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Abstract 

 

 

Sky conditions play an important role in the Earth’s climate system, altering the 

solar radiation reaching the Earth’s surface and determining the fraction of 

incoming direct and diffuse radiation. Sky conditions dictate the radiation 

distribution inside plant canopies and also the carbon dioxide uptake by forests 

during the growing season. On the long term these diffuse conditions may have a 

positive influence on forest growth in Northern Britain during the last 50 years.  

 

We compared the quantity (amount) and quality (spectral distribution) of direct and 

diffuse radiation above, inside and below a forest stand under sunny, cloudy and 

overcast conditions in a thinned Sitka spruce [Picea sitchensis (Bong.) Carr.] forest (28 

years, with an leaf area index (LAI) of around 5 m2m-2). Similar radiation properties 

(sky conditions) were used for analysis of light response and canopy conductance 

measurements in the same and also in a different spruce forest of the same species 

(33 years, LAI of around 7 m2 m-2) over the growing season 2008 in order to compare 

canopy activity under these conditions. In order to integrate short-term and long-

term studies, we were looking at how far these conditions are influencing forest 

growth over several decades. To do so, we used freshly cut tree discs of Sitka spruce 

from a felled forest (planting year 1953) in southern Scotland and solar direct and 

diffuse radiation along with other meteorological data from the nearest 

meteorological station. 

 

Our analysis show that the amount and quality of solar radiation is distributed 

differently inside forest stands under various sky conditions, leading to an 

enhanced carbon dioxide uptake and canopy stomatal activity under diffuse cloudy 

and overcast conditions. Furthermore we demonstrated which factors have 

influenced diffuse radiation distribution over the past 50 years and how these are 

correlated with forest growth in southern Scotland. 
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1. Introduction and General Methodology 

 

1.1. Introduction 

 

As the climate changes and the carbon dioxide (CO2) concentration rises it is 

important to understand how forests and other extensive vegetation types respond 

to these changes. At the same time, a change in vegetation cover can influence the 

local climate, through modifying cloud cover, precipitation patterns, albedo, heat 

transfer and other factors. Environmental or anthropogenic changes also lead to a 

change in regional CO2 fluxes, as ecosystems may act as a carbon sink or a carbon 

source (Schimel, 1995; Byrne & Green, 2004; Meir et al., 2006). Forests belong to the 

most extensive biomes on the planet and are a substantial part of the biosphere, 

which is one of four major pools, along with fossil carbon, the oceans and the 

atmosphere, comprising the global carbon cycle (Smith et al., 1993; Schimel, 1995; 

Waring & Running, 1998; Byrne & Green, 2004; Grace, 2004). Forests make up 

approximately 77% of the carbon contained in terrestrial vegetation (Byrne & Green, 

2004) providing a total sink of around 0.6 - 0.7 Pg of carbon per year in forests of the 

Northern Hemisphere alone (Goodale et al., 2002). The present research work is part 

of the CarboEurope-IP programme, which aims to understand better the current 

and future carbon balance of Europe at a local as well as on a continental scale, with 

a focus on the major ecosystems, viz. forests, grasslands, croplands and wetlands.  

 

Forests act as carbon sinks and sources on a daily basis. During the day forests are 

acting as sinks, by removing carbon dioxide from the atmosphere via 

photosynthesis, and they act as sources during the night, when photosynthesis does 

not occur but respiratory processes continue, contributing to atmospheric carbon 

dioxide concentration. These fluxes are measured with the eddy covariance method 

(Moncrieff et al., 1997; Aubinet et al., 2000; Baldocchi, 2003), a micrometeorological 

technique, which can be used to determine whether an ecosystem is a carbon sink or 

source over time scales of a year or more (Ruimy et al., 1995; Grace, 2004).  
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The atmosphere contains turbulent motions of upward and downward moving air 

that transport trace gases such as CO2. The eddy covariance technique samples these 

turbulent motions to determine the net difference of material moving across the 

canopy-atmosphere interface (Baldocchi, 2003). Photosynthesis is primarily driven 

by the flux of solar radiation, but in recent years it has become apparent that sky 

conditions can appreciably influence the rate, with diffuse conditions having an 

enhancing effect (Gu et al., 1999; Roderick et al., 2001; Cohan et al., 2002; Gu et al., 

2002; Farquhar & Roderick, 2003; Gu et al., 2003; Niyogi et al., 2004; Letts et al., 2005; 

Min, 2005; Urban et al., 2007; Mercado et al., 2009). 

 

Solar radiation which consists of electromagnetic waves entering the earth’s 

atmosphere is attenuated by air molecules, water vapour and aerosols (Iqbal, 1983). 

Incoming solar radiation which interacts with particles and is scattered, reaches the 

Earth’s surface as diffuse radiation. Particles suspended in the atmosphere that are 

smaller than the wavelength of the incident light (molecules) cause Rayleigh 

scattering (Gates, 1980; Iqbal, 1983; Monteith & Unsworth, 2008). This type of 

scattering is responsible for the appearance to the human eye of blue skies. The 

scattering which occurs when the solar beam strikes larger particles, such as dust, 

pollen, ash, is termed Mie scattering (Szeicz, 1974; Iqbal, 1983; Monteith & 

Unsworth, 2008) resulting in hazy and cloudy skies. The solar radiation spectrum 

can be partitioned into several wavebands, including the ultra-violet, visible light 

and the near infra-red bands (Weischet, 1995; Fabian, 2002).  

 

Sky conditions including clouds, play an important role in the entire climate system 

(Warren et al., 1985). Clouds alter the incoming solar radiation reaching the earth’s 

surface determining the fraction of incoming direct and diffuse radiation. This 

aspect of the climate system was neglected for a very long time. Clouds, haze, mist 

and fog affect vegetation and the local climate by changing shading properties, 

precipitation patterns and the radiation regimes (Charlock & Sellers, 1980; Lohmann 

& Feichter, 2005).  
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Diffuse radiation represents not only a change in light quantity (amount) but also in 

light quality (spectral distribution) available for photosynthesis. Particles which 

have reflective or absorbing properties are altering the spectral distribution of 

irradiance recorded at the Earth’s surface.  

 

This incoming radiation is altered once more when it enters the forest canopy. Here, 

the foliage is again reflecting, absorbing and transmitting light, leading to yet 

another radiation field within the forest canopy and along the forest floor. Pioneers 

like Monsi and Saeki (1953) were among the first to investigate light penetration 

through a plant canopy, setting the foundation for numerous transmission studies 

(i.e. Perry et al., 1969; Grace & Woolhouse, 1973; Norman & Jarvis, 1974; 

Lewandowska et al., 1977; Sinclair & Knoerr, 1982; Kurachi et al., 1993; Hale, 2001; 

Hale, 2003; Sonohat et al., 2004). Radiation transmission and spectral distribution of 

radiation in plant canopies is affected by many factors, such as canopy structure and 

spectral properties of canopy elements (Federer & Tanner, 1966; Cowan, 1968; 

Muller, 1971; Norman & Jarvis, 1974; Norman & Jarvis, 1975; Smith and authors 

herein, 1982; Endler, 1993; Kurachi et al., 1993; Grant, 1997; Ni et al., 1997; Hardy et 

al., 2004; Sonohat et al., 2004). These largely determine gas exchange and 

photosynthetic production (Sellers, 1985; Kurachi et al., 1993).  

 

In this work we investigated the above-canopy radiation regime, its 

penetration/transmittance through the canopy and absorption by the canopy under 

various weather scenarios. The key question is how these diverse sky conditions 

affect the radiation/light quality available to forests and how this can be related to 

the carbon dioxide uptake by plantations of Sitka spruce [Picea sitchensis (Bong). 

Carr.]. The species is a native of the west coast of North America (Waring & 

Franklin, 1979; Taylor, 1990; Pellatt & Mathewes, 1997) well adapted to the cool 

cloudy conditions of northern Britain. 

 

Previous studies have mostly concentrated on diurnal and seasonal CO2 exchange. 

In the present work we also consider growth. The visible evidence of carbon 

sequestration or accumulation in forests is forest growth itself.  
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Growth conditions change over years and decades, and the annual and periodic 

growth of needles, shoots and tree rings varies considerably (Spiecker, 1999). Active 

cell division in the vascular cambium layer produces cells which expand and 

displace the cambium in an outward direction. In trees from boreal and temperate 

latitudes, cambial activity is not constant throughout the year. This discontinuity 

causes the phenomenon of growth rings (Fritts, 1976; Creber, 1977; Schweingruber, 

1988; Fritts, 1991). Yearly tree rings are added to the stem, recording the effect of the 

respective year’s climatic conditions in which they grew. The standardised 

methodology in tree ring research is designed for the reconstruction of summer 

temperatures (Schove, 1954; Spiecker 1995; Briffa et al., 1998; Kalela-Brundin, 1999; 

Gervais & MacDonald, 2001; Briffa et al., 2002) or precipitation (Spiecker, 1995) over 

the past centuries. Tree rings have also been used as a proxy for galactic cosmic rays 

(Kirkby, 2007), about which we will say more later on.  

 

By measuring carbon fluxes and carbon uptake by a forest stand during the growing 

season we are monitoring its seasonal biomass (carbon) accumulation. By 

incorporating tree ring research into the current study we are able to refer to an 

archive of yearly wood/carbon increment. This integration of short term and long-

term studies serves the investigation of the possible link of climatological variables, 

such as diffuse radiation and forest growth, over several decades.  
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1.2. Aims & objectives 

 

The aim of the PhD project is to develop relationships between carbon assimilation 

(photosynthesis) and sky conditions. Sky conditions vary with synoptic weather 

patterns and they include clear sunny periods/days, which are seen as periods 

where direct radiation is dominating the global radiation regime above the forest. 

Times where diffuse radiation is dominating incoming global radiation are cloudy 

or overcast conditions.  

 

It is well known that diffuse light enhances canopy photosynthesis (Gu et al., 1999; 

Roderick et al., 2001; Gu et al., 2002; Gu et al., 2003; Farquhar & Roderick, 2003; Letts 

et al., 2005, Urban et al., 2007; Mercado et al., 2009), but how far are these diverse 

conditions really influencing photosynthesis and the long term growth of coniferous 

forests? How does radiation distribution (amount and quality) change above a 

forest stand under these conditions and how is it distributed within the forest 

canopy? To what extent do interannual variations in sky conditions impact upon 

photosynthesis? This project will investigate these important attributes of sky 

conditions, in order to determine which aspect is stimulating carbon uptake. In 

which way do these distinctive conditions influence stomatal activity?  

 

 

The linked hypotheses in this study are: 

 

(i) Photosynthesis of Sitka spruce [Picea sitchensis (Bong.) Carr.] canopy is  

enhanced by diffuse radiation; 

(ii) Stomatal conductance is enhanced by diffuse radiation; 

(iii) Together, these effects of diffuse radiation may be seen in the analysis of  

growth rings, by reference to long term data on the direct and diffuse 

radiation over the British Isles. 
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1.3. Sites 

 

In order to undertake the CO2 flux and growth measurements envisaged in this 

project, several sites across Northern England, Southern and Central Scotland were 

chosen. They include a Sitka spruce [Picea sitchensis (Bong.) Carr.] plantation aged 15 

– 36 years (Harwood Forest), a 28 year old Sitka spruce plantation located on a 7° 

slope in Central Scotland (Griffin Forest), a 53 year old Sitka spruce forest (Forest of 

Ae) which was felled in 2006. The Forest of Ae is located in the southern-western 

part of Scotland, 25 km west of Eskdalemuir (Fig. 1.1). To support the work on 

growth rings, the nearest Meteorological station for which long-term data on direct 

and diffuse solar radiation were available was Eskdalemuir, a Meteorological 

station run by the British Met Office (UKMO).  

 

 

Figure 1.1: Location of research sites used in the current project. 
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1.3.1. Harwood Forest, Northumberland, England 

 

Harwood Forest (Kielder Forest) in Northumberland, England (55°10’ N, 2°3’ W; 200 

- 400 m asl.), is managed by the British Forestry Commission and Forest Enterprise. 

The research area is a Sitka spruce [Picea sitchensis (Bong.) Carr.] plantation, with 

stands aged between 15 and 36 years (Fig. 1.2). The research site is located in the 33 

year old plot (planting year 1976), which has been partly row thinned 12 years ago. 

These canopy gaps are nearly closed although some areas are affected by wind 

throw. 

A 28 m high scaffolding tower was erected to allow micrometeorological 

measurements above the canopy. A shed at the base of the tower houses the data 

logging system. This tower replaced a slender mast which was formerly used in a 

nearby location. 

 

 

Figure 1.2: Harwood Forest research site.  
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The spruce trees were planted on a peaty gley soil (Zerva et al., 2005) according to a 

mounding system (Ball et al., 2007) with an approximate planting distance of 1.5 m. 

The current leaf area index (LAI) is around 7, a yield class of 16, with an average 

tree height of 22 m and an average diameter at breast height (DBH) of around 36 

cm. Within the stand trees show a very high proportion of dead parts at the base of 

the canopy.  

 

The original Harwood forest site was one of five UK sites in the CarboEurope-IP 

network. The entire network has over 100 representative European ecosystems 

measuring fluxes by a standardised protocol (Aubinet et al., 2000). The 

CarboEurope-IP data sets are also represented in the world data base of FLUXNET. 

The site additionally is also a member of SPECNET, a network attempting to relate 

spectral reflectance to photosynthetic performance. Nationally the forest is also in 

use by the NERC Centre of Terrestrial Carbon Dynamics (CTCD). The new site has 

also been already integrated into Carboeurope-IP programme and its properties and 

data updated. 

 

Micrometeorological measurements above the canopy include the operation of a 

fully equipped meteorological station as well as an eddy covariance system. The 

principle of eddy flux or eddy covariance is described in more detail in one of the 

subsequent chapters. The eddy covariance (EC) setup in Harwood includes a closed 

path system, described in Moncrieff et al. (1997), which contains the infra red gas 

analyser (IRGA) model Li-6262 (LI-COR, Lincoln, NE, USA) to measure carbon 

dioxide (CO2), water vapour (H2O) and latent heat fluxes (λE). This setup uses 

Nitrogen (N2) as a CO2/H2O free reference gas. The ultrasonic anemometer used in 

this setup is manufactured by Gill (Solent R3, Gill Instruments, Lymington, UK). 

The eddy covariance data are acquired and saved onto a Laptop PC.  

 

All meteorological data are recorded onto 2 CR10X and one CR3000 dataloggers 

(Campbell Scientific, Utah, USA). The meteorological station on top of the tower 

includes next to the standard meteorological sensors (temperature, humidity, 

precipitation (all Campbell Scientific, Utah, USA): net-radiation (NRLite, Kipp & 
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Zonen, Delft, NL), wind (Vector Instruments/ Skye Instruments, Llandrindod, UK) 

also a Delta-T BF3 sunshine sensor (direct and diffuse photosynthetic active 

radiation, PAR) (Delta-T Devices Ltd, Burwell, UK). Furthermore a Skye surface 

wetness sensor (occurrence of fog and dew) and 2 PAR sensors (down-welling and 

up-welling) (Skye Instruments, Llandrindod, UK) are installed.  

A CNR1 pyranometer (Kipp & Zonen, Delft, NL) supplements the radiation 

measurements by giving separately short and long wave radiation measurements 

and the up-welling short and long wave radiation reflected or emitted by the 

ecosystem. Soil measurements include soil heat fluxes, temperature and moisture.  

 

 

 

1.3.2. Griffin Forest, Perthshire, Scotland 

 

A further forest used in this project is Griffin Forest (56°37’ N, 3° 48’ W; 380 m asl.). 

Like Harwood Forest, Griffin is also a major site within the Carboeurope-IP 

programme investigating the carbon fluxes of forests determining whether or not 

they are sinks or sources of carbon dioxide. This forest is part of Tay Forest Park, 

located in the Tay side area of Perthshire. It is a managed Sitka spruce forest planted 

between 1979 and 1983. The flux tower is located in the 28 year (in 2009) old stand 

on a 7° slope (Fig. 1.3). Further detailed description of the site can be found in 

Clement et al. (2003) and Clement (2004). The slope has been row-thinned in 2004 by 

removing every fifth tree resulting in straight thinning lines. In addition to the row 

thinning, selective thinning took place, removing in total around 30% of the 

biomass. Planting distance between trees is approx 2 m, resulting in an 

approximately 11 m distance from mid thinning line to the next. The Griffin Forest 

site has been in use by the University of Edinburgh since 1997 and it accommodates 

a well-managed eddy covariance system, as well as a fully equipped meteorological 

station. Both systems are located on top of a scaffolding walk-up tower running off 

solar panels, providing enough power to run the site all year round.  
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Figure 1.3: Griffin Forest, Scotland. 

 

 

All meteorological data are recorded onto 3 Campbell dataloggers (Campbell 

CR10X, Campbell Scientific, Utah, USA). The meteorological station on top of the 

walk-up tower includes the same meteorological sensors as already described for 

Harwood forest. At the Griffin forest site a dome Solarimeter (CM5 Pyranometer - 

Kipp & Zonen, Delft, NL) is used for short and longwave incoming solar radiation.  

In addition to the measurements recorded at the top of the canopy, Griffin 

accommodates a stationary transect consisting of 16 PAR (Photosynthetic Active 

Radiation) (Skye Instruments, Llandrindod, UK; LI-COR, Lincoln, NE, USA) sensors 

for below-canopy radiation measurements. 
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1.3.3. Forest of Ae, Dumfrieshire, Scotland  

 

The 3rd forest site used in this work is the Forest of Ae (Fig. 1.4) in Dumfrieshire, 

Scotland, (55°12’ N; 3°35’ W; 350 m asl.). Forest of Ae is also a Sitka spruce [Picea 

sitchensis (Bong.) Carr.] forest and is commercially managed by the Forestry 

Commission. The plot, Queensberry - Auchenbue Burn, which is subject of the 

current study had been planted in 1953 and felled in February 2006.  

The plot is a west facing slope, reaching over several altitudinal meters located in 

the central part of Forest of Ae.  

 

Tree discs were collected in the Forest of Ae from 30 trees by the Forestry 

Commission’s research agency Forest Research. They were kindly made available. 

These discs consist of 53 year rings, with 2005 being the last growth ring. The discs 

were kept in their original “wet” condition in the cold store of the Forest Research 

Northern Research Station, Roslin (Scotland). The trees have been felled and 

labelled according to Forest Research protocols (Mochan & Gardiner, 2007).  
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Figure 1.4: Forest of Ae location map: Queensberry plot. 

