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Abstract

Boreal peatlands store carbon sequestered from the atmosphere over millennia and

the importance of this and the other ecosystem services these areas provide is now

widely recognised. However, a changing climate will affect these environments

and, consequently, the services they provide to the global population. The rate

and direction of environmental change to peatlands is currently unclear and they

have not yet been included in many climate models. This may in part be due

to the ecological heterogeneity and spatial extent of these areas and the sparse

sampling survey methods currently adopted. Hyperspectral remote sensing from

satellite platforms may in future offer an approach to surveying and do so at the

high spectral and spatial resolutions necessary to infer ecological change in these

peatlands. However, work is required to develop methods of analysis to determine

if hyperspectral data can be used to measure the overstorey vegetation of these

areas. This will require an understanding of how annual and inter-annual cyclical

changes affect the peatland plant canopy reflectances that would be recorded by

hyperspectral sensors and how these reflectances can be related to state variable

of interest to climate scientists, ecologists and peatland managers.

There are significant areas of peatland within Scotland and, as it is towards the

southern extreme of the boreal peatlands, these may be an early indicator of

environment change to the wider boreal region. Calluna vulgaris, a hardy dwarf

shrub, is the dominant overstorey species over much of these peatlands and could
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serve as a proxy for ecological, and consequently, environmental change. However,

little has been done to understand how variations in leaf pigments or canopy

structural parameters influence the spectral reflectance of Calluna through annual

and inter-annual growth and senescence cycles. Nor has much work been done to

develop methods of analysis to enable images acquired by hyperspectral remote

sensing to be utilised to monitor change to these Calluna dominated peatlands

over time.

To advance understanding of the optical properties of Calluna leaves and canopies

and develop methods to analyse hyperspectral images laboratory, field and

modelling studies have been carried out in time series over a number of years. The

leaf and canopy parameters significantly affecting reflectance have been identified

and quantified. Differences between published Chlorophyll(a+b) in vivo absorption

spectra and those determined were found. Carotenoids and Anthocyanins were

also identified and quantified. The absorption spectra of these pigments were

incorporated into a canopy reflectance model and this was coupled to a Calluna

growth model. This combined model enabled the reflectance of Calluna canopies

to be modelled in daily increments through annual and inter-annual growth and

senescence cycles. Reasonable results were achieved in spectral regions where

reflectance changed systematically but only for homogeneous Calluna stands.

However, it was noted during this research that the area of support for the

spectral measurements appeared to differ from that assumed from the specification

provided by the spectroradiometer manufacturers. The directional response

functions (DRFs) of two spectroradiometers were investigated and wavelength, or

wavelength region, specific spatial dependences were noted. The effect that the

DRFs of the spectroradiometers would have on reflectances recorded from Calluna

canopies was investigated through a modelling study. Errors and inaccuracies in

the spectra that would be recorded from these canopies, and commonly used

biochemical indices derived from them, have been quantified.
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Chapter 1

Introduction

1.1 Calluna vulgaris and the environment

within which it grows

The upland moors of Scotland are “one of the most distinctive habitats found

in Europe” (Thompson et al., 1995). These areas are of significant economic,

aesthetic and nature conservation value nationally and internationally (Mackey

et al., 2001) and are “intimately linked to the major environmental interactions of

our planet such as climate change” (Lindsay, 1995). The flowering and pattern of

Calluna vulgaris (heather, as it is known colloquially) on these moors dominates

the landscape and forms the back drop to much of the history of Scotland and

contributes to the cultural identity of many Scots (Paterson, 2002).

Calluna vulgaris, henceforth referred to as Calluna, is a hardy dwarf shrub which

grows in cool temperate climates such as Scotland’s. Though adaptive, Calluna

prefers to grow in moist acid soils in cool climates and some areas of the world’s

temperate peatlands fulfil this requirement. Peat has accumulated over millennia

1
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Figure 1.1: Global distribution of peatlands
Adapted from Joosten, H. (2010).

in areas with predominantly wet cool climates and where aerobic decomposition

of dead vegetation is limited. The greatest proportion of the world’s peat is in

the boreal peatland ecosystems of the Earth’s northern hemisphere (Figure 1.1)

(Joosten, 2010) and the extensive services these peatlands provide is increasingly

being recognised (Joosten and Clarke, 2002; Rochefort and Lode, 2006; Baird

et al., 2009; Bonn et al., 2009a). The importance of the status and dynamics of

peatlands, their place in the carbon cycle and their sensitivity to allogenic change

is of global importance (Charman, 2002; Harris and Bryant, 2009b; Kurbatova

et al., 2009). However, these areas are under threat from a range of environmental

and societal pressures (Joosten and Clarke, 2002; Rochefort and Lode, 2006;

Baird et al., 2009; Bonn et al., 2009b). Yet the status and dynamics of these

areas is not fully understood and they have not yet been incorporated into many

Earth surface/atmosphere gas exchange and climate models (Limpens et al.,

2008; Baird et al., 2009; Billett et al., 2010). Dwarf shrubs form the overstorey

on extensive areas of boreal peatlands, with some species being endemic or

regionally distinct. As species dominance and mix are influenced by geographical,
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environmental and ecological conditions dwarf shrubs may be used as an indicator

of these conditions (Vitt, 2006). As the UK’s peatlands are towards the southern

extreme of the global boreal peatland distribution (MacDonald et al., 2006), they

may be particularly susceptible to environmental change driven by current or

potential global climate variations. Developing quantitative methods to measure

the status and dynamics of these peatlands would enable them to be monitored

and inform management and policy decision and may also enable these areas to

be incorporated into Earth/atmosphere flux and climate models. The Calluna

dominated peatlands of Scotland may serve as a suitable environment in which

such methods can be developed.

Optical remote sensing (RS) from airborne or satellite platforms offers one

practical approach to survey extensive areas such as peatlands. Nevertheless,

achieving acceptable levels of classification accuracy has been problematic due

to the ‘coarse’ spectral and spatial resolutions of the optical imaging sensors

used (Bird et al., 2000; Earth Observation for Natura, 2000). Hyperspectral

imaging sensors are now available on airborne platforms which can measure at

far greater spectral and spatial resolutions and there are plans to mount similar

sensors on satellite platforms in the coming decade. To realise the full potential

of hyperspectral sensors on satellite platforms for quantitative RS in the future,

a greater understanding of the interaction of light with the overstorey vegetation

on peatlands is required.
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1.2 Overview of this thesis

1.2.1 Objective

In order to better use hyperspectral remote sensing to characterise Calluna

dominated peatlands, both to improve classifications and to measure biological

and physiological processes, it is necessary to have a greater understanding of

the interaction of light with photosynthesising Calluna shoots and leaves and its

canopy structure and the influence that field spectroradiometer characteristics

have on the areas sampled and spectra recorded. It is also necessary to develop

methods to enable the changing Calluna canopy structure to be quantitatively

and replicably measured and canopy reflectance to be modelled through its annual

and inter-annual growth and senescence cycles. This thesis sets out to increase

this understanding and begin canopy reflectance model development to enable

Calluna to be used as an indicator of ecological and environmental change in

global monitoring studies and to inform local and regional management decision

making.

1.3 Peatlands

1.3.1 Formation of the boreal peatlands and their signifi-

cance

Boreal peatland ecosystems cover only approximately 3% of the Earth’s land

surface, yet they contain approximately 30% of the world’s terrestrial soil carbon

(Wieder and Vitt, 2006). This carbon has been sequestered from the atmosphere

over millennia primarily by bryophytes (but also, although to a lesser extent, by
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vascular plants) during respiration and growth, since the retreat of the glaciers

which covered these areas some 10,000 to 25,000 years ago (Lindsay, 1995; Kuhry

and Turunen, 2006). Sphagnum species in particular, the primary component of

peat, began to colonise and accumulate some time after glacial retreat at the end

of the last Ice Age. It is one of the few plant species to thrive under cold, wet

and low nutrient conditions (Glime, 2007). Sphagnum by its presence acidifies

its environment through ion exchange with water being held within the plant’s

tissue, lowering the pH to around 4 (Lindsay, 1995). Due to this acidity, microbial

induced plant tissue decay is limited allowing senescing and dead Sphagnum

carbon compounds to accumulate, building up peatland at up to 1mm per year in

some areas (Lindsay, 1995), as long as accumulation exceeds erosion. This acidity

also restricts the higher plant species that can exist in these areas, allowing acid

tolerant bryophytes to colonise and form a surface layer. However, ericaceous

species, such as Calluna, some graminoids and acid tolerant woody shrubs, such

as Salix and Betula species, can form an overstorey layer in areas which are not

waterlogged.

Current or potential global warming will affect the northern hemisphere (Hansen

et al., 2006) including boreal peatlands (Gorham, 1991), although there are indi-

cations that there may be regional anomalies (some areas may cool) (Trenbeth,

1990; Chase et al., 2000; Petoukhov and Semenov, 2010). A rise in mean tem-

perature in the northern hemisphere may activate a strong carbon-cycle/climate

feedback in peatland areas (Billett et al., 2004; Davidson and Janssens, 2006;

Dorrepaal et al., 2009) and there is reason to believe in the near future that peat-

lands may become a significant source of atmospheric carbon (Archer, 2010). This

may occur if the long term carbon sequestration function of peatlands is impeded

by the rise in temperature, increasing microbial decomposition, or if there is a

significant reduction in precipitation, causing these areas to dry and particulate

carbon to oxidise more readily. The results of such environmental change may be
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evident in changes to the characteristics of overstorey vegetation components and

canopies or species assemblages, the primary indicators of ecological condition

(Rodwell, 1991; Schwartz, 2003; Gu et al., 2009; Hudson and Keatley, 2010).

Peatlands are responsive ecosystems whose structural components and physical

properties cause their form and extent to be regulated by prevailing environmental

and climatic conditions (Charman, 2002; Baird et al., 2009; Lindsay, 2010).

Peatlands have not yet been included in many global models of terrestrial-

atmosphere CO2 exchange (Le Quéré et al., 2009; Billett et al., 2010) and it

remains unclear whether peatlands are currently a source or sink of carbon as

this may depend on local management decisions (Billett et al., 2004). One of

the reasons for this uncertainty may be the sparse spatial sampling as a result of

current field survey methods (Voßbeck et al., 2010). For example, the soil carbon

analysis of the UK conducted by Bradley et al. (2005) was based on a 1:250,000

scale soil map derived from data collected on a 1km sampling grid. An increase in

scientific understanding and improvement in measurement methods is needed to

determine if peatlands remain a sink for, or are becoming a source of, atmospheric

carbon and to enable this information to be incorporated into climate models that

account for the fine spatial detail which reflects local management decisions (Ostle

et al., 2009).

Due to their areal extent, much remains to be known of the rate and direction

of ecological change in peatlands and a better understanding of both their

significance and the interaction of societal and natural processes is necessary

(Scottish Natural Heritage, 2002; Holden et al., 2007). Developing methods to

monitor and measure the dynamics and direction of change of these extensive

ecosystems would therefore be of significant benefit (Egan et al., 2000; Harris and

Bryant, 2009b; Bonn et al., 2010; Anderson et al., 2010). As the UK peatlands

are a microcosom of those of the northern hemisphere they may serve as an

environment in which such methods can be researched and developed.
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1.3.2 The UK’s peatlands and Calluna - a potential eco-

logical indicator

Peatland ecosystems, including fens, their ecological precursor (Lindsay, 1995),

cover approximately 4.66 x 106 ha, approximately 18% of the UK’s land area

(Haines-Young et al., 2000) and the distribution of these carbon rich organic

soils is shown in Figure 1.2. As ecosystems they are a critical natural resource

and provide key ecosystem services for human welfare, climate regulation and

biodiversity (Alcamo and Bennett, 2003; Charman, 2002; Erwin, 2009; Bonn

et al., 2009a; Harris and Bryant, 2009b; Haines-Young and Potschin, 2009;

Bonn et al., 2010) and in many locations provide a critical hydrological buffer

(Price et al., 2003; Holden et al., 2004; Charman, 2002; Schumann and Joosten,

2008). The services provided by peatlands can be categorised as supporting,

provisioning, regulating, and cultural (Bonn et al., 2009b, 2010), subdivided

further in Table 1.1, and with direct and indirect effects on human well-being.

These services may be considered at a global scale but many have utility at local

and regional scales (Joosten and Clarke, 2002).

Table 1.1: Ecosystem services provided by peatlands
Supporting Provisioning Regulating Cultural

Nutrient recycling Food Climate Aesthetic

Soil formation Fresh water Flood Spiritual

Primary production Wood and fibre Disease Educational

Fuel Water quality Recreational

Developed from Bonn (2010).

Expanding on Table 1.1, the UK’s peatlands support human and societal well-

being through nutrient recycling, the formation and conditioning of soils, sediment

transportation and as an environment for primary production (Bonn et al., 2010).

They provide a source of energy, through the harvesting and burning of dried
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Figure 1.2: Distribution of peatlands in the UK and Eire

Adapted from Montanarella et al., (2006).

peat; a source of nutrition, through their use for agricultural grazing or, in drier

areas, food crop cultivation and in some areas fibre production; fresh water

storage and, as a hydrological buffer, alleviation from flooding and regulating

river flow as peat is hygroscopic; filtration of atmospheric pollutants, such as

nitrous oxides, from rainfall (Joosten and Clarke, 2002; Bonn et al., 2010). They

also help regulate local and regional climates through evapotranspiration (Joosten

and Clarke, 2002). As the UK’s peatlands are towards the southern extreme of the

boreal peatland’s distribution (MacDonald et al., 2006) they may be particularly

susceptible to climate change in the northern hemisphere. Scotland has the

greatest proportion of upland moors in the UK as they cover some 38% of its

land area.

1.3.3 Growth and form of Calluna

Scotland’s temperate oceanic climate, high levels of precipitation and the pre-

dominance of uplands favours the development of dwarf shrub and bog ecological
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communities (Haines-Young et al., 2000). Dwarf shrub sub-communities form on

the dryer areas while bogs develop across the wetter areas and waterlogged areas.

These sub-communities may be mutually exclusive and often form in complex

mosaics (Rodwell, 1991) or form ecological gradients (Gimingham, 1989; Trodd,

1996). Furthermore, they are colonised by a limited range of plant species but

Calluna may grow and develop to be the dominant over-story species across much

of their extent, if the areas into which it roots are not permanently waterlogged

(Gimingham, 1972).

Calluna is a sclerophyllous dwarf woody shrub annually producing shoots with

microphyllous leaves 1 mm to 2 mm in length in decussate pairs (leaves arranged

in opposite pairs on a stem, each pair at right angles to the pair above and

below). These leaves start to become evident in the upper canopy in late

spring (Figure 1.3(a)). Then during the summer months the leaves gradually

becoming more prominent as more emerge and they develop a distinct light green

colour (Figure 1.3(b)). Each year, from mid July to early August, distinctive

densely packed purple flowers form (Figure 1.3(c)), set seed in late summer and

die, with clusters of dead light brown flowers remaining attached over winter

(Figure 1.3(d)). By the end of winter there are few if any green leaves evident in

the upper canopy of Calluna shrubs (Figure 1.3(e)), although approximately two

thirds of the foliage present the previous year will have survived winter desiccation

in the lower canopy layers.

Distinct growth phases of Calluna have been identified and these are generally

classified after Watt (1947) as; ‘pioneer’; ‘building’; ‘mature’; and ‘degenerate’.

In the pioneer stage laterals shoots develop, also in decussate pairs, from

phanerophyte growth buds (although many buds remain dormant) with the

plant developing to display a pyramidal form. As Calluna continues to grow

through the pioneer and building phases a fucate branching structure develops,

with leading shoots being replaced by two or three new ones, increasing shoot
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(a) May - spring greening (b) Late June - early summer ‘shoots
and leaves’ cover canopy greening

(c) August - late summer flowering (d) October - early winter dying flowers
and onset of senescence

(e) April - winter desiccation

Figure 1.3: Visual change to a ‘building’ Calluna canopy through a growth and
senescent cycle
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density and, consequently, ground cover. Lower laterals, that developed initially

from the prostrate shoots, also continue to grow and adopt an ascending habit,

leading to the development of a sympodial growth form (shoots growing laterally

then vertically to form additional leading shoots, developing other axes for

plant growth). At the end of the building phase, in favourable conditions,

the Calluna canopy closes but leaf and shoot development continues, increasing

photosynthesising biomass density to use available light and shading out ground

cover species. In such areas extensive even aged Calluna stands, with continuous

ground canopy cover, develop until in maturity the shallow rooting system begins

to be unable to support the weight of the shrub. After some 25 to 30 years Calluna

begins to degenerate and adopt a prostrate habit, allowing light in to the ground

layer and enabling shorter lived species to grow. In the degenerate stage fewer

new shoots are produced and the central branches collapse completely opening up

the centre of the shrub, forming a characteristic spoked ‘wheel’ with some green

shoots on the periphery (Gimingham, 1972).

While the foregoing describes the life cycle of Calluna under optimal conditions,

Calluna can display considerable phenotypic plasticity under the influence of

ecological and environmental determinants (Grant and Hunter, 1962; Gimingham,

1972; MacDonald et al., 1995). There is evidence that the rates of growth,

flowering densities and possibly leaf moisture content may vary between different

ecological communities (Gimingham, 1972). In each of the recognised growth

phases of Calluna two state variable ranges (canopy height and percentage ground

cover) have been selected by biologists and ecologists to assist in the classification

of Calluna ground cover (Watt, 1947; Gimingham, 1972; Grant and Armstrong,

1993; Macaulay Institute, 2003). However, these growth stages are not mutually

exclusive and the development of Calluna forms a continuum with height and

ground cover affected by ecological and environmental determinants, as well as

age. For example, MacDonald et al. (1995) identified ‘layering’ as a condition of
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Calluna growth and stand development in certain ecological communities where

adventurous lateral branches could root into the substrate and propagate across

the landscape, without following the cyclical process presented by Gimingham

(1972).

A schematic of the growth forms that Calluna can adopt under different ecological

and environmental conditions is presented in Figure 1.4. These characteristic

forms of growth and stand development are used in field surveys to classify

Calluna and could possibly be used as an indicator of peatland condition and

environmental change if they can be reliably and replicably measured.

Figure 1.4: Calluna phenotypic plasticity

Adapted from MacDonald et al., (1995).
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1.4 Management and surveying of Scotland’s

dwarf shrub heath

In addition to their place in the natural carbon cycle, Scotland’s Calluna domi-

nated upland moors are utilised for agricultural, sporting and recreational activi-

ties and these areas are of international importance for biodiversity conservation

(Scottish Natural Heritage, 2003; Thompson et al., 1995; Mackey et al., 2001;

Usher et al., 2001; Warren, 2002). Historically these moors were primarily used

for the purposes of sheep grazing and grouse and deer shooting from the Victo-

rian era through to the 1960s and 1970s. Management for these purposes, along

with climatic and geomorphological factors, have shaped the landscape pattern

and vegetation assemblages. However, there has been a dramatic decline in inter-

nationally important bird populations in these areas since the beginning of the

1970s. This has, in part, been attributed to a reduction in the extent and quality

of moorland due to drainage, Sitka forest planting, excessive grazing and other

current moorland management practices (Thompson et al., 1995; Mackey et al.,

2001). Excessive grazing can lead to loss of vegetation and subsequent erosion in

sensitive upland landscapes (Gordon et al., 2001; MacDonald et al., 1998) with

consequent effects on wildlife. Thompson et al. (1995) advise that “Current man-

agement practices must change ... to avoid the demise of one of Britain’s most

distinctive landscapes and habitats”.

1.4.1 Management of upland moors for agriculture, con-

servation and recreational purposes

Despite their importance, generally there has been an increase in grazing pressure

from herbivores across Scotland’s upland moors over time (Mackey et al., 2001).



14 1.4 Management and surveying of Scotland’s dwarf shrub heath

The adverse effects of this over grazing have been compounded by a reduction in

manpower deployed in the management of the moors with consequent reduction in

activities such as muirburn (the managed cyclical burning of Calluna to encourage

regeneration). These factors have caused a change to the ecological dynamics of

the moors. Calluna is a cyclical dominant, rather than a climax community,

and its dominance is maintained by management intervention. Without this

intervention the overstorey vegetation of many of these peatlands would revert

to a mix of dwarf shrub and woody scrub over acid tolerant graminoids and

peat forming bryophytes (Gimingham, 1972). Intervention may take the form of:

controlling the number and duration of grazing herbivores on the moor; muirburn,

to remove mature and degenerate Calluna and encourage the regeneration of

young Calluna shrubs which produce more fresh green shoot per unit area and

hence provide forage to support greater herbivore numbers; or the application

of fertiliser. Recent government policy, driven in part by EU regulation, has

recognised that management for agricultural production alone is detrimental to

moorland value and the diverse ecosystem services they provide and has started

to change the way these areas are managed. Payment for farm support is now

based on good environmental management and verifiable farming practice rather

than on livestock numbers and the control of deer numbers is being encouraged

(Warren, 2002; Scottish Natural Heritage, 2003, 2005). However, the impact of

land management decisions, such as the changing of stock densities (be it increased

or decreased) or frequency of muirburn, on these peatland communities needs to

be considered. As an aid to this process a suite of decision support tools, HillPlan,

has been developed by the Macaulay Land Research Institute (MLURI).

Knowledge of an area’s vegetation species composition, geographical location,

herbivore species and numbers, and the temporal periods during which the

herbivores are present are required as inputs to the HillPlan model. The software

then models the availability of graminoids, the moorland herbivores preferred
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Table 1.2: HillPlan Calluna growth and grazing model input variables

Category Input variable Category Input variable

Graminoids Graminoid species Herbivores Herbivore species
Species mix (%) Quantity
Spatial extent (ha) Weight

Duration on area (days)

Calluna Age class Environment Location
Spatial extent (ha) Altitude (m)
Ground cover (%) Aspect
Density of ground cover (%) Soil type
Ecological community class

Temporal Ground cover (%) Management Fertiliser application
Reporting cycle (days) Muirburn cycle
Duration of model run in
annual cycles

forage, the growth of digestible Calluna biomass and the utilisation of these

resources by the levels of herbivores present and does so in daily increments per

unit area. Consequently, the model can be used to forecast changes to vegetation

assemblages and their extent and the condition of Calluna cover under a range of

stocking regimes and management strategies (Macaulay Institute, 2003). Input

to the model requires extensive areas of upland to be surveyed for each farm or

estate and detailed habitat descriptions and vegetation assemblages quantified, as

listed in Table 1.2. However, due to the extent and remoteness of moorland areas

acquiring field survey data can be problematic (Wright et al., 1997; Macaulay

Institute, 2003). Condition assessment field surveys are either detailed, objective

and replicable but impractical over large areas, or generally, subjective and unable

to be replicated with enough precision to allow ecological change to be assessed,

at least at five or ten year intervals1.

1The author’s personal experience from conservation management and planning of extensive
areas of moorland within Scotland’s Regional Park system
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1.4.2 Ecological field surveys of the Calluna dominated

upland moors of Scotland

Although a range of surveying techniques has been developed to monitor the

condition of Calluna dominated moors (MacDonald et al., 1998; Egan et al.,

2000; Macaulay Institute, 2003), acquiring accurate and replicable inventories of

landscapes in general (Cherrill and McClean, 1999) and upland vegetation in

particular (Earth Observation for Natura, 2000; Egan et al., 2000) have been

found to be problematic using traditional ecological surveying techniques. These

survey techniques tend to rely on subjective visual assessments of small areas

and on these spot surveys being representative of vastly greater areas. The UK’s

peatlands and Calluna dominated upland moors are extensive (with enclosures

measured in hundreds or thousands of hectares) but for practical purposes field

study methods sample a restricted number of locations, each of limited spatial

extent (possibly less than a square metre to at most tens of square metres), with

data being interpolated or extrapolated across the wider area of interest when

maps are produced or inferences made (Bullock, 2006). This approach has been

criticised by some ecologists particularly when assessment of change over time is

being considered, as variations of up to 20% have been found to be due to observer

differences (Bullock, 2006). Measures can be taken to minimise errors, such as

observers working in pairs and using standard protocols such as those developed

by MacDonald et al. (1998). However, it remains difficult to acquire reliable data

and for surveys to be replicated and errors quantified. However, quantitative and

replicable measures of the areal extent, growth phase and ground cover of Calluna,

and its change over time is necessary both to assess the status and dynamics of

peatlands and to serve as inputs to HillPlan. Field studies and ecological surveys

of Calluna dominated peatlands would benefit from objective, replicable methods

to characterise and quantify Calluna canopies over wide areas and methods which

would also enable errors to be quantified.
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As objective field survey methods, such as destructive sampling, are time

consuming subjective field survey methods continue to be adopted (MacDonald

et al., 1998; Egan et al., 2000; Rich et al., 2005), which makes replicating the work

or monitoring change over time problematic (Mücher et al., 2010). The Calluna

classes developed by Watt (1947) and MacDonald et al. (1995) continue to be used

and are often assigned based on a canopy height and percentage ground cover

(Barclay-Estrup and Gimingham, 1969; Egan et al., 2000; Macaulay Institute,

2003). Egan et al. (2000) proposed a rapid objective method to classify Calluna

canopies by height and predict standing biomass. However, although Davies et al.

(2008) used a similar method to estimate Calluna biomass fuel load, it has not

been widely adopted. Measuring Calluna canopy height due to its variability

within a canopy (smaller areas of continuous cover) or a stand (a large single

physiographic unit which may have gaps in its ground cover) is problematic,

not least because of the mobility of shoots and leaves in windy conditions. In

addition, the height of a Calluna canopy is influenced by factors other than just

age, as is acknowledged by the “wind-clipped” (Gimingham, 1975) and “layering”

(MacDonald et al., 1995) growth classifications that have been developed. The

ecological and environmental conditions in which Calluna is growing will influence

its rate of development and canopy morphology, just as they will affect the

development and morphology of any plant (Taiz and Zeiger, 2002). Following

Egan et al. (2000), no further work has been reported on the development of a

method to objectively classify Calluna canopies.

