness and thus confirms the robustness of 

the used albedo estimation methodology. The linear model between the log-

transformed LAI and albedo shows a moderately good fit within the observed data 

range (R2 = 0.75, with p < 0.001, Figure 6). A regression analysis shows a root-

mean-square error (RMSE) of 0.029, indicating a moderately good fit between the 

predicted albedo values of the linear model and the empirical albedo data.  The age-

albedo relationship with the fitted albedo values from the linear model (black line 

in Figure 6) can be described for every x using the equation: 

 𝑦 = 0.139500 − 0.075252 log (𝑥) (19) 

where y is the albedo and x is LAI (m2 m-2). The mathematical fit describes an 

exponential decline of the albedo with higher LAI for Leaf Area Indices between 

ca. 1 and 6.   

Figure 6.: Albedo-LAI (Leaf Area Index) relationship with empirical plot-level albedo data (black 

dots) and fitted albedo values from the linear model (black line). The linear model was calculated 

with the log-transformed LAI and the empirical albedo data. Residual standard error of model: 

𝑦 = 0.139500 − 0.075252 log (𝑥) 

RMSE 0.029 
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0.02922 on 48 degrees of freedom, R2 = 0.75, with p < 0.001. Model estimates: Intercept 0.139500, 

log(x) -0.075252, with x being LAI (m2 m-2), RMSE of regression: 0.029. The model outputs suggest 

a moderately good fit within the observed data range.  

3.3 Drivers of landscape variability in albedo  

Results from the PCA based on the 50 forest stands suggests that LAI, age, and 

stand age class were most strongly associated with albedo, since the respective 

arrows closely match with the PC1 axis which is strongly explained by albedo 

(points in the same direction, Figure 7). This is supported by the strength and 

significance of the correlations between albedo and those parameters. In contrast, 

the correlations of albedo with tree density, dominant tree species or NEP were 

weak. The PCA suggests a negative correlation between albedo and LAI as well as 

albedo and age since the respective arrows point in opposite directions. The two 

first Principal Components PC1 and PC2 explain 62% of the data variance. 

Figure 7.: Principal Component Analysis (PCA) loading plots of stand data on albedo across the 

studied forest landscape. Input parameters were age (yr), stand age class (SDS), dominant tree 

species (SPM, pine or spruce), tree density, Net Ecosystem Production (NEP, g C m-2 yr-1), and leaf 

area index at peak growing season (LAImax, m2 m-2); n = 50 forest stands.  

All available stand properties (age, stand age class, dominant tree species, tree 

density, NEP, LAI) were tested for correlations with plot-level albedo values. 

Highly significant correlations (p < 0.001) with albedo are present for age, stand 
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age class, and LAI; significant correlations (p < 0.05) for tree density. Age and 

albedo are correlated negatively (Kendall´s τ = -0.512), the same applies to stand 

age classes and albedo (Kendall´s τ = -0.505). The strongest correlation is detected 

between albedo and LAI (Spearman´s ρ = -0.742) whilst tree density shows a slight 

negative correlation with albedo (Kendall´s τ = -0.208). Results of the tested 

correlations are summarized in Table 6. 

 

Table 6.: Relationships between broadband albedo (A) and various stand properties, their 

significance levels and correlation coefficients using Kendal or Spearman correlation, respectively. 

 

 

The age-albedo relationship is illustrated in Figure 8, 9 and Table 7 which show 

albedo values of the 50 forest plots grouped by the stand age classes. Table 7 

summarizes the mean albedo values for each stand age class. The initiation stand 

age class shows the highest albedo values (mean albedo 0.178) which gradually 

decreases in the following stand age classes. The pattern shows a sharp decrease in 

albedo after the initiation stage to the young class (mean albedo 0.069) and a 

gradual slow decline in albedo from middle-aged (mean albedo 0.057) to mature 

(mean albedo 0.051) and old-growth stands (mean albedo 0.034) where the 

minimum albedo of 0.017 can be observed (Figure 8). The variance (Whiskers in 

Figure 8) of albedo is the maximal in the initiation age class and the lowest in the 

old-growth age class.  

