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Abstract—During the growing season, photosynthesis and 

growth of boreal forests are regulated by physiological responses 

to environmental factors. Physiological variations affect the 

spectral properties of leaves. Linking canopy-level spectral 

reflectance to leaf-level processes for monitoring forest seasonal 

physiology using satellite images is hindered by view and 

illumination effects and variations in canopy structure. To better 

understand the connection between the two structural levels, we 

used four narrowband vegetation indices (VIs) derived from 

Hyperion imagery to track the seasonal dynamics of boreal forest 

stands: the photochemical reflectance index (PRI) related to the 

xanthophyll cycle, the red edge (RE) index related to chlorophyll 

concentration, the carotenoid simple ratio (CSR) related to 

carotenoid concentration and the normalized difference 

vegetation index (NDVI) related to fractional cover. As ground 

truth we used measurements of exposed pine shoot light use 

efficiency (LUE) and photosynthesis. Over the study period (May 

to August), LUE and photosynthesis were best correlated with 

the RE index (R2=0.71, and R2=0.63, respectively, p<0.01). The 

RE index also exhibited the lowest coefficient of variation in 

association with forest structure. PRI, on the other hand, was 

affected by canopy structure and observation geometry, and was 

uncoupled from LUE during the growing season. Our findings 

demonstrate that the photosynthesis and productivity of boreal 

forests in the growing season is best tracked using VIs related to 

total pigment concentration (i.e., chlorophyll).  

 
Index Terms—Enter Hyperspectral, Hyperion, Narrowband 

Vegetation indices, Forest structure, Photosynthesis, Growing 

season. 
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I. INTRODUCTION 

OLAR energy converted through photosynthesis drives 

gross primary production (GPP), net ecosystem exchange 

(NEE) and net primary production (NPP) in green plants [1], 

[2]. Plants have evolved numerous mechanisms to optimize 

light absorption, photosynthesis and growth in the face of 

changing light conditions, temperatures and water status 

throughout the year [3]. Among such mechanisms, leaf 

biochemical composition exerts a strong control on 

photosynthesis [4]. In particular, photosynthetic pigments such 

as certain xanthophylls contribute to the partitioning of 

absorbed energy between photochemistry (and thus GPP) and 

thermal energy. Understanding the seasonal variations in 

pigment concentrations is crucial for monitoring seasonal and 

interannual changes in plant functioning [5], [6]. 

Satellite remote sensing is increasingly used to analyze 

seasonal changes in boreal forests. A number of studies [7], 

[8] have found that variations in leaf area index alone (LAI) 

do not provide a good representation of phenological changes. 

For instance, the seasonal variations in LAI in coniferous 

stands are very small with a seasonal course not dynamic 

enough to characterize the start of growing season in spring 

[8]. The diagnosis of a range of plant physiological properties 

and processes implies quantifying not only forest 

photosynthesizing biomass but also the physiological status of 

such biomass based on biochemical variables such as leaf 

chlorophyll a and b concentration (Ca+b) or leaf carotenoid 

concentration (Cx+c, the sum of the xanthophyll concentration 

and the concentration of other carotenes) [9]. Earlier studies 

have shown a significant decrease of Ca+b and Cx+c under stress 

conditions [10], [11], with a simultaneous increase in the ratio 

of carotenoids to total chlorophylls [12]. Additionally, a 

special group of carotenoids belonging to the xanthophyll 

cycle play a photo-protective role, preventing damage from 

excess light to photosynthetic systems [13]. Dissipation of 

excess excitation energy by the xanthophyll cycle has been 

observed under various environmental stresses [14] and in 

particular, in conifer forest [15]. 

Several narrowband vegetation indices (VIs) have been 

proposed to measure canopy biochemistry and plant 

physiology [16] from a distance. In particular, several studies 
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have assessed Ca+b using narrowband optical indices calculated 

from spectroscopic data on leaves [17], [18] or the canopy 

[19]. In forest canopies, one of the most sensitive formulations 

is the red edge ratio vegetation index (RE=r750/r710, where r is 

the reflectance factor and the index denotes the wavelength in 

nanometers) [19], [20]. Vegetation indices sensitive to the 

total carotenoid concentration have also been analyzed mostly 

at the leaf level [21], [22]. Moreover, a recent study has 

demonstrated that VIs related to Cx+c behave differently at the 

leaf and at the canopy level and that a new index – the 

carotenoid simple ratio index based on bands at 515 and 570 

nm, CSR =r515/r570 [23] – should be applied at the canopy 

level. The photochemical reflectance index, PRI=(r531–

r570)/(r531+r570), is commonly considered a proxy for light use 

efficiency (LUE) because it is affected by carotenoid pigment 

conversion in what is known as the xanthophyll cycle, leading 

to a downregulation of carbon assimilation processes. 