Non-destructive allometric methods have been developed by the forestry commu-

nity to estimate tree physical variables and stem diameter is frequently used to

predict standing woody biomass. However, although stem diameter can be easily

measured, Calluna stem growth, and hence diameter, is influenced by the prevail-

ing environmental and ecological conditions, just as canopy height is. Knowledge

of these conditions would still be required to enable stem diameter to be related
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to age, even after correlations were made between stem diameter and age using

dendrochronological methods. An alternative non destructive, objective approach

to characterise Calluna is the use optical methods of vegetation survey either in

the field or by measurement from airborne or satellite platforms.

1.4.3 Field spectroscopy and optical surveys of the Cal-

luna dominated upland moors of Scotland

One optical measurement approach is to use instruments to measure the photo-

synthetically active radiation (PAR) penetrating a Calluna canopy or stand then

to estimate structural parameters, such as canopy gap fraction, or infer leaf area

index (LAI) from this data. LAI, defined as half the leaf surface area per unit

ground area (Chen and Black, 1992), can be used as an indicator of the develop-

ment of vegetation canopies in physiological studies (Cournède et al., 2007); to

indicate productivity in crop growth models (Johnson and Thornley, 1983); and

in studies of biochemical compound cycling (Jordan, 1969).

In this work two PAR canopy analysing systems were available, a LAI-2000 (LI-

COR, 1992) and a Delta-T SunScan (Potter et al., 1996), both marketed as plant

canopy analysers. The LAI-2000 uses a series of concentric PAR sensors behind

a ‘fish-eye’ lens located at the end of a probe (LI-COR, 1992) and measures the

light incident through the canopy. To make multiple measurements the operator

moves under the canopy, or through the canopy if Calluna was being surveyed,

stops, makes a measurement then moves on to make the next measurement.

The SunScan instrument is of a different configuration, having a one metre long

probe which can be inserted or placed below a canopy. The SunScan may be

particularly suited to Calluna studies as the probe has 64 photo-diodes along its

length each measuring PAR and these values can be recorded individually, without

necessarily having to walk through and disturb the Calluna canopy to make
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Figure 1.5: Calluna canopy and stand SunScan measurement schematic

multiple measurements. LAI and information of the density of Calluna canopies

(the amount of photosynthesising biomass present and directly related to the LAI)

can be estimated. It may also be possible to classify Calluna canopies and stands

and infer spatial structural variables such as Calluna canopy or stand cover and

gap fraction, as indicated in Figure 1.5, and use such data as inputs to HillPlan.

Measurement of the reflectance of light from Calluna by field spectroscopy offers

another objective ground survey method and one that may complement below

canopy PAR measurements. By measuring light that has interacted with an

Earth surface, and been reflected or transmitted, we can acquire data that can

be used to infer surface structure, composition and processes within it (Milton,

2009).

In a review of the Russian literature available to the University of Zurich, and

covering the period 1947 to 1966, Steiner and Gutermann (1966) report on the
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extensive use of field spectroscopy (both laboratory and field based) to measure

the spectral reflectance of boreal forests and peatland Earth surfaces to aid

interpretation of data acquired by optical sensors deployed on airborne platforms

of these areas. This Russian research recognised the advantages of measuring

both across the spectral range of human vision (approximately 400 nm to 700

nm) and the near infra red range (approximately 700 nm to 1,000 nm) which,

although measured in a limited number of spectral bands and with airborne data

was acquired at course spatial resolutions, enabled the “separability of (Earth

surface) objects by means of photo tone” Steiner and Gutermann (1966). In this

work measurements were made of an extensive range of biotic and abiotic Earth

surfaces and included peatlands ecosystems. The species composition and soil

and rock surface types were recorded for these Earth surfaces and attempts made

to establish and explain relationships between reflectance factors and reflecting

sample chemical and physical state variables. More recently, however, field

spectroscopy instruments technology has advanced and these instruments can

make measurements across a greater spectral range and at higher spectral and

spatial resolutions, now normally acquiring greater than 200 spectral bands from

between 400 nm to 1,000 nm or 400 nm to 2,500 nm, and from Earth surface

areas normally less than 1 m2.

High spectral and spatial resolution field spectroscopy is now often used to gain

an understanding of the interaction of light with Earth surfaces to facilitate

hyperspectral image analysis (Milton et al., 2009) and to relate biological and

physiological processes to the reflectance of plant leaves and canopies and to

characterise floristic communities in a diverse range of environments (Ustin et al.,

2009) and has been used for these purposes in some research in northern boreal

peatlands. For example, field spectroscopy was used in the Boreal Ecosystem

Atmosphere Study (BOREAS), along with hyperspectral images acquired by

sensors mounted on airborne and satellite platforms, to measure Earth surface



CHAPTER 1. Introduction 21

reflectance factors (Gamon et al., 2004). This reflectance data was used to improve

biome albedo estimates and improve land cover estimates, by defining spectral

endmembers (of floristic communities) for linear mixture modelling and to develop

spectral libraries. Although the need for a more “rigorous experimental” design

was identified as a constraint on an “objective and comprehensive comparison”

of RS products being conducted, the BOREAS project did enable thematic maps

to be generated and accuracy assessments to be made (Gamon et al., 2004).

Kuusk et al. (2008) used by field, laboratory and imaging spectroscopy of measure

the spectral reflectance of a boreal forest ecosystem at a range of component

scales from forest stand to individual needles, leaves, woody components and

understorey reflectances in an database along with geographic, allometric and

species metadata. This work was primarily to provide ‘benchmark’ data for

the validation of radiative transfer models of forest stands (Kuusk et al., 2009),

although spectral measurements of understorey bryophytes and graminoids were

included.

However, little has been done in detail to investigate the reflectance of plant leaves

and canopies or to characterise floristic communities using field spectroscopy

in dwarf-shrub dominated heath and peatland environments. Wardley et al.

(1987) used field spectroscopy to characterise plant canopies in a heathland

and noted the need for an understanding of the impact of three dimensional

form and phenological change on spectral reflectance. Milton and Rollin (1988)

investigated the directional reflectance of Calluna canopies and noted the need

to consider view angle, the effects of inter-canopy shadowing and seasonal

change on reflectance. Trodd (1996) used field spectroscopy to characterise

heathland vegetation and landscape patterns and observed that methods need

to be developed to characterise ecotones. Atkinson (1999) used field spectroscopy

to investigate the relation between the scale of spatial variation and spectral

wavelength of the overstorey vegetation on two heathland ecosystems and advised
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that different sample spacings may be necessary to optimise data collection for

the visible and the near infra-red regions of the spectrum when a grid sampling

approach is being adopted. Lang et al. (2002) did compile a library of the spectral

reflectance of sub-boreal forests understorey species and included Calluna in this.

However, detail of importance in the management and monitoring of Calluna

such as percentage ground cover, age class and canopy density were not included.

Armitage et al. (2004) used field spectroscopy to investigate floristic composition

and the spectral reflectance of semi-natural vegetation and noted that it was

not possible to map the spectral characteristics of these floristic communities

to National Vegetation Classification standard (NVC) classes. Schaepman-Strub

et al. (2008) tried to quantify the fractional cover of three major plant functional

types in peatlands, using field reflectance measurements, with varying degrees

of success. Harris and Bryant (2008) used field spectroscopy to determine that

field reflectance measurements of Sphagnum could be used as as proxy indicator

of near-surface hydrology in peatlands but noted that surface heterogeneity

needed to be investigated further. Kalaitzidis et al. (2008) determined that field

spectroscopy could be used to monitor nitrogen status of Calluna foliage. Mills

(2005) used field spectroscopy to determine that less than ten spectral bands

were required to classify peatland vegetation at high spatial resolution but did

not investigate biophysical or biological processes and their effect on reflectance.

Mac Arthur and Malthus (2006) and Nichol and Grace (2010) investigated the

use of spectral indices to indicate the pigment content of Calluna leaves and

canopies, respectively. Although such indices, based on statistical relationships

between leaf biochemical concentrations and spectral reflectance features, have

been demonstrated to be useful in studies of a wide variety of plant functional

types (Sims and Gamon, 2002; Moorthy et al., 2003; Ustin et al., 2004a) the

correlations between pigment content, determined by wet chemistry, by Mac

Arthur and Malthus (2006), and High Performance Liquid Chromatography, by
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Nichol and Grace (2010), and the indices presented by Sims and Gamon (2002)

were in the main weak.

The difficulties reported by some of the authors above in using field spectroscopy

to infer biophysical and physiological state variables and to characterise overstorey

vegetation on heaths and peatlands may in part be due to surface heterogeneity.

Areas of semi-natural vegetation in general, and Calluna canopies and stands

in particular, are structurally and floristically heterogeneous, and comprised

of multiple components each with spectrally distinct reflectances, individually

discernible but at varying scales. Therefore detailed knowledge of the extent of the

area of measurement support and the spectral response of the spectroradiometer

across this area will be necessary to proportion the different components to the

integrated reflectance recorded by a field spectroradiometer. In addition, as the

area of measurement support is the sampling spatial resolution, knowledge of the

spatial extent of this area and the scale of surface heterogeneity is required to

enable sampling strategies to be developed (Atkinson and Curran, 1997; Curran

and Atkinson, 1999; Rahman et al., 2003; Atkinson and Aplin, 2004).

While field spectroscopy may offer a quantifiable approach to characterise floristic

communities in peatlands and to infer biophysical and physiological state vari-

ables, the area of support for each measurement is defined by the fore optic used,

the optical design of the instrument and the height of the instrument above the

area of interest. Typically, this only enables areas normally less that 1 m2 to

be measured and therefore requires multiple measurements to be made to char-

acterise a landscape surface. A potential complementary approach to survey

extensive Calluna dominated peatland, and possibly to extrapolate or interpolate

field survey results in an objective manner, is optical remote sensing (RS) from

satellite or airborne platforms.
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1.4.4 Remote sensing surveys of the Calluna dominated

upland moors of Scotland

Earth observation (EO) by remote sensing has offered unprecedented opportuni-

ties to classify and map the surface of the Earth. As observations are spatially

extensive, can be repeated and measurements replicated, remote sensing has led

to a greater understanding of the Earth’s climatic, aquatic and terrestrial sys-

tems’ dynamics than ever before (Ustin et al., 2004a). Data acquired by RS can

be used to construct models (as abstractions of reality) of Earth surface ‘scenes’.

These models can be considered to be simple or complex “discrete” representing

“classes” of scene elements or “continuous” where the interaction of light with an

element or elements is used to infer elemental properties (Strahler et al., 1986).

However, these model types are not mutually exclusive but provide a continuum

and framework through which RS data analysis can develop and assimilate and

be assimilated with other research domains (Strahler et al., 1986) and this is

particularly the case with the development of hyperspectral RS.

Hyperspectral remote sensing has furthered understanding of Earth surface

processes by enabling specific absorption and reflectance characteristics to be

measured and relationships between these characteristics and Earth surfaces’

physical and chemical state variables to be established (van der Meer et al.,

2001; Kumar et al., 2001; Schaepman et al., 2009) and both continuous and

discrete models to be constructed and processes investigated. As it is now

recognised that terrestrial ecosystem biological processes significantly influence

climatic conditions (Heimann and Reichstein, 2008), measuring and modelling

ecosystems’ form, function and change over time is particularly of interest.

RS enables a synoptic view to be taken and offers an approach to assessing

vegetative cover that can be objective, replicable and practical in covering

extensive areas such as peatlands. Some RS research to classify the Calluna
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cover of upland moors has been conducted (Wardley et al., 1987; Belward et al.,

1990; Csaplovics, 1992; Foody and Trodd, 1993; Trodd, 1996; Wright et al.,

1997; Robertson et al., 2003). However, acquiring an adequate level of detail

and accuracy of classification has proved problematic due to the comparatively

‘coarse’ spatial and spectral resolutions used (Wright et al., 1997; Bird et al., 2000;

Earth Observation for Natura, 2000). Satellite optical sensors with higher spatial

resolutions are now available and Mills (2005), for example, demonstrated the

utility of IKONOS imagery to classify upland areas but in similar work Mehner

et al. (2004) noted low spectral resolution and classifications based on ecological

taxonomy to be a constraint. Milton et al. (2005) used IKONOS imagery for

the classification of lowland raised bogs but recommended the use of airborne

Light Detection and Ranging (LIDAR) and/or aerial photographic instruments

to improve classifications of bog condition and also highlighted that RS surveys

can be constrained by the predominance of cloud cover in the UK. Similar work

was conducted by (Anderson et al., 2010) and these researchers demonstrated

that a geostatistical approach to the analysis of LIDAR data, when combined

with standard multispectral analysis of IKONOS images, of an ombrotrophic

peatland improved thematic classifications. However, this analysis classified

different surface types rather than quantified biological or physiological processes

and these processes may be an indicator of of the health and vigour of the peatland

vegetation hence, if measured over time, be used to infer ecosystem dynamics.

Hyperspectral RS can enable quantitative assessment of Earth surface properties

(Liang, 2004) rather than solely discriminating or classifying different surface

types as Kooistra et al. (2009) and Chan et al. (2010) reported. Hyperspectral RS,

primarily from airborne platforms, has been used to quantify vegetation pigments

(e.g. Blackburn (1998), Blackburn (2007), le Maire et al. (2008) and others);

assess physiological status (see Blackburn (2007), Naumann et al. (2008) and

others); assess hydrological condition (Harris et al. (2006), Harris and Bryant
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(2009a) and others); monitor stress (see Baret et al. (2007), Ren et al. (2008) and

others); monitor phenology (see Ge et al. (2006), Castro-Esauand and Kalacska

(2008) and others); and estimate productivity (photosynthesising biomass) (see

Thenkabail et al. (2000), le Maire et al. (2008), Delalieux et al. (2008), Biewer

et al. (2009) and others) all across a diverse range of vegetation phenotypes

(Ustin et al., 2004b; Schaepman et al., 2009; Ustin et al., 2009). Hyperspectral

RS, therefore, potentially offers a method to quantifiably measure and monitor

Calluna cover over extensive peatland areas and, hence, enable Calluna to be used

as an indicator of the status and dynamics of peatlands where it is the dominant

overstorey species. To develop tools to enable this would be particularly relevant

in the coming decade as the EnMap (Germany), Hyper-X (Japan) and potential

HyspIRI (US) hyperspectral sensor satellites are deployed.

For any optical RS method the issue of cloud cover frequently obscuring the

Earth’s surface and interfering with optical field and remote sensing surveys

remains. One potential approach to infer Calluna state variables at times of

cloud cover would be to develop models of canopy reflectance which would enable

data acquired at times of clear skies to be interpolated or extrapolated across

annual and inter-annual growth and senescence cycles (forward modelling). In

addition, such models, if invertible, could be used to infer Calluna state variables

from images acquired by hyperspectral sensors on satellite platforms enabling

extensive peatlands to be surveyed.
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1.5 Modelling the reflectance of Calluna domi-

nated uplands

A strong synergistic potential exists when RS observations and ecological models

can be combined (Barrett and Curtis, 1999) as Baret et al. (2007) have demon-

strated by combining a radiative transfer (RT) reflectance model and an agri-

cultural crop model to investigate nitrogen induced stress. Applied to Calluna

such an approach could allow canopy reflectance to be forward modelled through

annual and inter-annual growth and senescence cycles from field survey data col-

lected at discrete temporal intervals, or for certain key model state variables to be

constrained to better infer the remaining state variables when models are inverted

(Lewis, 2007). To enable the reflectance of Calluna to be modelled through an-

nual and inter-annual growth and senescence cycles it may be possible to couple

the HillPlan ecological growth model to a canopy reflectance model and to model

the reflectance of the Calluna and do so for specific growth classes and ecological

and environmental conditions.

1.5.1 Calluna canopy growth and senescence modelling

Calluna develops a complex canopy structure as it grows and its spatial distri-

bution, canopy morphology and health and vitality are affected by ecological and

environmental determinants, management influences and utilisation by herbivores

(Gimingham, 1972). HillPlan incorporates the vegetation production and herbi-

vore grazing empirically-based model produced by Grant and Armstrong (1993)

and further developed by Palmer (1997) and Milne et al. (2002). This is based

on research into animal grazing behaviour, plant growth and competition, and

the response of plants to grazing on hill farm ecosystems. The HillPlan decision

support tool has been produced to assist in the development of prescriptions to



28 1.5 Modelling the reflectance of Calluna dominated uplands

determine sheep stocking densities and minimise over grazing to facilitate conser-

vation of upland vegetation assemblages. Hence, HillPlan can be used to model

intra-seasonal and inter-seasonal variation in Calluna photosynthesising biomass.

There is a direct relationship between the leaf area present, normally expressed as

LAI, and photosynthesising biomass and LAI, along with photosynthesising rate,

are key variables in global climate studies (Myneni and Running, 1997).

For this research the HillPlan Calluna growth kernel, and the data used to derive

it, were made available by MLURI2. The Calluna growth kernel requires to be

parameterised with the environmental, ecological and Calluna specific variables

listed in Table 1.3. These variables are used in the model to simulate Calluna

photosynthesising biomass production on a daily basis, with seasonal variations

accounted for, and the daily results accumulated throughout an annual cycle,

with a proportion removed on a daily basis if the impact of grazing herbivores

is included. However, HillPlan was developed for application in the moors on

the east coast of Scotland where the climate tends to be colder and substrate

drier and, hence, will require validation for west coast uplands of Scotland which

tend to be warmer and wetter. It will also be necessary to couple it to a canopy

reflectance model to enable the change in the reflectance of Calluna over time to

be modelled.

Table 1.3: Calluna growth kernel model input variables
Environmental/Ecological Calluna specific

Mean annual temperature Age class

Community class Percentage ground cover

Soil density Biomass at model initiation

Growth start and end dates

2Prof. R. Pakeman made the data available and supplied an explanation of the model’s
development (personal communication 17/09/2009) and J. McLeod, also of MLURI, supplied
both HillPlan and its Calluna growth kernel (15/09/2009).
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1.5.2 Modelling Calluna canopy reflectance and its

change over time

RT models are used to describe the physical interaction of light with media when

transmission, absorption and scattering are present (Rees, 2004). RT theory has

been simplified (because, for example, the structure of, and biochemical distri-

bution within, leaves is incompletely understood) and adapted by a number of

authors to model the interaction of light with photosynthesising components and

vegetation canopies (e.g. Jacquemoud, 2006). Using these models leaf reflectances

have been forward modelled and leaf biochemistry and anatomical structure

inferred through their inversion (Jacquemoud and Ustin, 2001). PROSPECT

(Jacquemoud et al., 1996), developed to represent planar leaves, and LIBERTY

(Dawson et al., 1998), developed to represent conifer needles, are the most fre-

quently used leaf reflectance models (Ustin et al., 2004a). Dawson et al. (1998)

considered the cellular structure of needles to be better represented by powders

(grains with inter-granular air cavities) than turbid plates with lambertian re-

flecting surfaces (the approach adopted in PROSPECT) and used Melamed’s

(Melamed, 1963) theory of the interaction of light with powders to develop nee-

dle optical properties. LIBERTY has been used extensively in both forward and

inverted mode (see Barton (2001), Moorthy et al. (2003), Nilson et al. (2003),

Rochdi and Fernandes (2004), Peddle et al. (2004), Schlerf and Atzberger (2006),

Blackburn and Ferwerda (2008), and Di Vittorio (2009) for examples).

Of course, optical remote sensing measurements made by near ground field spec-

troscopy methods, or imaging spectroscopy from airborne or satellite platforms,

measures reflectance from vegetation canopies rather than from individual leaves.

As the morphology of canopies influences the reflectance measured and biotic
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or abiotic understorey reflectances may be integrated in the gross canopy re-

flectance measurement recorded due to gaps in the canopy structure and trans-

mission through leaves (Kuusk, 2001; Verhoef and Bach, 2003), multi-layer canopy

reflectance models have been developed.

Canopy reflectance models incorporate canopy structural variables and one or

more leaf RT models, to model the reflectance of either different canopy leaf

layers or a canopy leaf layer and an understorey vegetation layer, and may include

another reflectance layer to represent abiotic reflectances such as from soils. Liang

(2004) offers an extensive review of the diverse approaches to canopy reflectance

modelling and suggests that radiative transfer approaches are the most suitable

for dense canopies. One such canopy modelling approach is the Scattering by

Arbitrarily Inclined Leaves (SAIL) turbid medium model (Verhoef, 1984). SAIL

has subsequently been developed to model heterogeneous canopies by developing

a two-layer version (4SAIL2) (Verhoef and Bach, 2007) and has been the most

widely used by the RS community when coupled with the PROSPECT leaf RT

model (Jacquemoud et al., 2009). A further advance has been the development of

3D numerical solutions to compute radiation transport through canopies (Lewis,

2007) and, when coupled with leaf RT models, is the hybrid modelling approach

discussed by Liang (2004). Disney et al. (2006) adopted such an approach to

model the reflectance of electromagnetic radiation from coniferous forest canopies

and incorporated the LIBERTY needle reflectance RT model. However, although

the 3D model developed by Disney et al. (2006) can be inverted, it may not be

appropriate for modelling Calluna canopy reflectances as the canopy structure sub

model requires the spatial distribution of the tree trunks and branching statistics

to be specified and these are unknown for Calluna.

Another approach to canopy reflectance modelling is the invertible Analytical

Canopy Reflectance Model (ACRM), a two-layer model developed by Kuusk

(2003). This model was developed in 2001 due to concerns at that time that
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ignoring the vertical structure of canopies may lead to misinterpretation of the

red edge position (Kuusk, 2001). ACRM is a turbid medium RT model based

on the homogeneous multispectral canopy model (MCRM) and the Markov chain

canopy reflectance model developed previously (Kuusk, 2003). ACRM was the

most computationally efficient model tested during the RAMI (RAdiation transfer

Model Intercomparison) model inter comparison experiment (Widlowski et al.,

2007). Either PROSPECT or LIBERTY leaf RT models can be coupled to

the ACRM canopy layers and the model parameterised for canopy structural

variables, Sun zenith and view angles, and a ground reflectance layer incorporated.

The input variables for the coupled ACRM/LIBERTY model combination are

listed in Table 1.4. The combined ACRM/LIBERTY or the ACRM/PROSPECT

models can be inverted and used to determine biophysical state variables from

hyperspectral data (Kuusk, 2003).

ACRM/LIBERTY was considered to be the most appropriate model for this

research as Calluna leaves more closely resemble conifer needles, which LIBERTY

has been developed to model, than broadleaves, for which PROSPECT has been

developed. It also seemed and it may be possible to couple the HillPlan biomass

output variable to the ACRM/LIBERTY LAI input variable.

The models discussed so far only model reflectance for a given set of leaf and

canopy structure state variables and, if coupled to an ecological growth model,

for change in these state variables over time. However, Calluna is a flowing species

and its flowers may dominate the visible reflectance during late summer and their

profusion be an indicator of ecological condition. Hence, this additional Calluna

canopy reflectance parameter needs to be considered.

Calluna comes into flower in late July and early August (Figure 1.3(c)) and flowers

are more profuse during the shrub’s building phase and where Calluna is growing

under more favourable ecological and environmental conditions (Gimingham,
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Table 1.4: ACRM/LIBERTY radiative transfer reflectance model input variables

ACRM LIBERTY biochemical LIBERTY biophysical

Leaf area index Chlorophylls Average internal cell diameter

Leaf size parameter Water Inter cellular airspace

Markov clumping parameter Nitrogen Leaf thickness

Leaf ellipsoidal distribution Lignin Baseline absorption

Angstrőm turbidity coefficient Cellulose

understorey reflectance

Sun zenith

View angle

1972). By determining the contribution of the flowers to the gross canopy

reflectance it may be possible to infer these conditions by field spectroscopy or

RS. However, no RT models have been developed to model the interaction of

light with Calluna flowers. An alternative approach is linear spectral mixture

modelling. In a spectral mixture modelling approach individual scene component

reflectances are acquired and numerically convolved in proportions representative

of the scene of interest and has been used by many researchers to model the

composite reflectance of heterogeneous vegetation canopies (Hobbs, 2003) and

flowering canopy reflectances (Chen et al., 2009; Shen et al., 2010). A linear

mixture modelling approach may be appropriate to incorporate the flowering of

Calluna into RT canopy reflectance modelling as the flowers are spectrally distinct

from the other canopy components and their presence can be visually determined

and relative proportion estimated with the aid of digital photographs.

This research will investigate the optical properties of Calluna leaves and whether

the changes of reflectance of Calluna canopies of different ages and in different

ecological communities can be modelled through annual and inter-annual growth,

senescent and phenological cycles. In addition, prior to measuring canopy

reflectances in the field using field spectroscopy, it was necessary to determine the

spatial and spectral characteristics of spectroradiometers that define the area of
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measurement support, and the effect that these have on reflectance measurements,

to enable field spectroscopy sampling strategies to be developed.

1.6 Aims of this research and an outline of the

thesis

The aims of this research are:

1 to investigate the pigment content and optical properties of Calluna shoots

and leaves to enable the reflectance of these, and their change in reflectance

over time, to be modelled

2 to investigate the spatial extent of the area of measurement support for field

spectroradiometric measurements, the uniformity of spectral response across

this area and to compare these with those assumed by field spectroscopists,

given the specifications provided by instrument manufacturers

3 to determine the impact of actual measurement support on assumed spectral

response, given the specifications provided by instrument manufacturers

4 to link a Calluna ecological growth model to a canopy reflectance model

and model reflectance through a number of annual and inter-annual growth

and senescence cycles

To achieve these aims, research has been carried out both in the field and in

laboratories and modelling studies have been conducted. This work is presented

as research papers in the following four chapters with further discussion in Chapter

6 and conclusions are drawn in Chapter 7.
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1.6.1 Chapter 2 (Paper 1): Determining the biochemical

and biophysical content of Calluna vulgaris that in-

fluences reflectance and the radiative transfer mod-

elling of reflectance

Some research has been carried out to characterise and classify Calluna dominated

upland by remote sensing but with limited success. This may in part be because

little has been done to understand the optical properties of Calluna and how

the biophysical and biochemical state variables that influence its reflectance

change through growth and senescence cycles. This chapter sets out to increase

understanding of the photo-active pigments within Calluna leaves and how these

influence reflectance and change over time by conducting destructive and non-

destructive field surveys, laboratory studies and radiative transfer modelling.