 

 

 

 

1.3.4. Eskdalemuir Observatory, Dumfrieshire, Scotland 

 

Eskdalemuir Observatory (Fig. 1.1 and Fig. 1.5) is operated by the British Geological 

Survey (BGS) and the British Met Office (UKMO). The observatory makes 

geomagnetic, seismological, meteorological and atmospheric electrical observations, 

mainly for monitoring changes in the natural magnetic field of the Earth, 

earthquake detection, and weather forecasting. It is the base for the Real Time 

Monitoring Centre for the Met Office network of automatic weather stations 

(Dawson, 2005; Aeby, 2007).  
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All meteorological data provided by the British Atmospheric Data Centre (BADC) 

have been quality controlled and originally handed over to the BADC by the British 

Met Office (UKMO).  

 

Eskdalemuir is one of the oldest meteorological stations in the UK (Anonymous, 

1909) and has the reputation of being the wettest and coldest station in Britain 

(Dawson, 2005). It has the longest diffuse radiation data set reaching back to the mid 

1950’s in the UK (Aeby, 2007). The observation station ���������	�
������	������������

��� �ocated 25 km east of the Forest of Ae, the 3rd site integrated into the current 

project. 

 

 
Fig. 1.5: Eskalemuir Observatory (Dawson, 2005). 
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1.4. Methods 

 

1.4.1. Sky observations 

 

A major aspect of the current project is the study of the ecosystem response to 

changes in sky conditions. In order to do this we recorded continuously, total 

(global) and diffuse photosynthetically active radiation (PAR) radiation at Harwood 

and Griffin forest. In the case of Forest of Ae we received diffuse radiation data 

(1956 – 2006) recorded at Eskdalemuir Observatory (Aeby, 2007). 

 

Direct and diffuse radiation at Harwood and Griffin was recorded with a BF3 

sunshine sensor (Delta-T Devices Ltd, Burwell, UK). This novel sensor, introduced 

only in 2001, uses an array of photodiodes and a computer-generated shader to 

separate the diffuse and the direct components of global radiation (Wood et al., 2003; 

Muneer et al., 2007). 

 

Generally, diffuse radiation can be separated into dry diffuse and wet/humid 

diffuse. Fig. 1.6 gives a clear overview of these different types of radiation reaching 

the Earth’s surface. Under dry (cloudy and hazy) conditions the majority of 

scattering happens higher in the atmosphere than the scattering of radiation under 

rainy and foggy conditions (wet). Under wet conditions scattering happens inside 

the canopy itself, producing a different light and radiation environment, compared 

to dry diffuse conditions. 
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Figure 1.6: Direct and diffuse radiation reaching the ground. Direct radiation (solar beam) and diffuse 

(scattered) radiation of various types reaching the ground. The reproduction of the canopy is from 

Hecker (2006), reproduced with permission of the publisher BLV-Munich. 

 

 

The light spectrum is partitioned into several wavebands, including ultra-violet, 

visible light and near infra-red bands (Weischet, 1995; Fabian, 2002). In order to 

receive information about the spectral distribution of the solar radiation recorded 

under various sky conditions at the top of the tower a field spectroradiometer 

(GER1500, Spectra Vista, New York, USA) equipped with a cosine diffuser was 

used. Due to its sensitivity to wet conditions this sensor was used only during 

particular measuring campaigns. Its exact setup and application will be described in 

a subsequent chapter.  

 

During several measuring campaigns and experiments a Nikon digital camera 

(Coolpix4500, Nikon Corporation, Tokyo, Japan), with an attached fish eye lens 

(Fish-eye converter FC-E8, Nikon Corporation, Tokyo, Japan) was mounted to the 

top of the tower in Griffin (Fig. 1.7), providing visual information on sky conditions 

and their changes. These recorded images allow us to distinguish between cloud 
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types and amount. Images taken before, during and/or after experiments are good 

indicators of cloud movements and high wind direction. 

Image (a) (Fig. 1.7) shows a clear sky seen from the top of the tower, with the sonic 

anemometer and the dome solarimeter obstructing the vision. Image (b) shows a 

typical partly cloud covered sky and image (c) shows a completely cloud 

covered/overcast sky.  

 

 
Figure 1.7: Hemispherical sky images taken under various sky conditions. (a) clear sky; (b) cloudy sky; 

(c) overcast sky. Photos: S. Dengel. 

 

 

Cloud base/condensation level can be calculated from meteorological data and 

verified by comparison with the images taken at the respective time. Cloud types 

can also be inferred from high temporal resolution (10 min) radiation data following 

methods described in Haurwitz (1948); Falconer (1965); Duchon & O’Malley (1999); 

Calbo et al. (2001); Freedman et al. (2001) and Harrison et al. (2008).  
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1.4.2. Canopy structure 

 

Another application of the digital camera and fish eye lens setup is the 

measurement of the leaf area index (LAI) and canopy structure. In order to record 

the most accurate values, images are taken according to protocols used by Chen et 

al. (1997); van Gardingen et al. (1999); Inoue et al. (2004); Jonckheere et al. (2004) and 

Gendron et al. (2006).  

The ideal weather conditions for these images are overcast skies, in the early hours 

of the day or shortly after sunset. Images taken under sunny conditions are 

overexposed and can cause LAI calculations to underestimate the real leaf area 

value of the stand. However under sunny conditions light distribution within the 

stand becomes visible and phenomena like sunflecks recordable. These sunny gaps 

indicate areas on the forest floor where direct radiation is reaching the under-storey 

vegetation (Chazdon & Pearcy, 1991). These gaps can be divided into major 

sunflecks, where the sun is fully visible and penumbral sunflecks where the solar 

disc is only partially visible (Stenberg, 1995). The occurrence of these gaps with very 

high incident radiation values (Muller, 1971) are wind-dependent (Federer & 

Tanner, 1966; Chazdon & Pearcy, 1991) and they usually indicate areas with 

different spectral distributions (Morgan & Smith, 1978; Combes et al., 2000) 

compared to shady areas.  

 

Furthermore their appearance depends on the structure of the canopy itself 

(Norman & Jarvis, 1975; Mann & Curry, 1977; Morgan et al., 1985; Chazdon & 

Pearcy, 1991). Pearcy (1990) indicates that sunflecks can be found more frequently 

where leaves are clumped at the end of branches. Clumped canopies are generally 

the rule in coniferous forests. Their wind dependency makes sunflecks very short 

lived in most cases, and plants on the forest floor therefore receive a rapidly 

fluctuating irradiance (Muller, 1971; Leakey et al., 2003a, 2003b).  
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These changes have important implications on the photosynthesising canopy, since 

they have a different spectral distribution than shaded areas. These gaps are of 

physio-ecological importance to under-storey vegetation (Smith et al., 1989; Leakey 

et al., 2003b). 

 

The Nikon Coolpix 4500 fitted with the FC-E8 converter-lens can “see” a solid angle 

of 180° (focal length equivalent to 7.2 mm), and such cameras are a standard way to 

record canopy structure (Fig. 1.8). To obtain such images the camera is mounted on 

a tripod 1 m above the ground and levelled with a common spirit level. Images are 

processed with Gap Light Analyzer (GLA) which is scientific image processing 

software (Forest Renewal BC, Frazer S., 1999). The top of images (a & c) are facing 

north, the right side indicates west.  

 

 
Figure 1.8: Hemispherical forest canopy images. Photos: S. Dengel. Image (a) shows a typical 

hemispherical image of a forest canopy, (b) an image of the transition zone between planted sections 

and thinned section (understorey vegetation) and (c) shows a hemispherical image of a Sitka spruce 

canopy with a visible sunfleck. 
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Fig. 1.8a shows a typical hemispherical image used for LAI calculations. For the 

calculations, the entire field of view is usually selected. Fig. 1.8b has been included 

in order to show the different ground cover below trees in areas where no thinning 

occurred and in areas where 1 row of trees had been removed. The 3rd image (Fig. 

1.8c) would be of no use when calculating the leaf area, but images taken under 

sunny conditions are highly illustrative when working with light conditions inside 

forests under various sky conditions. In this case a large sunfleck has been recorded, 

i.e. a gap in which the solar beam could penetrate directly to the bottom of the forest 

canopy. 

 

Norman & Jarvis (1974) describe the structure of a Sitka spruce forest canopy as a 

three level organization: (a) vertical distribution of leaf, branch and stem mass area; 

(b) angular distribution of needles on the shoots (inclination and orientation), and 

(c) the grouping of shoots into branches. However, in calculating LAI from 

hemispherical images or light attenuation, the basic theory assumes a random 

dispersion of leaves (Norman & Jarvis, 1975; Chen & Chilar, 1995; Gower et al., 

1999). We are working in a coniferous forest, where needles do not have a chaotic 

more-or-less random arrangement like broadleaved trees. So a correction value is 

used, known as the clumping index (van Gardingen et al., 1999).  

 

Another device used in order to record detailed canopy structure information is a 

TRAC (Tracing Radiation and the Architecture of Canopies) sensor (3rd Wave 

Engineering, Nepean, CND). TRAC is an optical instrument for measuring the leaf 

area index (LAI) and the fraction of photosynthetically active radiation (PAR) 

absorbed by the plant canopy (ƒAPAR). Exact theory description can be found in 

Chen & Cihlar (1995); Leblanc et al. (2002); Privette et al. (2002); Leblanc et al. (2005) 

and Leblanc (2008). This device is a hand-held sensor which is most effectively used 

on transect measurements. Furthermore it allows the measurement of canopy gap 

size distribution and canopy gap fraction. Gap fraction is the percentage of gaps in 

the canopy at a given solar zenith angle, the probability that a solar beam is 

reaching the ground without encountering any foliage (Li & Strahler, 1988; Smith et 

al., 1989).  
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Gap size is the physical dimension of a gap in the canopy. Once the accumulated 

gap fraction is calculated, it is possible to remove the gaps in order to calculate LAI. 

This is then calculated or plotted as a random distributed canopy. The removed gap 

curve is brought to its closest agreement with the random canopy curve, and the 

resulting difference is the clumping index. The procedure described here is 

extracted and summarised from Chen & Cihlar (1995); Leblanc et al. (2002) and 

Leblanc (2008).  

 

The clumping index value necessary for LAI calculations from hemispherical 

images increases with solar zenith angle (Chen & Chilar, 1995) and has been 

calculated from several transect measurements in Griffin forest during the growing 

season 2007 and 2008. These measurements apply mainly for hemispherical images 

taken over solar noon and we found for Sitka spruce, to be 0.98. This value, which is 

smaller than unity is resulting from more radiation having penetrated the spruce 

canopy than it would through a random canopy (Chen & Chilar, 1995).  

 

A further method used in order to gather information on canopy structure, is the 

determination of the leaf area index along a vertical profile. The camera was 

mounted to a pole which was positioned away from the tower at various heights. 

Since the tower is obstructing each of these images, images were pre-processed 

prior to LAI analysis. All images have been halved to exclude the tower and then 

reconstructed after mirroring. This way we were able to estimate the vertical LAI 

distribution. All methods of LAI determination include stems. In deciduous trees 

the ‘stem area index’ is found during the leafless phase. In evergreen trees this is not 

possible. Norman & Jarvis (1974) estimated the ratio between stem & branches, as 

being the woody area to the total area including green and nongreen areas (Chen, 

1996a, 1996b) for the same species to be 0.23. In the current study no correction for 

stem was made. 
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1.4.3. Field Spectroradiometry 

 

Reliable measurements of radiation penetration through forest canopies involve the 

use of paired sensors (GER1500, Spectra Vista, New York, USA) fitted with cosine 

diffusers, permitting comparison of light availability in the understorey region with 

simultaneously measured light in an open area. This technique, however, requires a 

site where ambient light can be measured in the open, free from obstructions and 

edge effects (Capers & Chazdon, 2004). 

 

The GER1500 instruments have a sampling resolution of 1.5 nm over the spectral 

range of 350 - 1050 nm. The spectral resolution is 3 nm which is recorded over 512 

channels. The spectral resolution was effectively increased to 1 nm by applying 

post-processing methods, described in MacLellan (2006) and Walker (2009). This 

band width includes parts of the ultra-violet (300 - 380 nm), the visible light (380 - 

750 nm) and parts of the far and near infra-red bands (750 - 1050 nm). A typical 

solar spectrum recorded on a clear day in Griffin forest (Scotland) is illustrated in 

Fig. 1.9. The standardised measurements using GER1500 field spectroradiometers 

include standard radiance and reflectance measurement procedures often used 

within remote sensing research (Nichol et al., 2002; Szekielda et al., 2003; Chen et al., 

2007). It requires a white reference panel. The target itself would usually be a leaf or 

a canopy.  

 

The most common applied method is the single beam mode (Fogwill, 2005; 

MacArthur, 2006). However, there is a dual field of view technique requiring the bi-

conical (standard lens) and the cos-conical (1 cosine diffuser, 1 standard lens) setup 

(MacArthur, 2007), whereby a paired set of spectroradiometers is required. Cos-

conical measurements take additional sky values as the source of illumination in 

consideration as a reference. Here, the spectrometer pointing towards the sky is 

equipped with a cosine diffuser.  
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The target head is then used to take alternative measurements of a reference panel 

before scanning the target surface. A detailed description of field spectroscopy and 

its application history can be found in Milton et al. (2009). 

 

None of these standard techniques could be used for our investigation. In order to 

fulfil the objectives of the current study, the measurement of incoming irradiance 

and its penetration through the forest canopy, a new method had to be applied. A 

novel approach is introduced here by introducing the cos-cos mode setup, wherein 

both spectrometers are equipped with cosine diffusers. 

 

The difference between the new application and the standard paired setup 

described above is the equipping of both spectrometers with cosine diffusers 

pointing upwards, recording the spectral distribution of incoming solar radiation 

(irradiance) and radiation transmitted, reflected and scattered off forest foliage. 

Furthermore the traditional dual field of view setup where the paired sensors are 

controlled via one laptop was further modified in such a way that both 

spectrometers were used in a single view mode recording simultaneously (using a 

whistle as trigger signal). For our approach one device was pointing upwards 

recording sky light (stationary) (Fig. 1.9) while the second device (mobile) was also 

pointing upwards recording the same but also the radiance radiated by the abaxial 

(lower side of needles) side of forest foliage. The target measurement of the ‘sky 

sensor’ served as the reference value for the ‘canopy sensor’. By using the target 

measurements of both sensors an exact transmissivity profile down the tower could 

be calculated. These measurements are similar to those of reflectance apart from the 

fact that our ‘reflectance’ measurements include features like absorption bands 

which are not visible in traditional standard reflectance spectra.  
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Figure 1.9: Solar spectrum recorded on a clear day in Griffin forest (Scotland), using the GER1500 

sensor. 

 

 

Several spectra were recorded at each metre down the tower, gathering information 

on above, within and below canopy spectral properties. As mentioned previously, 

Norman & Jarvis (1974) described the structure of a Sitka spruce forest canopy as a 

three level organisation. The vertical structure can be also divided into 3 levels: top-

level, where the highest light exposure takes place including shoots and branches of 

a few years old only, the main canopy composed of alive and dead canopy and the 

lowest part of the forest canopy, mainly dead branches and stem. All three levels 

have different radiative properties. For coniferous forests the clumping of shoots 

into horizontal whorls of branches result in a non-random distribution of canopy 

elements within the crowns. The existence of a horizontal whorl structure allows 

more light to pass through the canopy without being scattered (Ni et al., 1997).  

 

Measurements were undertaken on various occasions under different sky 

conditions in order to investigate spectral distribution above, within and below the 

canopy.  
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1.4.4. Eddy Covariance 

 

One of the main tasks in this study is the measurement of carbon dioxide (CO2) and 

water vapour (H2O) fluxes. In order to do this we are using the eddy covariance 

(EC) method, a micrometeorological technique (Aubinet et al., 2000). The 

atmosphere contains turbulent motions of upward and downward moving air that 

transport trace gases such as CO2. The eddy covariance technique samples these 

turbulent motions many times a second to determine the net difference of material 

moving vertically across the canopy-atmosphere interface (Baldocchi, 2003). A 

simple sketch can be seen in Fig. 1.10. 

 

The eddy covariance method provides the measurements of the vertical flux of 

transported air parcels by correlation of the fluctuations in CO2 concentration (in our 

case) with fluctuations in the vertical wind speed (Desjardins & Lemon, 1974). 

Detailed historical development of the technique can be found in Priestley & 

Swinbank (1947) with further improved and theoretical descriptions in Desjardins & 

Lemon (1974); Jarvis (1975); Bakan (1978); Baldocchi et al. (1988); Moncrieff et al. 

(1997); Aubinet et al. (2000) and Baldocchi (2003). A highly simplified way of writing 

the eddy flux of carbon dioxide and water vapour can be found in Moncrieff et al. 

(1997): 

termscorrectionF cc += ωρ .      (1) 

F
c
 is representing the flux density of scalar c, in our case carbon dioxide. � is the 

instantaneous vertical wind speed and �
c
 is the corresponding density (or 

concentration) of the scalar c. The over-bar in eqn. (1) represents the mean of the 

product over the sampling interval (Moncrieff et al., 1997). It has been found that 

statistically reliable data are recorded when averages are made over 30 minutes, 

although the solar irradiance under cloudy skies can fluctuate over much smaller 

intervals. 
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Figure 1.10: Simplified eddy covariance sketch (Modified. Burba & Anderson, 2007). Movement of air 

parcels above a forest canopy. Green arrows indicate CO2 being extracted from the atmosphere while 

red arrows indicate a release of CO2 to the atmosphere. The reproduction of the canopy is from Hecker 

(2006), reproduced with permission of the publisher BLV-Munich. 

 

 

The sketch in Fig. 1.10 visualises the simplified eddy covariance scheme. Air in the 

canopy becomes CO2 depleted by photosynthesis and CO2 enriched by respiration. 

The rotating eddies exchange air in the canopy with air above the canopy during 

their chaotic motion. Thus at any point at a reference height the CO2 concentration 

fluctuates around a mean value. These turbulent eddies have 3D components, 

including a vertical wind component (Burba & Anderson, 2007). It is by multiplying 

concentration by vertical wind speed that the components cωρ  are obtained. They 

travel across the forest and are recorded by the sonic anemometer, part of the eddy 

covariance system. Net horizontal fluxes are assumed to be zero when the site is 

large, homogeneous and on level ground.  

 

The vertical component of wind velocity is derived from data provided by a three-

axis sonic anemometer, while the carbon dioxide and water vapour concentrations 

are measured with a gas analyser. The eddy covariance (EC) setup in Harwood 
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includes a closed path system, described in Jarvis (1995) and Moncrieff et al. (1997), 

which includes the fast response (20Hz) Li-6262 infra red gas analyser (IRGA) (LI-

COR, Lincoln, NE, USA) which measures carbon dioxide (CO2) and water vapour 

(H2O) fluxes. This setup uses nitrogen (N2) as a CO2/H2O free reference gas, as a 

continuous flow through the reference cell. The ultrasonic anemometer is 

manufactured by Gill (Solent R3, Gill Instruments, Lymington, UK). Sample air is 

drawn through a Dekabon™ tube (Megaflex Ltd, Southwell, UK) and through the 

gas analyser by a diaphragm pump. This tubing is polythene on the inside, which is 

relatively non-absorbent to carbon dioxide and water vapour, protected by being 

inside an aluminium tube, and further protected on the outside by a tough plastic 

coat. The eddy covariance data was acquired with EdiSol, the software developed 

and written at the University of Edinburgh (Moncrieff et al., 1997; Clement, 2004) 

and originally derived from EddySol (Jarvis, 1995). EdiSol calculates real-time fluxes 

of CO2 and H2O, as well as sensible (H) and latent heat (λE), along with momentum 

and displays them in a user friendly way on a Laptop PC as part of the logging 

system. An impression of both systems is given in Fig. 1.11.  