However, also the leaf-level concentrations of other 

carotenoid pigments on chlorophyll basis have been found to 

be correlated with the PRI at the seasonal scale [6], [24]. 

Additionally, this index has been found to be strongly affected 

by canopy structural effects and illumination conditions [10], 

[25], [26]. [6] showed that seasonal dynamics in leaf-level PRI 

in Scots pine foliage are more strongly related to the variation 

in the carotenoid-to-chlorophyll ratio than to the de-

epoxidation level of the xanthophyll cycle. Similar results 

have recently been obtained in other evergreen conifers [27], 

corroborating that the PRI is indeed strongly influenced by 

seasonal changes in this pigment ratio, potentially decoupling 

it from LUE.   

A major challenge in multi-temporal remotely sensed data 

analysis is acquisition of high-quality image data with 

adequate temporal, spectral and spatial resolution. Previous 

studies on seasonal changes have mainly been performed 

using sensors such as MODIS [28]–[31] and CHRIS/PROBA 

[32], [33] The low spatial resolution of MODIS (approx. 1 

km) is the main limiting factor for accurate estimation of 

forest status. A better spatial resolution is obtained by EO-1 

Hyperion (approx. 30 m), the most widely used spaceborne 

hyperspectral system. To date, researchers have used Hyperion 

data to analyze seasonal variations in gap dominance [34], 

fractional cover [35] and structural and spectral diversity [36]. 

However, few studies have focused on exploring seasonal 

biophysical changes in forests using narrowband indices [37]. 

The main challenges in applying satellite-scale PRI data for 

retrieving this type of information are the effects of forest 

structure [10], [38] and viewing geometry [39]. The relative 

role of each factor and how these factors interact with each 

other during the growing season needs yet to be determined. 

In light of the above, the main objective of this study was to 

evaluate the photosynthetic seasonal changes of a boreal forest 

using narrowband VIs calculated from Hyperion image data 

disentangling the influence of forest structure and viewing 

angles from the photosynthetic signal. To the best of our 

knowledge, no quantitative validations have been reported or 

published so far on narrow band VIs applied to seasonal 

change analysis. 

II. MATERIALS AND METHODS  

A. Study site and plot characteristics 

The measurement site was located in a boreal forest around 

the Station for Measuring Ecosystem Atmosphere 

Relationships (SMEAR II) in Hyytiälä, southern Finland 

(61˚51’N, 24˚18’E). The station is located inside a 40 to 50-

year-old nearly pure pine plot (SMEAR pine plot, or SPP). 

The stand height of the SPP was approximately 18 m, with an 

average tree density of 1370 stems (diameter at breast height ≥ 

5 cm) per hectare [40]. 

The growing season in this area typically begins in early 

May and ends in late August. The snow-covered period 

typically extends from December to April. The site is located 

mostly on mineral soils covered by common vascular plant 

species at ground level [40]. The 30-year average annual 

precipitation at Hyytiälä is 711 mm and the annual mean 

temperature is 3.5 ºC [41]. Seasonal changes were assessed for 

three consecutive years (2009-2011). During the measurement 

period, seasonal variations in meteorological variables 

exhibited a similar pattern according to the data provided by 

SMEAR II. 

 

B. Hyperion data acquisition and processing 

Hyperion acquires visible and near-infrared (VNIR) and 

shortwave infrared (SWIR) radiation in 220 10-nm-wide 

contiguous bands in a spectral range from 400 to 2500 nm 

with a spatial resolution of 30 m. The VNIR and SWIR parts 

of the spectrum were measured by different spectrometers. 

The data were delivered by the United States Geological 

Survey (USGSS) as an L1R product, that is, as scaled at-

sensor radiance values including spectral calibration, smearing 

and echo correction, generation of a bad pixel mask, and 

alignment of VNIR and SWIR channels [42]. We processed 

the image by applying a local destriping method [43] and 

corrected the “smile effect” (i.e., variation in central 

wavelength and bandwidth across the swath of the sensor) 

following the “Cross-Track Illumination Correction” 

procedure [42] in ENVI software (ITT Visual Information 

Systems, 2006). The image was atmospherically corrected by 

applying the fast line-of-sight atmospheric analysis of spectral 

hypercubes (FLAASH) algorithm [44] to top-of-canopy 

reflectance factors. Atmospheric aerosol levels were estimated 

using a ground based optical weather sensor and atmospheric 

water levels were estimated using a CIMEL Electronique 

318A sun photometer (data provided by the AErosol RObotic 

NETwork (AERONET), NASA, 2007) located at the site. 