The aims of this paper were:

• to determine the biochemical and biophysical content of Calluna and the

change of these state variables over growth and senescence cycles.

• to determine the photo-active pigments present within Calluna shoots and

leaves and their change over growth and senescent cycles.

• to estimate the specific in vivo absorption spectra of photo-active pigments

within Calluna to enable them to be incorporated into a radiative transfer

model.

The work presented in this chapter has been accepted for publication in the

International Journal of Remote Sensing.

During the course of this work the wavelength calibration and signal-to-noise char-

acteristics of the Spectra Vista Corporation (SVC) GER 3700 spectroradiometer
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used for reflectance measurements and the wavelength and radiometric calibra-

tion of the Perkin Elmer Lambda 40 UV/Vis spectrophotometer used for in vitro

pigment absorption spectra determination were verified. In addition, the spatial

characteristics of the light environment used in the laboratory reflectance mea-

surements were determined. These calibration verifications and light environment

characteristics are presented in Appendix A. The laboratory light environment in

which the spectral reflectance of the Calluna shoots and leaves samples were made

was also verified and these data are presented in Appendix B.

1.6.2 Chapter 3 (Paper 2): Characterising field spectro-

radiometers for high spatial resolution measurement

of heterogeneous Earth surfaces

During the course of the laboratory measurements of reassembled Calluna

canopies, difficulties were discovered relating the spectra recorded to the bio-

physical or biochemical state variables of the samples being measured. As the

samples and measurement configuration used presented a heterogeneous surface

(open Calluna canopy with woody, photosynthesising and senescing components

over a black background) and the surface did not fully fill the field-of-view, it was

considered that it may be a property of the spectroradiometer that was causing

anomalies observed. Knowledge of spectroradiometer characteristics was also re-

quired to define the field sampling resolution and consequently to determine the

field measurement strategy. To gain an understanding of the spectroradiometer

characteristics that influence the area of measurement support, the directional

response functions of two commonly used full wavelength spectroradiometers, an

Analytical spectral Devices (ASD) FieldSpec Pro and a SVC GER 3700, were

investigated in an optical darkroom.
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The main aims of this paper were:

• to investigate if the field-of-view of two spectroradiometers, defined by the

nominal included angle of the fore optic specified by manufacturers, was an

adequate parameter to define the areal extent of the area of measurement

support

• to investigate if there were any spatially determined wavelength dependen-

cies across the areal extent of the area of measurement support

The work presented in this chapter has been accepted for publication in IEEE

Transactions in Geosciences and Remote Sensing.

1.6.3 Chapter 4 (Paper 3): The effect on reflectance

measurement of the directional response function of

two spectroradiometers

It was demonstrated in the previous paper that the field-of-view of two commonly

used field spectroradiometers was a wholly inadequate parameter to describe the

area of measurement support and the responsivity of these instruments to light

from locations within this area. However, it was unclear from this previous work

how the area of measurement support and responsivity reported in Chapter 3

would affect the reflectance spectra recorded from heterogeneous Earth surface

targets such as Calluna canopies. This paper addressed these deficiencies through

the use of modelling studies.

The main aims of this paper were:

• to determine the impact that the differences between the actual area of
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measurement support and area of measurement support assumed from spec-

ifications provided by instrument manufacturers have on spectra recorded

from a number of modelled Calluna canopies

• to determine the effects that the differences in directional response function

wavelength dependencies would have on the spectra recorded from a number

of modelled Calluna canopies

• through the use of modelling studies, to compare differences between the

spectra measured by each of the spectroradiometers and the biophysical and

biochemical indices derived from these spectra

The work presented in this chapter has been prepared for submission to IEEE

Transactions in Geosciences and Remote Sensing and addresses questions raised

by two reviewers of the previous chapter when it was submitted to this journal.

1.6.4 Chapter 5 (Paper 4): Determining the structure

and modelling the reflectance of Calluna vulgaris

canopies

The intention of this thesis has been to advance understanding of the interaction

of light with Calluna and to determine if the reflectance of Calluna canopies and

stands can be modelled through annual and inter-annual growth and senescence

cycles. To do so quantitative field survey methods will need to be developed and a

photosynthesising biomass growth model coupled to a multi layer canopy and leaf

radiative transfer reflectance model. If the reflectance of Calluna canopies and

stands can be forward modelled, it is hypothesised that in future hyperspectral

images will be able to be used to estimate the biological and physiological state

variables influencing reflectance and their change over time through inversion of
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the combined model developed in this work. The inversion outputs could then

be validated by the field methods also developed in this work. This may then

enable Calluna to be used as an indicator of peatland ecological condition and

consequently environmental change.

The main aims of this paper were:

• to determine if optical field survey methods could be used to classify Calluna

stands of different growth stages and in different ecological communities

• to assess if optical field survey methods could be used to quantifiably

determine Calluna canopy and stand structural parameters

• to calibrate and validate a Calluna photosynthesising growth model for the

Smeath Hill research site

• to determine if a RT model could be coupled to a Calluna growth model

to model the reflectance of Calluna stands through annual and inter-annual

growth and senescence cycles

It is intended to submit the work presented in this chapter to the International

Journal of Remote Sensing.

During the course of the work for this chapter wavelength calibration and signal-

to-noise characteristics of the SVC HR-1024 spectroradiometer used for the field

reflectance measurements were verified and these are presented in Appendix A.

The SunScan PAR measurement data for each research plot at each sampling

interval is presented in Appendix D. The meteorological data accessed from the

UK Met. Office and used during the analysis for this chapter are presented

in Appendix C. In addition, an assessment of the field spectroscopy spatial

positioning accuracy and precision of repeat measurements has been made and is

presented in Appendix E.
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1.7 Research site and methods

The field work for this research was undertaken at a site designated as a Special

Protected Area (SPA)3 within Clyde Muirshiel Regional Park, located in west

central Scotland adjacent to the Clyde Estuary. A 120 hectare upland enclosure,

known as Smeath Hill, located at an elevation of approximately 270 metres,

within the 1,700 hectare tenanted agricultural holding of Hardridge Farm and

Ducal Moor was selected for location of the research plots. This area contained a

range of Calluna age classes and ecological communities typical of the upland

peatlands of Scotland. An ecological survey of the area was conducted on

behalf of Scottish Natural Heritage (SNH) during 1994 and a record of this

survey was made available for this research. The communities, their spatial

extent and the survey points used to derive the NVC ecological classifications

from this survey are shown in Figure 1.6. The upland areas of the farm have

historically been managed for grazing by Scottish blackface sheep (Ovis aries)

and recreational red grouse (Lagopus lagopus) shooting. Highland longhorn

cattle have recently been introduced to increase grazing diversity and to improve

financial viability. Although there is evidence of extensive use of muirburn to

manage these areas in the past, none has been carried out for over 15 years.

However, a muirburn programme has now been initiated and payment from

Government is being received for this and the other conservation management

measures being undertaken.

Within the Smeath Hill enclosure research plots typical of specific Calluna age

classes and growth forms were located in two distinct ecological communities

representative of the surrounding moorlands. These plots were selected by

stratified sampling and fenced to exclude grazers. In each research plot a point

3SPAs are areas proposed for protection as being of international conservation importance in
accordance with Article 4 of the EC Directive on the conservation of wild birds (79/409/EEC).
This Directive also allows for protection of the habitats.
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UK of Great Britain and Northern Ireland

and the Republic of Ireland

from Google Earth 

19th Feb. 

2012

Smeath Hill 

research site

Figure 1.6: Research site location map and NVC classifications and survey points
from Smeath Hill 1994 survey by Green Associates for SNH displayed on 1:25,000
scale digitised map extracted from UK Ordnance Survey sheet ns36.
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Figure 1.7: Smeath Hill research plots where the difference in ‘texture’ between
each Calluna stand can be seen. Digitised and georeferenced RGB image acquired
10th July 2007 by Wild RC010 large format camera mounted on NERC ARSF aircraft
and research plots delineated by differential GPS 20th June 2007.
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was randomly selected and a four metre long transect fixed in place, oriented East

to West, starting from this point. This transect was graduated along its length to

enable repeat field spectroscopic measurements to be made of the same vegetation

surface area within each research plot at each temporal sampling interval. The

location and extent of the plots and each transect were positioned by differential

GPS and are indicated in Figure 1.7, where distinct differences in image ‘texture’,

related to canopy and stand gross morphology, can be seen.

In addition to the transect overstorey reflectance measurements, measurements of

understorey vegetation reflectances were made at each temporal sampling interval

where these could be acquired without the reflectance of Calluna being included.

Calluna canopy samples were selected at random from within the plots by use

of standard quadrats, taking care not to interfere with the transect sampling

areas. The stems were cut where they protruded from the understorey, the cut

ends wrapped in Sphagnum and sealed in plastic bags to minimise drying, and

transferred to a field laboratory established in a building close to the research

site. This field laboratory was established to enable reflectance measurements and

destructive physical measurements (biomass and water content measurement and

canopy component determination) of the samples to be made as soon as possible

after collection. Leaf pigments were also extracted and stored for determination

and quantification by wet chemistry methods in another laboratory equipped with

a scanning spectrophotometer.
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2.1 Introduction

In ecosystems dominated by higher plants, the reflectance of electromagnetic

radiation from vegetation canopies is primarily influenced by the optical properties

of leaves (Jacquemoud et al., 1996), although canopy morphology and understorey

reflectances may contribute significantly (Kumar et al., 2001). The optical

properties of leaves depend on the presence and quantity of proximate pigments,

water, nitrogen, cellulose and lignin, as well as cellular and surface structure

features (Jacquemoud et al., 1996; Dawson et al., 1998; Kumar et al., 2001;

Jacquemoud and Ustin, 2008) and are indicative of photosynthesis and plant

physiological processes (Taiz and Zeiger, 2002). To further understand the

interaction of light and leaves and, hence, photosynthesis and plant physiology,

a number of approaches to modelling leaf reflectances have been developed and

Kumar et al. (2001) and Jacquemoud and Ustin (2008) offer extensive reviews of

these. Studies based on radiative transfer models, which attempt to account for

the interaction of light and the biophysical structure and biochemical processes

that influence leaf reflectance, have been published extensively in the remote

sensing literature. Nevertheless, there remains an increasing need to understand

plant pigments and photosynthetic processes and their interaction with light.

This is needed at scales from leaf to biome (Schaepman et al., 2009) and radiative

transfer models can assist in this.

Radiative transfer models such as PROSPECT (Jacquemoud and Baret, 1990),

LEAFMOD (Ganapol et al., 1998), LIBERTY (Dawson et al., 1998) and Raytran

(Govaerts and Verstraete, 1998) each take a different approach to the application

of radiative transfer theory to the components and physical structure of leaves.

PROSPECT treats leaves as a series of turbid plates with gaps between and with

Lambertian reflecting surfaces. LEAFMOD also considers a leaf to be planar but

with a homogeneous mixture of biochemical components with isotropic scattering
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occurring within plates rather than at plate boundaries. LIBERTY was developed

to model the reflectance of conifer needles and considers their cellular structure

to be better represented by powders (grains with inter granular air cavities) than

homogeneous plates and uses Melamed’s theory of the interaction of light with

powders (Melamed, 1963) to develop needle optical properties. Raytran adopts a

ray-tracing approach with radiative-transfer calculations following a Monte Carlo

method. In Raytran light is modelled as rays interacting with geometric primitives

in a ‘scene’. The scene in this context could be a plant leaf with primitives being

a cuticle layer and epidermal, mesophyll and vascular cells, and each primitive

having emission, reflection, transmission and scattering functions assigned. These

radiative transfer models have been used extensively to model the reflectance of a

diverse range of plant leaves (Ustin et al., 2004a). However, little work has been

carried out to understand the interaction of light with the leaves of Calluna, the

dwarf shrub that can be the dominant overstorey species on extensive areas of

peatland.

The status and dynamics of subarctic boreal peatlands are of great interest

in studies of carbon and methane flux and, hence, climate change (Dorrepaal

et al., 2003; Belyea and Malmer, 2004; Davidson and Janssens, 2006; Chen et al.,

2008; Nichol and Grace, 2010; Dorrepaal et al., 2009; Harris and Bryant, 2009b).

The UK’s peatlands are towards the southern extreme of the global distribution

(MacDonald et al., 2006) and therefore may be particularly susceptible to global

climate change due to the prevailing oceanic climate (Lindsay, 1995). Developing

methods to monitor and measure the dynamics and direction of change of these

extensive areas of peatland would be of benefit to both peatland managers and

scientists (Harris and Bryant, 2009b).

Calluna vulgaris, henceforth referred to as Calluna, a dwarf sclerophyllous

shrub, is the dominant overstorey plant species on extensive peatland and
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dwarf shrub heath ecosystems in the UK, covering some 1.5 x 106 ha (Haines-

Young et al., 2000). Changes in the rate of photosynthesis, and the presence

or absence of other pigments, are indicative of plant physiological processes

and underlying environmental conditions which may cause stress or growth

enhancement. Therefore gaining an understanding of how the reflectance of

Calluna leaves relates to their proximate pigment content would be a first step

in developing methods to measure carbon sequestration and monitor Calluna

dominated peatlands and dwarf shrub heath by optical remote sensing methods.

It has been demonstrated that it is possible to obtain information on the physio-

logical status of plants by acquiring hyperspectral reflectance measurements and

relating these to leaf pigments through the use of spectral indices (see, for ex-

ample, Lichtenthaler et al. (1996), Gitelson and Merzlyak (1998), Blackburn and

Steele (1999), Richardson et al. (2002), Gitelson et al. (2002), Sims and Gamon

(2002), Carter and Knapp (2001), Carter and Spiering (2002), Gitelson et al.

(2003), Gitelson and Merzlyak (2004), Grace et al. (2007), Liu et al. (2007), Cho

et al. (2008) and Blackburn and Ferwerda (2008)). Sims and Gamon (2002) offer

a review of indices, developed both by themselves and by others, to determine

Chlorophyll(a+b) content, Carotenoid:Chlorophyll ratios and Anthocyanins con-

tent from hyperspectral reflectance data. However, the Chlorophyll(a+b) indices

presented by Sims and Gamon (2002) have not been found to be robust when

applied to Calluna ‘shoots and leaves’ reflectances (Mac Arthur and Malthus,

2006) or Calluna canopy reflectance (Nichol and Grace, 2010) with a correlation

of r2<0.66 between indices and in vitro Chlorophyll(a+b) in both studies.

An alternative approach to the estimation of the leaf proximate pigment content

by spectral indices is through the inversion of leaf reflectance radiative transfer

models (Dawson et al., 1998; Jacquemoud et al., 2000; Renzullo et al., 2006; Di

Vittorio, 2009). The principle of a radiative transfer model inversion approach



CHAPTER 2. Calluna vulgaris foliar pigment and spectral reflectance
modelling 47

(a) Nadir view of a continuous Calluna
canopy

(b) Calluna erectophile
structure

(c) Calluna decus-
sate ‘shoots and
leaves’

Figure 2.1: The horizontal and vertical structure of a continuous Calluna canopy
and the distribution of leaves on stems and shoots

is that if leaf reflectance spectra can be modelled from a set of state variables

then when reflectance spectra are known a priori these spectra can be used as

model inputs and the models inverted, i.e. run in reverse, to retrieve the set of

state variables that would have generated the input spectra (Jacquemoud, 1993;

Kumar et al., 2001). If the reflectance of Calluna can be modelled from prox-

imate pigment and leaf structural parameters then it may be possible to invert

Calluna leaf reflectances to determine the proximate pigment content and struc-

tural parameters and, hence, measure and monitor Calluna photosynthesis and

physiological status from remotely sensed reflectance spectra. However, as yet,

modelling studies of the reflectance of Calluna leaves have not been conducted

nor is the biophysical and biochemical content of Calluna leaves well documented.

This research will first investigate the biochemical content and leaf structural

parameters that influence spectral reflectance of Calluna leaves, and the change

in these parameters during growth and senescence. The investigation will then

determine if a radiative transfer model can be used to model the reflectance



48 2.1 Introduction

of Calluna leaves at discrete time intervals through a growth and senescence

cycle. As it was considered unlikely that the optical properties of individual

leaf components such as trichomes, cuticle, epidermis, mesophyll and vascular

cells could be obtained, ray-tracing approaches were ruled out. The LIBERTY

(Dawson et al., 1998) model, developed to model the interaction of light with pine

needles, was selected for this study as it was considered that the interaction of light

with Calluna leaves is more realistically conceptualized in LIBERTY than other

radiative transfer models. Continuous Calluna stands, when viewed from nadir,

resemble (in miniature) those of conifers (Figure 2.1(a)); Calluna ‘shoots and

leaves’ have an erectophile (Figure 2.1(b)) rather than the planophile orientation;

and the decussate pairs of Calluna ‘shoots and leaves’ (Figure 2.1(c)) more closely

resemble conifer needles than the leaves of broadleaf species. Calluna leaves are

evergreen rather than deciduous; they are microphylls rather than megaphylls;

and they tend to be rolled, at the extreme adopting a cylindrical form, rather than

planar, as PROSPECT (Jacquemoud and Baret, 1990) or LEAFMOD (Ganapol

et al., 1998) have been developed to model. In addition, due to the complex

architecture and spatial distribution of leaves in Calluna canopies it may be more

appropriate to consider the photosynthesising elements in clumps, i.e. groups of

individual ‘shoots and leaves’, each element of which may be at a different stage

of growth or senescence, as has been conceptualized within LIBERTY. However,

leaf cell structural representations in current radiative transfer models (such

as LIBERTY) are gross simplifications (Feret et al., 2008) preventing accurate

estimations of leaf in vivo pigment absorption spectra or pigment concentrations

by model inversion (Di Vittorio, 2009). Furthermore, as the spectral resolution of

LIBERTY is 5 nm, absorption or reflectance features with a width< 5 nm may not

be modelled and the position of the red-edge may not accurately be represented

in the model (Llewellyn, 2009). In addition, the inversion accuracy of LIBERTY

has been found to decrease with increasing number of modelling parameters

(Moorthy et al., 2008). Nevertheless, the Matlab version of LIBERTY, validated
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for grassland remote sensing research by Llewellyn (2009), with the typographical

error for the expression of absolute diffuse reflectance within the Melamed (1963)

component of LIBERTY (acknowledged by Mandelis et al. (1990), Jacquemoud

and Ustin (2008) and others) corrected by P. Lewis (personal communication P.

Lewis 26/11/2010), has been used as the basis for the leaf reflectance model used

in this research.

2.2 Research site and methodology

2.2.1 Research site

A research site, centred on 4o 42’ 18” west 55o 51’ 37” north, was established

on Smeath Hill, a 120 hectare enclosure on Duchal Moor, an extensive area of

Calluna-dominated peatland within the Renfrew Heights Special Protected Area

in west central Scotland. Eight research plots were delineated and accurately

located through the use of differential GPS. The Calluna allometry variables, age

class and plot substrate type within these plots were recorded (Table 2.1). Each

plot represents a particular Calluna age class growing in a particular substrate

type. The research plots are located on a level area of moor at an altitude of 270

metres. In addition to the measurements made by the authors during the course

of this research and discussed in the following sections, meteorological data was

acquired from a UK Met Office station within 8 km of the research site.

2.2.2 Calluna spectral measurements

At approximately monthly intervals, from April to October during 2005 and 2006,

three Calluna canopy samples were selected at random from each research plot
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Table 2.1: Calluna allometry, age class and substrate type in each research plot
Plot Age class Canopy ht.♦ (mm) Stem dia.o (mm) Substrate type

1 Building* 280 2.99 Blanket bog

2 Degenerate* 280 10.19 Dry peat

3 Mature* 350 3.82 Dry peat

4 Layeringx 320 7.79 Blanket bog

5 Pioneer* 150 2.10 Blanket bog

6 Pioneer* 190 2.75 Acid mineral soil

7 Mature/Degen.* 370 7.27 Blanket bog

8 Building* 320 3.13 Acid mineral soil

∗After Watts 1954; xafter Mac Donald 1995; ♦average of 15 measurements;
oaverage of 15 stems

using a 0.25 m2 quadrat. The percentage of Calluna ground cover within each

quadrat sample was estimated by counting the presence or absence of Calluna

within each cell of a 10 cm grid placed inside the quadrat. The Calluna sample

within each quadrat was then cut where the stems emerged from the understorey

ground cover, cut stems wrapped in moist Sphagnum moss and samples sealed

in plastic bags to minimize losses from dehydration, removed to a laboratory

and processed within 24 hours. Reflectance measurement sub-samples, weighing

approximately 10% of each quadrat sample, were randomly selected, weighed,

then the ‘shoots and leaves’ stripped from the stems. This resulted in there being

three reflectance samples for each Calluna plot, each an aggregate of leaves at

different stages of their life cycle. Shoots and leaves were selected as the reflectance

samples since it was not possible to strip only leaves from the shoots without

causing mechanical damage because of their extremely small size (Figure 2.2(a)),

complex shape and presence of trichomes (Figure 2.2(b)). The ‘shoots and leaves’

from each sub-sample were subsequently weighed then stacked to fill a blackened

deep petri dish. Within a laboratory darkroom, each dish of stacked ‘shoots

and leaves’ was placed in an environment with both diffuse and direct light, to

better simulate natural illumination conditions, and illuminated using a 500 watt

tungsten halogen light source. For each sample, a reference measurement of a
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calibrated Spectralon panel was first taken, then four spectral measurements made

using a GER 3700 full wavelength (350 nm to 2,500 nm) spectroradiometer fitted

with a 14o fore optic, rotating the samples through approximately 90o between

each measurement. For each spectral reflectance measurement, care was taken

to ensure that the samples filled the spectroradiometer field-of-view, that the

height of the spectrometer above the samples was the same at each sampling

interval and that the height and illumination angle of the lamp above the samples

were consistent. Therefore the area of measurement support was the same for

each spectral reflectance measurement and the measurements were replicable.

All spectral measurements from each research plot’s samples were subsequently

processed to absolute reflectance, averaged, normalized per unit weight and a

Savitzky-Golay polynomial smoothing filter applied, after Mather (2004).

(a) Leaf protecting stoma by adopting a rolled
form

(b) Trichomes over stoma on on abaxial sur-
face of leaf

Figure 2.2: Micrograph of a Calluna leaf

2.2.3 Calluna biochemical and biophysical variable deter-

mination

A one gram sub-sample of each ‘shoots and leaves’ reflectance sample was ran-

domly selected and, for each sampling interval during 2005, proximate pigments

were extracted in anhydrous acetone, after Sestak et al. (1971). During 2006 a one
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gram sub-sample of each ‘shoots and leaves’ reflectance sample was selected and

proximate pigments extracted in anhydrous methanol, as there was an indication

of the presence of Anthocyanins in the 2005 assays, although Anthocyanins are

degraded in an acetone buffer (Lichtenthaler, 1987). However, an additional one

gram sub-sample was selected from the 2006 samples and proximate pigments

extracted in anhydrous acetone as before, to facilitate comparison with the 2005

pigment determination. A spectrophotometer, with a range of 400 nm to 800 nm

and resolution of 1 nm, was used to measure the absorption spectrum of each

sample and the spectra from each research plot’s samples averaged. From the

remainder of each reflectance sample the water content, and hence the dry mat-

ter, was determined by weighing, oven drying for 48 hours at 60oC and weighing

again. At each sampling interval the Chlorophyll(a+b) and total Carotenoid con-

tent of each plot was determined from the average absorption spectrum obtained

from the acetone assays, after Lichtenthaler (1987), and Anthocyanins content

determined from the average absorption spectrum of the methanol assays after

Sims and Gamon (2002).

Table 2.2: LIBERTY leaf radiative transfer model variables
Biochemical variables# Structural variables Constants

Chlorophyll (µg/g) Average internal cell dia. (µm) Baseline value

Water (mg/g) Intercellular air space value* Albino value

Nitrogen (mg/g) Leaf thickness (mm)

Lignin + cellulose (mg/g)

∗A quantity with no units indicative of the radiative flux passing between cells. See

Dawson, 1998. LIBERTY User Guide. # per gram ‘shoots and leaves’
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2.2.4 Calluna ‘shoots and leaves’ reflectance modelling

parameters and methods

The variables required to parameterise LIBERTY are listed in Table 2.2. The

Chlorophyll(a+b), water content and leaf thickness values measured during 2006,

the nitrogen content determined by Saebo et al. (2001) and the lignin plus cellulose

content determined by Anderson and Hetherington (1999) were initially used to

parameterize LIBERTY. An Albino value of 2 and a Baseline value of 0.0014

were selected as these were found to scale the LIBERTY infinite reflectance

output spectra closest to the measured spectral reflectances and were used as

constants for the remainder of the research. As LIBERTY has been noted to be

sensitive to cell diameter and airspace variable changes (Moorthy et al., 2008),

the effect of these variables on the 700 nm to 1000 nm, near infra-red (NIR),

spectral region, the region of the visible to near infra-red (VNIR) spectrum most

affected by leaf internal structural parameters (Dawson et al., 1998; Moorthy

et al., 2008; Di Vittorio, 2009), were assessed next. As will be discussed

further in Section 3, the values for cell diameter and intercellular airspace

were determined for each sampling interval through an iterative optimisation

process by initiating LIBERTY with values considered to be realistic, running the

model, comparing the model output spectrum with the corresponding measured

reflectance spectrum, adjusting the cell diameter and airspace variables and

repeating model runs until a minimum root mean squared error (RMSE) in the

NIR region of the spectrum was achieved.

