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Abstract

The influence of Arctic vegetation on albedo, latent and sensible heat fluxes,

and active layer thickness is a crucial link between boundary layer climate and

permafrost in the context of climate change. Shrubs have been observed to

lower the albedo as compared to lichen or graminoid-tundra. Despite its impor-

tance, the quantification of the effect of shrubification on summer albedo has not

been addressed in much detail. We manipulated shrub density and height in an

Arctic dwarf birch (Betula nana) shrub canopy to test the effect on shortwave

radiative fluxes and on the normalized difference vegetation index (NDVI), a

proxy for vegetation productivity used in satellite-based studies. Additionally,

we parametrised and validated the 3D radiative transfer model DART to simu-

late the amount of solar radiation reflected and transmitted by an Arctic shrub

canopy. We compared results of model runs of different complexities to measured

data from North-East Siberia. We achieved comparably good results with sim-

ple turbid medium approaches, including both leaf and branch optical property

media, and detailed object based model parameterisations. It was important to

explicitly parameterise branches as they accounted for up to 71% of the total

canopy absorption and thus contributed significantly to soil shading. Increasing
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leaf biomass resulted in a significant increase of the NDVI, decrease of trans-

mitted photosynthetically active radiation, and repartitioning of the absorption

of shortwave radiation by the canopy components. However, experimental and

modelling results show that canopy broadband nadir reflectance and albedo are

not significantly decreasing with increasing shrub biomass. We conclude that

the leaf to branch ratio, canopy background, and vegetation type replaced by

shrubs need to be considered when predicting feedbacks of shrubification to

summer albedo, permafrost thaw, and climate warming.

Keywords: 3D radiative transfer modelling; Manipulation experiment; Arctic

shrubs; Shortwave radiation balance; NDVI; Albedo; tPAR; Branch to leaf

ratio

1. Introduction

Arctic ecosystems have been exposed to air temperature increases of almost

double the global mean in the 20th century (Chapin III et al., 2000; Serreze et al.,

2000; Solomon et al., 2007; Cowtan & Way, 2014). Further increases in air tem-

perature and precipitation, as projected for the north-eastern Siberian tun-5

dra (Solomon et al., 2007), may cause further shifts in the vegetation distribu-

tion in the Arctic (Pearson et al., 2013). Currently observed changes include

northward movement of trees and shrubs, which increasingly dominate large

areas of tundra (e.g. Sturm et al., 2001; Tape et al., 2006; Myers-Smith et al.,

2011; Miller & Smith, 2012). Productivity estimates based on remote sens-10

ing, dendroecological, and plot data show an increasing trend with temper-

ature, while the sensitivity of this effect is mediated by soil moisture, with

productivity in wet areas responding stronger to temperature increase than

in dry areas (Forbes et al., 2010; Huemmrich et al., 2010; Blok et al., 2011b;

Elmendorf et al., 2012; Berner et al., 2013; Kim et al., 2014).15

Shrub cover and distribution is not only affected by climate, it also controls

important components of the surface energy balance. Main observed and ex-

pected feedbacks of increasing shrub cover include a reduction of the albedo,
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an increase in evapotranspiration, and a local decrease in the permafrost active

layer due to soil shading (Pearson et al., 2013). Shrub cover reduces the sur-20

face albedo during the growing season (Beringer et al., 2005; Sturm et al., 2005;

Bonfils et al., 2012), but the effect is most pronounced during critical snow accu-

mulation and snowmelt periods (Sturm et al., 2005; Loranty et al., 2011). The

additional shortwave radiation absorbed by the canopy is partly partitioned

into latent and sensible heat fluxes which are likely to increase with increasing25

shrub height and density (Beringer et al., 2005; Bonfils et al., 2012). Increas-

ing shrub cover increases surface roughness and thus the coupling between the

atmosphere and the surface (Beringer et al., 2005). These fluxes are also mod-

ulated by other system properties including soil moisture and the presence of

mosses (Blok et al., 2011a).30

Additionally, shrubs affect the amount of shortwave radiation transmitted

to the soil surface, an important component of the soil surface energy balance

(Eugster et al., 2000). While shrubs increased the winter soil temperature, sum-

mer soil temperature was reduced through shading (Myers-Smith & Hik, 2013).

At least at the local scale, shrub shading may offset air temperature warm-35

ing and reduce active layer thickness (Blok et al., 2010; Jorgenson et al., 2010).

These changes in the energy balance resulting from shrub expansion may in turn

facilitate further shrub growth (Chapin III et al., 2005; Swann et al., 2010).

The quantification of the effect of shrubification on summer albedo has not

been addressed in much detail, apart from observations across a latitudinal gra-40

dient. It is hard to relate satellite based albedo data to shrub abundance in the

Arctic as the spatial resolution of operational satellite-derived albedo products

is 0.5-1 km. As such, we are currently unable to effectively assess shrub cover

and abundance at this scale. We therefore performed an experimental and ra-

diative transfer modelling study to disentangle the effect of shrub density and45

height on reflected and transmitted shortwave radiation fluxes and NDVI, the

proxy most often used to estimate long-term productivity at large spatial scale

(e.g. Hope et al., 2004; Bhatt et al., 2010). Radiative transfer modelling can

help to quantify reflected and transmitted shortwave radiation, including sub-
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daily and seasonal variation (Widlowski et al., 2011). It can be used to validate50

simpler approaches which are often used in large-scale modelling (Pinty et al.,

2006). Two studies on Arctic shrubs quantify the absorption of solar radiation

of woody elements before leaf-out (Bewley et al., 2007; Reid et al., 2014), but,

to our knowledge, no study so far has simulated the full radiative budget of Arc-

tic dwarf shrub leaves and branches including spectral reflectance of the canopy55

and transmitted radiation.