 

 
Figure 1.11: Simplified eddy covariance setup used in the current study. The closed path system is 

used in Harwood forest, where mains power is available. An open path system is used in Griffin forest 

(graphic: author’s own). 

 



 28 

 

The open path system we used at the second active forest site at Griffin (Clement, 

2004) incorporates the Li-7500 IRGA (LI-COR, Lincoln, NE, USA). The advantage of 

this system is that it does not require any reference gases (apart from calibration 

purposes), also it is not dependent on a pump sucking air through the system, and it 

is not susceptible to problems of water and dirt in the tubing. When an air parcel 

moves through its infra-red beam, through its 3D measuring volume, then carbon 

and water vapour fluxes, momentum and other EC variables are determined 

instantaneously. Substantial corrections are however required, including especially 

the Webb-Pearmann-Leuning correction (Webb et al., 1980; Burba et al., 2006). The 

system is controlled via EdiSol in real-time and continuously logged on the site 

Laptop PC situated in the shed below the eddy flux tower. 

 

As mentioned previously an ideal flux measurement site is a homogeneous forest on 

flat terrain (Baldocchi, 2003). An EC setup is not measuring CO2 and H2O fluxes 

coming from the vicinity of the tower site, but from a zone further away. In order to 

measure the source of the air parcel, a footprint analysis (Baldocchi, 1997; Rannik et 

al., 2000) is applied. This analysis makes it possible to estimate the source location 

by considering the time-averaged vertical flux of the air parcel at the top of the eddy 

flux tower to its turbulent diffusion from sources located upwind from the sonic 

anemometer and IRGA (Aubinet et al., 2000). The size of the upwind fetch is 

dependent on wind direction and wind speed. Burba & Anderson (2007) simply 

describe the footprint as the area “seen” by the instrument located upwind, while 

fetch refers to the distance from the tower when describing the footprint area. Less 

homogeneous or too small forests lead to contamination of the carbon flux data with 

information from adjacent landscapes and also a significant horizontal flux. Detailed 

theoretical descriptions and further readings can be found in Baldocchi (1997); 

Aubinet et al. (2000); Rannik et al. (2000) and Markkanen et al. (2003). 

 

Though we are using two different eddy covariance systems (open and closed path) 

(Haslwanter et al., 2009), the same methodology applies. Raw data are processed 

with EdiRe, software developed and written at Edinburgh University (Clement, 
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2004) which applies various corrections derived from Leuning & Moncrieff (1990); 

Massman (2000); Massman & Lee (2002).  

 

Gaps or spikes in data which happen during calibration or during downloading are 

filled by applying a simple linear regression, while larger gaps, due to power or 

equipment failure are treated and filled according to Carboeurope-IP guidelines. 

These guidelines in data gap filling are described and can be found in Falge et al. 

(2001) and Moffat et al. (2007).  

 

 

 

1.4.5. Tree ring research 

 

To examine the effects of diffuse radiation on growth, it is necessary to investigate 

long term tree growth patterns against a background of the interannual variability 

that reflects inherent seasonal variability of weather conditions over the years. In 

order to define this annual variability, meteorological data and tree ring information 

from nearby sites are used. Both Eskdalemuir and Ae are under maritime 

influences, and are not only remote but free from sources of major anthropogenic 

pollution. Eskdalemuir has the longest diffuse radiation records in the UK (Aeby, 

2007).  

 

Discs from stems of Sitka spruce [Picea sitchensis (Bong.) Carr.] (Fig. 1.12) were 

available from Forest of Ae (Dumfrieshire). Although Ae and Eskdalemuir are 25 

km apart, they exibit the same changing weather patterns influenced by westerly 

and south westerly airflows, and large scale influences of atmospheric aerosol 

loading in the northern hemisphere. 

 

The standardized methodology in tree ring research has been developed by 

dendrochronologists mainly for the reconstruction of summer temperatures 

(Schove, 1954; Spiecker, 1995; Briffa et al., 1998; Kalela-Brundin, 1999; Gervais & 
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MacDonald, 2001; Briffa et al., 2002) or precipitation (Spiecker, 1995) over the past 

centuries.  

 

To investigate the interannual variability in tree growth, discs from Sitka spruce 

sections of mature stems (below 1 m) were used. 30 discs were provided by Forest 

Research, the research agency of the Forestry Commission, from Forest of Ae 

(Scotland). Prior to felling, North and West directions were marked on the bark, and 

the discs were frozen as soon as they were returned to the Forest Research station.  

 

Discs were scanned on an A3 scanner and rings were counted in their frozen state 

using WinDendro (Version 2003a/b, Regent Instruments Inc., Quebec, Canada). 

This method enables an accurate measurement of the actual width, often ignored 

when using dried discs or tree cores which tend to shrink and crack during the 

drying process and may be also differently affected by moisture content. None of 

the discs used in the final analysis showed anomalous growth patterns, such as 

branch development, injury marks or false rings which might have influenced the 

growth of the tree on its northern side. The north radius was measured, in order to 

avoid ‘noise’ caused by compression wood (east) or downwards slope extension 

compensation (west) wood. The southern radius was ignored as it may have been 

influenced by microclimatological variation caused by direct solar irradiance. 

 

Tree rings increase over the first few years of growth and then decrease steadily 

towards the bark (Dinwoodie, 1962; Phipps, 1982), assuming no thinning or 

fertilization has interrupted the natural growth. This standard age trend was 

factored out by de-trending prior to analysis. This was done by (i) first removing 

data covering the first few years (the juvenile section) (ii) fitting a simple cubic 

spline to the remaining 45 ring width values. We found the cubic spline represented 

the age-related decline in ring width very well (r2 = 0.97). The residuals were taken 

as representing the effect of climate signals on tree growth (henceforth called the 

Growth Index). 
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Figure 1.12: Freshly cut Sitka spruce [Picea sitchensis (Bong.) Carr.] tree disc. Tree felled in February 2006 

in Forest of Ae. 
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1.5. Work plan and Structure of Thesis 

 

The initial plan was to investigate the patterns of CO2 uptake at two Sitka spruce 

plantations in northern Britain, relating the flux to variations in climatological data 

with a focus on the effect of diffuse versus direct radiation. After an initial setback 

(Appendix I), caused by the (accidental) and untimely felling of the research plot, a 

further line of research was incorporated: the exploration of possible long term 

effects of diffuse radiation on growth of this species. 

 

 

 

Three of the chapters are written in the style of papers for submission to journals, 

and are referred to as Paper I, II and III. The steps in this research are as follows: 

 

 

Chapter 2  

 

Paper I - Influence of Clouds on the Solar Radiation Distribution in a Coniferous 

    Forest. 

 

We compared the amount and spectral distribution of direct and diffuse solar 

radiation above, within and below the forest canopy in order to investigate the 

different radiation fields above, within and below the canopy under various sky 

conditions. We show evidence that diffuse photosynthetic active radiation (PAR) is 

penetrating the canopy to a greater extent compared to direct PAR. Furthermore, 

results show a more favourable light quality for photosynthetic activity when the 

radiation field is diffuse.  
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Chapter 3  

 

Paper II - CO2 Exchange and Canopy Conductance of Coniferous Forests  

    Under Various Sky Conditions. 

 

It has been established carbon dioxide (CO2) uptake by forest ecosystems is 

enhanced under diffuse skylight. We chose several days of eddy covariance (EC) 

and meteorological data recorded over the 2008 growing season in two Sitka spruce 

forests and divided them into the similar sky conditions as already introduced in 

paper I. The aim was to investigate the light response of photosynthesis under these 

diverse sky conditions and to study the relationship between different sky 

conditions (sunny/clear, cloudy and overcast) and canopy stomatal conductance 

(gc). We found that Sitka spruce forests utilise radiation in a more efficient way 

under diffuse radiation. Furthermore, our results show a distinctive effect of diffuse 

radiation on the canopy stomatal conductance gc.  

 

 

Chapter 4  

 

Paper III - A Relationship between Atmospheric Conditions and Tree Rings. 

 

The growth of trees depends on a number of climatological variables (paper I & 

paper II). An integration of short term and long term studies serves the 

investigation of the possible link of climatological variables, such as diffuse 

radiation and forest growth, over several decades in northern Britain. We found a 

surprising high correlation between Sitka spruce tree rings and galactic cosmic 

radiation, which itself has a positive, albeit controversial, influence on cloud cover 

and diffuse radiation. Furthermore, we could establish a relationship between the 

fraction of solar radiation that is diffuse and volcanic eruptions upwind (west) to 

the UK. 
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Chapter 5  

 

General discussion, Conclusions and Recommendations 

 

In this chapter we re-iterate the main findings, discuss them together and suggest 

lines for further research. 

 

 

Chapter 6  

 

Appendix 
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2. Influence of Clouds on the Solar Radiation Distribution in a Spruce Forest  

 

 

2.1. Abstract  

 

We compared the quantity (amount) and quality (spectral distribution) of direct and 

diffuse radiation above, within and below a forest stand under sunny, cloudy and 

overcast conditions in a thinned Sitka spruce [Picea sitchensis (Bong.) Carr.] forest (28 

years old, with an leaf area index of around 5).  

 

We found that there is a distinctive difference between direct (sunny) and diffuse 

(cloudy and overcast) radiation conditions inside the stand. We show evidence that 

diffuse photosynthetic active radiation (PAR) is penetrating the canopy to a greater 

extent compared to sunny conditions. Results show an enriched blue light inside the 

forest canopy, known to influence stomatal opening; also higher red:far red (R:FR) 

ratios under diffuse conditions, which is known to influence extension growth and 

allometrics.  

 

 

Key words: Diffuse radiation, spectral distribution, light quality, spruce,  

      light extinction coefficient. 
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2.2. Introduction 

 

The incoming solar radiation reaching the Earth surface is influenced by clouds 

through absorption, transmission and reflection, determining the percentage of 

incoming radiation that appears at the Earth’s surface as ‘direct’ or ‘diffuse’. It is 

well known that diffuse radiation, over a certain range of irradiance, enhances 

photosynthesis of terrestrial vegetation (Gu et al., 1999; Roderick et al., 2001; Gu et 

al., 2002; Farquhar & Roderick, 2003; Letts et al., 2005; Min, 2005; Urban et al., 2007; 

Mercado et al., 2009). Direct solar radiation is strong enough to cause light saturation 

of photosynthesis and possibly photo-inhibition (Powles, 1984; Krause, 1988; Long 

& Humphries, 1994) at the top of the canopy whilst under-saturation often occurs 

within the canopy and under-storey region as a result of shading. We hypothesise 

that optimal photosynthetic activity of the canopy is achieved under diffuse 

radiation (cloudy) conditions. Diffuse light may penetrate throughout the canopy 

illuminating all the leaves to some extent and providing a more evenly distributed 

radiation field.  

 

Pioneers like Monsi and Saeki (1953) were among the first to investigate light 

penetration through a plant canopy. The vertical profile of irradiance is 

approximated by the Beer-Lambert equation of light extinction, serving as the base 

of many transmission studies (Perry et al., 1969; Grace & Woolhouse, 1973; Norman 

& Jarvis, 1974; Lewandowska et al., 1977; Sinclair & Knoerr, 1982; Kurachi et al., 

1993; Serrano et al., 2000; Hale, 2001; Hale, 2003; Sonohat et al., 2004). However, the 

equation does not describe the complexity of the radiation field to which the leaves 

are exposed, neither the spatial, nor the temporal distribution, because the forest 

canopy is not homogeneous (Gholz et al., 1991; Smith et al., 1991; Vose et al., 1995). 

The diffuse radiation inside a forest canopy includes the fraction scattered by the 

foliage itself as well as radiation transmitted through the leaves and through the 

many gaps (Muller, 1971; Lee, 1987; Grant, 1997).  
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Sunflecks - their size, shape and duration and radiation distribution depend on the 

orientation and inclination of leaves within the forest canopy as well as the position 

of the sun in the sky (Federer & Tanner, 1966; Norman & Jarvis, 1974; Pearcy, 1990; 

Chazdon & Pearcy, 1991; Endler, 1993; Grant, 1997; Hardy et al., 2004) and are 

closely related to effective gas exchange and photosynthetic production (Sellers, 

1985; Kurachi et al., 1993). 

 

The observation that diffuse light is utilised more effectively than direct sunlight 

(Urban et al., 2007; Mercado et al., 2009) poses a number of questions to be addressed 

in the present work. The first is, to what extent is it true that light is distributed 

more evenly throughout the canopy under cloudy conditions; the second is, to what 

extent are spectral differences important in the response; and the third is, how 

important are the gaps, especially the gaps arising from management interventions. 
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2.3. Site description and Methodology 

 

Measurements were carried out in Griffin Forest (planted 1979 - 1983), Central 

Scotland (Clement et al., 2003; Clement, 2004). The site was row thinned in 2004 by 

removing every 5th row of trees. In addition, trees have been felled selectively 

resulting in a 30% removal of the forest stand (Fig. 2.1). The planting distance is 

around 2 m, with approximately 11 m from any mid-thinning line to the next 

(approx 1667 trees/ha, after thinning). The mean diameter at breast height (DBH) is 

37 cm, mean canopy height 18 m and the estimated leaf area index (LAI) is around 

5. A 115 m-long transect crossing 10 sections of 1 thinned and 4 planted rows with a 

North-South alignment was established in order to measure below canopy 

radiation.  

 

 
Figure 2.1: Sitka spruce [Picea sitchensis (Bong.) Carr.]. A Sitka spruce whorl seen from above (a) and 

below (b) as well as the canopy structure seen through a hemispherical lens. Visible are a distinctive 

thinning line (c) compared to a planted section (d) inside the forest. 

a b 

c d 
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The vertical and horizontal leaf area index (LAI) distribution was estimated from 

hemispherical images taken with a Nikon digital camera (Coolpix 4500, Nikon 

Corporation, Tokyo, Japan) with an attached fish eye lens (Fish-eye converter FC-E8, 

Nikon Corporation, Tokyo, Japan). Images are taken according to protocols used by 

Chen et al. (1997); van Gardingen et al. (1999); Inoue et al. (2004); Jonckheere et al. 

(2004) and are processed with the scientific image processing software Gap Light 

Analyzer (GLA) (Forest Renewal BC, Frazer S., 1999). When calculating LAI from 

hemispherical images in coniferous forests a correction value, known as the 

clumping index (van Gardingen et al., 1999) is necessary to accommodate the 

structural aspects of the canopy (Fig. 2.1). The clumping index value has been 

calculated from several transect measurements in Griffin forest during the growing 

season 2007 and 2008 and was found to be 0.98.  

 

For vertical LAI distribution along the tower we mounted the camera on a pole 

which was positioned away from the tower at various heights. Since the tower is 

obstructing each of these images, images were pre-processed prior to LAI analysis. 

All images have been halved to exclude the tower and then reconstructed by 

mirroring. This way we were able to estimate the vertical LAI distribution. All 

methods of LAI determination include stems. In deciduous trees the ‘stem area 

index’ is found during the leafless phase, whereas in evergreen trees this is not 

possible. Norman & Jarvis (1974) estimated the ratio between woody areas to the 

total to be 0.23 for the same species. No correction for stem was made.  

 

Radiation penetration was measured using two spectroradiometers (GER1500, 

Spectra Vista, New York, USA), both fitted with cosine diffusers, permitting 

comparison of spectral photon flux in the canopy with simultaneously measured 

light in an open area. In this case, the ‘open’ site was above the canopy, on a 22 m 

scaffolding tower, and measurements were made at intervals through the canopy. 

The GER1500 instruments have a sampling resolution of 1.5 nm over the spectral 

range of 350 - 1050 nm. The spectral resolution is 3 nm which is recorded over 512 

channels. The effective spectral resolution can be somewhat increased by applying 

post-processing methods, described in Walker (2009).  
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This band width includes parts of the ultra-violet (300 - 380 nm), the visible light 

(380 - 750 nm) and parts of the far and near infra-red bands (750 - 1050 nm). 

 

All spectral measurements were undertaken following set protocols around solar 

noon (± 1h) during the summer of 2008. Tower and transect scans were undertaken 

on the same day within 30 min of each other. Several scans were performed at each 

metre along the tower (vertical profile), while the scans recorded for the horizontal 

gradient were measured at 2.5 metre intervals along the transect. Recordings were 

carried out under (i) clear conditions, (ii) altostratus (As) cloudy conditions and (iii) 

on an overcast day with a stratocumulus (Sc) cloud cover. In all cases light 

conditions did not change significantly over the measuring period. 

 

Values of photosynthetically active radiation (PAR) were calculated by adjusting 

irradiant energy to quanta (µmol m-2s-1) and integrating from 400 - 700 nm (Bell et al., 

2000; Combes et al., 2000): 
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where the limits of wavelength ( λ ) were 400 and 700 nm. Blue light (B) was 

calculated as: 
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nm

nm

EhB

460

430
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where the limits of wavelength (λ) were 430 and 460 nm, which are within the 

margins of the blue light which evokes stomatal opening, described in Kuiper 

(1964); Mansfield & Meidner (1966); Sharkey & Raschke (1981); Zeiger & Field 

(1982); Karlsson (1986); Eisinger et al. (2000) and Briggs & Christie (2002). E is the 

spectral irradiance, h is the Planck constant and υ  is frequency, given by 1/ λ . The 

wavelength increments used for the numerical integration were 1 nm.  

The transmissivity of blue light (τSky - eqn. 3) has been calculated as the ratio of B at 

the height h and B at 22 m (top of tower): 

22B

Bh
Sky =τ       (3) 
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Herefrom we compared the blue transmisivity of the two diffuse conditions (τB) and 

the blue light transmisivity on the clear day (τClear). These values were then used as 

an indication of blue light enrichment inside the forst canopy (eqn. 4): 

Clear

Sky

B
τ

τ
τ =       (4) 

For an indication of photomorphogenetic response, light quality may be stated as 

the red:far red (R:FR) ratio of incident radiation and expressed as (Heyward, 1984; 

Holmes & Smith, 1977): 
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where Eλ  is the spectral irradiance (eqn 5). Holmes & Smith (1977) note that ζ (R:FR) 

remains more or less constant over the year and during the day, whereas within the 

canopy it is additionally dependent on the interaction of the light beam with 

photoelements. 