After determining the appropriate cell diameter and intercellular airspace values,

LIBERTY needed to be modified to incorporate the absorption spectra of total

Carotenoids and Anthocyanins, in addition to Chlorophyll(a+b), as the significant

presence of these proximate pigments had been identified during the 2005 data
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analysis. The modified LIBERTY model will be referred to as ‘LIBERTY 3 pig-

ments’ (LIBERTY3P). LIBERTY3P, following Beer-Lambert’s Law, defines the

total absorption coefficient (Tcoeff ) of leaf biochemical constituents at each wave-

length as the sum of the products of individual constituent absorption coefficients

multiplied by their concentrations per unit weight of ‘shoots and leaves’ and is

an adaptation of LIBERTY similar to that of Vittorio’s (2009) Chlorophyll(a),

Chlorophyll(b) and total Carotenoids adaptation. The LIBERTY3P total absorp-

tion coefficient, Tcoeff, for each wavelength with the wavelength symbol (λ) omit-

ted for clarity, is

= D (B + (AchloroCchloro) + (ACarotenCCaroten) + (AAnthofAntho)

+ (AAlbinofAlbino) + (ALigCellCLigCell) + (AproteinCprotein) + (AwaterCwater))
(2.1)

In Equation 2.1, D is the average cell diameter in µm; B is the baseline absorp-

tion coefficient; AChloro the Chlorophyll(a+b) absorption coefficient and CChloro

the Chlorophyll(a+b) content; ACaroten the Carotenoids absorption coefficient and

CCaroten the total Carotenoids content; AAntho the Anthocyanins absorption co-

efficient and CAntho the Anthocyanins content; AAlbino the leaf albino absorption

coefficient and fAlbino the albino factor; ALigCell the lignin and cellulose absorption

coefficient and CLigCell the lignin and cellulose content; Aprotein the nitrogen ab-

sorption coefficient and Cprotein the nitrogen content; Awater the water absorption

coefficient and Cwater the water content. However, when the spectra generated

by LIBERTY3P were compared with corresponding measured reflectance spectra

significant spectral differences were generally noted. Subsequently, the published

absorption spectra for each proximate pigment required to be modified to achieve

a better fit between measured and modelled spectra, as is discussed in Section 3.
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2.3 Results and discussion

2.3.1 Calluna ‘shoots and leaves’ cell diameter and inter-

cellular airspace

Although Calluna proximate pigments are the primary state variables of interest

in this work, the influence of cell diameter and intercellular airspace on reflectance

needs to be considered. As the scattering of light due to leaf structure has the

greatest influence on reflectance when absorption is low, it is especially significant

in the spectral region where wavelengths are greater than 700 nm and where there

is no pigment absorption (Jacquemoud and Baret, 1990; Jacquemoud et al., 1996;

Taiz and Zeiger, 2002; Feret et al., 2008). Therefore, reflectance in the 700 nm to

2,500 nm spectral region will now be considered.

The NIR spectral reflectance of each Calluna sample was noted to vary at each

sampling interval during both 2005 and 2006. This variance in NIR reflectance

indicates that either the leaf cell diameter or intercellular airspace was varying,

or both were, over the Calluna growth cycle. A mesophyll cell diameter of 45 µm

was used in LIBERTY by Dawson et al. (1998) for reflectance modelldataing of

Pinus banksiana needles and Lhotakova et al. (2008) and Dvoral and Stokrova

(1993) report a value of 40µm for Norway spruce and Ponderosa pine mesophyll

cell diameters. Nevertheless, Calluna leaves are considerably smaller than pine

needles and Castro-Diez et al. (2000) reported values of 55.9 µm2 and 374 µm2

for Calluna intercellular airspace and cell areas, respectively, although these

values were determined from leaves that were less than one month old (personal

communication P. Castro-Diez 19/02/2010). However, as Calluna leaves have a 2

to 3 year life cycle (Gimingham, 1972), the stacked ‘shoots and leaves’ reflectance

samples measured in this work are an aggregate of leaves at different stages of

their life cycle. Individual leaf cells enlarge and differentiate until they assume
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their function (Taiz and Zeiger, 2002) and the growth of individual cells ceases

when they are physically (Tomos, 1985) and genetically (Horiguchi et al., 2006)

constrained. Hence, new fully grown leaves will have the optimal cell diameter for

that plant species. Therefore, the mean cell diameter of the Calluna ‘shoots and

leaves’ samples will increase until the maximum proportion of new fully grown

leaves to older senescing leaves is achieved. However, as there is no specific

data on the growth of Calluna mesophyll cells or development of leaf structure,

the cell diameter, calculated from the cell area reported by Castro-Diez et al.

(2000), was selected as the mean cell diameter at the time of the first sampling

interval. The cell diameter was then projected to increase until the end of growth

then decrease thereafter as the leaves senesce. Grant (1987) proposed that the

increase in NIR reflectance observed from leaves during their growth is a result of

an increase in intercellular airspace as hydrated mesophyll cells are pulled apart

during leaf development. In addition, Daughtry and Biehl (1985) report that

in the initial stage of senescence there is a further increase in NIR reflectance

as cells separate further, again increasing the air spaces within leaves. Knipling

(1970) observed that there is then a decrease in NIR reflectance as cells dehydrate

and collapse during senescence, leading to a reduction in scattering from cell

walls and intercellular airspace interfaces. It is therefore considered that the

intercellular airspace determinant variable values will increase over the Calluna

growth period, continue to increase for a period after growth ceases, then decrease

during senescence.

The leaf structural variable values presented in Figure 2.3 were determined by

modelling and adopting an iterative optimisation process. For each sampling

interval a mean cell diameter and intercellular airspace variable considered to be

realistic was selected and used to parameterize the model. The model was run and

the modelled reflectance spectra were compared with the measured spectra. The

cell diameter and airspace variable values were then adjusted and the model rerun,
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Figure 2.3: Calluna cell diameter and
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sampling periods
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Figure 2.4: Annual modelled Calluna
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until a minimum RMSE was acheived for the NIR spectral region. The values

in Figure 2.3 offer a numerical solution for the LIBERTY (using the 2005 data)

and the LIBERTY3P (using the 2006 data) radiative transfer model outputs to

approximate to the measured Calluna ‘shoots and leaves’ reflectance in the NIR

region at each sampling interval.

Figure 2.3 shows that if the stacked Calluna ‘shoots and leaves’ sample has a

mean mesophyll cell diameter of 11 µm at the beginning of the growth cycle

in April 2006 then the mean cell diameter may rise to 14 µm by the end of

the growth cycle before reducing again during senescence. In addition, from

Figure 2.3, it can be noted that the intercellular airspace determinant increases,

indicating that intercellular airspace scattering increases until mid June, then

decreases. However, the increase in NIR reflectance proposed by Daughtry and

Biehl (1985) was not observed in the intercellular airspace variables determined

or in the ‘shoots and leaves’ samples reflectances. The physical basis for the

variables presented in Figure 2.3 can be elucidated from Figure 2.4. Figure 2.4

was developed from the Calluna ecological growth model HeathMod (Read et al.,

2002), which models the foliar growth of Calluna and its off-take by sheep given a
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set of ecological and environmental conditions, and has been parameterized with

variables determined during this research but with the effects of grazing omitted.

Figure 2.4 shows that from the onset of growth, approximately week 17, the

proportion of senescing leaves decreases and the proportion of developing leaves

increases, consequently the cell diameter and intercellular airspace determinant

increase, as Figure 2.3 indicates. This increasing proportion of mature leaves

begins to level off at approximately week 37, from when the proportion of mature

to senescing leaves is relatively stable until growth ceases at approximately week

40. After week 40 all leaves are at stages of senescence, hence both the mean

cell diameter and intercellular airspace decrease. The data presented in Figure

2.4, therefore, supports the selection of the LIBERTY and LIBERTY3P variables

presented in Figure 2.3.

As can be seen in Figure 2.5, for the 25th June 2005 sampling interval, and after

modelled reflectance in the NIR region was optimized, there remained significant

differences between measured and modelled reflectance between the 400 nm to

700 nm and the 950 nm to 1000 nm spectral regions, and this was the case at

all sampling periods. The 400 nm to 700 nm region will be considered further

below. However, as the sensitivity of the monochromator in the GER3700, from

950 nm to 1000 nm, is low, the signal to noise ratio is poor in these spectral

regions and this is compounded by water absorption in that region, the in vivo

spectral absorption of which may not be accurately represented in LIBERTY,

as has been found by Feret et al. (2008) for PROSPECT. It is, therefore, not

possible to determine if errors in the 950 nm to 1,000 nm spectral region are due

to the modelled or to the measured spectra and this region will not be considered

further here. Further differences between measured and modelled reflectance in

the 1,000 nm to 2,500 nm short-wave infra-red (SWIR) spectral region were noted,

where the measured reflectance was greater than that modelled (data not shown).

These differences may be due in part to absorbing compounds in leaves not being
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homogeneously distributed, as Baranoski and Rokne (2005) found that when the

heterogeneous distribution of absorbers in leaves was considered the modelled

reflectance in the SWIR region was greater than when their distribution was

not considered. In addition, surface trichomes, present on the abaxial surface of

Calluna leaves (Figure 2.2(b)) will influence reflectance in the NIR and SWIR

spectral regions, although it is not clear if they will cause an increase (Eller,

1977; Gausman et al., 1977; Wagner, 1991; Levizou et al., 2005) or a decrease in

reflectance (Ehleringer, 1984; Gausman et al., 1969). Nor is it clear how significant

the influence of trichomes will be on Calluna ‘shoots and leaves’ SWIR reflectance,

given their location on the leaves. The proportion of lignin to cellulose in Calluna

‘shoots and leaves’ is also unknown and as their relative proportions will affect

the lignin and cellulose absorption spectrum used in LIBERTY and LIBERTY3P,

it is not possible to assess the influence these leaf structural components will have

on Calluna ‘shoots and leaves’ reflectance in the SWIR region. Although it may

be possible to add a correction per wavelength to LIBERTY to account for the

error between measured and modelled reflectances in the 1000 nm to 2,500 nm

spectral region, as this region is not influenced by proximate pigment content, the

primary area of interest in this research, it will not be considered further here.

2.3.2 Calluna ‘shoots and leaves’ pigment identification,

quantification and trends

The mean proximate pigment content for each ‘shoots and leaves’ sample of each

plot and for each of the annual data sets displayed considerable variability, similar

to that for Chlorophyll(a+b) for the 2005 sampling intervals (Figure 2.6), and where

the error bars represent ±1 standard deviation of the mean, which in some cases

is close to 25% of plot mean value. One-way Analysis of Variance (ANOVA)

was carried out to determine if there was a significant difference between the
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Figure 2.6: Calluna ‘shoots and leaves Chlorophyll(a+b) variability 2005 sampling
intervals.

means of Chlorophyll(a+b), total Carotenoid and Anthocyanins from each sampling

interval during 2005 and 2006; no statistically significant differences were noted.

Consequently, to parameterize LIBERTY and LIBERTY3P the plot proximate

pigment means were averaged for each sampling interval. Although the change

in Calluna Chlorophyll(a+b) and total Carotenoids and Anthocyanins have not

previously been measured and published, the average values for Chlorophyll(a+b)

content for 2005 and 2006 during the summer months were found to be comparable

with those determined by Nichol and Grace (2010).

From the data acquired during 2005, Chlorophyll(a+b) content displayed a general

increase from May through early summer, then a reduction in level, before the

onset of Calluna flowering in late July, and an increase thereafter, followed by a

reduction towards the end of the growing season (Figure 2.7). Total Carotenoid

content displayed a similar trend (data not shown): a positive linear relationship
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Figure 2.7: Chlorophyll(a+b) plot averages and trends during 2005

between Chlorophyll(a+b) and Carotenoids has been reported for other plant

species (Sauceda et al., 2008), although a negative linear relationship has been

reported when light stress is induced (Demmig-Adams and Adams, 1996). From

the data acquired during 2006, the Chlorophyll(a+b) sample averages for 6 research

plots, 1; 2; 3; 4; 5; and 7 in Figure 2.8, followed the trend displayed in 2005.

However, two plots, 6 and 8, did not follow the Chlorophyll(a+b) trend observed

in the other plots but remained relatively constant from late spring until August.

This difference may be due to these plots being located on a mineral soil substrate

type. However, this difference was not observed for these two plots in 2005.

Therefore this difference in trend may be attributable to the inherent variability

of Calluna growing in the natural environment.

The general increase in Chlorophyll(a+b) and total Carotenoids from May through

early summer and reduction at the end of the growing season were expected as this

follows the annual growth and senescent cycle of plants. However, the reduction
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Figure 2.8: Chlorophyll(a+b) plot averages and trends during 2006

before the onset of flowering was unexpected. A reduction in Chlorophyll(a+b)

content has been reported when plant species are exposed to stress. Stress,

causing a reduction in Chlorophyll(a+b), may be induced by drought (Ma et al.,

2006), pollution (Carfrae et al., 2004; Leith et al., 2004), salt (Ma et al., 2006),

infestation and disease (Blanchfield et al., 2006), excessive light levels (Demmig-

Adams and Adams, 1996; Reddy and Raghavendra, 2006; Ma et al., 2006) or

high or low temperatures (Reddy and Raghavendra, 2006). At the site used in

this research, drought is unlikely to be a cause of stress as the area is blanket

bog, primarily National Vegetation Classifications M19, M15 and H10 in mosaic

(Dayton et al., 1994). The deposition of atmospheric pollutants in the area of

this research site has not been quantified, although pollution inducing stress is

unlikely as there is no industrialisation downwind of the site. In addition, although

the prevailing wind is from the sea, salt disposition induced stress is considered

unlikely as the site is approximately 10 miles upwind of the sea and sea spray,
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Figure 2.9: Anthocyanins plot averages and trends during 2006

carrying salt, is unlikely to travel that distance inland during the summer months

when there are fewer and less severe storms than in winter months.

Foliar Anthocyanins were noted to be present during the wet chemistry proxi-

mate pigment determination, confirming the author’s visual observations. The

presence of Anthocyanins is known to cause leaves to turn shades of red or purple

(Feild et al., 2001; Neil, 2002) and Calluna foliage has been observed to display

a purple colouration after frosts and in mid summer. Anthocyanins content de-

termined during 2006 displays a different trend from the general trend displayed

by the other pigments determined during both 2005 and 2006 (Figure 2.9). An-

thocyanins content was greatest in early spring then varied through the growing

season, being lowest when Chlorophyll(a+b) content was high and highest when
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Chlorophyll(a+b) was low. Although the function of foliar Anthocyanins is not

fully understood, they appear to perform a number of tasks such as protection

from ultraviolet radiation (Holton and Cornish, 1995) and photoinhibition (Feild

et al., 2001; Steyn et al., 2002; Neil, 2002; Close and Beadle, 2003; Merzlyak

et al., 2008; Hatier and Gould, 2009). The photoinhibition hypothesis proposes

that when Chlorophyll(a+b) levels are low, or light levels are high, there is a po-

tential for photo-oxidative damage to Chloroplasts due to an imbalance between

light capture, CO2 assimilation and carbohydrate utilisation. Anthocyanins accu-

mulation requires and thereby attenuates light, possibly protecting Chloroplasts.

The high levels of Anthocyanins at the April sampling interval correspond to low

levels of Chlorophyll(a+b) and hence low levels of photosynthesis, expected through

winter and into early spring. The elevated levels of Anthocyanins in mid summer

and reduced levels of Chlorophyll(a+b) may be a result of light levels being higher

than Calluna can tolerate without photo-oxidative damage to Chloroplasts, indi-

cating support for the photoinhibition hypothesis. However, it was not possible

to correlate the elevated Anthocyanins interval to specific meteorological or so-

lar intensity events, as the lag between event and response and residence time

of Anthocyanins in Calluna leaves is not known. Nevertheless, as the reduction

in Chlorophyll(a+b) was observed prior to the onset of flowering, Calluna may

be utilising its resources to set flower and seed rather than continue growth and

the production of Chloroplasts, leaving it more susceptible to photo-oxidative

damage, particularly as flowering coincides with the period of high annual tem-

perature and hours of sunshine. The proximate pigment content, determined at

each sampling interval in 2005 and 2006 and used to parameterize LIBERTY and

LIBERTY3P, are presented in Figure 2.10.
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Figure 2.10: Proximate pigments - research site annual averages

2.3.3 Calluna ‘shoots and leaves’ pigment absorption

When LIBERTY was initially parameterized with the biophysical variables and

Chlorophyll(a+b) content determined for each sampling interval during 2005 the

fit between measured and modelled data was optimized for the NIR spectral

region, as has previously been discussed. However, the fits between measured

and modelled spectra were found to be poor or inconsistent in the 400 nm

to 700 nm spectral region at each 2005 sampling interval, similar to the fit

displayed in Figure 2.5 for the 25th June 2005 sampling interval. LIBERTY

contains a pigment absorption spectrum derived from the pure absorption spectra

of Chlorophyll(a) and Chlorophyll(b), mixed in a ratio representative of these

pigments in Pinus elliottii, and dissolved in acetone (Dawson et al., 1998). The

mismatch between modelled and measured spectra in the 400 nm to 700 nm region

for Calluna suggests that the LIBERTY Chlorophyll(a+b) absorption spectrum
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Figure 2.11: LIBERTY3P pigments and comparators

may not be representative of these pigments in Calluna ‘shoots and leaves’.

In addition, LIBERTY does not account for total Carotenoid or Anthocyanins

absorption and these pigments have been identified in Calluna. Consequently,

the absorption spectra for Chlorophyll(a+b) and total Carotenoids published by

Lichtenthaler (1987) and Anthocyanins absorption spectra published by Neil

(2002) were incorporated into LIBERTY3P in the manner presented in Equation

2.1 and measured and modelled spectra generated from the 2006 data compared.

However, although there was some improvement, the fits between measured and

modelled spectra remained poor.

To attempt to achieve better fits between measured and modelled spectra through

the 400 nm to 700 nm spectral region for the each 2006 data, an optimisation pro-

cess was again adopted. The May, June and August 2006 measured reflectance

spectra were averaged and the average spectra used as the training data set. The
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optimisation process was then utilized, constrained by the range of values con-

sidered likely for each pigment and sequentially modifying the Chlorophyll(a+b),

total Carotenoid and Anthocyanins absorption spectra at each wavelength and

comparing modelled with measured reflectances, until the minimum RMSE for

each wavelength was achieved. The pigment absorption spectra derived through

this iterative process are presented with a selection of published pigment ab-

sorption spectra for comparison in Figure 2.11. The Chlorophyll(a+b) absorption

spectrum values between 575 nm and 650 nm developed for LIBERTY3P fall be-

tween those of PROSPECT and LIBERTY, while the values from 650 nm to 750

nm are slightly lower than both PROSPECT and LIBERTY. This indicates that

the Chlorophyll(a+b) absorption spectrum used in LIBERTY3P is realistic. How-

ever, the difference between the LIBERTY3P Chlorophyll(a+b) and those of LIB-

ERTY and PROSPECT indicate that both the pigment absorption spectra and

Chlorophyll(a):Chlorophyll(b) ratio are different in Calluna from those represented

in LIBERTY and PROSPECT. The Chlorophyll(a):Chlorophyll(b) ratio is known

to vary from species to species (Taiz and Zeiger, 2002) and, for some species,

within the same plant at different light levels through the canopy (Watts and

Eley, 1970; Taiz and Zeiger, 2002; Boardman, 1977; Lichtenthaler et al., 2007).

However, the total Carotenoids absorption profile determined for LIBERTY3P

was found to be generally similar to that presented by Lichtenthaler (1987). An

Anthocyanins absorption maximum at 540 nm was also found to fit the measured

spectra data best and agrees with the in vivo absorption maxima range of 537

nm to 542 nm reported by Merzlyak et al. (2008). It also matched the general

profile of that presented by Neil (2002), although the peak was flatter.
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2.3.4 Calluna ‘shoots and leaves’ measured and modelled

reflectances and the influence of pigments

The modelled and measured reflectances of the Calluna ‘shoots and leaves’ at

each sampling interval during 2006 are presented in Figure 2.12. At the April

2006 sampling interval (Figure 2.12(a)), the fit displayed between modelled and

measured reflectances for the 400 nm to 700 nm spectral region is variable, with a

wavelength dependent relative error of between +10% and −8%, and a magnitude

of error greater than at the other sampling intervals. April is the sampling interval

with maximum Anthocyanins content, minimum Chlorophyll(a+b) and minimum

total Carotenoid content and with the greatest proportion of senescing ‘shoots and

leaves’. The pigment absorption spectra developed from the average of the May,

June and August sampling interval spectra could, therefore, be less representative

of the actual in vivo absorption spectra for this period. Better fits were achieved

between measured and modelled reflectances for the May 2006 (Figure 2.12(b)),

June 2006 (Figure 2.12(c)) and August 2006 (Figure 2.12(d)) sampling intervals,

where the relative error per wavelength varies by approximately ±5%. As the

measured reflectance spectra for May, June and August were used as the training

data set in the development of the pigment absorption spectra, it could be

expected that the error between measured and modelled spectra would be lower

at these sampling intervals. The fit between measured and modelled reflectances,

over the 550 nm to 700 nm wavelength range, for October (Figure 2.12(e))

displayed a more systematic variation with an relative error of up to +10%

observed. This suggests that the Chlorophyll(a+b) absorption spectrum may not be

as representative of the in vivo absorption spectrum at this period as it is during

the summer months. Chlorophyll(a) and Chlorophyll(b) have been found to degrade

at different rates in barley leaves during senescence (Scheumann et al., 1999).

Therefore the ratio of these two pigments in the Chlorophyll(a+b) absorption

spectra may change during Calluna senescence and, as the degraded products
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are colourless (Matile et al., 1996), cause the difference between measured and

modelled reflectances observed at the October sampling interval.

To assess whether the pigment absorption spectra derived from the 2006 sampling

interval data were more generally representative of the absorption spectra in Cal-

luna ‘shoots and leaves’, the 2005 reflectance spectra were modelled again. The

LIBERTY3P model, with the pigment absorption spectra derived from the 2006

data and parameterized with the biophysical, biochemical and leaf structural val-

ues determined at each of the 2005 sampling intervals, was used. Subsequently,

the fit between measured and modelled reflectances in the 400 nm to 500 nm

spectral region where total Carotenoids and Chlorophyll(b) dominate absorption,

and in the 600 nm to 700 nm spectral region, where Chlorophyll(a) dominates

absorption, were improved from those modelled using the unmodified LIBERTY

model. However, significant errors remained in the 500 nm to 600 nm spectral

region, the region primarily affected by Anthocyanins absorption. As the Antho-

cyanins content had not been measured during 2005, a modelling optimisation

process was again utilized, minimising the RMSE between measured and mod-

elled reflectances in the 500 nm to 600 nm spectral region, to estimate possible

Anthocyanins’ content at each 2005 sampling interval. The Anthocyanins’ values

determined using LIBERTY3P are presented with the measured 2006 Antho-

cyanins values for comparison in Figure 2.13. The 2005 Anthocyanins’ estimates

were found to be within the range measured from the 2006 samples and follow a

generally similar trend to those observed in the 2006 data.

After inclusion of the estimates for Anthocyanins in the remodelled 2005 re-

flectance spectra, the relative error per wavelength between measured and mod-

elled reflectances was found to vary by up to ±10% for the 10th June (Fig-

ure 2.14(a)), the 25th June (Figure 2.14(b)) and the 26th August 2005 (Fig-

ure 2.14(d)) sampling intervals across the 400 nm to 700 nm spectral range. For
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(a) 19th April
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(b) 23rd May
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(c) 24th June
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(d) 14th August
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Figure 2.12: Calluna 2006 ‘shoots and leaves’ measured and modelled reflectances
and relative errors
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Figure 2.13: Anthocyanins content 2006 determined by wet chemistry methods and
2005 estimated using LIBERTY3P
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the 24th July 2005 (Figure 2.14(c)) the error was within a ±5% range. How-

ever, for the 22nd September (Figure 2.14(e)) and 29th October (Figure 2.14(f))

sampling intervals the relative error increased up to +10% and −15%. The low

relative error for the 24th July 2005 sampling date, and errors for the June and

August 2005 sampling intervals are comparable with those at the corresponding

2006 sampling intervals. This indicates that the determined pigment in vivo ab-

sorption spectra are representative of those present in Calluna during the the main

growth period through May, June, July and August. However, there is also a con-

sistent over-absorption in the modelled red spectral region reflectance to varying

degrees for each 2005 sampling interval, indicating that Chlorophyll(a) absorption

spectra may be over-represented for the 2005 ‘shoots and leaves’ samples in the

derived absorption spectra. In addition, the Chlorophyll(a+b) absorption spectrum

is even less representative at the early stages of senescence in September and Oc-

tober 2005, with an relative error of up to +15%, as it was for the October 2006

sampling interval.

The variability between the measured and modelled reflectances through 2005 and

2006 may be attributed to a number of factors. The Chlorophyll(a+b) and total

Carotenoids within leaves are bound in Chlorophyll-Carotenoid-protein complexes

and the light-harvesting components of these complexes, Chlorophyll(a+b) and

Xanthophylls, are known to vary with the prevailing light environment (Lichten-

thaler et al., 1982). The proportions of Chlorophyll(a) and Chlorophyll(b) are also

known to vary between leaves on the same plant depending on the leaves’ micro

light environment (Lichtenthaler et al., 2007). Consequently, the Chlorophyll(a+b)

absorption spectrum, being a composite of Chlorophyll(a) and Chlorophyll(b), may

be expected to vary both over a growth cycle and inter-annually as the light

environment varies (although these pigments will presumably vary within some

Calluna-specific range). As the absorption maximas of total Carotenoids and

Chlorophyll(b) overlap in the 400 nm to 500 nm spectral region, it has not been
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(b) 25th June
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(c) 24th July
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(d) 26th August

400 500 600 700 800 900
−20

−10

0

10

20

30

40

50

Wavelength (nm)

A
bs

ol
ut

e 
re

fle
ct

an
ce

 a
nd

 e
rr

or
 (

%
)

 

 

Avg. measured spectra
Modelled spectrum
Relative error

(e) 22nd September
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Figure 2.14: Calluna 2005 ‘shoots and leaves’ measured and modelled reflectances
and relative errors
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possible to resolve each absorption spectrum more fully. Therefore it has not been

possible to attribute the proportion of the observed error in the 400 nm to 500

nm spectral region to each absorption spectrum and thus to specific pigments.