We present results of modelling and experimental work on the effect of dwarf

birch leaf and branch area on the radiative balance. Unlike most studies on

the effect of vegetation on the energy balance of the Arctic (e.g. Beringer et al.,

2005; Chapin III et al., 2005; Loranty et al., 2011), we did not compare different60

ecosystems but quantified the effects of varying biomass within one vegetation

type. We ran the 3D radiative transfer model DART (Gastellu-Etchegorry et al.,

1996; Grau & Gastellu-Etchegorry, 2013) for shrub vegetation of different den-

sities. The model was initialised with field data which included detailed in-

formation on vegetation structure and leaf and branch optical properties. We65

validated the model with canopy reflected and transmitted radiation measure-

ments on natural canopies and vegetation with experimentally reduced density.

We compared results from models with different levels of complexity to assess

the importance of detailed shrub representation on shortwave radiation results.

2. Methods70

2.1. Field site

The Kytalyk field site is located in the Indigirka lowlands, North-East Siberia

(70.83 ◦N, 147.49 ◦E, Figure 1, a). The mean annual air temperature is −10.5 ◦C

with a range of −32.5 ◦C in January and 10.4 ◦C in July (van der Molen et al.,

2007). The mean annual precipitation is 220mm (Parmentier et al., 2011). Ky-75

talyk is in the continuous permafrost zone with an average active-layer thickness

(ALT) of 42 cm. Dry areas show a reduced ALT of 12-28 cm, while the ALT in

wetter areas ranges from 22-50 cm (Mi et al., 2013).
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(a) (b)

(c) (d)

Figure 1: Overview of the stations location in north-east Siberia and the extent of Arctic

tundra (a, dark grey, data from Walker et al. (2005)), satellite image (GeoEye-1) of the site

with the location of the five plots (b, red squares), tundra landscape (c) and dwarf birch

vegetation (d, detail of about 60·90 cm).

The Circumpolar Arctic Vegetation Map classifies the vegetation at the

study site as tussock-sedge, dwarf-shrub, moss tundra (Walker et al., 2005).80

Dwarf birch (Betula nana) is the main shrub type (Figure 1, d). Shrubs and

sedges are arranged alternately in small patches associated with micro topog-

raphy and moisture on the scale of a few meters in the area of a drained thaw

lake bed (Figure 1, b and c).

2.2. Field experiment and measurements85

We conducted a field campaign in June and July 2012 and measured input

and validation data to parameterise a radiative transfer model for dwarf birch

canopies. We performed a manipulation experiment to increase the variabil-

ity and range of plot characteristics. The experiment included five replicate

plots on different dwarf birch patches, each with a control, height, and den-90

sity treatment. For the height treatment we removed the top 5 cm of all dwarf

birch branches. For the density treatment we removed roughly one third of
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the dwarf birch branches above the moss layer. We use the term ’branch’ for

dwarf birch ramets, separate units that belong to a clonal population. The

branches, or ramets, are not connected above-ground and have simple shapes95

with minimal off-shoots. Additionally, subplots of complete shrub removal were

used for background optical properties and biomass estimations. The control,

height, and density treatment plots were 2m · 2m in size and the removal plots

were 0.8m · 0.8m. The vegetation characteristics after treatment are shown in

Table 2. We tested all variables of interest for preexisting biases due to plot100

selection and evaluated the treatment effects over time with statistical methods.

Detailed information on vegetation structure and properties were required

to parameterise the radiative transfer model. For the dwarf birch canopy we

used point-quadrat grids to measure the leaf area index (LAI in m2 m−2) and

the branch area index (BAI in m2 m−2) as well as the canopy height at three105

timepoints in June and July on each subplot (dates in Table 1). We recorded

all leaf and branch hits on a 0.5m·0.5m grid of 81 points. Plant area index

(PAI in m2 m−2) is the sum of LAI and BAI. We use LAI as abbreviation for

total, one-sided leaf area per ground area. As branches are cylindrical, we use

the product of branch diameter and branch length as proxy for branch area.110

We counted the number of shrub stems and leaves and estimated the shape of

a typical branch from photographs and measurements from a removed branch.

The 3D branch structure was then reconstructed using the graphics software

blenderTM.