Due to the non-continuous temporal resolution of this satellite 

and the meteorological conditions, eight cloud-free Hyperion 

images collected over multiple years (2009-2011) were used 

to construct a phenological time-series. Although three images 

had a cloud cover of over 30%, the clouds did not cover the 

actual study site. We used 2 images acquired by Hyperion in 

2011, 5 images acquired in 2010 and 1 image acquired in 2009 

(Table 2). Data collection was performed close to nadir 

(within 6 degrees, 4 images), in the backscattering (2 images) 

or forward scattering (2 images) directions. All the scenes in 

this study were 42 km in length and the scenes were centered 



on the study site. Both Hyperion time series data and 

photosynthetic measurements were analyzed in seasonally 

successive chronological order based on the accumulated 

growing degree days (GDD). GDD is a temperature-based 

index frequently used to describe the timing of biological 

processes [45]. The index was calculated from the 

meteorological data measured at SMEARII as the sum of all 

the preceding days in the same year 

GDD = ∑ [
𝑇𝑚𝑎𝑥+𝑇𝑚𝑖𝑛

2
− 𝑇𝑏𝑎𝑠𝑒]            (1) 

where Tmax and Tmin are the daily maximum and minimum 

temperatures in degrees Celsius, respectively, and Tbase is the 

temperature base of +5ºC [46]. Negative values obtained when 

the daily average temperature was lower than Tbase were 

considered zero in the sum in Eq. (1). Time series data was 

plotted as a function of GDD instead of using the day of the 

year (DOY) because the seasonal development of 

photosynthetic activity between years cannot be assumed to be 

the same. 

The Hyperion image series was used to calculate four spectral 

vegetation indices related to fractional cover [47], chlorophyll 

a+b concentration [48], carotenoid concentration [23] and 

light use efficiency [49] (Table 3). To achieve this, the 

averaged spectral reflectance was extracted from the SPP pure 

pine plot located at SMEAR II tower. 

 

C. Geometrical effects on PRI 

Seasonal variations in PRI can be caused by two different 

mechanisms: physiological variations of the vegetation and 

variations in observation conditions. Naturally, it is not 

possible to separate the two using single view angle medium 

resolution data such as that measured by Hyperion. 

Quantifying the first mechanism requires information on the 

biochemical composition of the canopy which was unavailable 

at the test site. However, the second mechanism can be 

modeled using known direct and diffuse sky irradiances if 

multiple scattering in the canopy is ignored.  

According to first-order scattering approximation, PRI of a 

vegetation canopy measured from a remote sensing platform is 

related to the leaf spectral albedo ω(λ) as 

PRI =   
ω(531)ηPRI−ω(570)

ω(531)ηPRI+ω(570)
        (2) 

where ηPRI is the spectral distortion factor calculated as  

𝜂PRI =
 ϕ(531)Φ(570)

ϕ(570)Φ(531)
          (3) 

where Φ(λ) is the downward spectral irradiance on the 

horizontal top-of-canopy surface, and ϕ(λ) is the average 

spectral irradiance on the all-sided surface area of visible 

leaves [50]. The latter can further be approximated from the 

diffuse sky irradiance Φdif (λ), the direct solar irradiance at top 

of canopy Φdir (λ), and the shadow fraction αS (i.e., the fraction 

of visible foliage which is sunlit) as 

𝜙(𝜆) =
1

4
Φdif(𝜆) +

(1−𝛼𝑆)𝐺(𝜃𝑆)Φdir(𝜆)

2cos 𝜃𝑆
   (4) 

where G(θS) is the Ross-Nilson G-function (i.e., the projection 

of unit foliage in the direction of sun rays) and θS is the solar 

zenith angle. In later calculations we will assume that 

G(αS)=1/2, that is, the leaves constituting the canopy do not 

have a preferred orientation. Next, we can define the 

difference between the leaf PRI and that of a canopy measured 

under a specific geometry as  

ΔPRI = PRI − PRIleaf             (5) 

It has been shown that within the natural range of variation of 

leaf optical properties, the dependence of ΔPRI on ω(λ) is 

negligible [50]. Thus, ΔPRI in Eq. (5) becomes a function of 

the spectral distortion factor ηPRI only and is fully determined 

by illumination conditions (i.e., solar zenith angle and the 

atmospheric conditions determining the fractions of direct and 

diffuse sky irradiance at the top of canopy) and the shadow 

fraction αS. Eqs. (3-5) make it possible to quantify this 

functional dependence and to retrieve the PRI of an average 

visible leaf. By definition, leaf-level PRI is free from 

geometric effects. 