significance level tested relationship correlation coefficient 

p < 0.001 A ~ age Kendall´s τ = -0.512 

A ~ stand age class  Kendall´s τ = -0.505 

A ~ LAI Spearman´s ρ = -0.742 

p < 0.05 A ~ tree density Kendall´s τ = -0.208 

p not significant A ~ dominant tree species / 
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Figure 8.: Box-Whisker plot showing the age-albedo relationship grouped by stand age classes 

(initiation, young, middle-aged, mature, and old-growth) with Kendall correlation statistics (τ = -

0.51, p < 0.001) of plot-level yearly mean albedo values of the forest plots (n = 50) in the Krycklan 

Catchment. Black bars in the boxes represent the stand age medians, Whiskers indicate the variance. 

Table 7.: Median and mean albedo values of the five stand age classes initiation (n=8), young (n=9), 

middle-aged (n=13), mature (n=14), old-growth (n=6).  

stand age class age (years) median albedo mean albedo 

1 – initiation 5-27 0.177 0.178 

2 – young 31-58 0.073 0.069 

3 – middle-aged 61-78 0.043 0.057 

4 – mature 80-105 0.040 0.051 

5 – old-growth 131-211 0.027 0.034 

The linear model between the log-transformed age and log-transformed albedo 

shows a moderately good fit within the observed data range (R2 = 0.59, with p < 

0.001, Figure 9). A regression analysis shows a root-mean-square error (RMSE) of 

0.030, indicating a moderately good fit between the predicted albedo values of the 

linear model and the empirical albedo data. The age-albedo relationship with the 

fitted albedo values from the linear model (black line in Figure 9) can be described 

for every x using the equation: 

𝑦 = 1.151 ×  𝑥−0.726 (20)
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where y is the albedo and x is the stand age (years). The mathematical fit 

describes an exponential decline of the albedo with higher stand age for ages 

between ca. 5 and 165 years.  

Figure 9.: Age-albedo-relationship with empirical plot-level albedo data (black dots) and fitted 

albedo values from the linear model (black line). The linear model was calculated with the log-

transformed age and the empirical albedo data. Residual standard error of model: 0.434 on 48 

degrees of freedom, R2 = 0.59, with p < 0.001. Modelled relationship can be described as 𝑦 =
1.151 × 𝑥−0.726 with x being stand age (years) and y being albedo, RMSE of regression: 0.030.

The model outputs suggest a moderately good fit within the observed data range. The compliance 

of the model-predicted and the reference values can be found in Appendix 4. 

3.4 Radiative forcing of boreal rotation-forestry 

3.4.1 C-flux induced radiative forcing 

The resulting patterns in radiative forcing are – complementary to the C-flux vs. 

albedo patterns – contrary to each other (Figure 11a). Whilst C-flux leads to a 

positive radiative forcing (up to +0.446 nW m-2 yr-1) for some stands in the initiation 

phase, all other stand age classes show a negative radiative forcing. Amongst the 

50 forest plots, the RF varied between +0.446 and -2.769 nW m-2 yr-1. The median 

RF of the initiation stage is -0.314 nW m-2 yr-1, -1.013 nW m-2 yr-1 for the young 

 𝑦 = 1.151 × 𝑥−0.726

RMSE 0.030 
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one, -1.123 nW m-2 yr-1 for the middle-aged, -1.184 nW m-2 yr-1 for mature stages 

and -1.071 nW m-2 yr-1 for old-growth stands. Figure 10 shows a loess smoothing 

of the dataset and displays the sharp decrease in radiative forcing after the initiation 

stage, a minimum in the middle-aged class and a stabilization thereafter. This 

pattern is complementary to the NEP-age pattern – e.g., the NEP peak in the middle-

aged class (see Figure 4) translates to the minimum RF in the same age class (see 

Figure 10). Based on the upscaled NEP map (Figure 3) the catchment-level NEP-

induced RF is -0.998 nW m-2 yr-1. 