2.4 Conclusions

The biophysical and biochemical state variables which influence the reflectance

of Calluna ‘shoots and leaves’ have been identified and quantified, or estimated

where direct measurement was not possible, at approximately monthly intervals

from the start of annual growth to the early stages of senescence, over two

consecutive years. The change in these variables over a growth and senescent

cycle has not previously been published. The estimated leaf cell diameter and

intercellular airspace determinants were found to vary systematically through

growth and senescence, generally following the trends expected and with a

reasonable degree of inter-annual consistency. Nevertheless, the cell diameter

and intercellular airspace determinant values used only represent one possible

numerical solution for this element of the radiative tranfer equation modelled in

LIBERTY3P and may not be representitive of those variables in Calluna leaves

and, as the NIR reflectance modelled by LIBERTY3P is sensitive to change in

these variables (Moorthy et al., 2008), it may be necessary to adopt an iterative

optimisation process for those parameters to achieve a good fit between measured

and modelled spectra in future work. Nevertheless, a range and trend for these

variables has now been presented which serve as an initiating point for future

modelling studies.

From the biochemical state variables identified and quantified in this research

Chlorophyll(a+b) were unexpectedly found to decrease prior to the onset of

flowering. This reduction may be a response to elevated light and/or temperature
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in mid summer, which may be compounded by stress or resource limitations in

Calluna prior to the onset of flowering. This reduction has important implications

for carbon cycle flux studies as it indicates a reduction in photosynthesis, and

hence CO2 sequestration, during this period. Total Carotenoids were also found

to reduce prior to flowering and the reason for this is also not clear. Some pigments

within the Carotenoid group are also reported to have a photoinhibitive function

and could therefore have been expected to increase to protect Chloroplasts.

However, it may be that the levels of Anthocyanins present in Calluna at these

times of high light availability and apparent low photosynthesis capacity are

such that the photoinhibitative Carotenoids are not required to modulate light

energy. Nevertheless, the presence of Carotenoids significantly influences Calluna

‘shoots and leaves’ reflectance so the presence of this pigment group needs to be

considered.

Ustin et al. (2009) advise that there is a need to determine whether individual

pigments can be quantified and incorporated into remote sensing studies. This

work has demonstrated that three composite pigment groups can be incorporated

into a radiative transfer modelling study, leading to an increased understanding of

the interaction of light with Calluna ‘shoots and leaves’ and hence of reflectance.

However, given the errors between measured and modelled reflectances attributed

to the variation in Chlorophyll(a) and Chlorophyll(b) content in this research, more

work is required to quantify these individual pigments, then to determine the

individual absorption spectrum of each pigment for inclusion in future radiative

transfer modelling studies of Calluna. Nevertheless, the results presented in

this work indicate that the proximate pigment absorption spectra derived for

the 2006 measured and modelled ‘shoots and leaves’ reflectance data represent

a reasonable first approximation of those pigments in vivo and may be used to

model Calluna ‘shoots and leaves’ through a growth and senescent cycle within

a range of prescribed errors (generally up to ±10%).
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For this work to be more widely applicable, further Calluna modelling studies

are required to determine whether LIBERTY3P can be incorporated into a

canopy reflectance model and the combined model subsequently inverted. If

LIBERTY3P can be inverted, then further knowledge of Calluna photosynthesis

and physiological processes and their change over time can be gained from ‘shoots

and leaves’ sample reflectances without the need for wet chemistry methods.

This would then enable hyperspectral remote sensing to be used to measure

photosynthesis and hence monitor the status and dynamics of the dominant

overstorey species on extensive areas of boreal peatlands. Canopy reflectance

modelling studies of Calluna are now being undertaken by the authors.
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3.1 Introduction

Field spectroscopy is a fundamentally physically-based scientific method for the

quantitative measurement of radiance or irradiance in the field (Milton, 1987).

This method is used by a diverse group of researchers to gain an understanding

of near-ground high spectral resolution reflected radiance of Earth surface targets

(King et al., 2005; Chappell et al., 2006; Ferrier et al., 2007; Anderson and Kuhn,

2008; Ferrier et al., 2009; Croft et al., 2009; Ustin et al., 2009; Smith et al., 2011)

and underwater surfaces (Visser and Smolar-Zvanut, 2009; Hamylton, 2011); for

the vicarious calibration of airborne and satellite data (Schmid et al., 2005;

Lavender et al., 2005; Anderson et al., 2006); for the validation of quantitative

data derived from airborne platforms or Earth observing satellite imaging sensors

(Boyd et al., 2006; Huckle et al., 2006; Hasselwimmer et al., 2010); and for

the correction of airborne or satellite acquired images for atmospheric effects

(Rollin et al., 2002; Aspinall et al., 2002; Karpouzli and Malthus, 2003; Hadley

et al., 2005). The basic instrument used in this sub-discipline of hyperspectral

remote sensing is the spectroradiometer, a field portable instrument capable of

high spectral resolution measurements of reflected radiance, normally at a higher

spatial resolution than imaging spectrometry would acquire, and from a single

sampling unit (Milton et al., 2009). The use of spectroradiometers to capture

data, typically across the 400 nm to 1000 nm or 400 nm to 2500 nm regions

of the solar spectrum in approximately 200 to 500 or more contiguous bands,

offers a non-destructive method to characterise target surfaces where diagnostic

absorption and reflectance features or indices derived from selected wavelength

regions of acquired spectra may be related to physical and/or chemical state

variables of the reflecting surfaces (Kumar et al., 2001). In addition, acquired

spectra may be indicative of classifications assigned to target surfaces and related

to the proportions of individual reflecting surfaces or sub-classes within the area

of measurement support.
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To accurately estimate the reflectance of a target area in the field requires the

near simultaneous measurement of two parameters: the reflected radiance from

the target and the irradiance incident upon the target. The radiance reflected

from the target area is normally acquired through a fixed angle fore optic, which

may contain a focusing element, or through a fibre optic bundle. The irradiance

incident upon the target area is normally acquired by measurement of a diffuse

white reflectance reference panel by a spectroradiometer with the same fore

optic arrangement as used for target measurement or by measurement using a

spectroradiometer with an upward-looking cosine correcting receptor (Anderson

et al., 2006). Either of these measurement configurations, termed bi-conical and

cos-conical respectively, require target radiance and target irradiance to be ratioed

to give an estimate of reflectance of the target area in the direction from which

it is being measured. Only fore optics for measuring radiance will be considered

here; cosine correcting receptors for measuring irradiance will not be considered

further.

The area of the Earth’s surface from which radiance is recorded is normally

considered to be delimited by the field-of-view (FOV) of the fore optic of the

spectroradiometer, analogous to the Point Spread Function of satellite sensors

(Mather, 2004; Atkinson and Aplin, 2004). The FOV is normally defined as a

solid included angle through which light incident on the fore optic or fibre optic

bundle enters the spectroradiometer and is considered by field spectroscopists to

delineate the target area from which the reflected radiance is received, referred

to as the area of measurement support (Atkinson and Aplin, 2004). The FOV

is constrained by either a fore optic lens, a fore optic field stop or the numerical

aperture of the fibres in a fibre optic bundle and the optical configuration of the

spectroradiometer (Robinson, 1983; Schaepman, 1998). The operator can vary the

size of the area of measurement support by increasing or decreasing the distance

of the spectroradiometer fore optic from the target surface or by changing the fore
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optic. They can also vary the orientation in space of the spectroradiometer and

fore optic, thereby determining the angle from which the target surface is viewed.

The manufacturers of the most commonly used modern spectroradiometers for

field spectroscopy typically only specify a nominal solid included angular value

as the FOV of the fore optics supplied with their instruments (see Analytical

Spectral Devices (2002) or Spectra Vista Corporation (undated), for example).

However, the methods used to determine this FOV parameter are not specified

and associated uncertainties are not made explicit. Moreover, the FOV is a rather

nebulous term when used in field spectroscopy, unlike photogrammetry where the

lens f-number or focal length is normally specified. Hence the area of measurement

support cannot be calculated with any degree of certainty. To determine this

area accurately the fore optic focal point needs to be known to allow height

above the area of measurement support to be determined and this height, along

with the included angle of the fore optic, used to calculate the radius of the

FOV and hence determine the area of measurement support. For example, if a

spectroradiometer with a 10o FOV fore optic was positioned such that the front

of the fore optic was 0.5 m above a target surface then the area of measurement

support would vary by 12%, depending on whether the fore optic focal length

was 2 cm or 5 cm, that is whether the focal point was 52 cm or 55 cm above

the target surface. Analytical Spectral Devices (ASD) do suggest a method to

calculate the area of measurement support but appear to indicate using the front

of the fore optic as the datum rather than the focal point (Analytical Spectral

Devices, 1999). Although they indicate diagrammatically that the front of the

fore optic is not this datum, Spectra Vista Corporation (SVC), do not specify its

location (Spectra Vista Corporation, undated). In addition, the specified nominal

FOV gives no indication as to the responsivity of the spectroradiometer/fore optic

system to light from different positions within the area from which radiance is

being measured. With no further information supplied by the manufacturers,
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the FOV of a spectroradiometer is assumed by users to be well defined by the

included angle stated and to describe a circular area of measurement support,

in the case of an ASD FieldSpec Pro, or an approximately rectangular area, in

the case of a SVC GER 3700, for example. Furthermore, an assumption that the

system has a uniform responsivity to light from different spatial locations within

the area of measurement support is implicatively made. This is demonstrated

in the work of Murphy et al. (2005); Castro-Esau et al. (2006); Nichol and

Grace (2010) and Ferrier et al. (2009), to cite a few examples, where quantitative

measurements have been made of state variables from an integrated sample area

delineated by the FOV and relationships between these state variables and the

spectrum, or specific wavelength ranges of that spectrum, established without

consideration being given spatial distribution of the variables within that area

or that the responsivity of the spectroradiometer may be spatially dependent.

However, Painter (2011) states that when an ASD FieldSpec is used to measure

the reflectance the “anisotropic distribution of the wavelength-dependent fibres

that creates a sampling scenario in which different areas of the surface are observed

with different parts of the spectrum” resulting in steps in spectra at the joins

between each detector. Therefore, this assumption of uniformity of response is,

it would seem erroneous, at least for this ASD instrument.

To relate field radiance measurements to state variables or classes of the target

being measured, or to simulations of reflectance made using optical models, there

is usually a need to know precisely the area of the Earth’s surface from which

reflected radiance is being measured. The size of this area is the sampling

spatial resolution and this resolution defines the limit of spatial detail that can

be recorded by a sensor system (Atkinson and Aplin, 2004). Hence knowledge of

the sampling spatial resolution is critical, particularly for heterogeneous targets,

such as vegetation canopies, which consist of a three dimensional structure of

overlapping elements. These targets may be composed of a number of floristic



CHAPTER 3. The fields of view and directional response functions of two field
spectroradiometers 85

species, each of which may contain spectrally distinct reflecting surfaces and

these surfaces may be present in varying proportions and with varying spatial

distributions. Failure to determine the actual area of measurement support

and sampling resolution and to fully characterise the system’s spatial and

spectral responsivity to reflected radiance from within this area, termed the

directional response function (DRF), defined by the Commission Internationale

de L’Eclairage (1987), may lead to uncertainties in attributing reflected radiance

to state variables or classifications of the target being measured.

Few researchers have acknowledged that it is necessary to characterise the

FOV of a spectroradiometer. However, using a Spectra Vista Corporation

GER 1500 (which contains a single optical slit/diffraction grating/detector array

spectrometer, has a spectral range of 350 nm to 1000 nm and was fitted

with a ‘standard’ fore optic), Anderson (2005) conducted an experiment to

define the extent of that instrument/fore optic system’s FOV. In addition,

Schaepman (1998) measured the extent of the FOV of a Spectra Vista Corporation

GER 3700 spectroradiometer instrument/fore optic system (which contains three

spectrometers, has a spectral range of 350 nm to 2500 nm and which was also

fitted with a ‘standard’ fore optic). In both of these cases only the extent of the

FOV along the instrument’s principal axes was determined and both found that

the FOV generally approximated to the manufacturer’s specification. However,

the FOV of spectroradiometers may have greater variability than determined

by Anderson (2005) and Schaepman (1998). In the case of the full wavelength

(350 nm to 2500 nm) spectroradiometric systems investigated by Schaepman

(1998) the multiple spectrometers incorporated may each have an influence on

the area from which radiance is recorded and on the DRF as the optical path

from the entrance slit of the spectroradiometer to each spectrometer is unique.

Measurements that could determine if the area of measurement support varied

for each spectrometer were not made by Schaepman (1998). In addition, neither
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Anderson (2005) nor Schaepman (1998) investigated the DRF of their respective

instruments. In complex spectroradiometric systems the type, size and alignment

of the viewing fore optic and the optical path from fore optic to spectrometer

may cause significant non-uniformity of responsivity and wavelength dependencies

across the area of measurement support.

Three criteria are proposed by Milton and Rollin (2006) and Fox (2001) that

can be used to assess quality of field spectroscopy measurements - traceability,

repeatability, and reproducibility - and they go on to discuss the calibration

chain, the need for radiometric stability and the uncertainties introduced through

variations in the illumination environment. However, field spectroscopy records

the reflected radiance of solar radiation from an area of the Earth’s surface

which is spatially limited by the fore optic and characteristics of the optical path

through the spectroradiometer. These also affect the traceability, repeatability

and reproducibility of field spectroscopic measurements although Milton and

Rollin (2006) and Fox (2001) did not address them.

This paper investigates how different fore optics and optical path designs affect

the area of measurement support and the directional response function of spec-

troradiometers, to gain an understanding of the spatial and spectral dependence

influencing spectra recorded by these field instruments.
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3.2 Methods

3.2.1 Spectroradiometers

The UK Natural Environment Research Council Field Spectroscopy Facility

(NERC FSF) holds a range of portable field spectroradiometers. These instru-

ments are made available through a peer review application process to UK aca-

demics for scientific research. The spectroradiometers available include Analytical

Spectral Devices (ASD) FieldSpec Pro FR #6449 and a SVC GER 3700 #1008

and both these were the instruments used in this research. Both these instruments

are full wavelength systems measuring across the 350 nm to 2500 nm spectral re-

gion.

The FieldSpec Pro and GER 3700 systems use different technologies and optical

designs to collect, transport and distribute light to the three spectrometers and,

in the 1000 nm to 2500 nm spectral region, also different detector technologies.

The ASD FieldSpec Pro uses a fore optic, either a fixed focus lens or a field

stop with no focusing lens element, to collect radiance and distribute it via a

fibre optic bundle to a fixed diffraction grating spectrometer for the 350 nm

to 1000 nm, visible near infra-red (VNIR), spectral region, and two oscillating

diffraction grating monochromators with cooled single element indium gallium

arsenide (InGaAs) detectors for the 1000 nm to 1750 nm, first short wave infra-

red region (SWIR-1), and 1750 nm to 2500 nm, second short wave infra-red

(SWIR-2)(Figure 3.1(a)). The fibre optic bundle contains 57 individual fibres (of

110 µm and 220 µm diameter for the VNIR and SWIR fibres respectively) and the

position of each fibre within the bundle is determined through a random process

at the time of bundle manufacture with 19 fibres subsequently being distributed

to each of the 3 spectrometers (Analytical Spectral Devices, 1999). Therefore, the

ASD FieldSpec Pro optical fibre distribution may be unique to each instrument.
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The GER 3700 is typically configured with a fixed focus fore optic lens (although a

fibre optic accessory is available) attached to the spectroradiometer with radiance

received distributed using lenses, mirrors, beam splitters and optical slits to a fixed

diffraction grating/photodiode array spectrometer covering the VNIR spectral

region and two fixed diffraction grating/lead sulphide array detector assemblies

for the SWIR-1 and SWIR-2 spectral regions (Figure 3.1(b)).

3.2.2 Measurements

ASD pistol grip with

Fore Optic Lens

Vertical

movement

Horizontal

movement

Rotational

movement

Lamp

or

GER 3700

Figure 3.2: Measurement configuration showing direction of movement of linear
stages, rotation of lamp and position of ASD FieldSpec Pro or GER 3700

All measurements to characterise the DRF and FOV of the two spectroradiometer

systems were carried out in an optical darkroom custom built for spectroradio-

metric system calibration and measurements at the NERC FSF. A 55 cm linear

stage, with micrometer adjustment, was mounted on an optical table within the

darkroom and a second 55 cm linear stage, also with micrometer adjustment,
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mounted orthogonally on the movable carriage of the first stage. A miniature

20 W quartz tungsten halogen lamp, with a 4 mm x 0.7 mm coiled filament,

was then mounted on a rotary stage (also with micrometer adjustment) and se-

cured, in the horizontal plane, to the movable carriage of the vertical linear stage

(Figure 3.2). This configuration allowed the lamp to be moved vertically and

horizontally across the area defined by the nominal FOV of each instrument and

the lamp to be rotated horizontally. A miniature laser diode was mounted on the

vertical centre line of the rotary stage and, when the stage was rotated horizon-

tally, was used to ensure that the same point of the lamp filament was aligned

with the geometric centre line of each fore optic for each measurement. A halogen

lamp was selected as it emits a high-intensity, continuous light across the spectral

range of interest in this research. A regulated stabilised power supply was used to

ensure lamp output stability for the duration of the measurements. The darkroom

walls were black and spectrally flat with a reflectance of less than 5% and black

spectrally flat optical cloth, also with a reflectance of less than 5%, covered the

optical table and the vertical linear stage to reduce spurious reflections from the

light source. The lamp was centred on both linear stages and on the rotary stage

and this position used as the reference point (the ‘zero’ point) for all subsequent

measurements. The working distance between the lamp and the front of the fore

optics was set at 1 metre and kept constant for all reference measurements, except

for measurements made using the GER 3700 fibre optic bundle, where a distance

of 500 mm was used. The geometric centre line of the fore optic of each spec-

troradiometer was aligned with the center line of the lamp, and for the ASD the

optimisation routine was first initiated, then a reference spectral measurement of

the lamp acquired. The reference measurement was followed by acquiring a target

measurement spectrum of the lamp without moving any of the stages. The lamp

was then moved in 5 mm increments, both horizontally and vertically, for both

the ASD FieldSpec Pro with 10o fore optic and the 5o fore optic measurement



CHAPTER 3. The fields of view and directional response functions of two field
spectroradiometers 91

sequences and a target spectrum acquired at each point to complete a grid of mea-

surement points. For the FieldSpec Pro/bare fibre bundle system measurements

a more sparse sampling strategy was adopted as can be seen in Figure 3.7. For the

GER 3700 10o fore optic measurement sequence the lamp was moved in 1 cm in-

crements, both horizontally and vertically, and target spectra acquired as for the

ASD system. For the GER system with the 3o fore optic and with the fibre optic

accessory only the principal axes of the area defined by the nominal FOV were

sampled in 1 cm increments. The spatial extent of the measurement sequences

were determined by continuing to take measurements until the maximum height

of any point of the spectrum measured was less than 2% of the reference mea-

surement spectrum, when it became difficult to visually differentiate the spectra

on the control computer screen. After each horizontal and vertical sequence of

measurements the lamp was returned to the reference point and another reference

measurement taken. In total some 7,250 spectra were acquired for analysis.

3.2.3 Post processing and data analysis methods

Processing of the ASD data required a normalisation adjustment to each spectral

data file to account for the VNIR channel integration time and SWIR-1 and

SWIR-2 gain settings determined by the instrument during the optimisation

routine. The data from each spectroradiometer/fore optic configuration and for

each wavelength selected for analysis were then normalised to the maximum

amplitude for that wavelength within the measurement field. To enable the

spectra to be spatially located the positional coordinates of each measurement

point recorded from the linear stage micrometers were appended to the spectral

data files recorded by each spectroradiometer. After initial analysis the data files

were reduced to a selected number of wavebands typifying the reponsivity of each

spectrometer of each instrument/fore optic, for final analysis and display.
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As consideration is being given here to the spatial distribution of responsivity of

spectroradiometric systems that measure from a continuous field, only varying

in levels of spectral intensity and at contiguous wavelengths, the points of mea-

surement are considered to be spatially autocorrelated. Therefore a geostatistical

approach was adopted to analyse and display the data and, for each wavelength

selected for display, an ordinary kriging routine was used for spatial interpolation.

Ordinary kriging provides a 2-dimensional probability interpolation method using

a weighted linear combination of available data with the aim of minimising errors

of variance (Johnston et al., 2001) and provides a unbiased estimator (Isaaks and

Srivastava, 1989). In addition, kriging allows for a statistical estimation of error of

the responsivity across the area of measurement displayed at the specific contour

levels selected, where no measurement data may have been acquired. By adopt-

ing such a geostatistical approach a 2-dimensional graphical representation of the

area of measurement support, and DRF across this area, for each instrument/fore

optic combination at each selected wavelength, could be produced with contours

selected for display by levels of spectroradiometric system responsivity.

3.3 Results and discussion

3.3.1 ASD Fieldspec Pro area of measurement support

and DRF with a 10o fore optic lens

The geostatistically interpolated DRFs, for this instrument/fore optic/measurement

distance combination, at three wavelengths (700 nm, 1500 nm and 2200 nm), each

typifying the response of the VNIR, SWIR-1 and SWIR-2 spectrometers respec-

tively, of the ASD instrument are displayed in Figure 3.3 where a lower limiting

contour of 50% of the maximum responsivity level has been chosen. The dashed
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circle in Figure 3.3, with a diameter of 17.5 cm, represents the spatial extent of

the nominal FOV specified by the manufacturer for this fore optic using their sug-

gested method of calculation (Analytical Spectral Devices, 1999). The position

of each area of responsivity is indicative of the position of individual fibres in the

fibre optic bundle and their distribution to the individual spectrometers, where

the responsivity is greater than this 50% level. The response of the instrument

to radiant flux can be seen to be sparse with little or no coverage of significant

areas within the area defined by the nominal FOV at this level of responsivity.

The responsivity is concentrated in the lower half of the nominal FOV, with the

distribution spatially dependant and highly irregular. The elongated area left of

centre in Figure 3.3 indicates that three fibres attached to the VNIR spectrom-

eter are adjacent to each other in the bundle, as does the triangular area in the

bottom right quadrant nearest to the nominal FOV limit. However, given the

spatial sampling resolution selected and the diameter of the fibres in the bundle

the position of some fibres may possibly not be displayed at this 50% responsivity

level.

To investigate the area of measurement support and the DRF of this ASD system

at this measurement distance further a lower limiting contour of 5% of the

maximum responsivity level for the same wavelengths as previously considered

was selected and the interpolated data displayed in Figure 3.4. Again each

area of responsivity indicates the position of individual fibres in the optical fibre

bundle, but for each spectrometer of the ASD used in this work only 16 fibres are

evident for each spectrometer, rather than the 19 specified by ASD, suggesting

that 3 fibres may not be transmitting light to each spectrometer. The non-shaded

areas, in Figure 3.4(a), Figure 3.4(b) and Figure 3.4(c) indicate areas where the

radiance received by each of the spectrometers is less than 5% of the maximum

normalised response. The VNIR spectrometer responsivity at the 5% level is

largely distributed to the outer regions of the nominal FOV with little coverage
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Figure 3.3: ASD FieldSpec Pro DRF greater than 50% response with the nominal
10o fore optic
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towards the centre (Figure 3.4(a)), although the concentration of coverage at

the two locations where three VNIR fibres appear to be adjacent to each other

is again evident. The VNIR spectrometer also has significant responsivity to

areas outside the nominal 10o fore optic FOV. The SWIR-1 spectrometer displays

little responsivity in the lower right quadrant, the bias being towards the other

three (Figure 3.4(b)) and with less responsivity to areas outside of the nominal

FOV than displayed by the VNIR spectrometer. The SWIR-2 spectrometer

responsivity is biased to the lower half of the nominal FOV with little in the upper

two quadrants (Figure 3.4(c)), and also with less responsivity evident to areas

outside the nominal FOV than the VNIR spectrometer. The area of measurement

support normally assumed by field spectroscopists (the nominal FOV) is generally

within the 5% DRF contour but for all three channels the coverage within this

area varies significantly. The areas of maximum responsivity are variable for all

three spectrometers and in some cases the responivity peaks are less than 50%

of the maximum. The combined DRF data for the three spectrometers, with the

lower limiting contour of 5% of the maximum responsivity level for each of the

selected wavelengths displayed, highlights the strong spatial dependency of the

spectroradiometer system responsivity (Figure 3.4(d)). The non-shaded areas in

Figure 3.4(d) indicate ’blind spots’ for the spectroradiometer where little or no

radiance is being measured and integrated into the full wavelength (400 nm to

2500 nm) spectrum being recorded.

Cross-sectional plots of the responsivity of the system, at the selected wavelengths,

along the x-axis and the y-axis of Figure 3.4(d) are displayed in Figure 3.5(a) and

Figure 3.5(b), respectively. These figures highlight the strong spatial and spectral

dependencies and the response of the system to radiant flux from outside of the

17.5cm diameter nominal FOV. The narrow, approximately Gaussian, response

and point of maximum responsivity for each fibre receiving radiant flux is also

evident from these figures.
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Figure 3.4: ASD FieldSpec Pro DRF greater than 5% response with the nominal
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Figure 3.5: ASD FieldSpec Pro selected wavelength DRF cross-sections with 10o

fore optic

When this 10o lens-based fore optic is used the areas of responsivity for each of

this ASD’s three spectrometers are individually distinguishable and their spatial

distribution uneven within the nominal FOV specified by the manufacturer.

Therefore the area of measurement support and the area assumed from the

nominal FOV are not the same. However, the number and location of the

responsivity peaks appear to align with individual fibres in the fibre optic bundle

and each area of response to the distribution of the fibres to the spectrometers.

This indicates that the area of measurement support is being imaged by the

10o lens onto the tip of the fibre optic bundle so that each individual fibre is

receiving radiance from different spatial locations within the area of measurement

support and transmitting that to the individual spectrometers to which each fibre

is aligned during manufacturing. Consequently each spectrometer is measuring

radiance from different spatial locations. The regions of the full wavelength

spectrum measured by each spectrometer are thus from distinctly different

areas, with responsivity being ‘weighted’ by location. At the 5% limit of peak

responsivity, which contains approximately 95% of the total reflectance, there is
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little overlap of the areas sampled by each spectrometer. Hence, full spectral

information is acquired from few regions within the area of measurement support

and it is evident that specifying an albeit nominal FOV for the ASD FieldSpec

Pro with 10o fore optic is highly misleading.