 

Below-canopy PAR was also measured with a mobile handheld TRAC (Tracing 

Radiation and the Architecture of Canopies - Leblanc et al., 2002) (3rd Wave 

Engineering, Nepean, CND) device, recording continuously at 32 Hz frequency 

along the same transect, resulting in a high resolution data set (> 50,000 data points 

per transect, about 175 per metre). It gives incoming total, diffuse and reflected (off 

the ground) PAR values, but also calculates LAI, ƒAPAR, gap fraction and gap 

dimension. These measurements were made near solar noon. The sensor was 

manually moved along the transect. The standard walking pace while continuously 

recording is 0.3 m s-1 in order to ensure a high resolution data set. Methods and 

theory description can be found in Chen & Cihlar (1995); Leblanc et al. (2002); 

Privette et al. (2002); Leblanc et al. (2005) and Leblanc (2008). 
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2.4. Results 

 

 
Figure 2.2: Spectra recorded above, within and below canopy (left panel) and their normalised values 

right panels. The three spectra correspond to three sky conditions (see key, lower right).  
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Fig. 2.2 (left panel) enables comparison of the spectra above (22 m) and within the 

canopy at 8 m, 2 m and at ground level. In Fig. 2.2(right panel) the data are 

normalised to their minima and maxima to make comparison of spectra easier. The 

incoming radiation does not differ much between the sky-types. All spectra of 

incoming radiation show the expected features: they have their peak spectral 

irradiances in the blue region at around 480 nm; both oxygen absorption bands are 

clearly seen (687 and 761 nm), and so are the large water absorption bands at 

around 730 and 940 nm.  

 

Within the canopy (8 m) some important differences are seen between the sky-types. 

Under both cloudy conditions there is relatively more ultraviolet and blue radiation 

and relatively more radiation in the red and far-red regions of the spectrum. Much 

less of the incoming radiation is received from 400 to 750 nm in the case of the clear 

sky compared with the cloudy conditions. We may conclude that the upper part of 

the canopy has absorbed a large fraction of the incoming PAR. There are some 

differences between the spectra of the cloud types: the radiation from altostratus has 

relatively more energy in the visible and particularly in the shorter wavelengths 

(Fig. 2.6b). Below the canopy, at 2 m, these differences persist (Fig. 2.6b). However, 

at ground level we have recorded unexpectedly high irradiances under clear skies, 

enriched in the region of 500-700 nm. There is also an observed distinct steep 

increase in the far-red on clear days leading to similar values in the near infrared to 

cloudy and overcast days. Both cloudy scenarios show around 4 times more blue 

light inside the canopy compared to the clear sky scenario (Fig. 2.3).  

 

The spectra were numerically integrated between 400 and 700 nm to yield values of 

PAR. Above the canopy on top of the 22 metre tall tower PAR was approximately 

1600 µmol m-2 s-1 on the sunny day, 1000 µmol m-2 s-1 in altostratus, As and 400 µmol 

m-2 s-1 under stratocumulus, Sc. The mean PAR and LAI distributions down the 

vertical profile and the transmissivity (τ) values associated with them are shown as 

attenuation curves in Figs 2.4(a), 2.4(b) and 2.4(c) respectively. The attenuation of 

direct radiation (‘clear’) is rapid at first (13-16 m), and then the location of the sensor 

happened to coincide with a sunfleck, which has produced a very high signal. 
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Under cloudy conditions the curves are relatively smooth, showing gradual 

attenuation on passing through the canopy.  

 

 

 
Figure 2.3: Ratio between Blue light transmissivity under various cloudy conditions and blue light 

transmissivity on the sunny day. (a) represents the ratio along the vertical profile. The thick black line 

represents the Altostratus sky type, while the thick grey line represents the overcast conditions. Both 

are shown after the sunfleck as been removed. Thin dotted line shows the distribution when sunfleck 

data is included. (b) represents the ratio along the transect for the overcast condition. 

a 

b 
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Figure 2.4: Radiation and transmissivity distribution - Griffin forest. Photosynthetic active radiation 

(PAR) along vertical profile (a) recorded under three different sky conditions: clear sky (‘Clear’), 

Altostratus cloud cover (‘As’) and under overcast conditions with Stratocumulus clouds (‘Sc’). Leaf 

area index (LAI) in successive 2 m bands and cumulative LAI (cLAI) (b) and the calculated 

transmissivity (c) along profile. 22 m indicates the top of the tower. Canopy height is approx 18 metres 

(d). The reproduction of the canopy is from Hecker (2006), reproduced with permission of the 

publisher BLV-Munich. 

 

 

These data may be presented as a classical Beer-Lambert log-plot, wherein the slope 

may be used to yield the attenuation coefficient (k). In this case the classical Beer-

Lambert approach applied only to diffuse conditions as seen in Fig. 2.5-B and 2.5-C 

with coefficient values of 0.8 and 0.7 respectively. Under sunny conditions this 

approach is unsuitable due to the inhomogeneous vertical distribution of foliage 

and the very high radiation attenuation within the upper canopy layer, resulting in 

k being 1.2.  

Under sunny conditions the Beer-Lambert log-plot cannot be represented by a 

single straight line (Fig. 2.5-A1-A3). Overall, the result shows that under sunny 

conditions a very high fraction of PAR is absorbed or reflected at the top of the 
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canopy, and therefore much less remains after a leaf area index of 1.5 (in the main 

canopy). 

 

 
Figure 2.5: Transmissivity and attenuation curve according to the Monsi & Saeki (1953) method.  

Transmissivity and light attenuation through the forest canopy after applying the Beer-Lambert 

attenuation law. Grey triangles (B) represent As data, black squares represent Sc data and black dots 

and circles represent clear sky conditions. Values of the attenuation coefficient k extracted from Fig. 2.5 

are shown in Table 2.1. 

 

 

Sky type Canopy part 
k 

(dimensionless) 
r2 

Altostratus all 0.87 0.96 

Stratocumulus all 0.79 0.98 

Clear all * 1.19 0.89 

 top canopy 5.2 0.82 

 main canopy 0.61 0.99 

 
below 

canopy 
0.79 0.93 
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Table 2.1: Values of the attenuation coefficient (k), extracted from Fig.2.5. * fitted Beer-Lambert curve 

not shown on graph. 

 

 

The horizontal heterogeneity at the forest floor was surveyed, first by using the 

spectroradiometer, and performing the numerical integration as described above to 

obtain PAR. The distribution of transmitted PAR along the forest floor shows clearly 

the thinning lines, and indicates that there is more diffuse PAR reaching the forest 

floor (Fig. 2.6b). Direct sunflecks could not be recorded during these measurements 

(they are very short-lived and often missed during point measurements along 

transects). However, a very bright region was observed around the 85th m (Fig. 2.5a 

& b). Such features occur in areas where several neighbouring trees are missing due 

to row and selective thinning within a very small spatial area. Additional 

measurements along this transect were done with the TRAC sensor, and, due to the 

high spatial resolution, they show a very high occurrence of sunflecks (Fig. 2.7).  
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Figure 2.6: Distribution of photosynthetic active radiation (PAR) along a 115 m long transect. 

Horizontal distribution of PAR measured along the transect (a) and the transmittance (b).  

Measurements have been done only on a clear (black bold line) and under overcast conditions with 

Stratocumulus clouds, shown in grey. 

Measurements with the TRAC device were carried out on several occasions. For the 

current study only those days representative for our investigation (same or similar 

above-canopy incoming radiation) have been chosen. For presentation, two 

representative days per sky condition are displayed. In clear-sky conditions the 

huge variation caused by sunflecks is seen (Fig. 2.7), often reaching several hundred 

µmol of photons m-2 s-1, superimposed on a background that varies systematically 

according to the presence of thinning rows, from a minimum of about 3 to a 

maximum of about 20 µmol m-2 s-1 . Cloudy conditions (Fig. 2.8) show highly regular 

behaviour, closely resembling the ‘background’ values shown in the previous 

Figure, although about 50% higher.  
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Figure 2.7: Below canopy PAR measurements under sunny conditions. Measurements were carried out 

on a clear sky day (see main text). Global radiation is marked with a bold grey line (diffuse radiation = 

global radiation - direct radiation). The black bold line is the diffuse component measured 

simultaneously. TRAC has a shading strip in order to keep direct sunlight out of the ‘diffuse’ sensor 

head. The insert graph has been reproduced with a logarithmic scale for clarity. 

 

 
Figure 2.8: Radiation distribution under overcast conditions. Measurements were carried out on an 

overcast day (see main text). The bold grey line, just visible, shows the global and the black bold line 

illustrates the diffuse component. The insert graph has been reproduced with a logarithmic scale for 

clarity. 

 

 

TRAC data from four days were accumulated into ‘bins’ of 5% transmittance classes 

to investigate the frequency distributions of irradiances according to class (Fig. 2.9). 

The data are presented on a logarithmic scale to make comparison easier. The clear 

and cloudy data form two distinct patterns. In the case of ‘clear’, 95% of the 

measurements show a penetration through the canopy of only 0-5%; whereas in the 

‘overcast’ case, 95% of the measurements show 0-20% penetration. We may 
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conclude that diffuse radiation penetrates the canopy to a greater extent. High 

energy sunflecks are evident in the long ‘tail’ of the graph: but only 1.5% of all the 

measurements in direct sunlight fall in a penetration class of more than 50%.   

 

 
Figure 2.9: Classification of accumulated measurements, using TRAC. Data were accumulated and 

distributed into 5%-transmitttance classes. Black dots represent ‘sunny’ values while grey dots 

represent ‘overcast’ values.  

 

 

Fig. 2.10a illustrates the red far-red ratio along the vertical gradient while Fig. 2.10b 

shows the results from the horizontal transect measurements. The ratio in the 

canopy shows a different pattern for clear skies than for cloudy skies. In clear 

conditions, there is a region of the canopy with very low red:far-red ratio, usually 

indicative of deep shade (Fig. 2.10a). However, there is a considerable spatial 

variation, as the horizontal data set shows (Fig. 2.10b). In large gaps, like the one at 

40 m and 85 m, the clear-sky R:FR is high. Usually, however, it is low. 
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Figure 2.10: Vertical and horizontal distribution of light quality in a coniferous forest. Light quality 

(R:FR) measurements along the vertical profile (a) and horizontally along the transect (b). Clear sky 

conditions are represented in a thick black line, the thick black line represents the As data set while 

bold grey lines represent the overcast conditions.  
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2.5. Discussion 

 

2.5.1. Contrasting light attenuation under cloudy versus clear skies 

 

It is evident that there are profound differences in the transmissivity of solar 

radiation from the different sky conditions. The most important of these is the 

extent to which the direct sunlight is absorbed or reflected near the top of the 

canopy, shown by the attenuation patterns (Figs 2.3 & 2.4) and is therefore not 

available for photosynthesis lower down in the canopy. It is also shown, quite 

independently, by the extent to which the diffuse radiation is relatively more 

enhanced at the forest floor (Fig. 2.6) and by the distribution of ground-level data 

between transmission classes (Fig. 2.9). This general feature was also shown by 

Morgan et al. (1985) for pine canopies and more recently by Leuchner et al. (2005); 

Navratil et al. (2007) and Urban et al. (2007) for Norway spruce. The vertical profile 

we describe may suffer from bias, because it is a single location measurement (close 

to the tower), yet the ground measurements, which do represent a large spatial 

sample, show consistent results.  

 

The vertical profile under sunny conditions demonstrates only a poor fit to the Beer-

Lambert Law. There is identifiable variation in the calculated value of the 

attenuation coefficient k, as was also shown by Norman & Jarvis (1974) and 

Lewandowska et al. (1977), who obtained similar k-values to those reported here. 

We presume that the explanation of this variation lies in the variable structure as 

one proceeds from the top to the bottom of the canopy: near the top the leaves are 

densely crowded on the stems, whereas near the bottom leaves are thin, sparse and 

attenuation is dominated by braches and stems (Norman & Jarvis, 1974; Schulze et 

al., 1977; Ford, 1982; Leverenz et al., 1982; Stenberg et al., 1998). This variation is 

illustrated by the hemispherical photographs (Fig. 2.1(c & d), where the image at 

ground level is dominated by woody tissue rather than leaves. 
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2.5.2. Gaps and sunflecks determine spatial patterns 

 

Under clear skies the occurrences of gaps in the crown, which are sometimes short-

lived and wind-dependent (Federer & Tanner, 1966; Pearcy, 1990; Chazdon & 

Pearcy, 1991), are spots where the direct radiation beam, or some fraction of it, 

penetrates into the canopy, sometimes as far as the forest floor (Stenberg, 1995). 

They create highly illuminated areas where the incident light can in extremis reach 

higher values than above the canopy itself due to a high proportion of scattering of 

radiation on the surrounding branches (Muller, 1971; Kueppers et al., 1997). Sunfleck 

spectra are similar to incident radiation (Endler, 1993; Combes et al., 2000; de Castro, 

2000) and may also be areas with transient higher temperatures, which in some 

cases may have physiological significance. Sunflecks also have red:far-red (R:FR) 

ratios (Fig. 2.10) close to those measured above the canopy (Reitmayer et al., 2001).  

 

Leverenz & Jarvis (1979, 1980) determined light response curves of this species 

under controlled conditions and found saturation at around 500 µmol photons m-2s-1, 

a value which is often exceeded at the top of the canopy. If the uppermost level of 

canopy is experiencing an over-saturation of light and also encountering the highest 

shoot temperatures in the forest, it is possible that stress responses such as closure 

of stomata may occur (in this species stomata respond strongly to leaf-to-air vapour 

pressure difference in a self protective way (Grace et al., 1975; Neilson & Jarvis, 1975; 

Alton et al., 2007). Other stress responses such as photoinhibition are also possible 

(Powles, 1984; Krause, 1988; Long & Humphries, 1994). Thus, along the sunfleck-

pathway, such effects may contribute to under-activity of photosynthesis in relation 

to the level of incident radiation (Pearcy, 1990).  

 

At the forest floor a complex spatial pattern of sunflecks is seen (Fig. 2.6). The 

intensity of the sunflecks shows that almost always they are penumbral (i.e. they are 

nearly always less than they would be if the solar disc were visible, Stenberg, 1995). 

They appear not in the thinning lines but below the trees themselves: under clear 
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sky conditions there is a lateral shift in the total penetrated radiation compared with 

the diffuse skies. This phenomenon is visible because the lines in this forest happen 

to be oriented East-West, and at the prevailing solar angles (max 10° (Dec) - max 56° 

(June)) the beam must pass through a large thickness of canopy in order to reach the 

ground.  

 

 

 

2.5.3. Spectral effects 

 

The spectral distribution of radiation is very important for plant growth and 

morphogenesis, (Endler, 1993; de Castro, 2000; Galen et al., 2004; Escobar-Gutuiérrez 

et al., 2009). The spectral distribution of incoming solar radiation was similar under 

all three sky conditions. However, substantially more energy in the 

photosynthetically active wavebands penetrated the canopy in the case of diffuse 

skies (Fig. 2.6). There was particularly more blue light (440-470 nm) within the 

canopy under cloudy skies (Fig. 2.2, Fig. 2.3), possibly a result of multiple reflections 

and scattering involving the waxy abaxial surfaces of needles (Fig. 2.1) (Jeffree et al., 

1971; Reicosky & Hanover, 1978; Cape & Percy, 1993). Blue-enrichment may have 

important implications for stomatal control. Morison & Jarvis (1983) reported that 

blue wavelengths are more effective in causing stomatal opening than red 

wavelengths while the opposite is the case for carbon dioxide assimilation. Smith 

(1982) reported that at low PAR stomata open only in response to blue, red light 

being ineffective; thus, if this is a general result, we may conclude that the 

conditions of diffuse radiation in the present case are especially conducive to 

stomatal opening in the lower regions of the canopy, where PAR is low in all three 

conditions. 

 

As in most coniferous canopies, the light is only slightly green-enriched, compared 

with what is usual in broadleaved trees and herbaceous crops (Lichtenthaler et al., 

1996; Knapp & Carter, 1998).  
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This characteristic is partly the result of the large amount of stems which constitute 

the canopy, and partly because of the structure and orientation of the coniferous 

shoot and the needles they hold (Norman & Jarvis, 1974; Leverenz et al., 1982). This 

structural aspect is clear from the hemispherical photographs in which rather little 

leaf is visible. In this species Norman & Jarvis (1974) estimated the ratio between 

stem and branches, as being the woody area, to the total canopy area including 

green and nongreen areas (Chen 1996a, 1996b) to be as high as 0.23.  

 

Within the canopy there is a very high proportion of near infrared under all three 

sky conditions (Fig. 2.2). This is not surprising, as leaves generally transmit as much 

as 50% of incident radiation at this waveband and reflect much of the remaining 

(Middleton & Walter-Shea, 1995; Middleton et al., 1997; Knapp & Carter, 1998; 

Combes et al., 2000; Carter & Knapp, 2001). On the other hand, in the chlorophyll-

absorbing region of the red, leaves transmit rather little energy; therefore, the ratio 

of red to far red is dictated by the presence of leaves. This aspect of light quality has 

received much attention. The decline (Fig. 2.10) in the red:far red (R:FR) has long 

been known and has been linked in numerous studies to aspects of 

photomorphogenesis (see reviews by Federer & Tanner, 1966; Smith, 1982; Morgan 

et al., 1985; Endler, 1993; Smith & Whitelam, 1997; Lieffers et al., 1999; Capers & 

Chazdon, 2004; Leuchner et al., 2005; Pecot et al., 2005; Wherley et al., 2005; Chelle et 

al., 2007; Leuchner et al., 2007 and Navrátil et al., 2007).  

 

Smith (1982) indicates that the blue-absorbing photoreceptor acts to measure light 

quantity and that the pigment phytochrome can act to detect the red:far-red ratio 

(R:FR) as an indicator of light quality. This ratio also regulates important aspects of 

plant growth including stem elongation in plants (Smith, 1982; Corre, 1983; Ballare 

et al., 1991; Assmann, 1992; de la Rosa et al., 1998; Franklin & Whitelam, 2005; Pecot 

et al., 2005; Wherley et al., 2005).  

 

 

 



 66 

Ritchie (1997) reported the ability of Pseudotsuga menziesii seedlings to detect the 

presence of nearby trees via changes in light quality and the ability to adjust their 

growth allometry. In particular, most researchers (Smith, 1982; Corre, 1983; Ballare 

et al., 1991; Assmann, 1992; de la Rosa et al., 1998; Franklin & Whitelam, 2005; Pecot 

et al., 2005; Wherley et al., 2005) find that low R:FR increases stem elongation , but 

also many other factors: growth rate, shape and, in the present case, this may have 

implications for the adjustment to light and competition, and the optimisation of 

branch location in the canopy. Furthermore, Kasperbauer (1971, 1987) showed that 

row spacing and orientation (in tobacco plants) are also important regarding light 

quality. Wherley et al. (2005) reported that high R:FR ratios promoted greater 

chlorophyll production in turfgrass by influencing phytochrome equilibrium. 