Figure 10.: C-flux induced radiative forcing based on the annual NEP values of the 50 forest plots, 

grouped by stand age classes. A loess smoothing is applied to the dataset (blue line, 95% confidence 

interval in grey) and shows a sharp decline in radiative forcing after the first decades and a 

minimum in the mature stand age class. 

3.4.2 Albedo-induced radiative forcing 

Contrary, the albedo-induced RF is always positive and ranges between 33.8 and 

22654.7 W m-2 yr-1 for the local RF effect and between 0.0006 and 0.4442 nW m-2 

yr-1 on a global scale, though the age patters are comparable for both local and 

global albedo RF and only differ in their magnitude (W m-2 yr-1 vs. nW m-2 yr-1). 

For better comparison, only the global RF impact is presented here – the local RF 

effect is shown in Appendix 2. Global RF impacts of the 50 forest plots show a 

distinct pattern according to their age and stand age class (Figure 11a). The 

smoothing function (line in Figure 11a) shows a sharp increase in RF in the 

initiation age class up until the young class, followed by a slow and steady increase 
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in RF that converges towards a maximum RF of ca. 0.44 nW m-2 yr-1 in the oldest 

stand age class. Based on the catchment-level albedo map (Figure 5) the catchment-

level albedo-induced RF is 0.217 nW m-2 yr-1.  

The linear model between the log-transformed age and RF shows a moderately 

good fit within the observed data range (R2 = 0.68, with p < 0.001, Figure 11). A 

regression analysis shows a root-mean-square error (RMSE) of 0.065 nWm-2 yr-1, 

indicating a moderately good fit between the predicted albedo values of the linear 

model and the empirical albedo data. The age-RF relationship with the fitted RF 

values from the linear model (black line in Figure 11b) can be described for every 

x using the equation: 

 𝑦 = −0.2125 +  0.1324 log (𝑥) (19) 

where y is the RF (nWm-2 yr-1), and x is age (years). The mathematical fit 

describes an exponential increase of the RF with higher ages for stand ages between 

5 and 200 years.   

Figure 11.: Albedo-induced global radiative forcing, based on the relative albedo differences 

between the initiation stage and the respective forest plot. a) The data is grouped by stand age 

classes (initiation, young, middle-aged, mature and old-growth) and smoothed using the loess-

function (blue line) with 95% confidence interval (grey). The pattern shows a sharp increase in 

radiative forcing during the initiation stage up until the young stage, followed by a convergence 

towards a maximum RF. b) relationship with empirical plot-level albedo data (black dots) and fitted 

albedo values from the linear model (black line). The linear model was calculated with the log-

transformed age and the empirical albedo data. R2 = 0.67 on 48 degrees of freedom, , with p < 

0.001. Model estimates: Intercept 10.2125, log(x) 0.1324, with x being stand age (years), RMSE of 

regression: 0.065 nW m-2 yr-1. The model outputs suggest a moderately good fit within the observed 

data range. 

𝑦 =  −0.2125 + 0.1324 log (𝑥) 

   RMSE 0.065 nW m-2 yr-1 

a) b) 
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3.4.3 Net climate effect of KC forest plots and catchment 

Combining the two components albedo and C-flux into a total radiative forcing 

model shows the higher magnitude – by factor three – of C-flux induced RF 

component compared to albedo-induced RF component (Figure 12a). 

Consequently, C-sequestration effects overpower albedo effects and result in a total 

climate effect that is like the C-induced climate effect alone (Figure 10 and 12b). 

Also, the albedo-induced RF shows a lower variance in data compared to the 

variance of C-induced RF, indicated by the respective 95%-confidence intervals (in 

grey, Figure 12a). Some plots in the mature age class (blue group, Figure 12b) are 

close to a net-zero climate effect when combining both albedo and C-sequestration, 

whilst the first years of the initiation stage still show a net positive RF. All the 

following age classes have a net negative RF effect.  