The ASD FieldSpec Pro has a number of different optical accessories available

including a nominal 5o FOV fore optic, again with focusing element, and an 18o

FOV field stop with no focusing element. The area of measurement support and

the DRF of both of these fore optic accessories will now be considered.

3.3.2 ASD Fieldspec Pro area of measurement support

and DRF with a nominal 5o fore optic lens

The general design of the ASD fore optic lens accessories are the same and the

DRF of the 5o nominal FOV fore optic used in this work was found to display

similar characteristics to those of the system with the 10o lens (Figure 3.6(a)),

when sampled at the same measurement distance. Spatial coverage of the area

within the nominal FOV at the 5% responsivity level was not quite complete,

although coverage was proportionally more extensive than with the 10o fore optic.

The responsivity of the system was again ’weighted’ by location. However, the

responsivity at the 5% level from outside the nominal FOV for the 5o fore optic

was minimal. The size of the areas within the area of measurement support with

a responsivity greater than 50% was found to be smaller for this optic than that

for the 10o fore optic as can be seen in Figure 3.6(b) and from the width of each

Gaussian response for each fibre recording radiance along the line of the x-axis of

Figure 3.6(b). When this 5o lens based fore optic is used, the areas of responsivity

of each of the three spectrometers can still be differentiated, although there was

significantly greater overlap between them than evident for the 10o fore optic.

Radiance was received by at least one spectrometer from all areas within the
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Figure 3.6: ASD FieldSpec Pro selected wavelength DRFs and cross-section with
5o fore optic



100 3.3 Results and discussion

nominal FOV. In addition, at both the 5% and 50% responsivity levels the total

extent of the area of measurement support approximates more closely to that

which could have been assumed from the manufacturer’s specification for this

lens based fore optic than for the 10o fore optic.

3.3.3 ASD Fieldspec Pro area of measurement support

and DRF with a nominal 18o field stop fore optic

The DRF of this ASD spectroradiometer with its 18o fore optic at this measure-

ment distance displays different characteristics to those displayed when lens based

fore optics are used. Greater spatial and spectral uniformity are evident and the

areas of responsivity of the spectrometers can be seen to be primarily concentric

and evenly distributed (Figure 3.7). The 18o fore optic comprises a field stop

and, as there is no focusing element present, the area of measurement support

appears not to be imaged onto the tip of the fibre optic bundle. Hence each

spectrometer can be considered to have a FOV rather than each fibre, as was the

case for the lens based fore optics. For the VNIR spectrometer the area with a

50% responsivity level approximates to the area of that which would be assumed

from nominal FOV, although the areas of measurement support of the SWIR-1

and SWIR-2 spectrometers are slightly less. At the 5% responsivity level the area

of measurement support also varies for each spectrometer. At this level the area

of measurement support for the VNIR spectrometer is slightly larger than the

area of the nominal FOV (Figure 3.7(a)); the area of measurement support of

the SWIR-1 spectrometer approximates to the nominal FOV (Figure 3.7(b)); and

that of the SWIR-2 spectrometer can be seen to be significantly less than the area

of the nominal FOV (Figure 3.7(c)). From Figure 3.8 it is evident that at the

50% responsivity level the area measured by the VNIR spectrometer is greater in
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Figure 3.8: The DRF cross-section along the x-axis a) and y-axis b) of the ASD
FieldSpec Pro with 18o fore optic

diameter than that of the SWIR spectrometers and that the SWIR spectrome-

ter FOVs are closely aligned. The responsivity of the spectrometers in the ASD

system with this 18o fore optic also have approximately a Gaussian distribution

as can be seen from Figure 3.8(a) and 3.8(b). From these figures it can also be

observed that for the VNIR spectrometer the diameters of the 5% and the 50%

sensitivity contours approximate to each other, although there are significant dif-

ferences in diameter between the 5% and the 50% responsivity contours for the

SWIR spectrometers.

The difference between the VNIR and SWIR spectrometer FOVs at the 50%

responsivity level, and the similarities at the 5% responsivity level, may indicate

that it is the field stop that is restricting the VNIR spectrometer’s FOV, while

the FOV of the SWIR spectrometers is possibly being restricted by the numerical

aperture of the fibres. The numerical aperture of each of the fibre diameters

(110 micron and 220 micron) included in the fibre optic bundle are not specified

by ASD, although they do advise that the FOV of the ‘bare’ fibre bundle is

25o (Analytical Spectral Devices, 1999). The apparent difference in numerical
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aperture between the 110 µm and 220 µm fibres may be due to the different

materials used for the fibre of the cores, and possibly the cladding, of each of

the VNIR and SWIR fibres. The SWIR fibre diameter and core and cladding

material may have been chosen to optimise light transmission in the SWIR

spectral range, while those used for the VNIR fibres chosen to suit the spectral

range of that spectrometer. However, at the 5% responsivity level the FOV of

all three spectrometers are close to being in alignment. From the foregoing it is

evident that the area of measurement support and DRF of the ASD FieldSpec

Pro with the 18o fore optic more closely approximates to that assumed by field

spectroscopists than do the areas of measurement support and DRFs of this ASD

system with lens based fore optics.

3.3.4 GER 3700 Field Spectroradiometer area of measure-

ment support and DRF with a 10o FOV lens

Within the GER 3700 spectroradiometer a different technological approach

has been adopted to transfer light from the fore optic to the spectrometers

(Figure 3.1(b)) than that used in the ASD FieldSpec Pro. Hence, the area of

measurement support and the DRF of the GER 3700 display different phenomena

to those of the ASD system. From Figures 3.9 and 3.10 it can be seen that the

GER 3700 is responsive to radiance from contiguous areas within the nominal

FOV of each of its spectrometers, although the FOVs of each spectrometer

do not necessarily align with each other or match the manufacturer’s specified

nominal FOV for the 10o fore optic. The VNIR spectrometer 50% responsivity

contour delineates an irregular area rather than a circle, although it is completely

contained within the nominal FOV of the 10o fore optic (Figure 3.9). However,

the extent of the VNIR 5% sensitivity contour exceeds the nominal FOV

for approximately half its diameter at 700 nm (Figure 3.9(b)) and 900 nm
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Figure 3.9: GER 3700 with 10o fore optic VNIR DRFs at selected wavelengths
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(Figure 3.9(c)), while at 450 nm (Figure 3.9(a)) the 5% contour is mainly within

the nominal FOV. The peak responsivities for each of the wavelengths displayed in

Figure 3.9 are within the nominal FOV, although there is a marked shift from the

left to right along the x-axis of the area of measurement support. Thus, spectral

reflectance to the right side of the nominal FOV has a responsivity bias to blue

wavelengths (Figure 3.9(a)) compared to the left side where the spectrometer

has its maximum responsivity to infra-red wavelengths (Figure 3.9(c)), while the

greatest responsivity to red wavelengths is approximately in the middle of the

nominal FOV (Figure 3.9(b)). There are areas within the nominal FOV, primarily

to the left for blue wavelengths (Figure 3.9(a)) and to the right for infra-red

wavelengths (Figure 3.9(c)), from which little or no reflected radiance is integrated

into the full wavelength spectrum recorded. The GER 3700 is responsive through

its full wavelength range (400 nm to 2500 nm) to radiant flux from the central

region of the nominal FOV.

However, both SWIR spectrometers have areas of responsivity to the left and to

the right of the nominal FOV from which little or no radiance is integrated into

the measurement recorded and both display an approximately rectangular area of

measurement support (Figure 3.10(a) and 3.10(b)). The right to left bias of blue

through green to infra-red wavelengths, along the x-axis of Figure 3.9 and 3.10, is

evident in Figure 3.11(a) where the location of the point of maximum responsivity

for each of the wavelengths displayed can be seen. From Figure 3.11(b) it is

evident that the points of maximum responsivity are closer to being central

on the y-axes of Figure 3.9 and 3.10, and aligned with the optical slit of the

spectroradiometer.

Unlike the ASD system, each spectrometer in the GER 3700 is responsive

to radiance from a significant and overlapping central region of the area of

measurement support. Nevertheless, the areas from which radiance is recorded

by each of the three spectrometers in the GER 3700 with 10o fore optic are also
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Figure 3.10: GER 3700 with 10o fore optic SWIR DRFs at selected wavelengths

individually distinguishable. There are areas within the nominal FOV from which

one or other of the three spectrometers receives little or no radiant flux and the

DRF of the VNIR spectrometer is wavelength dependent with a right to left/blue

to infra-red responsivity bias. The design of the fore optic; the unique optical path

from the instrument’s entrance slit to each of the three spectrometers; the size

and location of spectrograph slits; and the magnification factors of the various

elements within each optical path may all influence the extent of the areas of

measurement support and the DRF of each spectrometer and, hence, those of the

combined GER 3700 spectroradiometric system.
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Figure 3.11: The DRF cross-section along the x-axis a) and y-axis b) of the GER
3700 with 10o fore optic

3.3.5 GER 3700 Field Spectroradiometer area of measure-

ment support and DRF with a nominal 3o lens

The area of measurement support and DRF of the GER 3700 fitted with its

3o lens, the ‘standard’ GER fore optic, was also assessed and found to display

similar, although less pronounced, characteristics to those found with the 10o fore

optic fitted. The VNIR right to left blue to infra-red spectral responsivity shift

was still evident as the blue wavelengths were again found to have a maximum

sensitivity towards the right of the FOV (across the optical slit) and infra-red

towards the left (Figure 3.12(a)). However, response to infra-red wavelengths

was more evenly distributed than observed with the 10o fore optic fitted. Along

the line of the instrument’s entrance slit there appeared to be no spectral shift

for VNIR wavelengths as the maximum responsivity of each was approximately

aligned with the y-axis of the area of measurement support (Figure 3.12(b)),

although a slight responsivity bias to the left of the y-axis was evident for the

SWIR-1 wavelengths. The 5% and 50% responsivity contours were found to be
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reasonably well aligned with each other along the x-axis (Figure 3.12(a)). Along

the y-axis the 5% and 50% responsivity contours were less well aligned to the

left of the area of measurement support (Figure 3.12(b)). The 5% and 50%

responsivity contours for each spectrometer are more closely aligned for the 3o

fore optic than for the 10o fore optic, as can be seen by comparing Figure 3.11

and 3.12. The area of measurement support is again considered to be rectangular

at the 5% responsivity level as it measures approximately 8cm along the x-axis

and 10cm along the y-axis, due to the influence of the optical slit. However, at

the 50% responsivity level the area of measurement support is more square with

axes of approximately 7cm.
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Figure 3.12: The DRF cross-section along the x-axis a) and y-axis b) of the GER
3700 with 3o fore optic

As was observed for the GER system with the 10o fore optic, the response to

radiance by each spectrometer overlapped in the central region of the area of

measurement support, although the areas of measurement support of each of

the spectrometers remained distinguishable, particularly for the VNIR detector.

There remains a blue to infra-red/left to right responsivity bias, although it is

less pronounced than for the 10o fore optic. However, unlike the system with the
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10o fore optic there were no areas within the nominal FOV from which radiant

flux was not received by a spectrometer. It is therefore evident that the DRF and

area of measurement support more closely aligns to that which would be assumed

from the specification for the 3o fore optic, although it is more extensive at both

the 5% and 50% responsivity levels.

3.3.6 GER 3700 Field Spectroradiometer area of measure-

ment support and DRF with a fibre optic attach-

ment

A fibre optic accessory is available for use with the GER 3700, although presently

there is no FOV-limiting fore optic attachment supplied. The fibre optic bundle

contains 491 individual fibres, each of the same diameter. However, the nominal

FOV of this accessory has not been specified by the manufacturer. From

these measurements the area of measurement support was found to be circular,

measuring approximately 18 cm along each major axis at the 50% responsivity

level and approximately 24 cm along each major axis at the 5% responsivity level

(Figures 3.13(a) and 3.13(b)). It can also be seen that the width of the area of

measurement support at the 5% responsivity level is approximately 6 cm greater

than at the 50% level. Hence if the nominal FOV of the fibre optic accessory

is calculated from this data, at the 5% responsivity level it is approximately

27o and at the 50% responsivity level it is approximately 20o. Furthermore, the

responsivity was found to be approximately Gaussian and concentric for each of

the wavelengths displayed, although the area of maximum responsivity is wider

across the y-axis (Figure 3.13(b)) than the x-axis (Figure 3.13(a)). The fibres in

the fibre optic bundle supplied for the GER 3700 are mixed during manufacture

such that the position of each fibre at one end of the bundle is not the same

as that fibre’s position at the other end of the bundle and, as each fibre can be
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Figure 3.13: GER 3700 DRF with fibre optic accessory at a distance of 500mm
from target

assumed to have a circular FOV the area of measurement support will be circular,

with little influence from the optical slit.

The GER 3700 system with fibre optic accessory displays no spectral left to right

bias and the area of measurement support and DRF of each spectrometer align

more closely with each other than was found with the other fore optics. The

response to radiance by each spectrometer covers the full area of measurement

support and there were no areas within this from which radiant flux was not

received by each spectrometer. In addition, and again unlike the GER optics

previously assessed, when using the fibre optic accessory the areas of measurement

support of each spectrometer were primarily indistinguishable.

These area of measurement support and DRF characteristic differences between

the fibre optic and lens-based fore optics for the GER 3700 system indicate that,

similar to the ASD system, the area of measurement support is being imaged into

the optical path by the lens-based optics. As there was no responsivity bias when

using the GER 3700 fibre optic accessory, which does not have a focal point, it
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would appear to be the dimensions and design of the lenses and where their points

of focus fall within the optical path that are the cause of the spectral bias. This

is also indicated by the DRF differences observed between the 10o and the 3o fore

optic data, where the focal point of each will fall at different locations within the

optical path. In addition, it would appear to be the shape and dimensions of slits

and detector arrays that cause the area of measurement support to be elongated

rather than circular for the lens based fore optics.

3.3.7 Measurement and responsivity contour uncertain-

ties

The uncertainties associated with the extent of the areas of measurement support

and DRFs displayed are dependent on both systematic and random errors

introduced during measurement and from the interpolation method adopted for

the analysis. Systematic errors will result from spectroradiometric uncertainties

such as in wavelength position and detector response linearity and from the

size of the light source used, limiting the maximum possible spatial resolution

of the measurements. Random errors will result from uncertainties related to

the lamp’s position and rotation, relative to the fore optic geometric centre

line, and from spectroradiometric dark current and thermal stability errors.

Errors introduced by spatial interpolation include the number, proximity and

spatial arrangement of samples, the nature of the phenomena being studied

(whether it is a continuous smooth field, for example) and the interpolation model

selected. Systematic spectroradiometric errors are quantified during the routine

quality assurance procedures applied to both instruments and are minimised

by recalibration of spectroradiometer if required, and will not be discussed

further here. Uncertainties introduced through the spatial sampling resolution

are quantified during the interpolation accuracy assessment.
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As during the spectral measurement sequence the reference spatial location of the

lamp (the measurement axis ‘zero’ point) was repeatedly measured, the spectral

measurements at this location have been used to determine a statistical confidence

level for the spectroradiometer/fore optic system responsivity which integrates

both positional and spectroradiometric uncertainties. For a 95% confidence level

the measurement error at the ‘zero’ point was calculated to be better than ±

5.5% with 35 degrees of freedom for the GER 3700 system with 10o fore optic

and for the ASD system with the 10o fore optic. The uncertainty for each of the

spectroradiometers with the other fore optics was of the same order, although

with lower degrees of freedom.

There are also uncertainties related to the kriging spatial interpolation method

used and these influence the position of the responsivity contours and the values

predicted between the measurement points. A statistical prediction map was

generated for each of the wavelengths assessed for both the ASD FieldSpec Pro

and the GER 3700, each with 10o fore optic, and the maximum root mean squared

errors (RMSE) were 0.048 and 0.027, respectively. The differences between the

RMSE calculated for the ASD and that for the GER instrument are due to the

difference in spatial sampling resolution selected (5 mm and 10 mm, respectively)

rather than any specific instrument phenomena. However, even given these

uncertainties, the assessment of the extent of the area of measurement support and

DRF of each spectroradiometer/fore optic combination presented here provides

sufficient information on the probable shape, size and level of responsivity at

spatial locations across the target area from which the spectroradiometer receives

radiance to enable field spectroscopy sampling strategies to be greatly improved.
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3.4 Conclusion

To enable a spectrum, or parts of a spectrum, recorded by a field spectroradiome-

ter to be related to physical properties, or to classifications of the type of target

surfaces of interest it is necessary to know the spatial extent of the surface from

which radiant flux is received, that is, the area of measurement support. The

responsivity of the spectroradiometer to radiant flux from within that area, i.e.

the ‘weighting’ given to radiance from any point within the area, is assumed to

be equal. However, the FOV, normally specified by spectroradiometer manufac-

turers, does not provide the necessary information. At best a FOV only describes

one of the two parameters necessary to calculate spatial extent. These are the

diameter of a circular area from which radiant flux may be received by a spec-

troradiometer and the distance from the apex of a triangle to the target surface,

which can only be approximated as the focal point of the fore optic is unknown. In

addition, the FOV gives no indication of instrument responsivity to radiant flux

from different locations within the area from which that flux is received. More

specifically, the use of the term FOV is misleading as it leads field spectroscopists

to assume that a) the area of measurement support is circular (although in their

manuals GER do advise against this assumption) b) that there is an ‘edge’ to this

area that can be clearly defined, although a level of responsivity is never stated

and c) that radiance received from any point within the area of measurement

support is equally ’weighted’ within the integrated spectrum recorded.

This research has shown that when the 10o lens-based fore optic is used, the

ASD system does not have a FOV but that each fibre within the fibre optic

bundle receives radiance from different areas within the area of measurement

support and transmits this radiance to the sole spectrometer to which that fibre

is attached. Each fibre has in effect its own FOV, leading to each of the three

spectrometers integrating radiance from different areas (and these areas appear
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only to overlap towards the extremities of each fibre/spectrometer’s responsivity)

into the spectral range recorded by that spectrometer. It should also be noted

that as the distribution of fibres to the spectrometers are randomised at the time

of manufacture each ASD FieldSpec Pro system will have a unique DRF and

hence the shape and coverage of the potential area of measurement support will

be unique to each instrument. The area of measurement support has also been

shown to extend well beyond that that the FOV parameter would define, yet, at

the 5% responsvity level, there remain areas within the nominal FOV from which

little or no radiance is received either by each or by all of the spectrometers.

When the 5o lens-based fore optic was used each fibre still receives, and hence

each spectrometer measures, radiance from distinctly different areas. However,

the areas of overlap are greater and the areas from which radiance is received by

only one spectrometer are significantly less than found with the 10o fore optic,

when the 5% responsivity level is considered. In addition, the extent of the area

from which radiance is received much more closely approximates to that which

the nominal FOV would suggest and does so at both the 5% or 50% responsivity

levels. This indicates a significant improvement in characteristics over the 10o fore

optic (although the term FOV still has little relevance) at a one metre sampling

distance. It should be noted however, that the when the lensless 18o fore optic

is used the term FOV is less misleading as the specified FOV included angle is

defined by either the field stop or the numerical aperture of the fibres or both.

Each fibre still has its own FOV but as all these FOVs effectively overlap with

each other each spectrometer is measuring radiance from all areas within the area

of measurement support, similar to the manner described by Analytical Spectral

Devices (2005) for the fibre bundle without a fore optic.

The area of measurement support and DRF measured in this research for the

18o fore optic are thus a reasonable approximation of that assumed by field

spectroscopists. It just remains for the manufacturer to state a responsivity limit
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and the DRF to be defined to more fully specify the spectroradiometer/18o fore

optic combination. It should also be noted, however, that for the FieldSpec

Pro model used here there was no method of determining if any fibres in the

bundle were not transmitting radiance to their respective spectrometer without

making DRF measurements or returning the instrument to the manufacturer

for assessment. However, ASD have now incorporated a reverse illumination

mechanism within their latest full wavelength spectroradiometer to allow the

fibres to be checked.

For the GER 3700 system with the 10o lens-based fore optic the area of

measurement support more closely approximates a square or a rectangle, as the

manufacturer suggests, than a circle. The areas of measurement support for the

VNIR and SWIR spectrometers with this fore optic do display different shapes,

with those of the SWIR spectrometers more rectangular than square. There is

also a spatial and spectral shift in the responsivity of the VNIR spectrometer, with

more ‘weighting’ given to blue wavelengths of light from the right and infra-red

wavelengths from the left of the target surface, while along the axis in alignment

with the entrance slit of the instrument no spectral shift is evident. When the

3o fore optic is fitted, the area of measurement support of each spectrometer

appeared to be square and aligned, there was little evidence of an infra-red spectral

shift and the blue shift was less pronounced, indicating, as for the ASD with 5o

fore optic, an improvement over the wider angles lens-based fore optic. Again, as

was observed for the ASD system, when the fibre optic accessory was used with

the GER 3700 there was a significant improvement in the DRF. The DRF was

found to be approximately Gaussian, concentric and overlapping for each of the

spectrometers.

For Earth surface targets, the use of diagnostic spectral absorption and reflectance

features, or indices derived from these, as proxies for state variables, or the

use of spectra from such targets having classifications assigned in proportion of
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specific elements within the target area, is dependent on the reflected radiance

recorded being from a known and quantifiable target area. With heterogeneous

target surfaces - and most natural Earth surface targets are heterogeneous to

some degree - if the DRF is not uniform, if spatial coverage is incomplete and

if the shape and area of measurement support are different from that assumed,

then the components considered to be within the scene may not be quantified

or correct proportions assumed. Hence the properties of the assumed target area

will be inaccurately represented in the actual radiance recorded. The contribution

of individual scene components to gross radiance recorded may be excluded or

over emphasised leading to erroneous classification of the surface or inaccurate

quantification of physical and chemical variables derived from spectral indices.

It should be noted that the DRFs reported here are for specific instrument/fore

optic combinations at the specified measurement distances, sampling resolutions

and for the lamp filament size used. Different results may be found if other instru-

ment/fore optic and measurement configurations are used: the ASD instrument

fibre distribution will vary, as may the SVC instrument optical path; fore optic

design and materials will affect the light passing through them; measurement dis-

tances may lead to the area of measurement support being in or out of focus;

and the sampling resolution will affect phenomena recorded as will the lamp fil-

ament size. However, the results reported here have significant implications for

the measurement of surface reflected radiance. The wavelength dependent spatial

variability of the DRF and irregularly defined areas of measurement support evi-

dent from this study indicate that the assumption that the systems have uniform

and regularly defined FOVs is invalid. However, having knowledge of an instru-

ment’s DRF, and hence being able to define the area of measurement support and

responsivity of a field spectroradiometer is necessary but not alone sufficient to

improve field spectroscopy measurements. It is also necessary to consider the het-

erogeneity of the target surface and statistically assess the quantity of individual
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measurements required to acquire a representative mean of the radiance spectrum

of the target of interest. A practical solution which quantifies the uncertainty of

radiance from heterogeneous targets resulting from a non-uniform DRF may be

to include multiple measurements of radiance spectra measured from nadir while

rotating the instrument fore optic about its optical axis and to indicate a standard

error per wavelength for the mean spectrum determined.

This research suggests that the use of a field stop aperture in place of a lens or the

optimisation of lens and, possibly, optical path design could give a more uniform

DRF. However, re-positioning lenses with respect to the instrument entrance slits

will cause some defocusing of the image, improving the uniformity of directional

response but with a possible reduction in system responsivity. Other options for

improving the uniformity of the ASD lens fore optics could possibly be in the

use of optical mixers or holographic diffusers positioned between the fibre optic

bundle and the lens, although, again, these options may cause some reductions

in systems responsivity. Indeed, ASD now on request incorporate an optical

mixer (a ‘scrambler’) into the ASD pistol grip. It should also be noted that the

latest ASD full wavelength system, the FieldSpec 3, does incorporate a method

by which the operator can check the integrity of the fibres in the optical bundle

without access to a spectroscopy darkroom or returning the instrument to the

manufacturer. SVC have optimised the alignment of elements in the optical

path of their new instrument, the HR-1024, and make an 8o fore optic and

a bare fibre option available. Initial indications are that the DRFs of these

new systems and accessories greatly improve the DRFs of each system. These

improved spectroradiometric systems will now be assessed and improvements in

DRFs and any consequential changes in system sensitivity reported at a later

date.
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4.1 Introduction

Field spectroradiometers are portable non-imaging electro-optical devices used

to measure spectral radiance or spectral irradiance either, normally, through the

visible to near infra-red region (400 nm to 1,000 nm) or the visible to short-

wave infra-red region (400 nm to 2,500 nm) regions of the solar electromagnetic

spectrum in approximately 200 to 1,000 or more sampling intervals. These

instruments are used by scientists primarily to gain an understanding of the

interaction of light with Earth surfaces, for the validation and calibration of

Earth observation data, or possibly used to measure downwelling solar flux

in irradiance measurements (Milton, 1987; Curtis and Goetz, 1994; Milton

et al., 1995; Rollin et al., 2002; Milton et al., 2009). However, to be of

scientific value the units of measurement and the area of the Earth surface

from which field spectroradiometers measure radiant flux must be known to

enable the measurements to be related to state variables and to allow other

measurements acquired at spatially and/or temporally distinct intervals to be

compared (Atkinson and Curran, 1995; Steven, 2004; Atkinson and Aplin, 2004;

Milton et al., 2009; Anderson et al., 2011).

Calibration of measurement devices to national or international norms is the

recognised process of standardising such measurements (Guenther, 1987). Cali-

bration of remote sensing systems enables an accurate relationship between spe-

cific spectral regions of electromagnetic radiated flux from an Earth surface and

the output of the spectrographs within the spectroradiometer to be established

(Chen, 1997; Schaepman, 1998). Nevertheless, Kostkowski (1997) contests that

“spectroradiometric measurements are the least reliable of all physical measure-

ments” attributing this to instrument and calibration measurement uncertainties.