Leuchner et al. (2007) indicate that a reduction of the R:FR ratio is a strong indicator 

for competition. In the present study, we have found that the R:FR ratio in the 

canopy is much lower under clear skies, indicating a lower photomorphogenical 

‘light quality’ (sensu Smith, 1982) than under diffuse conditions. 
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2.6. Conclusion 

 

 

We showed that diffuse PAR is penetrating better through the forest canopy due to 

the ability of the forest to act as a neutral filter under diffuse conditions and also due 

to an increased scattering and reflection of the foliage itself. Below the active crown 

PAR appears very similar under all three conditions, though blue being more 

enriched under diffuse conditions, enhancing stomatal opening. It becomes clear 

that for the all-canopy photosynthesis diffuse PAR is preferred.  

We further suggest that apart from having a vertical shift between direct and diffuse 

radiation inside forest canopies we are also experiencing a lateral shift in radiation 

under various conditions. Concluding, it can be said that depending on sky 

conditions we are experiencing not only a vertical shift in light quantity and light 

quality but also a lateral shift inside the canopy leading to a different photosynthetic 

response (see the next chapter).. 

 

Furthermore, spectra recorded under these diverse conditions and influenced by 

associated spectral shifts due to absorption, reflectance or scattering inside the forest 

canopy leads to the conclusion that radiation inside the photosynthesising canopy 

caused by diffuse skies is qualitatively better than radiation inside the canopy under 

clear skies. We could show how the spectral distribution of radiation is changed by 

the foliage itself, and how trees are regulating their coexistence and achieve higher 

photosynthetic activity under diffuse cloudy and overcast conditions. 
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3. CO2 exchange and canopy conductance of coniferous forests under 

various sky conditions 

 

 

3.1. Abstract 

 

Sky conditions play an important role in the Earth’s climate system and carbon 

dioxide (CO2) uptake by plants. It is well known that the CO2 uptake by forests is 

enhanced under diffuse skylight.  

We chose several days of eddy covariance (EC) and meteorological data, including 

global and diffuse photosynthetic active radiation (PAR), recorded over the 2008 

growing season at two Sitka spruce [Picea sitchensis (Bong.) Carr.] forest sites in 

northern Britain, in order to establish relationships between diverse sky conditions, 

such as (i) sunny, (ii) cloudy and (iii) overcast and several canopy activity related 

properties. These properties are (a) light response, (b) photosynthetic light use 

efficiency (LUE) and (c) canopy stomatal conductance (gc) of this spruce species. We 

found that Sitka spruce forests utilise PAR in a more efficient way when solar 

radiation is dominated by diffuse radiation. Furthermore, our results show a 

distinctive effect of diffuse radiation on canopy stomatal conductance and the 

dependency of photosynthesis on gc. 

 

 

Key words: diffuse radiation, canopy conductance, CO2 exchange, light response, 

spruce. 



 79 

 

3.2. Introduction 

 

Water vapour (H2O) and carbon dioxide (CO2) play crucial roles in the climate 

system, and both are exchanged between vegetation and the atmosphere through 

stomata (Anderson et al., 2000; Blanken & Black, 2004; Kumagai et al., 2004), which 

constantly modify the resistance to gas exchange in response to changing 

environmental conditions to maintain plant growth while minimizing water loss 

(Beadle et al., 1985; Jarvis & McNaughton, 1986; Leuning, 1995; Anderson et al., 2000; 

Buckley, 2005). 

The major role of stomata is to limit the exit of water vapour which evaporates from 

the cell walls in contact with air spaces within the leaf, whilst at the same time 

allowing entry of CO2 for photosynthesis. The extent to which stomata conduct 

water vapour and carbon dioxide at the canopy scale (i.e. canopy conductance, gc) 

depends on the amount of leaves and several environmental controls (Kaufmann, 

1976; Blanken, 2002; Kumagai et al., 2004).  

 

An over-riding environmental factor influencing water loss, photosynthesis and 

canopy conductance is solar radiation (Kaufmann, 1976; Zeiger, 1983, 1990). 

However several authors have shown that gas exchange at canopy scale depends 

not only on the incident solar radiation but also on the sky conditions (Gu et al., 

1999; Roderick et al., 2001; Gu et al., 2002; Gu et al., 2003; Letts et al., 2005; Min, 2005; 

Urban et al., 2007; Mercado et al., 2009); in particular, under diffuse skylight the rate 

of photosynthesis is enhanced. On a global scale, this phenomenon is a matter of 

great significance in relation to the likely stimulation of plant productivity by 

aerosols, particularly anthropogenic pollution (Roderick et al., 2001; Farquhar & 

Roderick, 2003; Mercado et al., 2009). Diffuse light is thought to penetrate more 

deeply into the canopy, and may have spectral characteristics that elicit stomatal 

opening (Urban et al., 2007).  
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Previous measurements (Dengel et al., previous chapter) have shown that light 

quality (spectral distribution) and quantity (amount) measured under (i) sunny 

conditions (ii) Altostratus cloud cover and (iii) during overcast conditions differed 

substantially within the forest canopy. The blue (400-500 nm) and the red (600-700 

nm) part of the photosynthetic active radiation (PAR - 400-700 nm) band are 

important wave bands and a much higher proportion of blue light was observed 

under diffuse sky conditions within the Sitka spruce canopy than under sunny 

conditions. Smith (1982) reports that the opening of stomata is controlled by both 

light quantity and light quality, while Morison & Jarvis (1983) demonstrated that 

blue wavelengths are more effective in causing stomatal opening than red 

wavelengths while the opposite is the case for net CO2 assimilation. Similar findings 

were reported by Zeiger (1983), noting that an increase in far-red light increased 

photosynthesis without affecting stomatal conductance. Blue light has a positive 

effect on opening of stomata (Raschke, 1975), with blue light being up to 20% more 

effective in opening stomata than red light (Willmer, 1983; Karlsson, 1986; Eisinger 

et al., 2000; Briggs & Christie, 2002). 

 

At a larger scale, other factors influencing photosynthetic and stomatal 

characteristics of the foliage have been reported by Sch��fer et al. (2000) as being tree 

height and by Jarvis (1987) as being social status of trees, position of the foliage in 

the vertical in the horizontal, branching hierarchy and age of leaves. All these 

factors may interact with the manner in which radiation penetrates the plant 

canopy, and are dependent on the management of the forest. Thinning, for example, 

will affect the distribution of light and hence alter rates of photosynthesis 

 

In this chapter we report the carbon dioxide exchange characteristics of Sitka spruce 

plantations under different conditions of skylight i.e. direct and diffuse. We examine 

the hypothesis that the photosynthetic response is constrained by stomatal 

conductance which varies between conditions of direct versus diffuse radiation. 
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3.3. Sites and methods 

 

3.3.1. Site characteristics 

 

Half-hourly eddy covariance measurements (Priestley & Swinbank, 1947; Desjardins 

& Lemon, 1973; Bakan, 1978; Baldocchi et al., 1988; Moncrieff et al., 1997; Aubinet et 

al., 2000; Baldocchi, 2003), including fluxes of CO2 (Fc), H2O (latent heat - λE) were 

measured following methods described in Moncrieff et al. (1997) and Aubinet et al. 

(2000) at two Sitka spruce [Picea sitchensis (Bong.) Carr.] forests. The sites were: 

Harwood (Northumberland, England) (Zerva et al., 2005; Ball et al., 2007) and Griffin 

(Perthshire, Scotland) (Clement et al., 2003 and Clement, 2004), two managed 

plantations of similar age. The forests are very similar, except for the fact that Griffin 

has had a management intervention, 1 in 5 rows having been removed in 2004. The 

Harwood site is located in a plot planted in 1976 with a leaf area index (LAI) of 7, 

while Griffin is located in a plot planted on a 7° slope in 1982 and thinned in 2004 

with a current LAI of around 5. Flux measurements in Harwood were done with a 

closed path system (Jarvis, 1995; Moncrieff et al., 1997; Haslwanter et al., 2009), while 

flux measurements in Griffin were done with an open path system (Haslwanter et 

al., 2009). These measurements were accompanied by high resolution global (Qg) 

and diffuse (Qd) photosynthetic active radiation (PAR) measurements using a Delta-

T BF3 (Delta-T Devices Ltd, Burwell, UK) (Wood et al., 2003; Muneer et al., 2007) 

sunshine sensor as well as temperature (Ta), relative humidity (Rh) (Campbell 

Scientific, Utah, USA), surface wetness (Sw) (Skye Instruments, Llandrindod, UK) 

and several other meteorological variables.  

 

Data used in the current study were recorded over the 2008 growing season and 

divided into spring/bud break (May-June) and summer/growing (July-October) 

periods. Furthermore single days were chosen which show the same or similar 

radiation conditions as used for the previous experiment (Dengel et al., previous 

chapter) in order to investigate light response and canopy conductance at these two 
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spruce forest locations. In order to reproduce possible cloud cover types, we 

followed methods found in Falconer (1965); Duchon & O’Malley (1999) and Calbo et 

al. (2001). These were sunny days where the diffuse fraction was lower than 0.3 

(Urban et al., 2007), days with diffuse fraction > 0.3, as well as overcast days where 

diffuse fraction was > 0.95. 

 

 

 

3.3.2. Flux measurements 

 

The eddy covariance (EC) setup in Harwood includes a closed path system, 

described in Jarvis (1995) and Moncrieff et al. (1997), which includes the fast 

response (20Hz) Li-6262 infra red gas analyser (IRGA) (LI-COR, Lincoln, NE, USA) 

which measures carbon dioxide (CO2) and water vapour (H2O) fluxes. This setup 

uses nitrogen (N2) as a CO2/H2O free reference gas and requires a continuous flow 

of a reference gas through the reference cell. The ultrasonic anemometer used in this 

setup is manufactured by Gill (Solent R3, Gill Instruments, Lymington, UK). Sample 

air is drawn through a Dekabon™ tube (Megaflex Ltd, Southwell, UK) and through 

the gas analyser by a diaphragm pump. The eddy covariance data were acquired 

with EdiSol, the software developed and written at the University of Edinburgh 

(Moncrieff et al., 1997; Clement, 2004) and originally derived from EddySol (Jarvis, 

1995). EdiSol calculates real-time fluxes of carbon and water vapour, as well as 

sensible and latent heat, along with momentum and displays them in a user friendly 

way on a common Laptop PC as part of the logging system. 
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3.3.3. Light response and photosynthetic capacity 

 

Ecosystem respiration (Re) was calculated for each half-hour from site-specific 

relationships between nocturnal net ecosystem exchange (NEP) and air temperature 

following Goulden et al. (1997); Law et al. (2002) and Nichol et al. (2002).  

 

Windy (u* > 0.2 m s-1) night time flux data were plotted against air temperature (Ta) 

measured on top of the eddy flux towers and the exponential function of 

                                            Re = aebTa           (1) 

fitted, where Re is respiration, a and b are constants and Ta air temperature. e is the 

base of the natural logarithm. Daytime respiration was calculated from this function 

using daytime air temperature. GEP was calculated by removing the temperature 

corrected respiration from NEP.  

 

Many authors (Watts et al., 1976; Jarvis, 1987; Causton & Dale, 1990; Jarvis, 1994; 

Raupach, 1995; Ruimy et al., 1995) assume a rectangular hyperbola relationship 

between canopy photosynthesis and photosynthetic active radiation (PAR) where 

the rectangular hyperbola gradually approaches a maximum rate of photosynthesis, 

as PAR increases. The response is asymptotic, and the parameters depend on leaf 

photosynthetic properties and environment.  

                                       ( )
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with 
2COF  describing the photosynthetic light response, Qg incident global PAR 

(µmol m2 s-1), Amax the maximum gross photosynthesis at infinite irradiance and b is 

the PAR value at which half of the photosynthetic saturation is occurring. In our 

case equation (2) describes gross photosynthesis, and so the curve passes through 

the origin. Amax/b is the gradient of the curve at Amax = 0, representing the 

photochemical efficiency (LUE) (Causton & Dale, 1990). This calculation was done 

for the entire season with selected days grouped into the three scenarios mentioned 

above. 2008 was a very wet growing season where sunny days were very rare.  
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Only one sunny day per growing period could be used for Harwood in the current 

investigation. For cloudy and overcast analysis 3 or more days were used. All days 

used for analysis were completely dry days. 

 

 

 

3.3.4. Canopy conductance and photosynthetic capacity 

 

Canopy conductance (gc) was determined for the same groups of days. These were 

(i) sunny days where the diffuse fraction was lower than 0.3 (Urban et al., 2007), (ii) 

bright cloudy days with very high global and higher diffuse fraction (> 0.3) and (iii) 

overcast days where diffuse fraction was > 0.95.  

Canopy conductance (gc) was determined by rearranging the Penman-Monteith 

equation (e.g. Bernhofer et al., 1996; Blanken & Black, 2004; Clement, 2004; Harris et 

al., 2004; Kumagai et al., 2004; Komatsu et al., 2005; Urban et al., 2007): 
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where in eqn. (3) gc is the canopy conductance, s the rate of the increase of saturation 

vapour pressure with air temperature, γ  the psychrometric constant, β the Bowen 

ratio (ratio between sensible and latent heat), ga the aerodynamic conductance, ρa 

density of dry air, cp the specific heat of air, D
a
 saturation deficit and λE is the latent 

heat flux obtained from eddy covariance measurements. 

Aerodynamic conductance was estimated according to Thom (1975); Granier et al. 

(2000); van der Tol et al. 2003 as follows: 

                                                  
( )[ ]0

2

/zdzln

uk

−
=ag ,     (4) 

where k is the von Karman constant (0.41), u the wind speed measured at the height 

z. z
0
 is the surface roughness (=0.1h where h is the mean canopy height) and d the 

zero plane displacement (=0.64h) (Cowan, 1969; Seginer, 1974) (eqn 4). 
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3.4. Results 

 

3.4.1. Light response estimates - seasonal variability 

 

Light response curves were estimated for both forest sites and separated by growing 

periods into spring (bud break season) and summer (growing season). Results are 

illustrated in Figure 3.1, representing Harwood forest in Fig. 3.1 (a & b) and Griffin 

forest in Fig. 3.1 (c & d). Data points were left out for clarity. There are distinctive 

similarities but also differences between the two sites. Light use efficiency estimates 

were derived as the initial slope of these curves and can be found in Table 3.1. 

 
Figure 3.1: Photosynthetic light response curves for Harwood (a & b) and Griffin Forest (c & d).  

Data have been separated into three sky types i.e. sunny, cloudy and overcast. Due to bad weather 

conditions during the entire 2008 growing season only 1 sunny/clear day per growing period could be 

used for Harwood. 6 days each were used for cloudy conditions and 3 days each for overcast 

conditions in Harwood. 4 sunny days were used for spring analysis in Griffin and 3 for the summer 

period. 7 days each were used as cloudy days and 4 each for overcast conditions. 
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Parameters estimated from light response calculations are shown in Table 3.1. The 

initial slope is an estimation of the light use efficiency (LUE) or apparent quantum 

yield of the forest canopy (mol CO2 per mol photons). A slope value of 0.05 indicates 

that in order to assimilate 0.05 mol CO2 1 mol of photons is necessary. This means 20 

photons are required for the canopy to take up 1 mol CO2. Amax is the light-saturated 

rate of gross CO2 assimilation (net rate of CO2 assimilation and dark respiration) at 

infinitely high irradiance. 

 

Site 
Sky 

condition 
Amax B 

Slope 

(LUE) 
R

2 

Harwood - Spring Sunny 35.4 ± 2.9 697 0.05 ± 0.01 0.92 

 Cloudy 44.3 ± 1.8 546 0.08 ± 0.03 0.88 

 Overcast 51.5 ± 6.8 737 0.07 ± 0.04 0.86 

Harwood - Summer Sunny 33.6 ± 2.0 358 0.09 ± 0.02 0.89 

 Cloudy 48.7 ± 2.6 525 0.09 ± 0.03 0.78 

 Overcast 52.2 ± 3.33 349 0.15 ± 0.07 0.88 

Griffin - Spring Sunny 31.1 ± 1.7 697 0.04 ± 0.01 0.85 

 Cloudy 36.7 ± 1.3 518 0.07 ± 0.02 0.85 

 Overcast 66.4 ± 5.3 1137 0.06 ± 0.03 0.94 

Griffin - Summer Sunny 33.5 ± 1.3 400 0.08 ± 0.02 0.87 

 Cloudy 48.9 ± 2.1 737 0.07 ± 0.03 0.87 

 Overcast 65.6 ± 11.3 918 0.07 ± 0.04 0.82 

Table 3.1: Parameters estimated from light response calculations. Data were separated into the same 

groups, as in Fig. 3.1. Table 3.1 is showing the estimated values for the maximum gross photosynthetic 

rate (Amax) with their according mean square error, the constant b as well as the here out estimated light 

use efficiency with their mean square error and R2 the explained variance. 
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3.4.2. Variation in canopy conductance and photosynthetic capacity 

 

In order to visualise the difference in canopy activity and meteorological properties, 

three representative and distinctive days for Harwood are summarized in Fig. 3.2: a 

sunny (diffuse fraction < 0.3) (Fig 3.2a - f), a cloudy (diffuse fraction > 0.3)  

(Fig 3.2g - l) and an overcast day (diffuse fraction > 0.95) (Fig 3.2m - r). Day time 

(defined as global radiation > 0 µmol m-2 s-1) values of gc have been plotted together 

with meteorological variables, such as global and diffuse radiation, along with air 

temperature (Ta), wind speed (u), net ecosystem productivity (NEP) measured on 

top of the eddy flux tower as well as the calculated vapour pressure deficit (VPD). 

 

On days with a high direct radiation fraction canopy conductance is increasing 

steeply in the morning, but declines shortly before noon once global radiation is 

reaching values of higher than 1000 �mol m-2 s-1. The fraction of diffuse radiation 

remains stable at around 0.25 during the day. The environmental variables are 

strongly intercorrelated. Canopy stomatal activity and carbon fluxes show a similar 

pattern.  

 

On overcast days where diffuse radiation is equal to global radiation, i.e. there is no 

direct illumination; the canopy conductance and NEP are almost as high as seen in 

the other two cases, despite the overall low PAR. Vapour pressure deficit (VPD) is 

somewhat lower, and this could explain some of the trends in gc. 
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Figure 3.2: Comparison of representative days, showing gc for Harwood forest 2008. In a, g and m, thin 

black lines indicate global radiation, thick grey indicates diffuse radiation and thick black lines indicate 

gc. The diurnal trend in gc is repeated in each window (except f, l and r) and superimposed on the 

diurnal trend of temperature (Ta), wind speed (u), VPD and NEP.  

                   Sunny                                Cloudy                        Overcast 
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Canopy stomatal conductance calculated for Griffin forest show similar  

distributions on sunny days (Fig. 3.3), as already observed in Harwood forest. 