Figure 12.: a): Comparison of albedo-induced radiative forcing (orange line) and C-flux induced 

RF (blue line). The former component is characterized by a clearly lower magnitude compared to 

the latter component. The albedo-induced RF shows a lower variance in data compared to the 

variance of C-induced RF (see respective 95% confidence intervals in grey). b): Combined RF 

effects from the component’s albedo and C-flux, grouped by stand age classes. The pattern in 

comparable to the C-flux induced RF alone since the magnitude of the NEP impact overpowers the 

albedo impact. 

The shares in net radiative forcing of the albedo and NEP components – grouped 

by stand age class – are shown in Figure 13. In the youngest stand age class, the 

albedo contributes the least to the RF (18,90%) whilst the share of NEP-induced 

a) b) 
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RF is the highest in this age class (81,10%). For all the other stand age classes, the 

share of albedo-induced RF in the total RF is ca. 25% whilst the share of NEP-

induced RF in the total RF is ca. 75%. Across all stand age classes, the albedo 

contributes to 25.25% and the NEP to 74.75% of the total RF (Figure 13).  

The net catchment-level climate effect of the Krycklan catchment is -0.782 nW 

m-2 yr-1
. Based on the catchment-level forcings induced by albedo and C-dynamics,

the RF for the whole KC is -0.782 nW m-2 yr-1. Scaled to the catchment area (6780

ha) this results in a yearly RF of -0.053 W m-2 yr-1.

Figure 13: Relative contribution of the albedo component (red bars) and NEP component (blue 

bars) to the net RF (red and blue bars combined), grouped by stand age classes (1 = initiation, 2 = 

young, 3 = middle-aged, 4 = mature, 5 = old-growth). The numbers in the bars indicate the 

proportion (in %) of the summed up gross radiative forcing values.  

18.90% 25.28% 25.34% 26.94% 29.81% 

81.10% 74.72% 74.66% 73.06% 70.19% 
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4.1 Remote Sensing as a tool for estimating albedo 

The computed albedo values were in a reasonable data range of [0.009; 0.408] and 

thus are within the possible values of albedo ([0; 1]). A comparison of the remotely 

sensed albedo data with the reference sites shows a slight bias in the produced data. 

Compared to the reference sites, the albedo seems to be slightly overestimated in 

the upper range (initiation stage) and underestimated in the lower range (old-growth 

stage), indicating a regression towards the mean. The comparison with the MODIS 

product underlines the possible underestimation of albedo values.  

Halim et al. (2019) report summer albedos of ca. 0.1 in old forest stands and 

higher winter albedos. This suggests an underestimation from the data in this study, 

though it could also result from missing albedo values in the winter months. In 

comparison, Kuusinen et al. (2014) report summer and spring albedo values 

between 0.02 and 0.06, which comply well with the range of albedo in this study. 

However, comparing the albedo data produced in this study with previously 

reported albedos is challenging since estimations and measurements take different 

seasons (seasonal or full-year albedo) into account. The used method can be seen 

as a valuable approach to derive small-scale albedo values via remote sensing, 

though more research is necessary to validate the approach. Also, more research is 

needed to test other inputs for the modified height-to-base ratio values (section 

2.5.1) and detect ways of computing the Kernels with those values.  

4.2 Interpretation of RF from carbon dynamics 

Based on the available C-flux data, some of the youngest stands in the initiation 

phase showed a climate warming effect (i.e., positive RF) whilst a climate cooling 

(i.e., negative RF) was present along all other stand ages. This trajectory follows 

observed patterns in C-flux induced radiative forcing in other studies observing 

different forest management types (O’Halloran et al. 2012; Cherubini et al. 2018). 

Discussion 
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It also follows the expected successional change and unimodal curve that represents 

the successional NEP pattern (Peichl et al. 2023a).  

Local underlying biogeochemical processes explain the successional pattern: 

after clear-cutting, organic matter decays at high rates, leading RH to exceed NPP 

of young trees. With ongoing succession, organic matter is decomposed – slowing 

down RH – whilst NPP of ageing trees increases, creating a carbon sink and thus a 

negative RF (Cherubini et al. 2018). Globally, the time lag between the release of 

C after a clear-cut and the removal fluxes leads to a short-term increase of 

atmospheric CO2 and thus a short-term climate warming (O’Halloran et al. 2012; 

Cherubini et al. 2018). In retention forestry of Swedish boreal pine forests, the RF 

changed from positive to negative already after ca. 15 years (Cherubini et al. 2018). 