In our calculations, we used the average peak growing season 

atmospheric conditions for Hyytiälä (Table 4) and the 6S 

atmospheric radiative transfer code [51]. To calculate the 

shadow fraction αS, we used the spectral invariants theory [52] 

and the spectral albedo of pine needles measured in Hyytiälä 

during peak growing season [53]. The details of the 

calculations are given in Appendix I. 

 

D. Shoot biochemical constituent & photosynthesis 

measurements 

Seasonal variation in pigment composition was measured 

between February 2009 and February 2010 at approximately 

30-days intervals. The data has been published by [6]. Sixteen 

youngest fully developed needles were collected from four 

different branches in three trees (4 needles x 4 branch x 3 tree 

replicates) located at the SMEAR station. Because the focus of 

this study was on seasonal processes, measurements were 

carried out during night time to avoid interference from 

diurnal acclimation processes. The needle concentrations of 

total chlorophyll a and b (Ca+b) and total carotenoids, 

xanthophylls and carotenes (Cx+c) were determined. The 

xanthophyll cycle epoxidation state EPS, [54] was calculated 

as:  

EPS =
𝐶𝑣+0.5𝐶𝑎

𝐶𝑣+𝐶𝑎+𝐶𝑧
        (6) 

where Cv is violaxanthin, Ca anteraxanthin and Cz zeaxanthin 

foliar concentration. The seasonal course of pigment 

concentrations were solely plotted to understand the seasonal 

trend in photosynthetic activity of the vegetation. 

The photosynthetic data of exposed shoots were collected 

from two Scots pine trees during 2009, 2010 and 2011. 

Carbon flux rates were measured using two shoot chambers, 

one in each crown, installed horizontally in the top whorls. 

The needles of the shoots were spread carefully to avoid 

damage or self-shading. The chambers were almost fully 

exposed, with only minor shading by neighboring trees in the 

evening. The tips of the shoots were approximately pointing to 

the south. A detailed description of the setup has been reported 

by [55]. 

Measured shoot LUE and photosynthesis (LUEm and Pm, 

respectively) were obtained from shoot chamber data recorded 

every 30 minutes. Measurements between 11:00 AM and 

12:45 PM (local time), corresponding to the time of Hyperion 

acquisitions, were averaged and used to calculate LUEm as 



LUEm =
𝑃𝑚

PPFDm
          (7) 

where Pm is the sum of the net photosynthetic assimilation of 

the shoot per unit of all-sided needle area (µmol CO2 m
-2

 s
-1

) 

and the shoot respiration per unit of all-sided needle area 

(µmol CO2 m
-2

 s
-1

), and PPFDm is the photosynthetic photon 

flux density (µmol photons m
-2

 s
-1

). We used the standard 

approach of estimating shoot respiration from night 

measurements of net photosynthesis which were scaled to 

daytime values assuming a linear dependence between 

respiration and temperature. Additionally, to smooth out short-

term (hours to days) variations in photosynthesis due to 

instantaneous fluctuations in PPFD and to assess seasonal 

variations in leaf photosynthetic apparatus, we also calculated 

the potential LUE (LUEp) as the average LUE for PPFD <400 

µmol m
-2

 s
-1

 from sunrise to 12:45 PM (local time) [6]. 

E. Shoot photosynthesis model 

The two shoot chambers located in the topmost canopy 

layer are not representative of the whole canopy. To quantify 

the actual values of LUEm and Pm of natural (not flattened) 

shaded and sunlit shoots in all canopy layers in Hyperion’s 

Instantaneous Field of View (IFOV), we computed shoot LUE 

and photosynthesis using the shoot photosynthesis model 

described by [55]. The model was parameterized using earlier 

measurements taken in the same test site and applied using the 

direct solar and diffuse sky PPFD and meteorological data 

collected by SMEAR II (Table 1). 