Carbon fluxes remain stable during the day reaching only values of 20 µmol m-2 s-1. 

On cloudy days with a less uniform direct radiation distribution and a diffuse 

fraction fluctuating between 0.25 and 0.75 stomatal conductance seems to remain 

constant, as wind speed does too. NEP on such a day indicates a higher carbon 

uptake when canopy conductance is approx 0.01 m s-1. A similar effect is visible on 

the overcast day, where very high carbon uptake is occurring, though solar 

radiation is 100% diffuse and only 500 µmol m-2 s-1.  
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Figure 3.3: Comparison of representative days, showing gc for Griffin forest 2008. In a, g and m, thin 

black lines indicate global radiation, thick grey indicates diffuse radiation and thick black lines indicate 

gc. The diurnal trend in gc is repeated in each window (except f, l and r) and superimposed on the 

diurnal trend of temperature (Ta), wind speed (u), VPD and NEP.  

                Sunny                                Cloudy                           Overcast 
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3.4.3. Canopy conductance  

 

Fig. 3.4 (a & b) presents the canopy conductance dependency on global radiation for 

the same selected days as in Fig 3.2 and Fig 3.3. Harwood has a lower gc on sunny 

days compared to Griffin and same results for both forests on overcast days.  

 

 
Figure 3.4: Relationship between canopy conductance (gc) and photosynthetic active radiation (PAR) 

for Harwood (a) and Griffin (b). Data used for both graphs are of the presented days in Fig 3.2 

(Harwood) and Fig 3.3 (Griffin). Thick black lines represent the relationship on the sunny, thin black 

line the cloudy and the thick grey line represents the relationship for the overcast day. 

 

 

Incorporating all days chosen for the current investigation used for the entire 

growing season (May - October 2008) as also shown in Fig 3.1 we present the 

hyperbolic relationship between the incident global photosynthetic active radiation 

and canopy conductance for both sites in Fig 3.5 (a & b).  

 

 

 

 

a b 
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Figure 3.5: Relationship between canopy conductance (gc) and photosynthetic active radiation (PAR) 

for Harwood (a) and Griffin (b) for all days of the entire growing season (May - Oct 2008). Data used 

for both graphs include all days as previously shown in Fig. 3.1. Due to bad weather conditions over 

the entire season 2008 sunny days in Harwood are represented by 2 days only. Black dots represent 

data on the sunny day, circles represent cloudy and grey dots represent overcast days. 

 

 

The initial slope is much steeper under diffuse conditions (Fig. 3.5a & b) for both 

sites and sunny conditions elicit lowest gc.  

 

 
Figure 3.6: Harwood Forest. Distribution of canopy conductance (gc) and gross ecosystem exchange 

(GEP) for all days of the entire growing season (May - Oct 2008). Data used include all days as 

previously shown in Fig. 3.1(a & b) and Fig 3.5(a). Due to bad weather conditions over the entire 

growing season 2008 sunny days are represented by 2 days only.  
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Fig 3.6 (a-c) shows the distribution of the stomatal canopy conductance and the 

gross photosynthesis in Harwood forest. The sunny data includes only 2 days and 

may underestimate the possibility of higher stomatal conductance and carbon 

assimilation on sunny days. Griffin data (Fig 3.7) incorporates several sunny days, 

supporting the Harwood result. 

 

 
Figure 3.7: Griffin Forest. Distribution of canopy conductance (gc) and gross ecosystem exchange (GEP) 

for all days of the entire growing season (May - Oct 2008). Data used include all days as previously 

shown in Fig. 3.1(c & d) and Fig 3.5(b).  

 

 

The distribution of canopy stomatal conductance calculated for several days in 

Harwood (Fig. 3.6) and Griffin (Fig 3.7) and the associated gross photosynthesis 

show a distinctive pattern when comparing sunny versus cloudy or overcast 

conditions. Under sunny conditions, carbon assimilation never exceeds 30 �mol m2 

s-1 and canopy  conductance rarely exceeds 0.02 m s-1. The relationship between gc 

and GEP under diffuse conditions appear similar but the higher gc allows higher 

photosynthetic responses.  
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3.5. Discussion and conclusion 

 

We proposed the hypothesis that Sitka spruce is photosynthesising in a more 

efficient way under diffuse sky conditions than under clear skies. This hypothesis is 

supported by the fit of the rectangular hyperbola to the photosynthetic data under 

different sky conditions. In all cases the fitted values of Amax are less when conditions 

are sunny. In most cases the initial slope of the light response curve is lower in the 

sunny conditions indicating a reduced apparent quantum efficiency of the canopy. 

Other researchers have found similar results: Gu et al. (1999); Gu et al. (2002); Law et 

al. (2002); Letts et al. (2005); Min (2005); Alton et al. (2007); Urban et al. (2007) and as 

model outputs (Still et al., 2009). These data refer to half-hourly averages. Over 

extended periods, the overall light use efficiency is expected to be greater in diffuse 

conditions although this is not necessarily so because the levels of PAR may be very 

low on overcast days in the cyclonic weather which is common in northern Britain.  

 

A number of hypotheses have been put forward to explain why the initial slope of 

the light response curve may be enhanced in diffuse conditions (i) that PAR is more 

uniformly distributed within the canopy, so that more of the total foliage operates 

close to its leaf level maximum rate of photosynthesis; (ii) that the spectral 

properties of the PAR are more conducive to photosynthesis;  and (iii) connected to 

(ii), that the stomata are more open as a result of the changed spectral properties 

under diffuse radiation. 

 

These hypotheses are not mutually exclusive. However in this chapter we focus on 

hypothesis (iii). The basis for this are the observations, made several times (Kuiper, 

1964; Mansfield & Meidner, 1966; Raschke, 1975; Sharkey & Raschke, 1981; Smith, 

1982; Zeiger & Field, 1982; Morison & Jarvis, 1983; Karlsson, 1986; Eisinger et al., 

2000; Briggs & Christie, 2002 and Urban et al., 2007) that blue light triggers stomatal 

opening.  
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In the previous chapter it was shown that above the canopy there was a slight 

enrichment of the blue under diffuse conditions but inside the canopy there was a 

large blue enrichment.  

 

We explored the relationship between PAR and gc, finding a very strong 

enhancement of gc under overcast, and to some extent under cloudy conditions.  

In this case, we have chosen days in which there was no rain or dew, in order to 

obtain water flux data of relatively high quality. The only previous author to have 

reported a gc versus PAR relationship seems to be Urban et al. (2007) which was also 

for a species of spruce (Picea abies). Indeed, their results resemble ours. They found, 

however, that sunny conditions with high PAR (> 600 �mol m-2 s-1) impaired gc, a 

feature they attributed to the high VPD which often accompanies sunny weather, 

which in their case reached 3.7 kPa. In our case VPD rarely exceeded 2 kPa. On the 

other hand we know that Picea sitchensis is very sensitive to VPD (Grace et al., 1975; 

Neilson & Jarvis, 1975), with a gc response that is approximately linear.  

 

However, we know that gc in this species is sensitive to blue light. Morison & Jarvis 

(1983) showed that blue light elicits stomatal opening in a range of 0 - 300 �mol m-2 

s-1. In the present data we find that it is within this range, 0 - 300 �mol m-2 s-1, that the 

observed values of gc are much-elevated in diffuse conditions. Further clarification 

of whether blue light or reduced VPD causes the effect cannot made without 

experimental studies inside the canopy. VPD would need to be held constant in 

chambers, whilst blue light would have to be manipulated. 

 

The controlling effect of gc on GEP is clearly suggested when the two variables are 

plotted against each other (Fig. 3.6 and 3.7). The two forests behave in much the 

same way. There is always a statistical relationship between gc and GEP, with rising 

gc associated with rising GEP. The gc values under overcast conditions show some 

higher values, and associated higher GEP. However, it is not possible to say how 

much of this effect is caused by blue light as opposed to a reduced VPD. 
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The diurnal patterns of gc reflect the influence of several environmental variables on 

stomatal conductance (Jarvis, 1976): the most influential variables are photon flux, 

temperature, water potential, vapour pressure and ambient CO2 concentration. The 

variables are strongly intercorrelated, resulting in a rather characteristic pattern of gc 

over the course of each day. Both sites show similar results on sunny days with gc of 

around 0.02 m s-1 and much higher values on more distinct diffuse and overcast 

days.  

 

Monteith (1995) also observed a response of stomata to solar radiation as being 

stimulated as irradiance increases but also a tendency to close in response to a larger 

demand for water, as observed on sunny days in both forests. With a decrease in 

solar radiation and in VPD in the afternoon, stomata could continue to close or 

could partly reopen before finally closing towards sunset. Both sunny days (Fig 3.2a 

& Fig 3.3a) show similar canopy conductance pattern, which have also been 

observed by other studies. Watts et al. (1976) and Arain et al. (2002) observed 

identical stomatal conductance pattern on sunny days, with gc increasing in the 

morning until reaching a maxima around 10am. This mid-morning peak with a 

gradual decline thereafter may be a general phenomenon in forests (Shuttleworth, 

1989; Zeiger, 1990). Many of the earlier data are based on leaf level measurements 

and the use of a null-balance diffusion porometer (Watts et al., 1976). Using the same 

device Leverenz et al. (1982) measured stomatal conductances of approx 0.007 m s-1. 

Also, Beadle et al. (1985) recorded similar gc of 0.005-0.007 m s-1 in Scots pine. These 

leaf level type measurements are mirrored in behaviour and magnitude in current 

whole canopy conductance measurements.  

 

Former eddy covariance studies in Griffin forest (Clement, 2004) over several 

growing seasons showed similar monthly mean values of gc as currently observed 

and also found that gc responded to radiation up to values of 300 - 400 W m-2. Urban 

et al. (2007) noted a somewhat different behaviour in Norway spruce, where a 

decrease in gc was observed during sunny days at irradiance exceeding 1000 µmol m-2 

s-1. A suggestion of a decrease is present in the current data (Fig.3.6a and Fig. 3.7a). 

This decline may result from the high VPD values around noon.   
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Studies in Douglas fir (Tan et al., 1977; Leverenz, 1981) indicated a possible 

reopening of stomata in the afternoon, and show generally similar results as those 

currently observed in Harwood and Griffin forest.  

 

This pattern of stomatal closure induced by high direct radiation and an increase in 

air temperature occurs in order to prevent excessive water loss (Alton et al., 2007). 

Willmer (1983) reports that relatively low levels of light (less than 1% of full 

sunlight) stimulate stomatal opening in leaves and the level needed to saturate the 

opening response is usually well below full sunlight. In most species stomata on the 

abaxial (lower) leaf surface are more sensitive to light than the adaxial (upper) 

stomata: they open at lower light levels and have wider open stomata at all light 

levels than adaxial stomata (Pemadase, 1979; Willmer, 1983). Kaufmann (1976) 

found a stomatal response to humidity and temperature in Engelmann spruce 

suggesting that spruce stomata respond simultaneously to the effect of light on 

photosynthesis and to the effects of vapour pressure gradients from leaf to air. Fully 

open stomata provide no advantage in these conditions since CO2 gain is low and 

water loss may be substantial. 

 

On days where forest ecosystems experience high radiation distributions and a 

coupled increase in temperature and decrease in humidity, stomatal relationships 

with these variables become especially important. Several studies on Sitka spruce 

(Grace et al., 1975; Neilson & Jarvis, 1975; Watts et al., 1976, Watts & Neilson, 1978) 

show a relationship between these two and gc to some extent, which was not always 

visible in our whole canopy measurements. Grace et al. (1975) also found that a 

reduction in humidity causes stomata to partially close in order to avoid 

physiological drought and the possible development of a leaf water deficit. In Sitka 

spruce forests, where long term heat stress is rare due to the oceanic climate they 

grow in, diffuse radiation and VPD seem to be of higher importance than 

temperature or wind speed. Wind tunnel experiments (Grace et al., 1975) with Sitka 

spruce seedlings show a weak relationship between stomatal conductance and wind 

speed. A small wind effect, may, therefore, be due to the sweeping away of the 

moist boundary layer at the high speeds, bringing drier ambient air into contact 
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with the epidermis and the stomatal apparatus (Grace et al., 1975; Dixon & Grace, 

1984).  

 

The canopy does not achieve its highest photosynthetic rates, nor its highest 

stomatal conductance when solar radiation is dominated by direct solar radiation. 

Stomatal closure leads to reduced CO2 uptake and hence reduced growth rates 

(Landsberg, 2003). In overcast conditions, when solar radiation is 100% diffuse, blue 

light enrichment and low vapour pressure deficit may both contribute to an 

enhanced photosynthetic performance.   
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4. Relationships between Atmospheric Conditions and Tree Rings 

 

 

4.1. Abstract 

We investigated the interannual variation in the growth rings formed by Sitka 

spruce (Picea sitchensis (Bong.) Carr.) trees in northern Britain (latitude 55°) over the 

period 1961 – 2005, in an attempt to disentangle the influence of atmospheric 

variables acting at different times of year. Rather weak correlations between these 

variables and growth were found. However, there was a consistent and statistically 

significant relationship between growth of the trees and the flux density of cosmic 

radiation. Moreover, there was an underlying periodicity in growth, with four 

minima since 1961, resembling the period cycle of cosmic radiation. We discuss the 

hypotheses that might explain this correlation: the tendency of cosmic radiation to 

produce cloud condensation nuclei, which in turn increases the diffuse component 

of solar radiation, and thus increases the photosynthesis of the forest canopy. 

 

Key words: Diffuse radiation, tree rings, cosmic rays, spruce, Britain, volcanic 

eruptions.  
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4.2. Introduction 

 

It is important to understand how forests respond to climate change. Forests belong 

to the most extensive ecosystems on the planet and are a substantial part of the 

biosphere, which is one of four major pools, along with fossil carbon, the oceans, 

and the atmosphere, comprising the global carbon cycle (Schimel, 1995; Waring & 

Running, 1998; Byrne & Green, 2004; Grace, 2004). These climatic changes include 

those which are relatively well known such as temperature, but also those which are 

less well understood, including changes in cloud cover and atmospheric turbidity. 

Cloud and haze changes with the weather but also over long periods due to 

anthropogenic pollution as well as naturally occurring aerosols, such as pollen, dust 

or materials resulting from volcanic eruptions. By studying how atmospheric 

conditions, particularly diffuse radiation, affect forest growth, we might understand 

how forests respond to short-term changes in cloud cover and the much discussed 

longer-term phenomenon of ‘global dimming’ (Roderick et al., 2001; Stanhill & 

Cohen 2001; Roderick, 2006) associated with industrial pollution.  

 

Growth conditions change over years and decades, and the annual and periodic 

growth of needles, shoots and tree rings varies considerably (Spiecker, 1999). Active 

cell division in the vascular cambium layer produces cells which expand and 

displace the cambium in an outward direction. In trees from boreal and temperate 

latitudes, cambial activity is not constant throughout the year. This discontinuity 

causes the phenomenon of growth rings (Fritts, 1976; Creber, 1977; Schweingruber, 

1988; Fritts, 1991). Yearly tree rings are added to the stem, recording the effect of the 

respective year’s climatic conditions in which they grew. Dendrochronologists, 

seeking to reconstruct past climates, have often emphasized the role of temperature. 

In contrast, this study investigates the possible link of a wide range of climatological 

variables, including diffuse radiation over several decades.  
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Diffuse radiation is known to stimulate canopy photosynthesis primarily because it 

penetrates into the canopy more effectively than the direct solar beam (Suzaki et al., 

2003; Gu et al., 2003; Urban et al., 2007). There may also be an additional mechanism 

for this stimulation, associated with differences in the spectra of diffuse light versus 

direct sunlight (Federer & Tanner, 1966; Urban et al., 2007). These shifts in spectral 

distribution of light do also, like temperature, affect stomatal conductance (Morison 

& Jarvis, 1983). We therefore expect annual growth rates to be significantly 

stimulated by diffuse light especially when received at high intensity, as during the 

spring and summer. 
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4.3. Materials and Methods 

 

To examine the effects of diffuse radiation on growth, it is necessary to investigate 

long term tree growth patterns against a background of the interannual variability 

that reflects inherent seasonal variability of weather conditions over the years. In 

order to define this annual variability, meteorological data and tree ring information 

from nearby sites are used. Both Eskdalemuir and Ae, in the northern region of the 

Unided Kingdom, are under maritime influences. Being not only remote and free 

from major anthropogenic pollution Eskdalemuir has the longest diffuse radiation 

records in the UK (Aeby, 2007).  

 

Discs from stems of Sitka spruce [Picea sitchensis (Bong.) Carr.] were available from 

the Forest of Ae (Dumfrieshire) (55°16’ N; 3°10’ W, 245 m asl). Although 

Eskdalemuir (Eskdalemuir Observatory 55°12’ N; 3°35’ W, 350 m asl.) and Ae are 25 

km apart, both are remote sites far from local pollution and subject to the same 

changing weather patterns influenced by westerly and south westerly airflows, and 

large scale influences of atmospheric aerosol loading in the northern hemisphere. 

They are located in one of the wettest and most maritime regions of the UK, where 

drought is rare and summer temperatures do not fluctuate much from year to year. 

 

The standardized methodology in tree ring research has been developed by 

dendrochronologists mainly for the reconstruction of summer temperatures 

(Schove, 1954; Spiecker, 1995; Briffa et al., 1998; Kalela-Brundin, 1999; Gervais & 

MacDonald, 2001; Briffa et al., 2002) or precipitation (Spiecker, 1995) over the past 

centuries.  

 

To investigate the interannual variability in tree growth, discs from Sitka spruce 

sections of mature stems (below 1 m) were used. Thirty discs were provided by 

Forest Research, the research agency of the Forestry Commission, from Forest of Ae 

(Scotland). 
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The trees had been planted in 1953 and felled in February 2006 (the last growth ring 

being therefore 2005) following felling protocols laid out by Forest Research 

(Mochan & Gardiner, 2007). Prior to felling, North and West directions were marked 

on the bark, and the discs were frozen as soon as they were returned to the Forest 

Research station.  

 

Discs were scanned on an A3 scanner and rings were counted in their frozen state 

using WinDendro (Version 2003a/b, Regent Instruments Inc., Quebec, Canada). 

This method enables an accurate measurement of the actual width, often ignored 

when using dried discs or tree cores which tend to shrink and crack during the 

drying process and may be differently affected by moisture content. None of the 

discs used in the final analysis showed anomalous growth patterns, such as branch 

development, injury marks or false rings which might have influenced the growth 

of the tree on its northern side. The north radius was measured, in order to avoid 

‘noise’ caused by compression wood (east) or downwards slope extension 

compensation (west) wood. The southern radius was ignored as it may have been 

influenced by microclimatological variation caused by direct solar irradiance. 