Schaepman (1998) grouped the uncertainties in field spectroradiometer calibration
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Figure 4.1: ASD FieldSpec Pro and GER 3700 DRFs with 10o FOV fore optics
across centre lines of the area of measurement support. Adapted from Mac Arthur et
al (2012).

into those that are characteristic of the electronic system of the field spectrora-

diometer before, during and after the instrument detectors have been excited by

photons; into values assigned to the detector elements within the spectroradiome-

ter; and into those that are characteristic of the optical path that light must travel

through the system prior to reaching the detector. However, the characteristics of

spectroradiometer optical paths were not the focus of Schaepman’s (1998) work

and only preliminary investigations were carried out into optical path spectral

and spatial dependencies.
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Publications are available which advise on procedures for radiometric calibration

and for quantification of electronic system measurement uncertainties1 but the

recommendations contained in Commission Internationale de L’Eclairage (1987)

had not been applied to field spectroradiometric systems until Mac Arthur

et al. (2012) adopted the terminology contained in these recommendations. Mac

Arthur et al. (2012) went on to demonstrate that the FOVs of two commonly

used spectroradiometers, a GER3700 and an ASD Fieldspec Pro, were not

adequately or accurately defined by the nominal included solid angle specified by

the manufacturers; that the responsivity to radiant flux from reflecting elements

within the area of measurement support was not ‘top hat’, i.e. the responsivity

of these spectroradiometers to radiant flux was not equal at all spatial locations

within the areas of measurement support; and that when lens based fore optics

were used, the responsivity was not evenly distributed radially (Figures 4.1(a),

4.1(b), 4.1(c), 4.1(d)). Mac Arthur et al. (2012) also demonstrated that it

is the DRF that defines the area of measurement support, not the nominal

FOV specified by the manufacturer, as radiant flux may be received by the

spectroradiometers from outside the area delimited by the FOV and there may

be regions within the FOV delimited area from which no radiant flux is received

(Figure 4.1(a) and 4.1(b)). However, when fore optics with no focusing element

were used with these two spectroradiometers radiant flux was received across a

continuous field (Figures 4.2(a), 4.2(b), 4.2(c) and 4.2(d)), although the area of

measurement support was still defined by the DRF, not the specification provided

by manufacturers Mac Arthur et al. (2012).

In the spatial sampling of Earth surfaces the size, geometry and orientation

in space of each area sampled is known as the support for measurements and

subsequent analysis (Atkinson and Tate, 2000). In Earth observation, where

1See:- Wyatt, C. L. (1978) Radiometric Calibration: Theory and Method, Academic Press,
N.Y.; CIE #53 - 1982, Methods of Characterizing the Performance of Radiometers and
Photometers; or CIE #64 - 1984. Determination of the Spectral Responsivity of Optical
Radiation Detectors, for example.
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Figure 4.2: ASD FieldSpec Pro and GER 3700 DRFs with wide FOV fore optics
across centre lines of the area of measurement support. Adapted from Mac Arthur et
al (2012).
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images are acquired by remote sensing, and where complete coverage of an area

is achieved, the support for each of the sample areas is represented by pixels

and the measurement of the support is affected by the point-spread function

(PSF) of the sensor (Atkinson, 2004; Atkinson and Aplin, 2004). The PSF of an

imaging system is reasonably well approximated by a two-dimensional Gaussian

responsivity distribution and this is equally distributed radially over the plane of

support (Billingsley et al., 1983; van der Meer, 2001; Mather, 2004). The PSF

delimits the area that is sampled and the weighting the sensor assigns to the

radiant flux from each reflecting element within the defined area (Atkinson and

Aplin, 2004). It has been demonstrated that the PSF has a significant influence

on the information that can be derived from satellite images on a per pixel basis

(Huang et al., 2002).

However, although there are publications in which the characteristics of the PSF

and instantaneous field-of-view (IFOV) of imaging systems are discussed2, little

research has been published describing the corresponding phenomena for field

spectroradiometers3. The general assumption made by field spectroscopists has

been that the FOV of a spectroradiometer delimits the area of measurement

support and it is normally specified by instrument manufacturers as a nominal

included solid angle within which the spectroradiometer/fore optic system accepts

radiant flux (Spectra Vista Corporation, undated; Analytical Spectral Devices,

1999). That the area delimited by the FOV is considered to define the support

for subsequent analysis is demonstrated when: elements within the FOV of the

instrument (Murphy et al., 2005; Smith et al., 2005; Steven, 2004); the diameter

of the FOV (Castro-Esau et al., 2006; Ustin and Whiting, 2006; Nichol and Grace,

2See:- Mather, P. M., 2004. Computer Processing of Remotely-Sensed Images. Chichester,
Wiley.; or Townshend, J. R. G., 1980. The Spatial Resolving Power of Earth Resource Satellites:
A Review. Technical Memorandum 82020. Greenbelt, Maryland, NASA., for example.

3The exceptions being Schaepman, M. E., 1998. Calibration of a Field Spectroradiometer,
PhD thesis, University of Zurich., and Anderson, K., 2005. Temporal variability in calibration
target reflectance: methods, models and applications. Ph.D.thesis, University of Southampton.
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2010); the ground FOV (Mutanga et al., 2000; Harris et al., 2006); the footprint

(Ferrier et al., 2009; Hilker et al., 2009) and the area observed by the sensor

(Darvishzadeh et al., 2008; Sandmeier, 2000). are discussed. In these studies

quantitative measurements have been made of reflecting or absorbing elements

within the area of measurement support, assumed to be delineated by the FOV,

and relationships between the radiant flux and these elements established.

Many studies have developed indices from the relationships between spectral

absorption or reflectance features of leaves and their biochemical content4.

These indices are proposed as proxies to quantify biochemical content without

destructive sampling of the vegetation being required. Indices such as the red edge

position (REP) and spectral narrow band ratios have been investigated as proxies

for proximate pigment content in many studies (Horler et al., 1983; Baret et al.,

1987; Vogelmann and Moss, 1993; Jago et al., 1999; Clevers et al., 2004; Baranoski

and Rokne, 2005; Nichol and Grace, 2010; Ju et al., 2010). Alternatively, the

spectra acquired are compared to those in existing Spectral Libraries to determine

surface classification or composition (Kruse, 2010), or are used as endmembers

in spectral unmixing approaches for remote sensing image analysis (Plaza et al.,

2002; Dehaan and Taylor, 2003; Vazquez et al., 2004).

Vegetation canopies and mineral surfaces are a heterogeneous mix of reflecting

elements and facets. However, no studies have been carried out to investigate the

effect that differences between the assumed and the actual area of measurement

support and variations in responsivity across the area of measurement support

have on spectra acquired from heterogeneous natural surfaces or on indices derived

from spectra from such surfaces. For this work, three-dimensional data cubes of

the DRFs of two field spectroradiometers were constructed for a selection of fore

4See:- Sims, D., Gamon, J., 2002. Relationships between leaf pigment content and spectral
reflectance across a wide range of species, leaf structures and developmental stages. Remote
Sensing of Environment 81, 337-354. for a review of vegetation biochemical indices.
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Figure 4.3: Components of modelled surfaces

optics, utilising the data acquired by Mac Arthur et al. (2012). These DRF

models were then convolved with a modelled reflectance test surface and a series

of modelled heterogeneous reflecting Earth surfaces to gain an understanding of

the effect that each DRF of an instrument has on the spectra acquired from such

surfaces and on indices, as proxies for biochemical content, derived from such

spectra.

4.2 Methods

The DRFs of a GER 3700 (#1008) and of an ASD Fieldspec Pro (#6449), two

full wavelength spectroradiometers held by the Natural Environment Research

Council Field Spectroscopy Facility in the UK, each with a number of fore optics

supplied by the manufacturers, were measured. This was achieved by passing

a light source in front of each spectroradiometer/fore optic system and taking

spectral measurements at discrete spatial locations on a regular measurement

grid. The spectroradiometers were configured to measure in raw counts and the
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measurements normalised per wavelength by ratioing each measurement with the

reference point measurement, thereby converting them to relative responsivity.

Each spectral measurement was subsequently indexed with the appropriate

vertical and horizontal positions from the measurement grid. The method used to

determine the DRF of each instrument is more fully described in Mac Arthur et al.

(2012). The spatially referenced relative responsivity spectra were subsequently

assembled into a three-dimensional data cube with the vertical and horizontal

positions and wavelength scale as the three axes and the relative responsivity per

wavelength interval as the attribute of each point in the data cube.

A number of raster surfaces were created with each pixel position indexed to

assign one of three component reflectances, either to model a test surface, or,

of a form similar to that displayed in Figure 4.3(a), to model a specific class of

Earth surface and investigate DRF effects. The component reflectances selected

for this research were photosynthesising Calluna vulgaris shoots and leaves and

senescing Calluna shoots and leaves, as overstorey components, and peat, as the

understorey component. The spectrum used for each component was acquired by

making multiple spectroradiometric laboratory relative reflectance measurements

of homogeneous samples, converting to absolute reflectance, then averaging each

set of absolute reflectance measurements. These components were selected as each

has distinctly different spectral profiles and reflectance features (Figure 4.3(b))

and can be used in combination to represent heterogeneous natural vegetation

surfaces.

After the component spectra were placed in their indexed positions, each mod-

elled surface three-dimensional data cube and each spectroradiometer/fore optic

normalised DRF data cube were convolved. The sum at each wavelength inter-

val of the convolved data cube was computed and the resulting spectrum saved

(named the DRF spectrum). First a ‘test surface’ was created to elucidate the

affects of the DRFs of each spectroradiometer and the normalised DRF data cube
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was rotated through 90o, the data cubes convolved and this repeated to derive

DRF spectra from four orthogonal rotational positions. Next Earth surfaces were

modelled, each normalised DRF data cube rotated in 1o increments, convolved

with each Earth surface data cube and each result saved. This rotation, convo-

lution and saving of the resulting spectrum was repeated to give a total of 360

DRF spectra for each modelled Earth surface and spectroradiometer/fore optic

combination.

A three-dimensional data cube was also created, at the same spatial and wave-

length resolutions as the modelled surfaces, to represent the nominal FOV for

each spectroradiometer where the responsivity across the nominal FOV was ‘top

hat’. The nominal FOV data cubes were also convolved with each of the mod-

elled surface data cubes and the results saved (the nominal FOV spectra). The

nominal FOV data cube did not require to be rotated and convolution repeated,

as the responsivity per wavelength is the same at all spatial locations. The rela-

tive error per wavelength, derived from the difference between the nominal FOV

spectrum and the DRF spectrum and expressed as a percentage per wavelength

interval, was then computed for each DRF rotation and convolution. The root

mean squared error (RMSE) per wavelength interval and the standard deviation

(SD) per wavelength interval were calculated to give an indication of the preci-

sion and variation, respectively, of the DRF spectra, for each spectroradiometer

DRF/Earth surface combination.
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4.3 Results and discussion

4.3.1 Spectroradiometers with 10o fore optics

A test surface, presented at four rotational positions in Figures 4.4(a), 4.4(d),

4.4(g) and 4.4(j), was modelled by assigning either the photosynthesising Calluna

shoots and leaves spectrum or the bare peat spectrum to each half of an indexed

raster surface to create the test surface data cube. The test surface data cube

was then convolved with the DRF data cube of the GER 3700 with 10o fore optic

and of the ASD FieldSpec Pro with 10o fore optic and the results compared.

For the GER 3700 with 10o fore optic, the relative errors in the visible near

infra-red (VNIR) (400 nm to 1,000 nm) region of the spectrum highlight the

effect of the DRF wavelength dependent bias along the x-axis, that is across

the optical slit of the spectroradiometer, shown in Figures 4.1(c) and 4.1(d). In

this region of the spectrum, this spectroradiometer/fore optic combination has

greater responsivity to blue wavelengths to the right and greater responsivity

to red wavelengths to the left of the geometric centre line of a fore optic (Mac

Arthur et al., 2012). The effect of this bias on the spectra recorded can be seen

by comparing Figures 4.4(b) and 4.4(h) where, as the peat spectrum and Calluna

spectrum have approximately the same percentage reflectance at around 400 nm

(Figure 4.3(b)), the modelled nominal FOV and DRF reflectances, and hence the

relative error, should be the same at each rotational position. However, they

are not. A difference of approximately 20% is evident at these two opposite

rotational positions and the relative errors are approximately the inverse of each

other. The DRF bias is also evident at the other two opposite rotational positions

(Figures 4.4(e) and 4.4(k)), although in these cases the differences at 400 nm are

less than previously observed and relative errors are not the inverse of each other.
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Figure 4.4: GER 3700 and ASD FieldSpec Pro, with 10o fore optics, nominal FOV
and DRF spectra and error from modelled Calluna over bare peat test surface
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Figure 4.5: ASD and GER systems’ mean relative error for 4 rotational positions

The first short-wave infra-red (SWIR-1) region, from 1,000 nm to 1,800 nm, and

second short wave infared (SWIR-2) region, from 1,800 nm to 2,500 nm, of the

DRF spectra also display rotational dependencies (Figures 4.4(b), 4.4(e), 4.4(h)

and 4.4(k)), although these relative errors at opposite rotational positions are

also not the inverse of each other. If the spectroradiometer/fore optic optical and

geometric centre lines were aligned the relative error would be symmetrical about

the x and y-axes of the measurement grid and would result in equal percentage

error differences, either positive or negative, at opposite rotational positions, as

the measurement axis datums were determined from the fore optic geometric

centre line. However, it is evident from the negative displacement from the x-

axis of the GER 3700 system’s mean relative error per wavelength (Figure 4.5),

calculated from the errors at the four rotational positions, that the optical centre

line of each spectrometer within the GER 3700/10o fore optic system is not aligned

with the geometric centre line of the fore optic of the instrument. In addition,

significant steps are evident in the mean relative error at the points (1,000 nm

and 1,800 nm) where the spectral range of the individual spectrometers join.

The reflectance spectra derived by convolving the DRF of the ASD FieldSpec

Pro/10o fore optic system with the test surface at four orthogonal positions
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also display the effects of the rotational position and wavelength dependent

responsivity. The magnitude of the relative errors per wavelength interval vary

greatly over the full spectral range of each of the spectrometers and between

each rotational position (Figures 4.4(c), 4.4(f), 4.4(i) and 4.4(l)). However, for

this instrument/fore optic combination the relative errors at opposite rotational

positions do appear to be, approximately, the inverse of each other (Figures 4.4(c)

and 4.4(i) and Figures 4.4(f) and 4.4(l)). From this test surface example, the DRF

of the ASD system with 10o fore optic does appear to be reasonably symmetrical

around the fore optic centre line as the mean of the relative error for the 4

rotational positions is close to zero, although steps are also evident at the points

(1,000 nm and 1,800 nm) where the spectral range of each spectrometer join,

although of a lower magnitude than observed for the GER 3700 (Figure 4.5).

The steps evident to a greater or lesser extent, at each rotational position,

in both the GER and ASD DRF spectra at 1,000 nm and at 1,800 nm, and

highlighted by peaks in the relative error at these wavelengths (Figures 4.4(b),

4.4(e), 4.4(h), 4.4(k), 4.4(c), 4.4(f), 4.4(i) and 4.4(l)) have been reported as

being due to each spectrometer, within a spectroradiometer, having different

thermal characteristics causing a “sensitivity drift” (Salisbury, 1998) between

spectrometers as temperature changes over time. However, steps in spectra

at these points are often seen when measuring heterogeneous Earth surfaces

with field spectroradiometers, even after adequate time has been allowed for

the spectrometers to reach stable temperatures. Each component spectrum

used in this research was acquired from a homogeneous sample and there were

no steps present (Figure 4.3(b)). Therefore the steps observed in the spectra

in Figure 4.4 and 4.5, derived by convolving the test surface data cube and

the DRF data cube of each spectroradiometer system, must be due to the

convolution. It is evident from the DRF of the ASD spectroradiometer with

10o fore optic (Figures 4.1(a) and 4.1(b)) that each spectrometer will receive flux
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from different areas of the test surface as each spectrometer is not measuring

across a continuous field or, in the case of the GER 3700 with 10o fore optic

(Figure 4.1(c) and 4.1(d)) from areas of the same spatial extent. As each of

the areas of measurement support for each individual spectrometer may have

different proportions of component spectra present, the spectrum recorded by

each spectrometer, within the same spectroradiometer, may not be of the same

magnitude at the contiguous wavelength intervals either side of the point at

which the spectrometers have been selected to join. Therefore, the steps in the

DRF spectra are being caused by the combined effect of the spatial distribution

of the test surface spectra and the distinctly different areas of measurement

support for each spectrometer, not in these cases at least by thermal drift. It

can also be noted from Figure 4.4 that there are significant differences between

the DRF spectra acquired by each spectroradiometer system (highlighted by the

differences between the profiles of the relative errors of each spectroradiometer)

as, although the area of measurement support for each spectroradiometer defined

by the nominal FOV are the same, the area of measurement support and the

responsivity, defined by the DRF of each spectroradiometer, are not. Hence, each

spectroradiometer will acquire a spectrum unique to that spectroradiometer/fore

optic system when measuring flux from the same heterogeneous Earth surface

area. If the reponsivity of both spectroradiometer/fore optic systems was equally

weighted for all points from which radiant flux was received and the area of

measurement support was the same for each spectroradiometer, which would be

the case if the responsivity was ‘top hat’, then when each system had a fore

optic with the same nominal FOV attached, there would be no difference between

the spectrum derived from the nominal FOV and that derived from the DRF,

irrespective of rotational position and/or field spectroradiometer used. However,

from the results modelled from this test surface and these spectroradiometers,

this is evidently not the case.
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To further investigate the effect of the DRF of each spectroradiometer on spectral

reflectance measurements, surfaces more representative of real world Earth

surfaces were modelled and the DRF data cubes for each spectroradiometer/fore

optic combination were convolved with the data cubes of each surface, as

previously described. The first modelled ‘natural’ surface (Natural Surface 1)

represents Calluna in the ‘building’ stage (Watt, 1947; Gimingham, 1960) of its

growth and prior to canopy closure. For this surface photosynthesising Calluna

and peat were again selected as the component spectra and each spectrum was

assigned pixel positions representative of a Calluna shrub growing over a bare

peat substrate such that some substrate was ‘visible’ through the shrub canopy.

For this surface, within the area delineated by the nominal FOV of a spectrometer

with a 10o fore optic, Calluna represents 80% of the reflecting components and

peat the remainder. Natural Surface 1, is displayed at the four rotational positions

in Figures 4.6(a), 4.6(d), 4.6(g) and 4.6(j).

For the GER system the general profiles of the relative errors from Natural Surface

1 at these four rotational positions (Figures 4.6(b), 4.6(e), 4.6(h) and 4.6(k)) were

similar to those found at two of the test surface rotational positions (Figures 4.4(e)

and 4.4(k)), and all displayed errors of a lower value than those determined from

the test surface. The maximum relative error observed was approximately 17%

at the 1,000 nm wavelength interval at two rotational positions (Figures 4.6(b)

and 4.6(k)), compared to approximately 22% observed from the test surface at

the same wavelength (Figure 4.4(h)). The profiles displayed by the relative errors

across the full spectral range at each rotational position were similar to each other,

rather than the inverse at opposite rotational positions as previously observed

from the test surface.

The errors determined for the ASD system and Natural Surface 1 were also not the

inverse of each other at opposite rotational positions. At three positions they dis-

played a similar profile and percentage at each wavelength interval (Figures 4.6(c),
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Figure 4.6: GER 3700 and ASD FieldSpec Pro with 10o fore optics, nominal FOV
and DRF spectra and errors from model representing ‘building’ Calluna over a bare
peat Earth surface
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4.6(f) and 4.6(l)) and were considerably lower than previously observed, approxi-

mately 10% (Figure 4.6(l)) compared to 25% from the test surface (Figure 4.4(l)).

The errors at these three positions varied from approximately -7.5% to 14.0% de-

pending on wavelength and rotational position, with the greatest variation being

observed across the VNIR spectral range. The errors at one rotational position

(Figure 4.6(i)) were minimal and displayed a significantly different profile across

the full spectral range from those at the other rotational positions. It can also

be noted from the relative errors of both the GER and the ASD systems that

the profile of the DRF spectra (highlighted by the profile of the relative errors)

acquired by each instrument again differs significantly from that acquired by the

other instrument at corresponding rotational positions.

When spectra from all 360 rotational positions are considered, the errors from

the GER 3700 spectra are asymmetric about the zero percent error axis (Fig-

ure 4.7(a)), as are the errors for the ASD VNIR spectrometer. However, the errors

from the SWIR-1 and SWIR-2 spectral regions of the ASD appear symmetrical

about the zero percent error axis (Figure 4.7(b)). The mean of the relative errors

at all rotational positions (Figure 4.7(c)) gives an indication of the errors per

wavelength that could be expected if an attempt was made to characterise the

surface reflectance by taking measurements at each of these 360 rotational posi-

tions and averaging them. Depending on wavelength, the error would be between

approximately -5% and -15% across the GER 3700 VNIR and SWIR-1, and ap-

proximately -10% and 3% across the SWIR-2, spectrometer spectral ranges. The

errors across the ASD FieldSpec Pro SWIR-1 and SWIR-2 spectrometer spectral

ranges would be approximately zero, while the error across the spectral range

of the the VNIR spectrometer would be approximately -5% to 9% dependent on

wavelength. The RMSEs per wavelength are in the main considerably higher

across the full spectral range for the GER 3700 system than for the ASD system
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(c) GER and ASD system averages

Figure 4.7: DRF spectra relative errors and averages modelled from Natural Surface
1 at 360 rotational positions for each spectroradiometer

(Figure 4.8(a)). However, when the variability of the DRF spectra at each rota-

tional position is considered a different picture emerges. The SD of the ASD DRF

spectra per wavelength interval from 500 nm to 1,000 nm within the range of the

VNIR spectrometer is much greater than for the GER DRF spectra; within the

SWIR-1 range the GER 3700 DRF spectra display a greater SD from 1,000 nm

to approximately 1,500 nm; and from 1,500 nm to 2,4500 nm the DRF spectra

errors per wavelength interval from both instruments are similar (Figure 4.8(b)).

The precision and variability of the spectra measured by each spectroradiometric
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(b) GER and ASD SD

Figure 4.8: ASD FieldSpec Pro and GER 3700 with 10o fore optic DRF spectra
RMSE and SD from Natural Surface 1

system, and modelled in this work, appear to be dependent on the radial position

(distance from the centre and azimuth angle) and the spatial extent of each area

(which has the same spectrum assigned to each contiguous raster position) as well

as the DRF of each instrument. Hence, if the GER 3700 and ASD FieldSpec Pro

systems, each with 10o fore optic, measured the reflectance from the same area

of a natural surface, of a form similar to that modelled by Natural Surface 1, all

the spectra acquired would be influenced by the rotational position at which each

spectrum was acquired, rather than solely an intrinsic property of the surface, for

a given illumination environment.

To investigate the effect of reflecting feature size and radial position on reflectance

measurement, a second surface was modelled, Natural Surface 2, this time to

represent Calluna at a later phase of its growth cycle, the onset of the ‘degenerate’

stage. At this stage there is a change in the gross morphology of the Calluna

shrub canopy as it begins to collapse radially from the centre (Gimingham, 1960)

and reflectances from the substrate are integrated into the spectrum recorded.

The modelled ‘degenerate’ Calluna surface over a peat substrate is presented at

four rotational positions in Figures 4.9(a), 4.9(d), 4.9(g), and 4.9(j), again with

80% of the modelled surface within the nominal FOV representing Calluna and
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Figure 4.9: GER 3700 and ASD FieldSpec Pro, with 10o fore optics, nominal FOV
and DRF spectra and error from modelled Calluna ‘degenerate’ canopy over bare peat
Earth surface
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(c) GER and ASD system averages

Figure 4.10: DRF spectra relative errors and averages modelled from Natural
Surface 2 at 360 rotational positions for each spectroradiometer

the remainder peat. For this surface a greater concentration of pixels indexed

for the peat spectrum were modelled in one quadrant of the area delineated by

the nominal FOV than in the other quadrants and this largest area of peat was

interspaced with Calluna spectra so that it was not homogeneous, as was the case

for the areas of peat in Natural Surface 1.

From the modelled DRF reflectance spectra of Natural Surface 2 for the GER

system at each of the orthogonal rotational positions, the profiles of the relative

errors (Figures 4.9(b) and 4.9(e) and Figures 4.9(h) and 4.9(k)) were similar to

each other, to the profile of the errors from Natural Surface 1, and continued to
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(b) GER and ASD SD

Figure 4.11: ASD FieldSpec Pro and GER 3700 with 10o fore optic DRF spectra
RMSE and SD from Natural Surface 2

have primarily a negative offset from the zero percent error axis (Figures 4.10(a),

4.10(c)). For the ASD system, there was also primarily a negative offset from

the zero percent error axis (Figures 4.9(c), 4.9(f) and 4.9(l)) except for within

the SWIR-2 spectral range at one rotational position (Figure 4.9(i)) where the

offset was positive. In addition, for the ASD the errors were greater in the SWIR-

1 and SWIR-2 spectral regions than previously observed, as can be seen when

Figure 4.10(c) and Figure 4.8(b) are compared.

When the DRF spectra from Natural Surface 2 at each 1o rotational increment are

considered the relative errors for the GER 3700 were again seen to be asymmetric

about the zero percent error axis and of a generally similar form to those observed

from Natural Surface 1. The errors for the ASD system were more symmetrical

across the VNIR spectral range and less symmetrical for the SWIR-1 and SWIR-

2 spectral ranges, around the zero percent error axis, than previously observed

from Natural Surface 1. The RMSE profiles for the GER 3700 spectrometer

from Natural Surface 2 also displayed a similar form to those observed from

Natural Surface 1, although the magnitude per wavelength for the SWIR-1 and

SWIR-2 spectrometers was lower (Figure 4.11(a)). However, for the ASD system
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the profile of the RMSE from Natural Surface 2 across the VNIR and SWIR-

2 spectrometer regions varied when compared to those from Natural Surface 1

and the magnitude per wavelength was generally lower, although for the SWIR-2

spectrometer the profile and magnitude were similar (Figure 4.11(a)). The SD

per wavelength interval for the ASD VNIR spectral range remained reasonably

consistent between the two surfaces modelled thus far. However, although the

general profiles of the SD per wavelength for the other spectrometers from both

systems remained similar, the magnitude varied (Figure 4.11(b)).