No diffuse PPFD data were recorded in 2009 due to a 

technical failure. This problem affected only one Hyperion 

acquisition on DOY 181. To fill in the data gap, we calculated 

the diffuse to total PPFD ratio for the Hyperion acquisition 

days in 2010. We regressed the ratio linearly against the 

optical air mass m approximated as m=1/cos(θS) (for θS<70º), 

where θS is the solar zenith angle.  

LUEm and Pm were calculated for a completely shaded and 

an average exposed shoot. In the absence of multiple 

scattering within the canopy, the average diffuse sky PPFD on 

both the shaded and exposed shoots visible to a sensor can be 

approximated as ½ of the diffuse downwelling PPFD at the 

top of the canopy [50]. For the exposed shoot, a direct solar 

PPFD component calculated on a surface perpendicular to 

sunrays was added from top-of-canopy measurements.   

The signal scattered by both types of shoots into the IFOV 

of Hyperion depends on two factors: the fraction of each type 

of foliage in the IFOV, and the radiance produced by the 

shoots. The fraction of shaded and sunlit foliage in the IFOV 

was quantified by the shadow fraction αs and its complement 

1-αs, respectively. The radiance produced by a shoot was 

assumed to be proportional to its intercepted irradiance. 

Finally, we normalized the relative contributions of sunlit and 

shaded shoots in the Hyperion signal to add to unity and used 

the resulting normalized weights to calculate the Hyperion-

Weighted Measured LUE and photosynthesis (LUEhwm and 

Phwm, respectively). As the irradiance conditions were only 

available for photosynthetically active radiation, LUEhwm and 

Phwm were only compared to the index using wavelengths in 

the visible part of the spectrum, the PRI. 

III. RESULTS 

A. Seasonal variation in photosynthetic conditions and 

narrowband VIs 

The growing season GDD dynamics are shown in Fig. 1 for 

2009, 2010 and 2011. The earliest start date of the growing 

season (GDD>0) was DOY 100 (mid-April) in 2011, and the 

latest end of growing season date was DOY 295 (end of 

October, also in 2011), with the most rapid increase in GDD at 

around DOY 210 (end of July). At the end of the season, the 

average GDD of the three years was 1346 degree-days (Fig. 

1). The beginning of the growing season triggered the 

strongest variations in pigment concentration over the season 

(Fig. 2): most variations took place during the accumulation of 

the first 100 degree-days. The general trend of the vegetation 

was a rapid increase in chlorophyll concentration and a slight 

decrease in that of total carotenoids between the end of April 

(114 degree-days) and the end of August (1200 degree-days), 

breaking down from this date until the next spring. Fig. 2 also 

shows a fast increase of the EPS during the accumulation of 

the first 100 degree-days, after which the EPS remained 

relatively stable up to the accumulation of 1200 degree-days, 

when it broke down until the next spring. A clear seasonal 

cycle was present in Ca+b, Ca+b/Cx+c and EPS with coefficients 

of variation of 0.19, 0.19 and 0.35 respectively. The time span 

covered by Hyperion acquisitions included variations in Ca+b 

and Cx+c, and a monotonic decrease in the Ca+b/Cx+c ratio. By 

contrast, only small variations occurred in the EPS during the 

period covered by Hyperion images, as the strongest changes 

in these pigments took place before the first available image 

(DOY=125) (Fig. 2). 

The strongest variations in shoot LUE and photosynthesis 

happened during the accumulation of the first 200 degree-days 

(DOY 125-DOY 181) (Fig. 3). The maximum values of 

exposed shoot LUE measured during 2009, 2010 and 2011 

were recorded in August (around DOY 250) after 

accumulating 950 degree-days. Photosynthesis measured in 

the exposed shoots showed a rising trend over the growing 

season (Fig. 3).  

The seasonal courses of VIs followed a somewhat different 

pattern depending on the VI analyzed. The most obvious 

changes were observed in the RE displaying a consistent 

increasing trend throughout the growing season (Fig. 4). In 

contrast, NDVI, PRI and CSR displayed seasonal variations 

with large fluctuations. NDVI exhibited an increasing trend 

while the PRI and CSR decreased over the season.  

 

B. Relationships between LUE, photosynthesis and VIs 

Table 5 lists the coefficients of variation between the 

Hyperion-measured VIs and the measured shoot light use 

efficiency (LUEm) and photosynthesis (Pm). Among the four 

VIs, the relationship between RE and LUEm yielded the 

highest coefficient of determination (R
2
=0.71, p<0.01). The 

modeled Hyperion-weighed LUEhwm had an even higher 

coefficient of determination with RE, R
2
=0.82 (p<0.01) (Fig. 