 

Tree rings increase over the first few years of growth and then decrease steadily 

towards the bark (Dinwoodie, 1962; Phipps, 1982), assuming no thinning or 

fertilization has interrupted the natural growth. This standard age trend was 

factored out by de-trending prior to analysis. This was done by (i) first removing 

data covering the first few years (the juvenile section) (ii) fitting a simple cubic 

spline to the remaining 45 ring width values. The residuals were taken as 

representing the effect of climate signals on tree growth (henceforth called the 

Growth Index). 

 

Meteorological data at Eskdalemuir Observatory (Anonymous, 1909) including 

direct and diffuse solar radiation have been recorded by the British MetOffice 

(UKMO), and were provided by the British Atmospheric Data Centre (BADC). 

Where necessary, gaps were filled by two different methods. Either (i) a simple 

linear interpolation was applied or (ii) in the case of missing global or diffuse 
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radiation data the data were replaced by a weighted mean of the same day of the 

neighbouring year (Aeby, 2007).  

 

Cosmic ray fluxes are known to be dependent on latitude (Svensmark & Friis-

Christensen, 1997; Pallé & Butler, 2000; Pallé et al., 2004; Kirkby, 2007). Monthly 

corrected galactic cosmic ray flux data recorded at Kiel Neutron Monitor are held by 

the Christian-Albrechts-Universitaet zu Kiel and information on the locality and 

time of volcanic eruptions, as well as on the Volcanic Explosivity Index relevant for 

this study originate from the Smithsonian Institution, Global Volcanism Program.  

 

Our correlations are based on Pearson product-moment correlation coefficients 

between the growth index and the climatic and atmospheric factors of each month 

of the corresponding year and the previous year. The previous year is used because 

it is well known that in coniferous trees some aspects of growth in any given year 

are determined by the conditions prevailing in the previous year. 

 

The numerical experiment introduced here is based on empirical curve-fitting of the 

relationship between the carbon dioxide (CO2) flux measured by eddy covariance 

and the global solar radiation at a mature stand of Sitka spruce (Griffin forest, 

Aberfeldy/Scotland). Two curves were fitted: ‘sun visible’ and ‘sun not visible’. 

Under ‘sun not visible’ conditions the initial slope of the relationship between solar 

radiation and CO2 flux is steeper, as many other researchers have found (Farquhar 

& Roderick, 2003). The parameters of the non-rectangular hyperbolas used for the 

fitting are given in Zhang (2007).  
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4.4. Results 

 

 
Figure 4.1: Distribution of the mean tree ring width (a) and the resulting annual growth anomaly (b) 

after applying the de-trending method.  

 

 

The cubic spline represented the age-related decline in ring width very well (r2 = 

0.97), showing a characteristic decline in radial growth as the trees aged. The 

residuals suggest distinct periods of anomalous growth, and sometimes specific 

years when growth departed from the average trend. 
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Figure 4.2: Pearson correlation coefficients between climatic variables recorded in Eskdalemuir 

(Scotland) between 1961 and 2005, and the growth index. The histograms show the correlations for the 

respective and the previous year. Correlation coefficient values of 0.25 and 0.35 respectively 

correspond to the ± 0.1 and ± 0.02 significance level. 
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Most variables were only weakly correlated with the annual growth anomaly: total 

solar radiation was never statistically significantly correlated with the annual 

growth anomaly but diffuse radiation was significantly correlated in some months 

(Fig. 4.2).  

Temperature was negatively correlated with growth in the months of June and 

September, and precipitation was negatively correlated with growth in February 

and October. There were correlations between the annual growth anomaly and both 

the water vapour pressure deficit (VPD) and the calculated height of the most 

frequently occurring cloud base. 

 

The cosmic ray flux shows a well known periodicity that is anticorrelated with the 

sunspot number with four maxima in the period 1961 – 2005 (Fig 4.3). Surprisingly, 

the tree ring data show a similar periodicity although it is possible to identify 

particular years where the relationship is broken: for example 1995 was an 

especially warm and dry year at Eskdalemuir as in much of Europe, and under 

these conditions the tree rings were reduced in size. The probability of such a good 

relationship between the growth index and cosmic ray flux occurring by chance 

alone is 0.008 (n = 45, r = 0.39) (see the inset of Fig. 4.3) of all the variables 

investigated, it is the one most correlated with the annual growth anomaly. 
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Figure 4.3: Cosmic ray flux (bold line) and the growth anomaly (thin line) of Sitka spruce. A distinct 
periodicity is visible with four distinctive maxima over the period 1961 – 2005. The inserted (lower 
right) graph shows the correlation (n=45, r=0.39, p=0.008) between the galactic cosmic ray flux and the 
annual growth anomaly. Instances of extreme weather are noted as follows: (i) in 1976 most parts of the 
UK experienced severe drought (Morren, 1980; Jarvis & Mullins, 1987; Kay, 2004), (ii) Eskdalemuir 
recorded snow in June 1985 (Burt, 1985), (iii) extreme cold and wet weather occurred in 1994 (UKMO, 
2008a, 2008b) and (iv) 1995 was an especially warm and dry year in Scotland (Buckland et al., 1997; 
UKMO, 2003) as in much of Europe. If anomalous years are excluded the correlation coefficient 
increases from 0.39 to 0.64 (r2 = 0.41). 
 

 

When the fraction of the incoming solar radiation which is received as diffuse 

radiation is examined in relation to the occurrence of volcanic eruptions with a 

Volcanic Explosivity Index (VEI) of 3 and higher which have erupted upwind (to 

the west of the UK) it appears that the fraction of diffuse radiation is often less in 

periods where there are few volcanoes (Fig 4.4). 



 116 

 

 
Figure 4.4: The fraction of diffuse radiation received at Eskdalemuir (Scotland) over the period 1961 – 

2005 and volcanoes erupted upwind with an explosivity index of � 3 (tephra volume >0.01 km3). The 

volcanic explosivity index is a logarithmic scale indicating the magnitude and intensity (volume of 

produced ash, height of eruption cloud and the duration) of eruption.  
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Figure 4.5: Correlation matrix including the growth index (annual growth anomaly) and the relevant 

variables used in previous figures. The lowest panel including Fig. 4.5a – d includes those atmospheric 

variables significant for tree growth, such as: (a) the fraction of diffuse radiation (spring + summer); (b) 

the mean potential tephra; (c) the amount of diffuse radiation (spring + summer) and (d) the galactic 

cosmic ray flux. When intercorrelating the atmospheric variables with each other, only the link 

between the mean potential tephra injected into the atmosphere and the fraction of the radiation 

received as diffuse seem to be highly correlated (j). Summarising here the remaining correlations: (e) 

the galactic cosmic ray flux vs. the fraction of diffuse radiation (spring + summer); (f) the galactic 

cosmic ray flux vs. the mean potential tephra; (g) the galactic cosmic ray flux vs. the amount of diffuse 

radiation (spring + summer); (h) the amount of diffuse radiation (spring + summer) vs. the fraction of 

diffuse radiation (spring + summer); (i) the amount of diffuse radiation (spring + summer) vs. the 

mean potential tephra and (j) the mean potential tephra vs. the fraction of diffuse radiation (spring + 

summer). 
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The correlation matrix (Fig. 4.5) shows a graphical summary of the relationship 

between the variables discussed above. This matrix is only part of a larger matrix in 

which many other tests of correlations were made. The variables influencing tree 

growth can be found in the lowest panel (Fig. 4.5a – d). When considering the 

diffuse radiation received over the spring and summer months (Fig. 4.5c), we 

observe a statistically significant correlation: the amount of diffuse radiation 

received over the March – August period is statistically positively correlated with 

the growth index, with a correlation coefficient of +0.29 (p = 0.05; n = 45). Fig. 4.5j 

tests for a relationship between the fraction of radiation that is diffuse and the likely 

content of volcanic-derived aerosols. 

 

We have other evidence that growth may respond to diffuse radiation: when the 

diffuse component of global radiation is increased or decreased by 10% in a 

numerical experiment, the CO2 uptake is increased by 11.7% or decreased by 25.6 % 

respectively (Fig. 4.6). 

 

 
Figure 4.6: A numerical experiment involving the fraction of diffuse radiation and estimated NEP. A 

numerical experiment in which the fraction of diffuse radiation received in July was varied from -10% 

to +25%, and the Net Ecosystem Productivity (NEP) was estimated from real CO2 flux data for a nearby 

forest of Sitka spruce (Zhang, 2007). 
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4.5. Discussion 

 

There were correlations between annual growth anomaly and both the water 

vapour pressure deficit (VPD) and the height of the most frequently occurring cloud 

base. VPD has long been known to influence photosynthesis for the reason that the 

stomata close when the air is dry, especially in this species (Grace et al., 1975; 

Neilson & Jarvis, 1975). Cloudiness per se may be expected to reduce plant growth 

through a reduction in solar insolation, although Williams et al., (2008) have found 

that the effect of cloud cover on tree growth, and thus ring width, may vary 

depending on the type of cloud, the time of day, and the time of year.  

 

We were surprised to see that the cosmic ray flux (Kiel Neutron Monitor, 54°34’ N; 

10°12’ E, 54 m asl.) was statistically significantly correlated with the growth index in 

all months, and the first presumption is that cosmic rays create aerosols and thus 

change the radiation field. However, processes other than cosmic ray flux are 

involved in aerosol production and may also modify the radiation field, and thus 

mask any effect of cosmic radiation. Volcanic eruptions affect the flux of diffuse 

radiation received at the Earth’s surface even when they are many thousands of 

miles away. While sulphur aerosols are capable of remaining in the atmosphere 

over 1 – 3 years and ashes only a few months, aerosols resulting from galactic 

cosmic rays have a much shorter lifespan. According to Yu & Turco, (2000); 

Kristjansson et al., (2002) these aerosols have a lifespan of only a few days, so cloud 

formation and any consequent impact on photosynthesis should take place within 

this short time. 

 

It has been observed that GCR cycles are correlated with cloud cover (Svensmark & 

Friis-Christensen, 1997; Marsh & Svensmark, 2000; Pallé & Butler, 2000a ; Pallé & 

Butler, 2000b) and that ionising radiation causes clouds to form in experimental 

chambers that simulate the Earth’s atmosphere (Svensmark et al., 2007). Moreover, a 

description of this process is presented by Yu & Turco (2000) and Harrison & 
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Carslaw (2003). Substantial ionising radiation is also produced from radioactive 

decay of elements below the surface of the soil (Kotaka & Kueger, 1978), and 

released to the atmosphere according to soil depth and moisture, but does not vary 

in cycles as we see in GCRs. The correlative studies linking GCRs to cloud formation 

have been challenged (Kristjansson et al., 2002; Sun & Bradley, 2002; Laut, 2003), but 

the experimental studies (Svensmark et al. 2007) are compelling evidence for a role 

of cosmic rays in the process of cloud formation. Recent models (Kerr, 2009; Pierce 

& Adams, 2009) show only small effects of cosmic rays on clouds but are not 

denying the possibility of a link.  

 

We propose the possible hypotheses to account for the strong link between galactic 

cosmic ray flux (GCR) and the annual growth anomaly. We call this hypothesis the 

bright cloud effect. To explain the link between GCRs and the growth index we 

propose that the forest ‘sees’ a radiation field that is to some extent modified by the 

aerosol particles derived from the flux of cosmic rays, but is not recordable with 

common solar radiation sensors.  

 

We cannot however rule out the possibility of a direct stimulatory effect of GCR on 

the growth of trees, as beneficial effects have sometimes been demonstrated in 

biological materials exposed to GCR in space (Hammond et al., 1996), despite the 

prevalence of chromosomal aberrations in such materials (Nevzgodina, 1999). 

 

Dendrochronogists have sometimes reported cyclic phenomena in long time series 

of tree-rings but they have rarely offered an explanation (Douglass, 1927; Siren & 

Hari, 1971; Briffa, 1994; Rigozo et al., 2007a, 2007b). For example, in a study of 305 

tree-ring chronologies from North America, periods of 18.6 and 10.5 years were 

found in 286 and 244 instances (Currie, 1991). These observations have been largely 

ignored, perhaps because no underlying mechanism could be found to explain the 

intriguing results. 
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5. General Discussion, Conclusions and Recommendations 

 

The hypotheses linked to the current study are (i) that Sitka spruce [Picea sitchensis 

(Bong.) Carr.] is photosynthesising in a more efficient way under diffuse conditions 

than under clear skies, (ii) stomatal conductance is enhanced by diffuse radiation 

and (iii) the combined effects of diffuse radiation seen in the analysis of growth 

rings referring to long-term data on direct and diffuse radiation in Northern Britain. 

In order to test the above hypotheses a variety of measurements and analyses had to 

be carried out in Harwood, Griffin, and Forest of Ae, as well as by including 

meteorological data from Eskdalemuir (Observatory) in Southern Scotland. Here we 

revisit the hypotheses, one by one. 

 

 

 

5.1. Attenuation of solar radiation by forest canopies 

 

Helms (1965) was probably the first to observe an increase in carbon assimilation by 

coniferous trees under diffuse versus direct light. He studied Douglas Fir, 

[Pseudotsuga menziesii] in natural stands near Seattle, enclosing shoots from the 

middle of the canopy in chambers to make the gas exchange measurements. His 

work was largely ignored and even today is hardly cited. The general phenomenon 

has however now been widely established by Gu et al. (1999) and others who have 

been able to use the modern techniques of eddy covariance to study gas exchange of 

whole canopies. Several groups have seized upon this work, and speculated about 

its global significance, especially in relation to industrial aerosols (Farquhar & 

Roderick, 2003; Mercado et al., 2009). Farquhar & Roderick (2003); Krakauer & 

Randerson (2003); Robock (2005) and Battipaglia et al. (2007) speculated on the 

increase in photosynthesis after the Pinatubo eruption in 1991, when the fraction of 

diffuse radiation increased globally.  
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This increase in carbon assimilation under diffuse conditions is also reflected in the 

current study (paper II and paper III). The mechanism behind this phenomenon is 

often related to the changes in sky conditions as being the driver for the enhanced 

carbon assimilation by plants.  

 

Solar radiation measurements carried out above the forest canopy in Griffin Forest 

(paper I) have shown that the spectral distribution of incoming solar radiation is 

very similar under a variety of sky conditions, from clear skies to overcast 

conditions. Although these spectral properties were very similar, the amount of the 

photosynthetic active radiation (PAR) varied considerably. The assumption of 

diffuse radiation being more efficiently used by forests can, therefore, not be related 

to the spectral distribution of the incoming solar radiation. This result leads to the 

suggestion that it is not the spectral distribution above the forest canopy that leads 

to an increase in CO2 uptake, but the radiation regime inside the canopy produced 

by the Sitka spruce forest stand itself under these diverse sky conditions. 

 

Profound differences in the distribution of solar radiation occur, according to the 

different sky conditions. The most important of these seems to be the extent to 

which the direct sunlight is absorbed or reflected near the top of the canopy, shown 

by the attenuation patterns in paper I. The radiation is therefore not available for 

photosynthesis lower down in the canopy. Many have followed Monsi & Saeki 

(1953) in a ‘classical’ analysis of the light penetration into leaf canopies, which as a 

first approximation follows the Beer-Lambert extinction law. The present study 

shows, it to be a poor ‘law’ for coniferous canopies, not surprisingly because the 

Beer-Lambert law was devised for homogeneous conditions, such as a solution of 

coloured material in a spectrophotometer cell. Only computer intensive techniques 

like ray-tracing can deal with the complexity of real canopies of leaves, which are 

non-random. Certainly the Beer-Lambert law does not take into account the 

difference between direct and diffuse radiation (Balster & Marshall, 2000), nor does 

it describe the complexity of the radiation field to which the leaves are exposed, 

neither the spatial, nor the temporal distribution, because the forest canopy is not 

homogeneous (paper I).  
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The diffuse radiation inside a forest canopy includes the fraction scattered by the 

foliage itself as well as radiation transmitted through the leaves and through the 

many gaps (Muller, 1971; Lee, 1987; Grant, 1997). 

 

It is not surprising that our investigations show that radiation penetration through 

the canopy under sunny conditions demonstrates only a poor fit to the Beer-

Lambert Law (paper I), as was also shown by Norman & Jarvis (1974) and 

Lewandowska et al. (1977) in the same species, who obtained similar k-values to 

those reported in the current study. It is also shown, using an independent 

technique, the extent to which the diffuse radiation is relatively enhanced at the 

forest floor and by the distribution of ground-level data between transmission 

classes (paper I). This general feature was also shown by others (Morgan et al., 1985; 

Leuchner et al., 2005) and most notably by Navrátil et al. (2007) and Urban et al. 

(2007) who worked on a species of Picea. 

 

Under clear skies gaps in the crown create highly illuminated areas where the 

incident light can in extremis reach higher values than above the canopy itself due to 

a high proportion of scattering of radiation on the surrounding branches (Muller, 

1971; Kuppers et al., 1997). These illuminated areas may create stress, such as 

photoinhibition (Powles, 1984; Krause, 1988; Long & Humphries, 1994) and water 

deficit (Kaufmann, 1976, 1979). Furthermore these gaps or sunflecks exhibit similar 

spectra (paper I; Appendix II - 0, 1 and 11 m above ground) to the incident 

radiation. The present study showed conclusively that the radiation regime 

(quantity and spectral distribution) inside the Sitka spruce [Picea sitchensis (Bong.) 

Carr.] forest is more evenly distributed under diffuse skies (cloudy, overcast) than 

under clear skies (paper I).  

 

Others have studied light from a strictly physiological perspective. Smith (1982) 

indicated that a the blue-absorbing photoreceptor may act to measure light quantity 

(amount) and that the pigment phytochrome is possibly acting to detect the red:far-

red ratio (R:FR) as an indicator of light quality, and a signal to which many 

photomorphologic processes respond, for example extension growth.  
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This R:FR ratio is attenuated drastically inside the forest canopy (paper I) under 

clear skies indicating a different photomorphological behaviour than under diffuse 

skies. Ritchie (1997) went one stage further, noting that trees have the ability to 

detect nearby trees and may adjust their growth allometry accordingly. Low R:FR 

has long been known to increase stem elongation (Smith, 1982; Corre, 1983; Ballare 

et al., 1991; Assmann, 1992; de la Rosa et al., 1998; Franklin & Whitelam, 2005; Pecot 

et al., 2005).  

 

Another aspect of light quality which is playing a mayor role in plant plantations, 

(paper I and paper II), is row spacing. Managed forest plantations in which row 

thinning has occurred are affected by a lateral shift in the amount and quality of 

solar radiation reaching the forest floor under various sky conditions. This 

ecophysiological aspect has been described in detail in the current study (paper I) 

and results presented, showing a reduced R:FR ratio in the canopy under clear skies, 

indicating a lower photomorphogenical ‘light quality’ (sensu Smith, 1982) than 

under diffuse conditions.  