Additionally we measured leaf and bark optical properties (Figure 2) with115

an ASD spectrometer (Analytical Spectral Devices, Fieldspec4), high-intensity

contact probe, and leaf clip. The ASD covers the spectral range of 350-2500 nm

in 3 nm spectral resolution in the visible range and 10 nm spectral resolution in

the NIR. We measured leaf top, leaf bottom, and bark spectral reflectance on

a black background with a measurement spot size of 10mm. We distinguished120

two types of dwarf birch branches, old branches with a grey colour (63% of the

branches) and young branches, reddish in colour (37%). As we could not mea-

sure leaf transmittance (T ) in the field, it was estimated from the measured leaf
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reflectance (R) and two other datasets which included reflectance and transmit-

tance using equation 1.125

Testimated(λ) = max

(

Rmeasured(λ) ·

(

Treference(λ)

Rreference(λ)

)

, 0

)

(1)

In the range λ =400-1900 nm we took the reference data from integrating

sphere measurements of a horticultural dwarf birch in Zurich. For the longer

wavelengths (1900-2500 nm), the integrating sphere data was too noisy so we

used data for the silver birch (Betula pendula) from the LOPEX database

(Hosgood et al., 1995, revised 2005) as a reference. This approach was used130

because, apart from the noise, the the ratio T (λ)
R(λ) was similar for both reference

data sets.
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Figure 2: Mean dwarf birch leaf (a) and bark optical properties and background reflectance

(b).

We used reflectance measurements of the removal plots as background prop-

erty in the DART simulations (Figure 2, b). The background below the shrubs

on average consisted of 50% dwarf birch litter, 48% mosses and 2% lichen.135
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Table 1: Details on all measured variables and the model inputs; * indicates measurements
on plot 5 only.

Variable Method Dates in 2012 Value

Measured model input

Leaf area index of dwarf birch
(LAI)

Point-quadrant grid 18 - 19/06, 23/06* & 25/06
& 14/07

Branch area index of dwarf birch
(BAI)

Point-quadrant grid 18 - 19/06, 23/06* & 25/06
& 14/07

Canopy height Point-quadrant grid 06/07 23 cm±5 cm

Number of dwarf birch stems Count on removal plots 29/06 - 04/07

Number of dwarf birch leaves Count on removal plots 21 - 23/06

Dwarf birch branch structure Manual measurements,
photos, 3D model using
blenderTM

20 - 23/06 & 29/06 &
04/07 & 06/07

Branch length ≈

41 cm, leaf dia-
meter ≈ 1 cm

Leaf spectral reflectance ASD (contact probe) 14/07

Branch spectral reflectance ASD (contact probe) 05/07

Background reflectance ASD (nadir, 1m, 5◦ field
of view)

08/07

Measured model validation

tPAR Delta T SunScan 18/06, 23/06* & 28/06 &
03/07

Canopy reflectance ASD (nadir, 1m, 5◦ field
of view)

18/06, 23/06* & 08/07 &
11/07

Irradiance ASD (white panel) 18/06, 23/06* & 08/07 &
11/07

Other input parameters

Sun zenith angle Geometric 30/06, 1 h from solar noon 49◦

Atmosphere parameterisation DART sub-arctic win-
ter, aerosols rural
(V=23 km), aerosol
optical depth factor: 0.2

Validated with measured
irradiance

Aerosol optical
depth at 550 nm:
0.065

Leaf angle distribution (for tur-
bid medium)

Estimated (photos) Spherical

Branch angle distribution (for
turbid medium)

Estimated (photos) Erectophile

General model set-up

Mode Flux tracking

Scene size 0.5m · 0.5m

Cell size 2.5 cm

Wavelength range 400-2500 nm

Wavelength interval 10 nm
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To validate the radiative transfer model we measured canopy hemispherical-

directional spectral reflected radiation (λ =350-2500 nm) vertically ≈1m above

the soil surface using an ASD with a 5◦ field of view. 25 single exitance readings

were averaged for each measurement and we took three such measurements on

every subplot at each time point. We measured spectral irradiance from the140

reflectance of a spectralon R© white panel. From exitance and irradiance we

calculated spectral reflectance (Rnadir, Equation 2) and broadband reflectance

(Rbnadir, Equation 3).

Furthermore we calculated the NDVI (Normalized Difference Vegetation In-

dex), which is often used as a proxy for vegetation productivity (e.g. Beck & Goetz,145

2011; Gamon et al., 2013). We calculated NDVI from the nadir spectral re-

flectance measurements using the red and NIR bands according to AVHRR

(Advanced Very High Resolution Radiometer) specifications (Equation 4) as

AVHRR data are often used in studies of Arctic vegetation (e.g. Hope et al.,

2004; Bhatt et al., 2010).150

Rnadir(λ) = Exitance(λ)
Irradiance(λ) (2)

Rbnadir =

2500 nm
∑

λ=400 nm

Exitance(λ)

2500 nm
∑

λ=400 nm

Irradiance(λ)

(3)

NDVI = Rnadir(nir725−1000 nm)−Rnadir(red580−680 nm)
Rnadir(nir725−1000 nm)+Rnadir(red580−680 nm) (4)

The Photosynthetically Active Radiation transmitted below the canopy (tPAR,

400-700 nm) was measured with a Delta-T Devices SunScan Canopy Analysis

System. The system consists of two instruments with simultaneous recording:

the SunScan Probe (SS1) is a one-meter long wand with 64 equally spaced

sensors which is inserted below the canopy to measure the amount of transmitted155

PAR. The Sunshine Sensor (BF3) is mounted above the canopy and measures

total incoming PAR and diffuse incoming PAR.
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2.3. Modelling

The simulations were performed with the DART (Discrete Anisotropic Ra-

diative Transfer) model (Gastellu-Etchegorry et al., 1996, 2004; Grau & Gastellu-Etchegorry,160

2013) version 5.4.6. (November 2013). DART enables 3D radiative transfer sim-

ulations through atmosphere and canopies in the wavelength range 0.3-120 µm.