5). In contrast, the other VIs, NDVI, CSR and PRI, yielded 



R
2
=0.24, R

2
=0.06 and R

2
=0.29, respectively, with LUEm. The 

highest coefficient of determination for measured exposed 

shoot photosynthesis were found between the measured Pm 

and RE, yielding a coefficient of determination of R
2
=0.63 

(p<0.05). Non-significant relationships (p>0.05) were found 

between Pm and the other three VIs. The linear equations fitted 

between RE, and LUEm and LUEp are presented in Fig. 5. The 

highest coefficient of determination between a shoot 

photosynthesis parameter and a VI were found for the 

measured LUEp and RE, R
2
=0.89 (p<0.01) (Fig. 5). It is 

noteworthy that the Hyperion-measured PRI yielded non-

significant relationships (p>0.05) with the shoot LUE values, 

LUEm, LUEp (Table 5) and LUEhwm. 

 

C. Solar illumination effects on VIs 

The canopy-level PRI was strongly correlated with the 

shadow fraction αS (R
2
=0.79, p<0.01, Fig. 6a). Similarly, the 

spectral distortion factor and thus ∆PRI (i.e., the difference 

between the canopy- and leaf-level PRI) depended mostly on 

αS (Fig. 6b). The leaf-level PRI calculated as PRI – ∆PRI and 

thus corrected for geometric effects yielded a slightly higher 

coefficient of determination (R
2
=0.32) with LUEm (Fig. 6c) 

compared to canopy PRI (R
2
=0.29, Table 5). Similarly to the 

canopy-level index, the trend between the leaf-level PRI and 

LUE was negative. However, the dependence of PRI on LUEm 

lacked statistical significance for both levels. In addition, Fig. 

6d shows that the exposed shoot LUEm was significantly and 

strongly correlated with ∆PRI, a purely geometric quantity 

(R
2
=0.68, p<0.01). PRI was strongly and significantly 

correlated with two characteristics of illumination and view 

geometry: solar zenith angle (R
2
=0.66, p<0.05) (Fig. 7a) and 

scattering angle (R
2
=0.60, p<0.05) (Fig. 7b). In contrast, non-

significant relationships (p>0.05) were observed between RE 

and both solar zenith angle (Fig. 7c) and scattering angle (Fig. 

7d). 

IV. DISCUSION 

After the first 15 accumulated degree-days, most of the 

photosynthetic indicators analyzed in this study showed a 

rapid variation indicating the start of the growing season (Fig. 

1). Exposed shoot LUE and photosynthesis changed hand in 

hand with chlorophyll pools (Figs. 2 and 3). The differences 

between the LUEm and Pm curves for the three years can 

mostly be attributed to varying light levels. This is especially 

evident for the year 2011 when lower Pm levels around 600 

GDD are accompanied by a simultaneous increase in LUEm, a 

situation characteristic to a cloudy spell. It is noteworthy that 

with the exception of LUEm for 2011, LUEm, Pm and Ca+b 

peaked in late summer, as did also RE – the only VI strongly 

correlated with seasonal changes in the three physiological 

parameters. Thus, photosynthetic capacity reached its 

maximum in August. This gives a hypothetical chance to 

decouple it from the effects of solar angle with a maximum in 

the end of June. 

PRI was relatively constant at GDD<500 (Fig. 4) with a 

possible decrease in the last two Hyperion images at 

GDD>800. However, the last two images were the only ones 

taken in 2011, thus the decrease can also be attributed to 

interannual variation. The other three indices showed a stable 

trend, either an increasing one (NDVI, RE), or a slightly 

decreasing one (CSR). The biggest fluctuation in all four 

indices plotted against GDD is DOY 181. This is the only 

image from 2009 used in the analysis. Excluding this data 

point, the curves for RE and NDVI become even more 

smooth.  

It is clear that, as expected, use of GDD cannot completely 

remove the interannual variations in the time series of VIs. 

However, we have mostly used it for qualitative analysis of 

forest phenology and illustrative purposes. The results 

regarding the indices and shoot photosynthesis which are 

discussed below were obtained directly from satellite and in 

situ measurements and are not affected by the interannual 

differences in the timing of forest development. 