 

Along with an enhanced PAR distribution inside the forest canopy due to reflection, 

scattering and transmission under cloudy and overcast conditions, we noted an 

obvious blue light enrichment throughout the canopy (paper I). Blue-enrichment 

may have important implications for stomatal control, and new studies on stomatal 

response under canopies are now required (see Recommendations).  

 

We proposed the hypothesis that Sitka spruce is photosynthesising in a more 

efficient way under diffuse sky conditions than under clear skies (paper I, paper II 

and paper III). This hypothesis is supported by the fit of the rectangular hyperbola 

(Watts et al., 1976; Jarvis, 1987; Causton & Dale, 1990; Jarvis, 1994; Raupach, 1995; 

Ruimy et al., 1995) to the data under different sky conditions (paper II). In all cases 

the fitted values of the maximum gross photosynthesis (Amax) are less when 

conditions are sunny. In most cases the initial slope of the light response curve is 

lower in the sunny conditions indicating a reduced apparent quantum efficiency of 

the canopy (paper II). Other researchers have found similar results in Aspen (Gu et 
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al., 1999), in Norway spruce (Urban et al., 2007), a mixed hardwood and conifer 

forest (Min, 2005), various ecosystems (Law et al., 2002; Alton et al., 2007) in light 

response models (Zhang, 2007; Still et al., 2009), and was found in one species of 

woody shrub (Grace & Woolhouse, 1973). Further studies on non-forest species are 

required. 

 

 

5.2. Effect of diffuse radiation on stomatal conductance in the canopy 

 

We now address the second hypothesis. 

Solar radiation plays a lead role in driving photosynthesis of plants but is modified 

by canopy conductance, which responds to both environmental and physiological 

variables to protect the plant from worse effects of water stress (Kaufmann, 1976; 

Zeiger, 1983, 1990). It has been shown that diffuse light penetrates more deeply into 

the Sitka spruce canopy (paper I), and may also have spectral characteristics that 

elicit stomatal opening (paper I and paper II). Penetration of light into the forest 

canopy under diffuse conditions, due to transmission of light through needles and 

possibly as a result of multiple reflections and scattering involving the waxy abaxial 

surfaces of coniferous needles (Jeffree et al., 1971; Reicosky & Hanover, 1978; Cape & 

Percy, 1993) are creating a light regime which stomata may respond to, and open 

more widely. In the present study we were not able to distinguish between a 

response of stomata to blue light, and the well-known response to VPD, as diffuse 

conditions are frequently associated with low VPDs. Thus cloudy, foggy, overcast 

skies are frequently associated with moist air. We propose a dual control 

mechanism (Fig. 5.1a) acknowledging both possible controls.  

 

The second hypothesis linked to the current study is that the photosynthetic 

response of Picea sitchensis is constrained by stomatal conductance which varies 

between conditions of direct versus diffuse radiation (paper II). 
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In paper II we have already reviewed the relevant literature on the blue light effect. 

It is noteworthy that the action spectrum is now well-established (Kuiper, 1964; 

Karlsson, 1986) with a peak around 450 nm.  

 

In the same species as currently used Morison & Jarvis (1983) show that gc is very 

sensitive to blue light which elicited stomatal opening in a range of 0 - 300 �mol m-2 

s-1. In the current study (paper II) we find that it is within the same range, that the 

observed values of gc are often much-elevated in diffuse conditions, allowing higher 

rates of photosynthesis. We also know (paper I) that under diffuse conditions, Sitka 

spruce forests experience an enriched blue light regime inside and below the 

canopy, and so producing their own, possibly optimal, light regime surrounding the 

photosynthesising foliage.  

 

Measurements carried out in the closely related Norway spruce (Picea abies) (Urban 

et al., 2007) show similar results to those estimated for Sitka spruce (paper II). 

However, Urban et al. (2007) found, that sunny conditions with PAR values higher 

than 600 �mol m-2 s-1 impaired gc, a feature they attributed to high VPD which often 

accompanies sunny weather. VPD values in the current study rarely exceeded 2 

kPa. Early measurements show that Picea sitchensis is very sensitive to VPD, with a 

gc response that is approximately linear (Grace et al., 1975; Neilson & Jarvis, 1975). In 

Sitka spruce forests, where long term heat stress is rare due to the oceanic climate 

they grow in, diffuse radiation and VPD become of very high importance. 
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5.3. Long-term trends in diffuse radiation and implications for tree ring research 

 

The third hypothesis addresses possible long term effects. As pointed out above, 

many authors have speculated about long term trends, and tried to model them. 

However, there are now long term observations of forest response to diffuse 

radiation. Measurements carried out in Harwood and Griffin forest over the 2008 

growing season included in the current study represent only one growing season 

(paper II). Data from only one growing season may not be representative, and may 

not be a reliable guide to forest growth over longer periods. Therefore a long-term 

study was designed, serving to investigate the possible link of climatological 

variables, such as diffuse radiation and forest growth, over several decades (paper 

III).  

 

As previously observed, there is a link between canopy photosynthesis and canopy 

conductance partly in conjunction with VPD influence (paper II). Results from tree 

ring analysis indicate correlations between the annual growth anomaly and VPD 

(paper III). VPD has long been known to influence photosynthesis for the reason 

that the stomata close when the air is dry, especially in this species (Grace et al., 

1975; Neilson & Jarvis, 1975). Cloudiness, per se may be expected to reduce plant 

growth through a reduction in solar insolation, although Williams et al. (2008) have 

found that the effect of cloud cover on tree growth, and thus ring width, may vary 

depending on the type of cloud, the time of day, and the time of year.  

 

We were surprised to see that the cosmic ray flux was always statistically 

significantly correlated with the growth index, with correlation coefficients that 

exceed all others in the analysis. The first presumption was that cosmic rays create 

aerosols and thus change the radiation field.  
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In cloud physics the subject is highly controversial. Svensmark & Friis-Christensen 

(1997); Marsh & Svensmark (2000); Pallé & Butler (2000a, 2000b) show relationships 

between cloud cover and the galactic cosmic ray (GCR) flux. These observations 

have been challenged (Kristjansson et al., 2002; Sun & Bradley, 2002; Laut, 2003). 

However, recent models (Kerr, 2009; Pierce & Adams, 2009) show only small effects 

of cosmic rays on clouds but are not denying the possibility of a link. Probably this 

issue will continue to be researched and debated by atmospheric scientists for many 

years. 

 

To explain the link between GCRs, diffuse radiation and the growth anomaly we 

propose the possible hypothesis that the forest ‘sees’ a radiation field that is 

modified by the aerosol particles derived from the flux of cosmic rays, but not 

recordable with common solar radiation sensors. The study, introduced here (paper 

III), carried out in southern Scotland indicates a positive relationship between the 

growth of Sitka spruce trees and the amount of diffuse radiation available to the 

forest over the spring and summer months. Previous measurements in Sitka spruce 

(paper II) and in various other Picea species (Gu et al., 1999 and Urban et al., 2007) 

have related enhanced carbon dioxide uptake to diffuse radiation.  

 

Cyclic phenomena in growth ring sequences have been reported (Douglass, 1927; 

Siren & Hari, 1971; Currie, 1991; Briffa, 1994; Rigozo et al., 2007a, 2007b) but have 

not become part of the main agenda in tree ring research, perhaps because they are 

controversial and variable. We cannot however rule out the possibility of a direct 

stimulatory effect of GCR on the growth of trees, as beneficial effects have 

sometimes been demonstrated in biological materials exposed to GCR in space 

(Hammond et al., 1996), despite the prevalence of chromosomal aberrations in such 

materials (Nevzgodina, 1999). 

 

However, processes other than cosmic ray flux such as volcanic eruptions affect the 

flux of diffuse radiation received at the Earth’s surface (Farquhar & Roderick, 2003; 

Krakauer & Randerson, 2003; Robock, 2005 and Battipaglia et al., 2007) even when 

they are many thousands of miles away. In Fig. 5.1b we incorporate a role of cosmic 
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rays and volcanism in the process of forest growth (paper III). These non-

climatological processes have been neglected in the past, but may eventually be 

recognised as factors in determining long term forest growth and carbon storage. 

 

No studies have been found to explain the pattern of diffuse radiation occurring in 

particular years, apart from general assumptions that the observed decrease in solar 

radiation is caused by the known phenomenon of global dimming (Roderick et al., 

2001; Stanhill & Cohen, 2001; Roderick, 2006). Furthermore, no direct links between 

global dimming and enhanced carbon dioxide uptake by plants were reported, since 

this phenomenon occurred simultaneous with an obvious increase in carbon dioxide 

in the atmosphere (Jacoby & D’Arrigo, 1997).  

This study, however, shows a distinctive relationship between volcanic eruptions 

which occurred west to the United Kingdom and the pattern of diffuse radiation, 

recorded as the fraction of global radiation in Upland Scotland (paper III) over the 

past decades.  

 

 



 136 

 

D
if

fu
se

 r
a

d
ia

ti
o

n

L
ow

 V
P

D
 *

*
B

lu
e 

en
ri

ch
ed

 li
gh

t 
in

si
de

 c
an

op
y 

*
Im

pr
ov

ed
 P

A
R

 
di

st
ri

bu
ti

on
 i

ns
id

e 
ca

no
py

 *

E
nh

an
ce

d 
st

om
at

al
 

op
en

in
g

In
cr

ea
se

d 
p

ho
to

sy
nt

he
si

s
**

G
C

R
**

*
V

ol
ca

ni
c 

er
u

pt
io

ns
**

*

E
nh

an
ce

d 
fo

re
st

 g
ro

w
th

**
*

D
ir

ec
t 

ra
d

ia
ti

o
n

H
ig

h 
V

P
D

**
B

lu
e 

li
m

it
ed

 li
gh

t 
in

si
de

 c
an

op
y

*
L

im
it

ed
 P

A
R

 
di

st
ri

bu
ti

on
 i

ns
id

e 
ca

no
py

*

Se
lf

 p
ro

te
ct

iv
e 

st
om

at
al

 c
lo

su
re

  
L

im
it

ed
 s

to
m

at
al

 
op

en
in

g 

L
im

it
ed

 

ph
ot

os
yn

th
es

is
**

a
b

D
if

fu
se

 r
a

d
ia

ti
o

n

L
ow

 V
P

D
 *

*
B

lu
e 

en
ri

ch
ed

 li
gh

t 
in

si
de

 c
an

op
y 

*
Im

pr
ov

ed
 P

A
R

 
di

st
ri

bu
ti

on
 i

ns
id

e 
ca

no
py

 *

E
nh

an
ce

d 
st

om
at

al
 

op
en

in
g

In
cr

ea
se

d 
p

ho
to

sy
nt

he
si

s
**

G
C

R
**

*
V

ol
ca

ni
c 

er
u

pt
io

ns
**

*

E
nh

an
ce

d 
fo

re
st

 g
ro

w
th

**
*

D
ir

ec
t 

ra
d

ia
ti

o
n

H
ig

h 
V

P
D

**
B

lu
e 

li
m

it
ed

 li
gh

t 
in

si
de

 c
an

op
y

*
L

im
it

ed
 P

A
R

 
di

st
ri

bu
ti

on
 i

ns
id

e 
ca

no
py

*

Se
lf

 p
ro

te
ct

iv
e 

st
om

at
al

 c
lo

su
re

  
L

im
it

ed
 s

to
m

at
al

 
op

en
in

g 

L
im

it
ed

 

ph
ot

os
yn

th
es

is
**

D
if

fu
se

 r
a

d
ia

ti
o

n

L
ow

 V
P

D
 *

*
B

lu
e 

en
ri

ch
ed

 li
gh

t 
in

si
de

 c
an

op
y 

*
Im

pr
ov

ed
 P

A
R

 
di

st
ri

bu
ti

on
 i

ns
id

e 
ca

no
py

 *

E
nh

an
ce

d 
st

om
at

al
 

op
en

in
g

In
cr

ea
se

d 
p

ho
to

sy
nt

he
si

s
**

G
C

R
**

*
V

ol
ca

ni
c 

er
u

pt
io

ns
**

*

E
nh

an
ce

d 
fo

re
st

 g
ro

w
th

**
*

D
ir

ec
t 

ra
d

ia
ti

o
n

H
ig

h 
V

P
D

**
B

lu
e 

li
m

it
ed

 li
gh

t 
in

si
de

 c
an

op
y

*
L

im
it

ed
 P

A
R

 
di

st
ri

bu
ti

on
 i

ns
id

e 
ca

no
py

*

Se
lf

 p
ro

te
ct

iv
e 

st
om

at
al

 c
lo

su
re

  
L

im
it

ed
 s

to
m

at
al

 
op

en
in

g 

L
im

it
ed

 

ph
ot

os
yn

th
es

is
**

a
b

Fi
gu

re
 5

.1
: *

 R
ep

re
se

nt
s 

fi
n

di
ng

s 
pr

es
en

te
d 

in
 p

ap
er

 I
; *

* 
re

pr
es

en
ts

 f
in

di
ng

s 
fr

om
 p

ap
er

 I
I 

an
d 

**
* 

re
pr

es
en

t f
in

di
ng

s 
fr

o
m

 p
ap

er
 I

II



 137 

5.4. Conclusions and recommendations 

 

The main objectives of the present study were the investigation of sky conditions 

and their influence on the carbon dioxide uptake by forests in Northern Britain. We 

have shown long-term data on direct and diffuse solar radiation from Southern 

Scotland and how its distribution and pattern has been directly (volcanic eruptions) 

and hypothetically (galactic cosmic rays) influenced over the past decades. We 

know that forests are assimilating carbon in a much more efficient way under 

diffuse conditions and are also leading to increased forest growth. By studying how 

different cloud conditions can affect carbon uptake we can understand how forests 

might respond to changes in cloud cover. Such mechanisms and linkages are 

important to quantify and predict the impact of climate change on rates of forest 

growth in the future. 

 

We have shown that solar radiation (including photosynthetic active radiation) is 

penetrating deeper into the Sitka spruce [Picea sitchensis (Bong.) Carr.] forest canopy 

under various diffuse skies compared to clear skies. We have shown that diffuse 

radiation is distributed more evenly inside the forest and with it there is more blue 

light surrounding the photosynthesising foliage. There is evidence from previous 

studies that this diffuse radiation is especially conducive to stomatal opening 

because it is blue-enriched. In the long-term this is translated into enhanced forest 

growth (carbon accumulation) of Picea sitchensis under diffuse conditions in 

Southern Upland Scotland. 

 

The canopy does not achieve its highest photosynthetic rates, nor its highest 

stomatal conductance when solar radiation is dominated by direct solar radiation. In 

overcast conditions, when solar radiation is 100% diffuse, blue light enrichment and 

low vapour pressure deficit may both contribute to an enhanced photosynthetic 

performance.  

 

The main conclusions are best represented as an influence diagram (Fig. 5.1a & b). 
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The research introduced here should not be seen as the final word; several 

recommendations are suggested in order to refine and also to support the current 

results.  

 

 

 

• We recommend a more intense campaign of spectral measurements in Griffin 

forest (paper I) over a wide range of sky conditions, and during all hours of the 

day, in order to receive diurnal estimates of radiation penetration and spectral 

distribution of light. 

• Repeating the spectral measurements (paper I), mentioned above, by adding 

reflectance and fluorescence measurements (the radiometer just needs to be 

pointed downwards, as opposed to upwards as used in the study presented 

here). 

• Further clarification of whether blue light or reduced VPD causes the effect of 

enhanced stomatal activity (paper II) cannot be made without experimental 

studies inside the canopy. VPD would need to be held constant in chambers, 

whilst blue light would have to be manipulated. 

• An investigation of long-term (several growing seasons) direct versus diffuse 

solar radiation and eddy covariance data in order to investigate the light 

responses over the different growing periods and also integrate a canopy 

conductance - diffuse radiation study for Sitka spruce in Northern Britain (paper 

II). This study could be done with existing eddy covariance data sets although 

most sites and most researchers have not installed either the sunshine sensor or 

classical shade-ring solarimeters. 

• Galactic cosmic rays (paper III) are latitude dependent. Since no further studies 

were found looking at the relationship between tree ring width and galactic 

cosmic rays, we suggest an investigation into tree ring data from other northern 

latitude and cosmic rays in order to support the current results. 
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6. Appendix  

 

6.1. Appendix I 

6.1.1. Setback - February 2006 

 

Due to incorrect felling activity in Harwood Forest (Northumberland) early 2006 by 

Forest Enterprise and Forestry contractors and the elimination of a crucial part of 

the forest, the entire project experienced a setback of several months. The original 

Harwood forest research site which is served with mains power accommodated a 27 

metre tall tripole mast which included the main eddy covariance and meteorological 

station mounted at the top. The site accommodated furthermore a shed, which 

housed the entire logging system. Access to the majority of the instrumentation was 

limited to certified climbers only. Due to this unfortunate incident the entire 

research site needed to be relocated.  

 

The relocation meant finding another forest site, suitable for eddy covariance 

measurements. This technique ideally requires flat terrain and homogeneous same 

aged forest of at least 1km2. Relocating the research site also required the relocation 

of mains power and installation of power cables along the forest floor, embedded in 

a trench or as overhead cables. Further delays were caused by the requirement of 

Planning Permission issued by Alnwick District Council in Northumberland 

(England).  

 

 

6.1.2. Recovery Plan and new sites 

 

Due to the difficult accessibility of the original structure (tripole mast) it had been 

decided to upgrade to a walk-up tower in order to continue the project. The decision 

was to stay in Harwood Forest and to move into a younger plot. The original 
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Harwood site was located in a 38 year old plot. The location of the new site was 

chosen to be in a 33 years (in 2009) old stand, north of the original site. The new site 

uses a walk-up tower, approximately 28m high. This construction design is a 

scaffolding tower and does not limit access or the number of sensors installed on 

top due to weight over load, which was faced at the original site. Planning 

permission was issued in December 2006, mains power cables were laid out in 

August 2007 with a functioning and running site in April 2008. 

 

Three more sites have been integrated into the research project in order to fulfil all 

objectives and answer the set questions: Griffin Forest, Forest of Ae and 

Eskdalemuir Observatory (data only). Forest of Ae and Eskdalemuir were chosen in 

addition in order to combine short term with long term studies to investigate past 

changes in forest growth. Working in Griffin allowed us to do studies in a well 

managed forest plantation which had been row and selectively thinned in 2004.  
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6.2. Appendix II 

 

 
Mean spectra recorded along the Griffin eddy flux tower as one proceeds through the canopy.  
Part 1: 22 - 15 meters. 
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Mean spectra recorded along the Griffin eddy flux tower as one proceeds through the canopy.  
Part 2: 14 - 10 meters. 
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Mean spectra recorded along the Griffin eddy flux tower as one proceeds through the canopy.  
Part 3: 9 - 5 meters. 
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Mean spectra recorded along the Griffin eddy flux tower as one proceeds through the canopy.  
Part 4: 4 - 0 meters. 
 

 

 