In the present study, this point is reached earlier, after ca. 10 years. This challenges 

the notion of young stands under rotational forestry being climate warming and can 

be explained with relatively low heterotrophic respiration in the catchment (Peichl 

et al. 2023a), which usually contributes strongly to RF of C fluxes of young forest 

stands.  

4.3 Stand age as a proxy for albedo and albedo-

induced RF in rotation forestry 

Variability of albedo values in the catchment area could be well explained by the 

stand age and stand age classes. The pattern shows an exponential decline of albedo 

in the first decades and a stabilization thereafter. The moderate R2 of the fitted age-

albedo relationship (Figure 9) underlines the exponential characteristics of the 

relationship between age and albedo. This supports hypotheses 2.1 and 2.2 which 

suggested maximum albedo values for young stands and minimum values for the 

oldest stands.  

The pattern also complies with general age-albedo patterns in boreal forests 

previously reported by Halim et al. (2019) and Kuusinen et al. (2014). Their studies 

showed a rapid decline, especially of the VIS-based albedo and stabilization ca. 50 

years after disturbance, similar patterns were reported by Cherubini et al. (2018) 

for retention forestry in Swedish boreal pine forests. However, albedo stabilization 

depends on the chosen reference scenario – in the case of referring the albedo 

change to a clear-cut (in the present study) the stabilization is naturally later than 

when referring the albedo change to a thinned forest. In the present study, 

stabilization starts at the age of ca. 100 years, suggesting a later stabilization, 

possibly due to a differing reference albedo scenario. The findings of this study 

comply with the impact an albedo-change due to natural disturbances had in a 

Canadian study by O’Halloran et al. (2012).  
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Within the age-albedo pattern, the aspect of age can be seen as a proxy for more 

complex successional changes – e.g., canopy structure – which develop with age 

(Halim et al. 2019). One of those successional changes that explain the distinct age-

albedo relationship is the process of gradual regrowth of trees and progressive 

canopy closure (Cherubini et al. 2018). A clear-cut or initiation stage is 

characterized by a low LAI and higher amount of broadleaved understory (Amiro 

et al. 2006; Kuusinen et al. 2014), causing a higher albedo. Whilst the canopy closes 

over time, it reflects less due to the coniferous leaf structure and a higher LAI. In 

this study, the lowest albedo and albedo stabilization at around 0.03 is reached after 

ca. 100 years, indicating a maximum canopy closure at this stand age. This 

observation complies with a study by Bright et al. (2015) who observed albedo 

changes due to forest disturbances to be persistent until the canopy closes again. 

Generally, succession is considered to be slower in the boreal biome so that albedo 

changes lean towards a longer-lasting impact (O’Halloran et al. 2012). In the 

present results, the albedo begins to stabilize from ca. 100 years onward. However, 

a more detailed analysis of older stands would be necessary for determining the 

minimum albedo and with that age of full canopy closure with higher certainty.  

Other studies of the boreal biome suggest a species-dependency on the age-

albedo relationship: a stronger relationship was observed for spruce than for pine, 

mainly due to differing understory (Kuusinen et al. 2014). No such pattern could 

be observed in this study, since the dominant tree species showed no significance 

in explaining the albedo or the age-albedo relationship.  

Since albedo changes are local and influence the local temperature, one could 

infer a continuous local cooling. However, this does not take changes in sensible 

and latent heat fluxes after clear-cutting into account and thus not always applies 

(Landry et al. 2016). Based on the age-albedo pattern, a climate warming (i.e., 

positive RF) could be observed across all stand ages since a clear-cut was chosen 

as the reference scenario for the relative albedo change in the RF model. Analogue 

to the age-albedo pattern, the age-RF pattern induced by albedo changes shows an 

exponentially increasing warming effect until the middle-aged stand class and only 

a gradual, slow increase thereafter. This indicates a maximum climate cooling 

which can be induced by albedo changes: cooling is limited by reaching the 

minimum reflectance due to a fully closed canopy during the successional process. 