LUE is lower under high light conditions than with 

moderate light (e.g., [56]). Thus, the measured LUEm was 

expectedly lower than the potential LUEp measured under low 

light conditions (Fig. 5). As LUEp is independent from light 

conditions, we expected it to be correlated with reflectance at 

wavelengths where slowly changing pigments, such as 

chlorophyll, dominate. Indeed, it was correlated with RE more 

strongly than LUEm (R
2
=0.89 and R

2
=0.71, respectively) 

(Fig.5). This finding indicates that, at the spectral and spatial 

resolutions of Hyperion, the optical signal of photosynthetic 

capacity of the foliage is dominated by basic foliar 

biochemistry.  

The correlation between the measured exposed shoot LUEm 

and canopy-level PRI for the SMEAR II plot was negative and 

moderately strong (Table 4), yet statistically insignificant. The 

use of the ∆PRI to convert from canopy- to leaf-level PRI 

somewhat increased the coefficient of determination. This, 

together with the strong correlation between LUEp and RE, 

corroborates the representativeness of the two shoot chambers 

and the overall validity of our approach.  

Previous studies in Hyytiälä that found a clear seasonal 

change in leaf-level PRI measured at the leaf level with a 

dark-acclimation clip (Porcar-Castell et al., 2012). That study 

showed PRI to be strongly correlated with LUE during most 

of the year but decoupled in early spring under strong stress 

when the foliage was deeply downregulated. The main 

challenge in relating LUE measurements with PRI estimated 

from satellite-measured reflectance is the dependence of this 

VI on illumination conditions, which create an apparent 

variation in the index. Our study corroborated earlier findings 

[25], [39], [57] on this topic (Figs. 6 and 7): PRI is weakly 

correlated with the view nadir angle (data not shown; eastward 

off-nadir viewing directions yield a higher PRI value), 

strongly correlated with the solar zenith angle (smaller zenith 

angles yield a higher PRI) and scattering angle, and most 

strongly correlated with the shadow fraction (a smaller PRI for 

a larger shadow fraction).   

The accuracy of the conversion from canopy PRI to shoot 

PRI contains several simplifying assumptions (e.g., no 

multiple scattering in the canopy, simplified scattering phase 



function). Nevertheless, the uncertainties involved in our 

computations cannot change the unexpected negative nature of 

the PRI–LUE relationship (PRI decreases with increasing 

LUE) for both structural levels: it is known that multiple 

scattering within structured vegetation increases the absolute 

value of PRI [58] and therefore cannot change the 

directionality of the PRI-LUE relationship. For the shadow 

fraction values occurring for Hyperion acquisitions in 

Hyytiälä, ∆PRI was always positive (Fig. 6) and converting 

from canopy to needle level only enhanced the negative 

dependence between PRI and LUE.  

At the leaf level, a decrease in PRI denotes downregulation 

of the photosynthetic apparatus, mediated either via 

interconversion of the xanthophyll cycle pigments (diurnal 

scale) or via adjustments in carotenoid:chlorophyll ratios 

(seasonal scale) [22], [6]. Either way, a positive relationship 

between PRI and LUE is to be expected on these physiological 

grounds. The anomalous negative relationship between PRI 

and LUE – and also between PRI and αS (Fig. 6) – obtained 

from Hyperion data indicates that the mechanism causing the 

observed variation in the PRI between May and August in a 

boreal forest does not have a simple physiological explanation. 

More likely, it is a result of other changes in average needle 

optical properties (e.g., in the proportional area of first-year 

needles) or a physical process (e.g., an artefact of atmospheric 

correction).  

The shoot photosynthesis model allowed us to estimate the 

photosynthetic downregulation at the time of Hyperion 

acquisitions under mostly cloudless skies. For sunlit shoots, 

LUE was between 45% and 65% of that of shaded shoots with 

no clear seasonal trend. Lack of a trend indicates that the 

shoots adapted to environmental light conditions: its 

photosynthetic efficiency (i.e., LUE under shaded non-

saturating light conditions) increased until the summer 

solstice, thus compensating for the increase in solar irradiance. 

Also, the period covered by Hyperion images (May – August) 

excludes the strongest seasonal changes in the spring. There 

were no extreme weather events during the study period that 

could have caused stress and excess photosynthetic 

downregulation on ordinary sunny spring and summer days 

and break the balance between light conditions and needle 

biochemistry. 