The general settings and all model inputs are summarized in Table 1. We pa-

rameterised the reflectance of soil and understory below the shrub layer with

the mean reflectance spectra of the removal subplot measurements after the165

treatment (Figure 2). This background reflectance is assumed to be lambertian

and the transmittance of the background was set to zero.

We used two representations of shrub canopy, voxels filled with turbid medium

and objects composed of small triangular surfaces. Turbid medium calculations

require inputs on vegetation height and leaf angles (Table 1). In the simulations170

with objects, leaves were arranged on the branches as observed on a sample

branch. All branches were included in the scene at randomly generated azimuth

and elevation angles and positions. Six model complexities (Figure 3) were

tested:

I Turbid cells with the optical properties of leaves175

II Two classes of turbid cells with optical properties of leaves or branches

III Branches as idealised vertical cones (’stems’) and turbid cells with leaf

optical properties

IV Branches as triangulated objects and turbid cells with leaf optical prop-

erties180

V Branches and leaves as triangulated objects

VI Only leaves as triangulated objects

For all complexities we varied PAI between 0 and 4 in steps of 0.4. We used

an equal contribution of leaves and branches assuming LAI = BAI = PAI/2,

which agrees well with the point-quadrat measurements on control subplots185
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I II III

IV V VI

Figure 3: Visualisation of the six DART model complexities, each shown for LAI = BAI = 0.2;

III and IV additionally contain leaves as turbid medium which would obstruct the branches

in the visualisation.

(Figure 4 a, b; Table 2). For the complexities which include branches, we addi-

tionally simulated the scene with a constant PAI of 2 and different contributions

of leaves and branches (LAI between 0 and 2 and corresponding BAI between

2 and 0 in steps of 0.2).

For model validation we used four outputs which correspond to our field data,190

tPAR, nadir spectral (Rnadir, Equation 2) and broadband (Rbnadir, Equation 3)

reflectance, and NDVI (Equation 4). Further model outputs that cannot be

validated with our field data are other components of the 3D radiative budget

including the fraction of transmitted, absorbed, and reflected radiation and the

reflectance in directions other than nadir.195

3. Results

3.1. Treatment effects on the dwarf shrub canopy

We assessed the treatment effect by testing LAI, BAI, tPAR, Rbnadir, and

NDVI for pre-treatment biases (Figure 4). Before treatment none of the five

variables was significantly different between either density or height subplots and200

control subplots. After the treatment LAI, tPAR, and NDVI were significantly

different on both density and height subplots as compared to control subplots
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(Figure 4). The P-values of BAI and Rbnadir were smaller after treatment

than before treatment, however, the differences between treatment subplots and

control subplots were not statistically significant (Figure 4). In all cases the205

location of the subplots was not significant (P > 0.01, values not shown).
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Figure 4: Effect of treatment and variation with time of LAI (a), BAI (b), tPAR (c), Rbnadir

(d), and NDVI (e); the central mark of the boxes is the median of five replicate plots, the

edges are the 25th and 75th percentiles, and the whiskers denote the most extreme values;

significance of the difference between control and other treatment subplots for each time step:

p < 0.001 :⋆⋆⋆, p < 0.01 :⋆⋆, p < 0.05 :⋆; measurement dates in Table 1.

The magnitude and direction of the change induced by the treatments is

shown in Table 2. As could be expected, tPAR increased on density and height

subplots due to biomass removal. Broadband nadir reflectance (Rbnadir) was

lower on density and height subplots as compared to control subplots while the210

total shrub removal increased the reflectance. In general, reflectance showed

small differences between the treatments and over time. This can be attributed

to the weak correlation between the reflectance and LAI, BAI or PAI in the

range of 1 < PAI < 3 (Table 3). The biomass removal led to reduced NDVI
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Table 2: Post-treatment measurements: mean and standard deviation of five replicate plots

and mean difference between treatment and control subplots in percent of the control mea-

surement; negative values show a reduction due to the treatment, positive values an increase.

Control Density Height Removal

Value Value Dif. (%) Value Dif. (%) Value Dif. (%)

Fresh biomass (kgm−2) 1.54 ± 0.33 1.09 ± 0.28 -28.9 1.36 ± 0.31 -11.4 -

Canopy height (cm) 23.3 ± 2.3 20.9 ± 3.7 -10.4 16.6 ± 1.0 -28.7 -

Branches per m2 107 ± 14 72 ± 11 -32.3 119 ± 20 11.5 -

LAI 1.03 ± 0.11 0.57 ± 0.15 -44.2 0.58 ± 0.17 -43.7 -

BAI 1.09± 0.20 0.90 ± 0.10 -17.1 0.99 ± 0.15 -8.5 -

tPAR 0.27 ± 0.04 0.45 ± 0.04 67.7 0.39 ± 0.05 44.4 -

Rbnadir 0.14 ± 0.01 0.12 ± 0.02 -11.3 0.12 ± 0.01 -9.8 0.16 ± 0.02 20.8

NDVI 0.79± 0.03 0.71 ± 0.01 -9.9 0.72 ± 0.02 -8.8 0.56 ± 0.06 -29.4

values (Table 2). We observed a notable increase over time in LAI and NDVI on215

control subplots between the pre- and post-treatment measurements, indicating

vegetation development (Figure 4, a, e). The treatment also changed the leaf to

branch ratio of the shrub vegetation. While LAI/BAI increased strongly over

time in the control subplots, the treatment subplots only showed an increase

over time between the last two measurements and the ratios were generally220

lower, especially for the height treatment.