4.4 Relative importance of albedo and NEP in RF 

effects of boreal forests 

Generally, RF of albedo effects observed in this study counter those of C 

sequestration (Figure 12), which complies with other studies (Bonan 2008; 
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Anderson et al. 2011; Mykleby et al. 2017). However, the magnitude of climate 

warming is offset by the magnitude of climate cooling effects caused by C-

sequestration – which is nearly three times higher – for all stand age classes. The 

relative importance of NEP is the highest in the initiation stage (81,10%), which 

supports parts of hypothesis 2.1 which states that NEP might play a bigger role in 

very young stands.  

The initiation stage is the only stand age class with a positive net RF, thus a net 

warming climate effect, though the general RF pattern follows the C-flux induced 

RF rather than the albedo-induced RF. Consequently, C-sequestration (responsible 

for ca. 75% of the net RF) overrules albedo (responsible for ca. 25% of the net RF) 

regarding the net climate effect – which contradicts hypothesis 3 as well as parts of 

hypothesis 2.2. This is true not only for the forest plots, but also for the entire 

catchment – consequently, the Krycklan catchment can be seen as a climate-cooling 

landscape element (-0.053 W m-2 yr-1). Possible explanations for the divergent 

pattern are explored further down.  

Generally, the relative contribution of C-flux and albedo to the climate effect is 

highly uncertain so that the present results are supported by some studies and 

opposed by others (Bright et al., 2011; Cherubini et al., 2018; Kalliokoski et al., 

2020; Kellomäki et al., 2021; Landry et al., 2016; O’Halloran et al., 2012). In line 

with the present results, Cherubini et al. (2018) reports a long-term net cooling due 

to strong C sink contributions in retention forestry of a Swedish pine forest, Lohila 

et al. (2010) observed the same pattern especially for nutrient-rich boreal forests. 

The management and the nutrient availability on the site could be one explanation 

for the dominance of C-sequestration – a high nutrient availability results in a high 

NEP, which reduced the relative contribution of albedo-induced RF.  

The present results challenge other studies which observed a similar magnitude 

of albedo and C effects, leading to a net-zero climate impact (O’Halloran et al., 

2012; Kellomaki et al., 2023). However, those study natural disturbances and thus 

might not be comparable with clear-cuts in rotation forestry. E.g., a beetle outbreak 

is less complete and discrete than a clear-cut, and a fire darkens the surface due to 

burning. This creates highly different disturbances than the clear-cuts in the present 

study.  

Generally, the different observations show that patterns highly depend on the 

reference and underground albedo and the extent of snow coverage (Thompson et 

al. 2009; O’Halloran et al. 2012). It is also noteworthy that missing data in the 

winter months in this study – missing a crucial period and thus reducing the relative 

importance of albedo. The snow-masking effect of forest stands during snow 

periods is not fully accounted for due to lack of albedo data between mid-November 

and February.  

In the future, the relative importance of albedo in the boreal zone will possibly 

change. When winters become milder and snow presence reduces, the snow-
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masking effect of older stand ages will be less present and thus reduce the relative 

importance of albedo in the boreal zone. Overall, the present results underline an 

unclear picture about the relative importance of albedo vs C dynamics in climate 

effects of boreal forests. This stresses observations about C and albedo not 

necessarily being coupled during succession but rather following a highly complex 

process (O’Halloran et al. 2012).  

 The results indicate maximum radiative climate benefits (i.e., highest negative 

RF and thus highest cooling effect) in the middle-aged and mature stands, which 

confirms hypothesis 4. This might be due to a) maximum C sequestration potential 

in those stand age classes (Peichl et al., 2023a) and b) a not fully closed canopy. 