In this study, we could not untangle the different factors 

affecting the PRI of a structured vegetation canopy. Besides 

carotenoid absorption, this index is at the canopy level 

affected by canopy structure, the amount and spectrum of 

incident blue sky radiation, understory and soil reflectance, 

and possibly also by the specular reflectance from leaf surface 

[50]. Unfortunately, obtaining cloudless hyperspectral imagery 

in the boreal region is rather an exception than a rule. 

Extending the dynamic range of PRI by increasing the number 

and the time span of satellite observations would be difficult 

and would lead to additional problems such as partial snow 

cover or very low sun angles.  

 

V. CONCLUSION 

Our results demonstrate that seasonal (May to August) 

monitoring of the dynamics of photosynthetic activity is not 

feasible with PRI, a vegetation index directly related to leaf-

level changes in LUE as this index is highly correlated with 

observation geometry and forest structure. Over the growing 

season, PRI showed an unexpected negative relationship with 

both shadow fraction and exposed shoot LUE. In contrast, the 

chlorophyll index RE=r750/r710 showed a significant 

correlation with exposed shoot LUE and photosynthesis while 

being independent from observation geometry and forest 

structure. The seasonal courses of boreal forest photosynthetic 

status during the growing season (characterized by the LUE of 

its sunlit shoots), is best monitored with remotely sensed 

chlorophyll concentration, at least in the absence of extreme 

events (e.g. droughts, pest attacks): of the VIs analyzed here, 

the RE chlorophyll index was the one most correlated with 

both measured and modeled shoot LUE and was also 

insensitive to view geometry 

APPENDIX 

According to the spectral invariants theory [52], the 

following relationship holds universally for sufficiently closed 

vegetation canopies for wavelengths between 710 and 790 nm:  
BRF(λ)

𝜔(𝜆)
= 𝑝BRF(𝜆) + 𝜌     (A1) 

where p and ρ are spectrally invariant parameters. The 

parameters were determined from Hyperion image data by 

fitting a straight line to BRF(λ)/(ω(λ) plotted against BRF(λ) 

for 710nm≤λ≤790nm. The value of ω(λ) can be generated 

using the PROSPECT leaf optical properties model [59], [60]. 

The PROSPECT-generated reference leaf albedo is connected 

to all actual transformed leaf albedos via relationships similar 

to Eq. (A1) in this spectral interval. For the pine needles 

measured in Hyytiälä [53] we obtained  
𝜔𝑝𝑖𝑛𝑒

𝜔𝑃𝑅𝑂𝑆𝑃𝐸𝐶𝑇
= 0.352𝜔𝑝𝑖𝑛𝑒 + 0.648      (A2) 

Next, we assumed that the canopy-leaving radiance of a 

closed canopy equals the average radiance scattered by the 

visible leaves, 

BRF(λ) = 𝜔(𝜆)
𝜙(𝜆)

Φ(𝜆)
      (A3) 

As diffuse sky radiation can be ignored in the red edge 

spectral region but not the radiation scattered several times in 

the canopy, we can break the leaf-level irradiance ϕ(λ) into 

that produced by multiple scattering inside the canopy (ϕd) and 

the direct beam 

𝜙(𝜆) = 𝜙𝑑(𝜆) +
1

2
(1 − 𝛼𝑆)

Φ(𝜆)𝐺(𝜃𝑆)

cos 𝜃𝑆
   (A4) 

where the factor ½ on the right hand side of Eq. (A4) comes 

from the fact that only one side of a leaf is illuminated by the 

direct beam. After inserting the leaf-level irradiance ϕ(λ) from 

Eq. (A4) into Eq. (A3) and dividing the result by ω(λ), we 

obtain  
BRF(λ)

𝜔(𝜆)
=

𝜙𝑑(𝜆)

Φ(𝜆)
+

1

2
(1 − 𝛼𝑆)

𝐺(𝜃𝑆)

cos 𝜃𝑆
   (A5) 

The first term on the RHS of Eq. (A5) is a function of ω(λ) 



satisfying the condition lim𝜔→0

𝜙𝑑(𝜆)

Φ(𝜆)
= 0. It is clear that the 

second term, on the other hand, is a geometric constant. Thus, 

by comparison with Eq. (A1) we obtain that  

𝜌 =
1

2
(1 − 𝛼𝑆)

𝐺(𝜃𝑆)

cos 𝜃𝑆
      (A6) 

Assuming, as previously, G(θS)=1/2, we obtain for the 

shadow fraction 

𝛼𝑆 = 1 − 4 cos 𝜃𝑆 𝜌       (A7) 
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