3.2. tPAR - data and model results

The amount of transmitted radiation below the canopy (tPAR) decreases

with increasing plant area (Figure 5, a). The correlation coefficient between

measured tPAR and PAI is -0.79, which is stronger than the correlation of225

tPAR with LAI or BAI (-0.65 and -0.62, respectively; Table 3). Thus for tPAR

both leaves and branches have to be considered.

All model simulations reproduce the observed decrease of tPAR with PAI

(Figure 5, a). However, all model complexities also underestimate tPAR, es-

pecially those which include object branches or stems, which simulate values230

outside of the 95% confidence interval of the data (III-V, Figure 5, a). For the

turbid medium approach the medium classification has a negligible influence on

13



Table 3: Pearson’s correlation coefficients of LAI, BAI, and PAI with tPAR, nadir broadband

reflectance (Rbnadir), and NDVI for all measurements except removal subplots.

tPAR Rbnadir NDVI

LAI -0.65 0.37 0.73

BAI -0.62 -0.08 0.09

PAI -0.79 0.19 0.53

tPAR as the reflectance of branches and leaves is similar in the visible range

and leaf transmittance is only 7.7%.

The ratio between leaves and branches influences tPAR less than total PAI235

(Figure 5, b). For II (turbid leaves and turbid branches), tPAR is almost iden-

tical for all ratios between leaves and branches, whereas all other complexities

show between 2.3 and 3.3 times higher tPAR for simulations with only leaves

as compared to only branches (Figure 5, b).

3.3. Reflectance - data and model results240

The measured broadband nadir reflectance varies only slightly between 0.1

and 0.15 (Figure 4, d) and is weakly related to PAI (correlation coefficient of

0.19, Table 3). The correlation with LAI is 0.37, slightly stronger. Thus we

observe that the amount of plant material does not have a strong effect on

reflectance and possibly has a weak positive effect in the range of 1-3PAI.245

Unlike with tPAR, the simulation complexities reveal substantial differences

in the relationship between PAI and reflectance. I and VI, which only con-

sider leaves, clearly overestimate the reflectance which in simulations increases

strongly with PAI (Figure 5, c). Without branches the simulated reflectance is

higher than the background reflectance (shown at PAI = 0), due in part to the250

relatively dark background.
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Figure 5: tPAR (top row), Rbnadir (middle row), and NDVI (bottom row) with modelled
data using LAI = BAI and measured data from all subplots (left column) and with modelled
data using different leaf to branch ratios with PAI = 2 (right column); the different symbols
of measured data show three categories of observed leaf / branch ratios; the grey area is the
95% confidence interval around a linear regressions of the data; the vertical dashed lines mark
the input parameter set shown in all subplots.
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The simulation with stems (III) underestimates the amount of reflected solar

radiation, as results show a strong decline in reflectance in the range of mod-

elled PAI (Figure 5, c). Apparently the vertical orientation of the stems is not

a good approximation of the dwarf birch shrubs and the effect of shading is255

overestimated. The differences between simulations which include turbid or ob-

ject branches (II, IV, and V) are less pronounced and the modelled reflectance is

within the 95% confidence interval of measured data. Complexities II, IV, and V

show very little variation in reflectance when PAI is in the range of 1-3PAI. This

model result agrees well with our field measurements. If leaves and branches260

are simulated as turbid media, the reflectance decreases slightly with increasing

PAI, a trend observed across the whole range (1-3PAI). The simulation with

turbid leaves and object branches (IV) and leaves and branches as objects (V)

show a minimum reflectance at PAI = 1.6 and PAI = 2, respectively, and an in-

crease in reflectance for denser canopies (Figure 5, c). A higher contribution of265

leaves to the PAI increases the broadband reflectance for all model complexities

(Figure 5, d). In general the ratio between leaves and branches has a stronger

effect on the modelled reflectance than the total PAI with LAI = BAI.

Apart from broadband nadir reflectance, we also used the spectral reflectance

for model validation (Figure 6). Two different spectral regions can be distin-270

guished, the visible and the near infrared range. In the visible range all model

complexities show different results, especially at the green peak. The green

peak (≈550 nm) is highest in model complexities which include only leaves (I,

VI) and lowest with turbid leaves and stems (III) (Figure 6, a). Complexity V

(object leaves and branches) also underestimates the green peak in simulations275

with LAI = BAI. The effect of total PAI on reflectance in the visible is small for

PAI > 0.8 (Figure 6, b). However, the ratio between leaves and branches is very

important for both the shape of the reflectance spectrum and the absolute values

(Figure 6, c). The more leaves are simulated compared to branches, the more

pronounced is the reflectance peak in the green and the minimum in the red.280

Additionally, more leaves result in higher total reflectance in the visible range.

The results for LAI > BAI fit the measured data much better than simulations
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Figure 6: Reflectance in nadir direction (Rnadir) in the visible range (top row) and whole

range (bottom row) measured on the five control plots 08/07/2013 (PAI between 1.78 and

2.3, Figure 4) in comparison with (a,d) model results for PAI = 2, LAI = BAI, (b,e) model

results for different PAIs with turbid leaves and object branches (IV) and (c,f) model results

with PAI = 2 and different ratios of LAI/BAI with turbid leaves and object branches (IV);

one legend per column.

with less leaves.