Those two factors combine the maximum negative RF of the C dynamics and a not 

yet fully exhausted positive RF potential due to albedo dynamics. According to the 

trajectory in Figure 12b, maximum climate cooling is reached for ca. 100-year-old 

stands. Comparing this result with the optimum rotation period based solely on the 

cumulative and current C-cycle (138 years, Peichl et al., 2023a) possibly points 

towards a lower optimum rotation period when including the albedo, though more 

research would be needed to support this with the present data.  

4.5 Possible sources of errors and limitations of the 

study 

Several possible sources of errors emerge from the used method. The highest 

amount of error sources lies in the albedo estimation. Thus, the estimated values 

come with high uncertainties. The BRDF used for computing the surface reflection 

can only be estimated and not measured, thus always producing a systematic error. 

Other systematic errors emerge from the band conversions, since MODIS and S2 

bands differ slightly in their wavelengths. Missing data due to cloud-shadowing and 

high sun zenith angles produced missing albedo values in the winter months – 

leaving out a crucial period and thus producing an error in the full-year albedo 

estimation. Moreover, the modified height-to-base ratio (h/b) value might produce 

an error in the values of the Kernels. The timeframe of the present work did not 

allow for a further investigation of alternatives to compute the Kernels using other 

possible h/b values, so more research would be necessary. Since the S2 Level 2A 

product was not available before 2017/03 the period between 2017 and 2019 was 

chosen for albedo calculation instead of the years 2016-2018 (years for which C 

balances were calculated). Here, the assumption is that the albedo-C-flux-ration 

changes are negligible within one year, thus only creating a small error.  

The timeframe and scope of the present work poses several limitations to the 

study. Firstly, MODIS pixels were not checked for homogeneity of land cover, 

though it is assumed because the Krycklan catchment is mostly covered by boreal 



48 

forests with little amounts of other land cover classes. Secondly, using the quality 

control layer of the MODIS BRDF product could be useful for future studies. 

Thirdly, no accuracy assessment of the computed albedo was performed, e.g., a 

comparison with more field measurements, since this would have exceeded the 

scope of this work. Nevertheless, a more elaborated validation would benefit future 

studies. Moreover, more investigations would have been necessary to choose a 

more robust reference albedo. No remotely sensed albedo data of a fresh clear-cut 

were available, instead the albedo of the youngest stand was used. Further analysis 

of clear-cut albedos over Krycklan could possibly yield a more robust result of 

albedo differences between stand ages. Lastly, a more thorough analysis of the 

produced data could produce a trajectory of radiative forcing along forest 

succession over time. A more elaborated RF model that takes longer time frame 

and a dynamic CO2 background concentration into account could be one further 

step of analysis.  
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This study aimed to explore net climate effects of an understudied boreal alrea in 

Northern Sweden and discover the landscape variations of albedo in the forest 

landscape and the relative importance of C sequestration vs. albedo in the net 

climate effect of managed boreal forests under rotational forestry. Further, this 

study explored remote sensing as a tool for estimating albedo over those forests. 

Overall, this study shows the potentials of using remote sensing for estimating 

albedo over boreal forests. The used method demonstrates a valuable starting point 

for deriving high-resolution albedos. Nevertheless, it still requires validation via 

more research and applications outside the boreal biome.  

Results so far reveal the possibility of using the stand age as a proxy in climate 

modelling, not only for albedo dynamics, but also for C dynamics and potentially 

for more complex biogeochemical and biophysical processes in forest succession – 

at least for the studied time scale of 5-211 years stand age. Though, this approach 

carries the risk of neglecting effects of natural disturbances that alter the C and 

albedo dynamics, e.g. fires or beetle outbreaks. The data clearly indicate a higher 

relative importance of C-flux compared to albedo-changes in climate effects of the 

Krycklan catchment. However, more detailed research is needed to understand 

underlying mechanisms and optimize methodological assumptions (e.g., the 

reference albedo). The observations are missing the snow-covered period to some 

extent. Thus, they could serve as a prediction for future patterns where – due to 

climate change – less snow is present in boreal forests. 