In the near infrared the models with only leaves overestimate the reflected

radiation drastically. Using LAI = BAI = 1 the model including the vertical285

stems (III) underestimates the reflectance and the other model complexities are

within the range of the control subplot measurements (Figure 6, d). As in the

visible part of the spectrum, total PAI is most important for reflectance in the

near infrared for PAI < 0.8 (Figure 6, e). The leaf to branch ratio strongly

influences the modelled reflectance (Figure 6, f), especially the absolute values.290
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3.4. NDVI - data and model results

As expected, we found a positive relationship between NDVI and PAI (Fig-

ure 5, e). However, NDVI is more strongly correlated with LAI than PAI and

is not at all correlated with BAI (Table 3). In general the relationship between

NDVI and LAI is much more pronounced than between reflectance and LAI. Our295

measurements of the background reveal an average NDVI of 0.56 (Figure 4, e),

which agrees well with contact measurements of the mosses below the shrubs.

The measured NDVIs of dwarf birch canopy range between 0.61 and 0.82 and

the lowest NDVI values were measured on plots with lower leaf / branch ratios

(Figure 5, e).300

All model simulations show an increase of NDVI with PAI, but the complex-

ities differ in the maximum NDVI returned for large PAIs (Figure 5, e). The

simulations with only leaves (I and VI) overestimate NDVI strongly, while all

simulations which include branch optical properties (II, III, IV, and V) simulate

values in the range of the confidence interval. As we found in the model results305

for reflectance, NDVI simulations are very sensitive to the ratio of leaves to

branches (Figure 5, f).

3.5. Energy balance - model results

We used the DART model output to estimate the importance of branches

and leaves in the energy balance. Here we only show modelling results for310

IV (object branches and turbid leaves), however, the results are very similar

for V (object branches and object leaves). As described above, the fraction of

reflected energy is almost the same for different PAIs (Figure 7, a). The amount

of absorbed radiation by the background decreases non-linearly with increasing

PAI as leaves and branches provide more and more shading. For LAI = BAI315

branches contribute between 71% (low PAI) and 57% (high PAI) to the total

absorption of the canopy.

The ratio between leaves and branches does not only change the partitioning

of absorbed radiation within the vegetation layer, but also the amount of energy
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Figure 7: Energy balance as simulated with complexity IV (object branches and turbid leaves)

(a) modelled data using LAI = BAI and (b) modelled data using different leaf to branch ratios

with PAI = 2.

absorbed by the background (Figure 7, b). A higher fraction of leaves leads to320

greater reflection and higher absorption by the background layer.

4. Discussion

4.1. Field data

In our study the ratio between leaf and branch area changes during the

season from 0.73 on average before treatment to 1.22 as the mean of the con-325

trol subplots at the last measurement in mid-July. The early-season measure-

ments correspond well to the ratio of 0.7 for tall Arctic shrubs measured by

Thompson et al. (2004). It has to be noted that our measurements likely un-

derestimate both LAI and BAI as we used point-quadrat grid measurements

with vertical needle insertion.330

Our treatments did not affect LAI and BAI equally but rather changed

the ratio between the two. This is especially true for the height treatment

which cannot be considered representative of a naturally shorter canopy. The

treatment removed mostly young branch tips with many leaves while older, more

19



woody parts of the canopy remained. This combination of changes in PAI and335

leaf / branch ratio between each treatment is a limitation when comparing the

measurements to the model results and when drawing conclusions on natural

changes.

Transmitted radiation was underestimated by the radiative transfer model

in all complexities. We propose two main reasons. First, the measurements may340

overestimate tPAR as the sky was overcast on the second and third sampling

date. Cloud cover can increase tPAR as diffuse light is expected to reduce

shadows (Eck & Deering, 1992; Reid et al., 2014). However, our data does not

show a systematic difference between the clear-sky pre-treatment measurements

and the two sets of overcast measurements. As such the measurement conditions345

do not completely explain the differences. The second reason for the differences

could lie in the model parameterisation. We did not consider clumping in our

model runs with turbid media, and in the object based complexities we may be

underestimate leaf and branch clumping.

The values of nadir reflectance between 0.1 and 0.15 measured in our study350

(Figure 4) are slightly lower than the albedo values reported for dwarf birch

dominated tundra in literature, which are 0.16 (Eugster et al., 2000) and 0.17

(Thompson et al., 2004; Beringer et al., 2005). One reason may be that, as

shown by our model results for local conditions, nadir reflectance is slightly

lower than albedo. Another possibility is that our dataset only includes selected,355

clear-sky values collected around noon and is therefore not a complete data

series. Furthermore we selected specifically dwarf birch patches with closed

dwarf birch cover while other studies include larger fractions of other species.

In the studies by Thompson et al. (2004) and Beringer et al. (2005) dwarf shrub

tundra includes a mixture of vegetation containing dwarf birch as well as other360

deciduous and evergreen shrubs. The albedo value from Eugster et al. (2000)

was measured on a plot with dwarf birch and willow species.

Blok et al. (2011c) found a negative relationship between shrub fractional

cover and albedo at the Kytalyk research site on experimental plots in 2009. In

contrast, our results show a weak positive correlation between nadir reflectance365
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and PAI. One reason for this discrepancy might be that we compare different

variables. Our study focused on nadir reflectance and LAI, while Blok et al.

(2011c) measured albedo and fractional cover. However, our model results

show a strong positive correlation between albedo and nadir reflectance and

Blok et al. (2011c) report a positive relation between dwarf shrub fractional370

cover and LAI. Therefore, it is not expected that slightly different variables

would lead to the observed change in relationship between plant area proxies

and reflectance quantities. Another reason for the discrepancy between the

studies may be the difference in observed LAI ranges. In our study LAI varied

between 0.36 and 1.48 compared to a range of 0.2 to 1 in Blok et al. (2011c).375

Our model results show that the initial decrease of nadir reflectance seen with

increasing PAI between 0 and 1, levels off for PAI > 1. These results also sug-

gest that reflectance may increase at higher PAI values, especially if the number

of leaves as compared to branches increases (IV, Figure 5 c, d). As such both

our and Blok et al. (2011c) measurements may be showing different parts of the380

picture. It is important to note that both studies report a weak correlation with

R2 values of 0.372 = 0.14 (Table 3) and 0.47, respectively. This may be in part

due to the relatively few measurements included, especially in the LAI - albedo

relationship of Blok et al. (2011c).

Several studies show a negative correlation between biomass or LAI and385

canopy reflectance across different ecosystem types in the Arctic (e.g. Thompson et al.,

2004; Beringer et al., 2005). In contrast our measurements and model results

show that for the given shrub vegetation increasing PAI does not significantly

decrease the growing season albedo. Thus studies that relate Arctic greening to

the radiation balance need to differentiate between greening through increased390

growth of the existing vegetation type and greening through replacement of one

vegetation type with another. In addition, our study focused on the growing

season while several studies suggest, that the most important effect of shrub

presence and height on the radiation balance is in winter and spring when

the shrubs mask the snow and enhance snowmelt (e.g. Pomeroy et al., 2006;395

Marsh et al., 2010; Loranty et al., 2011).
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Our NDVI measurements of dwarf birch canopy range from 0.6 to 0.8 (Fig-

ure 5, e). This range agrees well with other studies from shrub tundra (Riedel et al.,

2005; Blok et al., 2011c) which also report a positive relationship between NDVI

and shrub cover. However, our data and model results indicate a saturation of400

NDVI for PAIs starting between 2 and 3 (Figure 5, e). Thus NDVI might be less

useful for relating further Arctic greening to biomass (Rees et al., 1998), espe-

cially as it also relates to other factors like moisture conditions (Gamon et al.,

2013) and background type (Hope et al., 1993; Rocha & Shaver, 2009). We

found relatively high background NDVI values due to mosses below the shrub405

canopy. This is consistent with the study by Boelman et al. (2011) which also

reports higher NDVI values for vegetation prior to leaf out when woody branch

coverage is sparse as compared to more dense branch coverage, which masks the

background vegetation.

Our findings have important implications on the summer energy balance of410

the soil-plant system. Unlike previously thought, a denser shrub canopy may

not increase the overall energy availability as the effect on canopy albedo is small

and we observed a positive relationship between the two. The major effect of

shrub density is on energy partitioning within the canopy-soil system. Denser

canopies transmit less radiation to the soil and likely increase energy loss due to415

evapotranspiration (Bonfils et al., 2012). Therefore, a dense shrub canopy may

reduce the ALT and soil temperatures. Furthermore, soil shading influences

the plant community below the shrubs as species richness has been found to

decline with increasing shrub height and density (Pajunen et al., 2011). More

specifically, soil shading has been found to cause reduction in the moss layer420

below dense shrub canopies which has implications for soil temperatures, active

layer depth, and the rate of soil decomposition (Walker et al., 2006; Blok et al.,

2011a).

4.2. Simulations

In the past a variety of models, ranging from very simple to 3D Monte Carlo425

or flux tracking approaches, have been used for simulating radiative transfer in
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vegetation. We used the DART model to compare six different 3D approaches.

DART proved to be an effective tool for studying the influence of leaf and branch

parameterisation in radiative transfer modelling. Our results corroborate other

studies which found DART to be a useful tool for modelling radiative transfer430

in vegetation (Gastellu-Etchegorry et al., 1999, 2004; Malenovský et al., 2008).

However, the model had not yet been validated for dwarf-shrub tundra.

The main result of our modelling study is the importance of including

branches as well as leaves in radiation balance calculations. The importance

of branches, stems or woody elements in general has been stressed by other au-435

thors for forest canopies (Malenovský et al., 2008; Verrelst et al., 2010). How-

ever, few studies exist on the influence of woody elements on the radiative

balance of Arctic shrubs. Two studies that measured transmitted radiation be-

low deciduous Arctic tall-shrub vegetation did so in spring before leaf-out and

found significantly reduced radiation compared to open locations (Bewley et al.,440

2007; Reid et al., 2014). Depending on solar angle and exact measurement lo-

cation, both studies revealed absorption by the woody biomass of the shrubs to

be as much as 60% in extreme cases (low solar angles or dense canopy) and 30

to 40% on average. Our model results suggest, that in dwarf birch vegetation

branches are likely to contribute more to total radiation absorption than leaves445

(Figure 7). As the partitioning changes nonlinearly with PAI, both elements

should be included in radiation transfer or energy balance modelling. While

PAI is clearly the most important driver for tPAR, the ratio between leaves and

branches has a stronger influence on reflectance and NDVI (Figure 5). Thus we

would like to emphasise the need for measurements of leaf to branch ratios of450

different vegetation types so that these ratios can be included in models of the

energy or radiation balance.