Following this approach, the findings point towards a reducing relative 

importance of albedo in boreal Scandinavia with ongoing climate change and less 

snow coverage compared to past and current snow cover regimes. Concluding from 

this, afforestation might become a more valuable climate change mitigation tool 

also for this biome, especially as snow-fall periods decrease. Generally, the climate 

benefits of the studied boreal forest are lower when taking albedo into account – 

independently of the relative importance of albedo. This indicated a more holistic 

picture, compared to judging the climate effects of forests solely on their C 

dynamics. Nevertheless, the picture is still incomplete and requires more research 

on other biogeochemical and biophysical climate variables like evapotranspiration 

and cloud feedbacks as well as forest-aerosol feedbacks.  

Conclusions 
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The need for more research becomes even more urgent in the light of a changing 

climate and thus altered forest-climate feedbacks (Thom et al., 2017). An 

environmental economic analysis points towards a reduced optimum rotation 

period – compared to a carbon-only approach – for maximum climate benefits in 

boreal forests when taking albedo-effects into account (Thompson et al. 2009), 

though more analysis would be needed to clarify this with the produced data. The 

conclusions suggest including albedo aspects in forest management plans, possibly 

via C-equivalent emissions in environmental economic analysis and biome-specific 

incentives for forestry practices (Thompson et al. 2009). More broadly, this study 

stresses the need to establish a more holistic approach of forests as C sink – not 

only in science, but also in forestation frameworks. 
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Scandinavian forests take up Carbon from the air by storing it in trees and the soil. 

As a gas, Carbon Dioxide is one of the most important greenhouse gases leading to 

climate change. Planting and supporting forests reduces the amount of Carbon 

Dioxide in the air, which leads to cooling and lessens climate change. However, 

Carbon storage is not the only climate effect that forests have. Due to their darker 

surfaces, forests take up a high amount of sunlight and thus also lead to a warming. 

This study looks at the climate effects of a forest in Northern Sweden that is 

caused by the uptake of Carbon Dioxide and sun energy. The results show that the 

surface reflection of sun energy is related to the forest age and development. In this 

study, the cooling effect of the forest by taking up Carbon Dioxide is much greater 

than the warming effect by taking up sun energy. The research shows that it is 

important to shape forest management specifically to the area to reach maximum 

cooling effects.  

Popular science summary 
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The following codes are available on GitHub: 

1) code for downloading S2 and MODIS imagery

2) code for estimating albedo based on MODIS BSA/WSA and S2 reflectance

3) code for radiative forcing models

Moreover, the dataset of input and output data can be found on GitHub, too. They 

include:  

1) Excel file containing stand data of the 50 forest plots, including remotely

sensed mean albedo data and mean annual NEP data,

2) Excel file containing data of albedos from reference sites (clar-cut and

Svartberget),

3) Excel file containing the radiation data over Krycklan,

4) Raster files containing the annual Blue Sky Albedo values,

5) the locations of the 50 forest plots,

6) shapefile of the catchment outline.

More data and codes can be made available upon request. 

The repository can be accessed via: https://github.com/annarequardt/climate-

effects-boreal-forests.   

Appendix 1 

https://github.com/annarequardt/climate-effects-boreal-forests
https://github.com/annarequardt/climate-effects-boreal-forests
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Appendix 2.1: Boxplot on C-flux induced Radiative forcings for each stand age class, based on the 

NEP of the respective plots.  

      

 

 

 

 

 

 

 

 

 

Appendix 2.2: Albedo-induced local radiative forcing (not scaled to earth’s surface), based on the 

relative albedo between the initiation stage and the respective plot, grouped by stand age class. 

Appendix 2 
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Appendix 3: a) mean BSA of the MODIS MCD43A3 product and b) mean Blue Sky Albedo of S2 

derived albedo, scaled to MODIS resolution.  

Appendix 3 
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Appendix 4.1: Graphic representation of correlation between fitted albedo values based on the 

modelled age-albedo relationship and the empirical albedo values.  

Appendix 4.2: Graphic representation of correlation between fitted albedo values based on the 

modelled LAI-albedo relationship and the empirical albedo values.  
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