Four of the six model complexities tested in our study included a parame-

terisation of branches (II-V). The implementation of branches as vertical stems

(III) is not appropriate as it massively underestimates nadir reflectance and455

is less accurate than branches represented by turbid medium or objects. For

the complexities with object branches the differences between leaves as turbid
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medium (IV) and as objects (V) are relatively small. These model complexities

slightly underestimated nadir reflectance and strongly underestimated tPAR

while NDVI is simulated well. The model run with turbid leaves and turbid460

branches (II) simulates all three variables best although the tPAR values are on

the lower boundary of the measurements. It should be noted here, however, that

leaf and branch angle distributions are influential parameters for turbid medium

calculations and were not measured in the field. Furthermore, we assumed ’no

clumping’ in our simulations with turbid media because of the lack of input465

data. Including a clumping factor of 0.8 in the simulation with turbid leaves

and branches (II) has a small effect on simulated Albedo and NDVI (less than

3% for all PAI), but increases tPAR significantly by 0.04 to 0.08 depending on

the plant area (results not shown). Thus simulations with clumped turbid me-

dia match the measured tPAR data best while turbid media without clumping470

and object branches show strong discrepancies between model results and data.

This suggests that also the object branches might be too uniformly distributed

on the modelled scene.

It should be noted here that we simulated only one solar angle which corre-

sponds to local conditions one hour before noon. Thus our results for the energy475

balance (Figure 7) show just a snap-shot and not average values for the whole

season.

5. Conclusions

Our most important conclusions concerning Arctic dwarf-shrub vegetation

are as follows:480

• For plant areas between 1-3m2 m−2 nadir reflectance is very weakly cor-

related with dwarf birch PAI and the relationship is positive.

• Nadir reflectance and NDVI are mainly influenced by leaf area and leaf to

branch ratio, less so by plant area.
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• Woody biomass of dwarf birch shrubs accounts for 57% to 71% of the total485

canopy absorbed radiation for LAI = BAI in our model results.

• Energy partitioning between leaves and branches is non linear.

These findings have important implications for the impacts of increased Arc-

tic shrub density. While increasing shrub biomass may not lead to significant

albedo reduction under constant ecosystem type, the partitioning of the ab-490

sorbed radiation between soil and canopy is likely to change. The changes in

energy balance of the soil and thus the permafrost may not be easily observable

from space as shrub plant area indices above 2 are not significantly related to

NDVI or, in general, reflectance in any spectral region.

We demonstrated the importance of leaf to branch ratios for all parts of495

the shortwave radiation balance. Thus we suggest that more effort is needed to

measure this ratio in the field and to explicitly include it in radiative transfer

and energy balance models. Furthermore, canopy background and vegetation

type replaced by shrubs need to be considered when predicting feedbacks of

shrubification to summer albedo, permafrost thaw, and climate warming.500
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List of Figure Captions

1. Overview of the stations location in north-east Siberia and the extent

of Arctic tundra (a, dark grey, data from Walker et al. (2005)), satellite

image (GeoEye-1) of the site with the location of the five plots (b, red755

squares), tundra landscape (c) and dwarf birch vegetation (d, detail of

about 60·90 cm).

2. Mean dwarf birch leaf (a) and bark optical properties and background

reflectance (b).
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3. Visualisation of the six DART model complexities, each shown for LAI = BAI = 0.2;760

III and IV additionally contain leaves as turbid medium which would ob-

struct the branches in the visualisation.

4. Effect of treatment and variation with time of LAI (a), BAI (b), tPAR (c),

Rbnadir (d), and NDVI (e); the central mark of the boxes is the median

of five replicate plots, the edges are the 25th and 75th percentiles, and765

the whiskers denote the most extreme values; significance of the difference

between control and other treatment subplots for each time step: p <

0.001 :⋆⋆⋆, p < 0.01 :⋆⋆, p < 0.05 :⋆; measurement dates in Table 1.

5. tPAR (top row), Rbnadir (middle row), and NDVI (bottom row) with

modelled data using LAI = BAI and measured data from all subplots (left770

column) and with modelled data using different leaf to branch ratios with

PAI = 2 (right column); the different symbols of measured data show three

categories of observed leaf / branch ratios; the grey area is the 95% confi-

dence interval around a linear regressions of the data; the vertical dashed

lines mark the input parameter set shown in all subplots.775

6. Reflectance in nadir direction (Rnadir) in the visible range (top row) and

whole range (bottom row) measured on the five control plots 08/07/2013

(PAI between 1.78 and 2.3, Figure 4) in comparison with (a,d) model

results for PAI = 2, LAI = BAI, (b,e) model results for different PAIs

with turbid leaves and object branches (IV) and (c,f) model results with780

PAI = 2 and different ratios of LAI/BAI with turbid leaves and object

branches (IV); one legend per column.

7. Energy balance as simulated with complexity IV (object branches and

turbid leaves) (a) modelled data using LAI = BAI and (b) modelled data

using different leaf to branch ratios with PAI = 2.785
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