It is apparent then that the spectral distribution, magnitude of the errors and

precision of the measurements for the ASD system are varying relative to surface

characteristics, whereas those of the GER system are more consistent. These

variations between the spectra recorded by each spectroradiometer system are

due to the VNIR blue to red/right to left bias and the rectangularity of the

area of measurement support of the SWIR-1 and SWIR-2 spectrometers in

the case of the GER 3700 and; in the case of the ASD FieldSpec Pro to the

fibre optic bundle arrangements where the limited number of fibres can mean a

concentration of fibres for each spectrometer in different quadrants of the nominal

FOV, demonstrated by Mac Arthur et al. (2012).

The GER 3700/fore optic system being investigated here can be considered to

be measuring across a continuous field (Figures 4.1(c) and 4.1(d)), although each

spectrometer does not measure the same spatial extent, while the ASD system

can be considered to be measuring across an intermittent field (Figures 4.1(a)

and 4.1(b)), as each fibre has its own FOV and the overlap is minimal. With

the GER system all areas within this continuous field will be weighted to some

degree and included in the integrated spectrum recorded. With the ASD system

VNIR spectrometer areas toward the centre of the nominal FOV will be under-

represented; with the SWIR-1 spectrometer areas in one quadrant will be under-

represented; and with the SWIR-2 spectrometer areas in two quadrants will be
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Figure 4.12: GER 3700 and ASD FieldSpec Pro, with 10o fore optics, nominal FOV
and DRF spectra and error from modelled Calluna ‘senescing’ canopy over bare peat
Earth surface
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under-represented. Therefore, with the GER 3700 system the errors are less

influenced by the radial position and relative scale of the reflecting components

than the ASD system. However, if it was possible to measure all rotational

positions the relative errors per wavelength for the ASD system would be less

than for the GER system, although the variability between each measurement

would be less for the GER system.

To investigate the reflectances of a more heterogeneous surface, a surface with

three distinct reflecting elements was also modelled. This surface, Natural

Surface 3, displayed at four orthogonal rotational positions in Figures 4.12(a),

4.12(d), 4.12(g) and 4.12(j), represents a Calluna canopy at the end of a growing

season when senescing shoots and leaves are present and a more heterogeneous

reflecting surface exists. The relative errors of the GER 3700 DRF spectra at

these rotational positions (Figures 4.12(b), 4.12(e), 4.12(h) and 4.12(k)) display

a generally similar profile to the errors from the other ‘natural’ surfaces. The

relative errors from the ASD FieldSpec Pro DRF spectra (Figures 4.12(c), 4.12(f),

4.12(i) and 4.12(l)) were more similar to those from Natural Surface 2 than

Natural Surface 1, across the full spectral range. When the DRF spectral

profiles at each 1o rotational increment were considered, those from GER 3700

measurements are again asymmetric, of a similar form to those from the other

‘natural’ surfaces and with a negative offset from the zero percent error axis

(Figure 4.10(a)). These similarities are more evident when the means of all the

relative errors for each spectroradiometer from Natural Surface 3 (Figure 4.13(c))

are compared with those from Natural Surface 2 (Figure 4.10(c)). The RMSE

(Figure 4.14(a)) and SD (Figure 4.14(b)) derived from the spectra for each

instrument from this more heterogeneous surface are generally lower than the

other natural surfaces. Furthermore, the relative difference between the SD of

the ASD FieldSpec Pro DRF spectra and the GER 3700, from approximately
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(c) GER and ASD system averages

Figure 4.13: DRF spectra relative errors and average at 360 rotational positions for
each spectroradiometer from Natural Surface three using 10o fore optics

700 nm to 1,000 nm, has increased, with that of the ASD system now being

significantly higher.

From the preceding three ‘natural’ surface examples, it is evident that when

using the 10o lens based fore optic there will be considerable variation between

the spectra that would be measured from a heterogeneous vegetation surface by

each spectroradiometer used in this research dependent on the rotational position

from which the measurement was acquired. It is also evident that there are

significant differences between the spectra acquired by each spectroradiometer. As

an alternative to field spectroradiometer fore optics containing focusing elements,
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(b) GER and ASD SD

Figure 4.14: DRF spectra RMSE and SD from Natural Surface 3 using 10o fore
optics

a fibre optic fore optic is available for the GER 3700 and a field stop without a

focusing element for the ASD FieldSpec Pro and these may offer improvements

over the 10o fore optics.

4.3.2 Spectroradiometers with wide view angle fore optics

A nominal 18o FOV field stop, without a focusing element, for the ASD FieldSpec

Pro, was assessed by Mac Arthur et al. (2012) and the DRF across the major

axes of the area of measurement support at three wavelengths is displayed in

Figures 4.2(a) and 4.2(b). The DRF data cube for this spectroradiometer/fore

optic was generated by linearly interpolating the data acquired by Mac Arthur

et al. (2012) to the spatial resolution of the modelled surfaces and this data cube

was subsequently convolved in 1o rotational increments with each of the ‘natural’

surfaces as previously discussed. The DRF spectra were once again found to vary

at each rotational position. The relative errors for each spectrometer from Natural

Surface 1 were found to be asymmetric (Figure 4.15(a)) and were primarily of a

lower value, varying from -7% to +12% per wavelength interval rather than the
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(e) NS 1, 2 and 3 average RMSEs
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(f) NS 1, 2 and 3 average SDs

Figure 4.15: Relative errors, root mean square errors and standard deviations from
the ASD with 18o fore optic DRF spectra at 360 rotational positions from three
modelled surfaces
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Figure 4.16: ASD FieldSpec Pro with 18o individual spectrometer DRF and nominal
FOV areas of measurement support
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-10% to +20% observed when the 10o fore optic was used, although the mean

value was similar (Figure 4.15(d)), as was the RMSE (Figure 4.15(e)). For Natural

Surface 3 the relative errors were again asymmetric (Figure 4.15(c)) and were of a

similar magnitude (-25% to +10%) to those observed with the the 10o fore optic

(-12% to +25%), although the RMSE and SD were generally lower. However,

the relative errors from Natural Surface 2 were primarily symmetrical about the

zero error axis (Figure 4.15(b)), the mean value of all the errors was close to zero

(Figure 4.15(d)) and the RMSE was less than 2% at all wavelengths, although

the SD (Figure 4.15(f)) per wavelength was of the same order as observed from

the other surfaces when the 10o fore optic was used.

These variations between the relative errors from each surface can be explained by

examining the DRF profiles presented in Figures 4.2(a) and 4.2(b). Although the

DRF distribution of each of the spectrometers in ASD FieldSpec Pro with 18o fore

optic approximates more closely to a Gaussian distribution and measures across

a continuous field than when lens-based fore optics are used, there is considerable

difference between the responsivity distribution of the VNIR spectrometer and

those of the SWIR-1 and SWIR-2 spectrometers. The responsivity of the VNIR

spectrometer is approximately Gaussian from its maximum responsivity until 50%

of that value, the full width half maximum (FWHM) level. At that level the area

of measurement support is approximately circular and of the same diameter as

the nominal FOV and from there to less than 5% responsivity it is approximately

‘top hat’. The SWIR-1 and SWIR-2 responsivity is approximately a Gaussian

distribution across its full width. However, the diameters of the SWIR-1 and

SWIR-2 responsivities at FWHM are considerably less than the nominal FOV,

each approximately 10cm rather than 17.5cm (Figures 4.2(a), 4.2(b)). For the

VNIR spectrometer the relative error therefore equates to the difference between

the Gaussian and ‘top hat responsivities approximately across the diameter of

the nominal FOV. However, for the SWIR spectrometers the relative errors are



150 4.3 Results and discussion

500 1000 1500 2000 2500

−20

−10

0

10

20

Wavelength (nm)

R
ef

le
ct

an
ce

(%
)

 

 

Natural surface 1
Natural surface 2 
Natural surface 3

(a) NS 1, 2 and 3 average relative errors

500 1000 1500 2000 2500
0

5

10

15

20

Wavelength(nm)

R
oo

t m
ea

n 
sq

ua
re

d 
er

ro
r 

(%
)

 

 

Natural surface 1
Natural surface 2
Natural surface 3

(b) NS 1, 2 and 3 average RMSEs

500 1000 1500 2000 2500
0

0.5

1

1.5

2

2.5

3

Wavelength (nm)

S
ta

nd
ar

d 
de

vi
at

io
n 

e(
%

)

 

 

Natural surface 1
Natural surface 2
Natural surface 3

(c) NS 1, 2 and 3 average SDs

Figure 4.17: GER 3700 with FOP average relative errors, root mean square errors
and standard deviations from 3 modelled surfaces

caused by the area of measurement support being considerably less for the DRF

spectra than is the case for the nominal FOV, as well as the responsivity being

approximately Gaussian rather than ‘top hat’. The differences between the areas

being sampled by the ASD VNIR and SWIR spectrometers and the variation

in the proportion of reflecting components within these areas cause the relative

errors observed in Figures 4.16(a), 4.16(b) and 4.16(c) for Natural Surface 1, 2

and 3, respectively.

As the manufacturer of fibre optic fore optic supplied for the GER 3700 has not

specified a nominal FOV it was not possible to generate a nominal FOV ‘top-hat’
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responsivity data cube by the method previously used. Therefore, solely for the

purposes of assessment in this research, a ‘top hat’ responsivity was modelled

across the same spatial extent as the area of measurement support determined

during the DRF measurements and this was used to construct the nominal ‘FOV’

data cube. This data cube was then convolved with each natural surface data

cube and the resulting nominal ‘FOV’ spectra assessed along with the respective

DRF spectra. The area of measurement support for the GER 3700 with fibre

optic closely approximated to a circle (the length of the major axes can be seen

to be equal in Figure 4.2(c) and 4.2(d)) and this DRF data cube and each

surface data cube were convolved and rotated in 360 1o increments, as before.

The resulting error spectra for Natural Surface 1 are significantly less (-5% to

+5%), except in the region of the the overlap between the SWIR-1 and SWIR-2

spectrometers (1800 nm to 1950 nm), than observed with the 10o fore optic from

the same surfaces, as were the relative errors for Natural Surface 2 and Natural

Surface 3 (Figures 4.17(a)) and the relative errors from each surface presented

similar profiles and magnitudes of error to each other other, as did the RMSE

(Figure 4.17(b)). The RMSEs (Figure 4.17(b)) and the SDs (Figure 4.17(c)) of

the spectra from each of the modelled surfaces were also of a similar magnitude

to those modelled for the ASD spectroradiometer with 18o FOV field stop.

4.3.3 Vegetation biochemical indices

As values in the VNIR region of a spectrum are often used to calculate indices

related to biomass and biochemical content of leaves a number of common vege-

tation indices have been calculated from the DRF spectra derived from the three

modelled natural surfaces used in this research. The indices selected were Simple

Ratio (SR)680, SR705, Normalised Difference (ND)680, and ND705 for Chlorophylls;

the structure-insensitive pigment index (SIPI); the plant senescence reflectance
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Table 4.1: Differences between nominal FOV spectrum index values and DRF
spectrum index values for a selection of biochemical VNIR indices in general use

ASD ASD ASD GER GER GER
10o FO 10o FO 10o FO 10o FO 10o FO 10o FO

Natural Min. Max. Mean of Min. Max. Mean of
Surface Index spectrum spectrum 360 spectra spectrum spectrum 360 spectra

1 SR680 2.53 -31.73 -14.4 7.55 0.3 3.69
1 SR705 0.56 -5.14 -2.49 0.47 -2.18 -0.87
1 ND680 0.5 -4.71 -2.36 1.55 0.06 0.74
1 ND705 0.5 -4.42 -2.17 0.42 -1.92 -0.77
1 SIPI 1.52 -0.16 0.78 0.67 0.25 0.48
1 PSRI 0.43 -0.75 -0.3 1.1 -0.63 0.07
1 Antho. 9.38 -1.35 4.67 4.24 0.76 2.38
2 SR680 15 -16.1 1.54 7.36 -6.12 0.49
2 SR705 2.98 -2.79 0.31 0.37 -4.09 -1.72
2 ND680 3.22 -2.6 0.37 1.46 -1.07 0.1
2 ND705 2.69 -2.42 0.28 0.32 -3.51 -1.5
2 SIPI 0.85 -1.16 -0.14 1.13 0.2 0.66
2 PSRI 0.81 -0.68 -0.03 1.45 -1.71 -0.11
2 Antho. 5.23 -6.1 -0.7 7.54 -2.41 2.88
3 SR680 15.2 -26.07 -8.2 0.58 -12.47 -5.13
3 SR705 4.1 -4.72 -1.47 -1.82 -4.4 -2.96
3 ND680 3.62 -4.33 -1.45 0.12 -2.3 -0.99
3 ND705 3.84 -4.15 -1.3 -1.63 -3.88 -2.63
3 SIPI 1.68 -1.48 0.6 1.62 0.7 1.1
3 PSRI 0.78 -0.51 0.09 0.71 -0.8 -0.07
3 Antho. 9.15 -6.17 3.3 8.39 2.34 5.33

ASD ASD ASD GER GER GER
18o FO 18o FO 18o FO FOP FOP FOP
Min. Max. Mean of Min. at Max. Mean of

spectrum spectrum 360 spectra spectrum spectrum 360 spectra
1 SR680 9.23 -5.15 0.59 -5.2 2.4 -2.32
1 SR705 2.01 -1 0.14 -3.4 -0.1 -2.06
1 ND680 1.91 -0.93 0.13 -1.2 0.28 -0.4
1 ND705 1.82 -0.88 0.13 -2.75 -0.7 -1.84
1 SIPI 0.31 -0.65 -0.05 0.75 1.35 0.87
1 PSRI 0.28 -0.14 0.02 0.37 0.54 0.23
1 Antho. 1.87 -3.76 -0.26 2.3 6.1 3.76
2 SR680 19.1 -3.68 7.31 -1.0 12.10 9.03
2 SR705 4.19 -0.66 1.5 -2.1 2.77 0.39
2 ND680 3.96 -0.61 1.41 -2.9 -0.29 1.93
2 ND705 3.74 -0.57 1.33 -1.8 2.45 0.33
2 SIPI 0.19 -1.37 -0.48 -0.55 0.89 0.10
2 PSRI 0.59 -0.09 0.21 0.32 0.81 0.57
2 Antho. 1.32 -8.33 -2.99 -3.82 3.90 0.01
3 SR680 4.83 -14.52 -6.91 -1.86 12.32 7.21
3 SR705 1.14 -2.96 -1.47 -3.94 2.20 1.17
3 ND680 1.09 -2.77 -1.37 -9.24 -2.87 1.35
3 ND705 1.07 -2.68 -1.33 -1.52 2.27 1.34
3 SIPI 1.13 -0.46 0.58 -2.66 1.55 -0.45
3 PSRI 0.31 -0.08 0 -0.21 0.27 0.10
3 Antho. 5.9 -2.3 3.0 1.82 3.68 2.97



CHAPTER 4. The effect of the directional response function of two field
spectroradiometers on spectra acquired and derived vegetation biochemical
indices 153

index (PSRI) for Carotenoids/Chlorophylls ratios; and the Anthocyanins index.

The rationale and formula for each is presented in Sims and Gamon (2002)5. For

the ASD FieldSpec Pro with 10o and 18o fore optics and the GER 3700 with 10o

fore optic the maximum, the minimum and the mean differences between indices

computed from the DRF spectra and the nominal FOV spectra at all rotational

positions for each modelled natural surface have been determined. For the GER

3700 with fibre optic probe (FOP) only the DRF spectral indices at two opposite

rotational positions and the average of these were calculated. These differences

(Table 4.1), expressed as percentages of the nominal FOV indices, indicate the

percentage error that could be expected in determining biomass or biochemical

content from field spectroscopy measurements.

The SR680 index computed from the reflectance at 800 nm divided by the

reflectance at 680 nm was found to be the least reliable for each instrument

and for each surface, with, in the worst case, values ranging from 2.5% to -31.7%

(from Natural Surface 1) determined for the ASD with 10o fore optic. In general,

the GER 3700 offered a slight improvement; in the worst case the differences

ranged from -6.1% to 7.4%. However, the mean from all rotational positions

for each instrument and each surface offered some improvement for the SR680

index, -14.4% for the ASD with 10o fore optic spectra from Natural Surface 1.

This could be foreseen as the greatest error between wavelengths used in these

indices was observed with the ASD FieldSpec Pro from Natural Surface 1 at

680 nm and 800 nm (Figure 4.10(b)). The Anthocyanins (Antho.) index was

also found to be less reliable than other indices when derived from ASD with

10o fore optic modelled measurements, with differences of -6.2% to 9.1% from

NS 3. This could also have been foreseen as this index is calculated from the

sum of all reflectance values from 600 nm to 699 nm divided by the sum of

5The PRI index was not used as it generated negative numbers, due to the presence of the
peat spectrum increasing reflectance at 570 nm, for both the DRF and nominal FOV spectra
above that at 530 nm, and the results for the modified indices mSR705,and mND705 were similar
to those displayed for SR705 and ND705
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all reflectance values from 500 nm to 599 nm at each rotational position. The

differences for the other indices derived for the ASD with 10o fore optic were

approximately ± 5%; those for the GER 3700 with 10o fore optic and the ASD

with 18o fore optic being marginally better at approximately ± 4%, indicating

some advantage in measurements across a continuous field. The GER 3700 with

FOP is considered separately as the FOV was not specified by the manufacturer

so no baseline for comparison could be computed. Consequently, the DRF spectra

were determined at only two rotational positions and the nominal FOV spectra

were integrated over the area of measurement support determined from the DRF,

both less rigorous comparisons than those for the other system configurations.

Nevertheless, the same trends were seen as for the other three systems. The

SR680 and Antho. indices were the least reliable, although these differences (7.9%

and 6.1%, respectively), were in the main less than those observed for the other

three spectoradiometer systems and the differences for the other indices were also

less, -1.1% to 3.0% being the greatest range.

4.4 Conclusions

The intention of field spectroscopists is to measure the ‘true’ reflectance, (the

measurand defined by the Joint Committee for Guides in Metrology (2008)), of the

area of support for the measurement. However, in practice this cannot be achieved

as there will always be intrinsic uncertainties in any physical measurement (Joint

Committee for Guides in Metrology, 2009). One method often employed to

improve the accuracy of the measurement of a quantity is to make multiple

measurements then determine the arithmetic mean. The standard deviation

of the measurements can then also be computed to indicate the precision of

these measurements. This method, to improve accuracy, assumes that the

measurements are normally distributed about a mean value that is the measurand.
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However, there is always uncertainty as to the offset between measurand and

the mean of the measurements. To minimise this uncertainty corrections should

be made to account for systematic errors introduced by measurement system

biases. However, spectroradiometer DRFs introduce systematic spectral and

spatially dependent biases to measurements made and these biases are different for

each spectroradiometer/fore optic combination even when the spectroradiometers

are of the same type and from the same manufacturer. Therefore the field

spectroscopist needs to know the DRF of each spectroradiometer/fore optic

system to be used to make reflectance or radiance measurements to enable

systematic bias to be assessed, corrections made and uncertainties stated.

In this work to try to account for the measurement DRF bias introduced into

the modelled reflectances, while maintaining the area of measurement support

defined by the fore optic FOV specified by manufacturers, the spectroradiome-

ter was in effect rotated around the centre line of its fore optic for each sur-

face/spectroradiometer system and multiple reflectance measurements modelled.

However, irrespective of the number of measurements made and averaged, signif-

icant inaccuracies remained between the modelled measurands and model mea-

surement means. These inaccuracies were wavelength and rotational position

dependent, although in some instances an individual measurement closely approx-

imated to the measurand (the ASD with 10o fore optic when measuring Natural

Surface 1 at a rotational position of 180o, for example). In addition, the inaccu-

racies were surface dependent and also, possibly, related to the relative size and

number of individual reflecting classes included in the modelled surface. Hence

surface heterogeneity is interacting with the DRF of each instrument and is also

influencing the inaccuracies of measurements being modelled.

While making field measurements, rather than laboratory measurements, with

field spectroradiometer systems it would be impractical to make measurements

from all of the rotational positions modelled in this work. Over at least one
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quadrant, if not more, the spectroscopist, the spectroradiometer and any frame

being used to support the instrument would shadow the area of measurement

support directly or alter the light environment incident on the surface of interest

by blocking a significant portion of the irradiance hemisphere. In addition, it

is unlikely that the rotational resolution necessary to make the measurements

modelled in this research could be achieved in the field. Only a greatly reduced

number of measurements and from a limited number of rotational positions

would therefore, probably, be practicable. As this work has demonstrated,

any spectrum measured will be dependent on the DRF of the instrument/fore

optic combination used; the size of each reflecting surface, relative to the other

reflecting surfaces within the area of measurement support; and the radial

distribution of individual reflecting surfaces within the area of measurement

support relative to the positions from which the measurements were taken.

For many natural Earth surfaces measured using field spectroscopy the spatial

location and orientation of individual reflecting surfaces and their position relative

to the field spectroradiometer and to the Sun can be considered to be chaotically

and asymmetrically distributed. However, although it could not be predicted how

accurate the mean of the measurements would be, it seems likely that the fewer

measurements that were made the less accurate the mean would be.

It has been demonstrated in this work that there are significant differences

between a spectrum that would be expected, given the nominal FOV specified by

the manufacturer, and the spectrum that would be recorded given the measured

DRF of a GER 3700 and an ASD Fieldspec Pro, and that the spectrum would be

different for each fore optic used. These differences are instrument specific as, in

the case of the ASD Fieldspec Pro, fibres in the fibre optic bundle are randomly

distributed at the time of its manufacture and then distributed to each of the

three spectrographs; while the response of the GER 3700 DRF will depend on

the material used, the quality of optical components and the physical alignment
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of the internal optical elements and spectrographs in each instrument. The DRF

is also fore optic specific as, if a focusing element is present, its focal length and

refractive index define the passage of light through it and if a bare fibre or field

stop is used the DRF will be defined by the numerical aperture of each fibre in

the bundle.

Therefore, as has been demonstrated in this work, variations between individ-

ual instruments of the same type and between different designs of instrument will

significantly influence the spectra that would be acquired by each spectroradiome-

ter/fore optic system even although the intention of field spectroscopists may be

to measure the same area of a surface. Consequently, when spectra of the same

surface acquired by different spectroradiometer/fore optic systems are compared

they would appear to be measurements of different surfaces. This will therefore

impact on the accuracy of spectral indices used to predict biochemical variables

and on the comparability of the values of these indices when derived from spectra

acquired by different spectroradiometer/fore optic systems. DRFs of field spec-

trometers and spectroradiometers may therefore explain some of the differences

noticed by Castro-Esau et al. (2006) and others between indices determined from

spectra of the same leaf surface when different instruments have been used to make

the measurements. It will also have a similar impact on the utility of diagnostic

absorption and reflectance features to classify heterogeneous Earth surfaces. In

addition, as the spectra measured by each spectroradiometer/fore optic system

from the same surface in the same rotational position display different profiles

their utility for inclusion in Spectral Libraries is compromised. This may lead to

errors in pixel classifications when these spectra are selected as endmembers in

pixel unmixing image analysis methods.

If the spatial extent of the area of support is ill defined; if reflecting elements

within the support are over- or under-represented in the composite reflectance
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recorded; and if there are wavelength dependent biases in the reflectance measure-

ment recorded then these errors will propagate though any subsequent analysis.

It should also be noted that the ‘steps’ in the spectra evident at the join between

the individual spectrographs, often attributed to thermal instability, may also be

caused by each spectrograph in spectroradiometer measuring light from different

regions of the area of measurement support. This has been amply demonstrated

in this work as there were no ‘steps’ in the component spectra used or thermal

effects being modelled.

The DRFs of the spectroradiometer models used in this work can be improved by

the manufacturers. Indeed ASD have included an option to purchase an optical

scrambler attachment for their system, and SVC, who manufacture the instrument

that supersedes the GER 3700, include a redesigned fore optic, incorporating

higher quality optical components than were previously available, and align the

internal optics to greater tolerances. It is believed that these improvements will

alleviate the asymmetry and spatial irregularity of the DRF of each instrument

but measurements to validate this have yet to be made. Nevertheless, the physical

principles of the propagation of light and the requirement to split light into its

constituent spectrum for spectroradiometric measurement remain and will lead

to each instrument having a characteristic directional response function.

Further research is also required into the effects that surface heterogeneity has on

field spectroradiometric measurements, as only very simple Earth surfaces have

been represented here. Field spectroscopists would also benefit if investigations

into the effects of heterogeneity were coupled with research into alternative

sampling strategies, for example multiple measurements from different areas of

the surface of interest by random sampling or transect methods. If surface

heterogeneity was then defined this could lead to recommendations for statistically

robust field sampling strategies. One approach that has been adopted by some

field spectroscopists to acquire an ‘average’ spectrum of a heterogeneous Earth
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surface is by using a ‘smearing’ technique. This requires the fore optic or, in the

case of the GER 3700, the instrument and fore optic to be moved over the surface

while the measurement is being taken. This will therefore acquire a measurement

integrated over a larger area than that defined by the spectroradiotometer/fore

optic system when stationary. However, it is difficult to assess how replicable these

measurements would be, as the degree of surface heterogeneity and the speed of

movement and distance travelled will influence the spectrum acquired and area of

measurement support defined. Nevertheless, the statistical validity of this method

could also be investigated through further modelling studies. Research could

also usefully be conducted by comparing the modelled DRF reflectance spectra

generated from modelled Earth surfaces with spectra that would be acquired from

the same surfaces by satellite optical sensors, using the point spread functions of

those sensors, to better inform remote sensing scaling studies.



160 4.4 Conclusions



Chapter 5

Calluna vulgaris canopy spectral

reflectance modelling

A. Mac Arthur1 and T. Malthus2

1 NERC Field Spectroscopy Facility, School of Geosciences, University of Edin-

burgh, Edinburgh, EH9 3JW UK.

2 Environmental Earth Observation Program, CSIRO Land and Water, Black

Mountain, ACT 2601, Australia.

This chapter is being prepared for submission to the International Journal of

Remote Sensing for review.

5.1 Introduction

Northern boreal peatlands represent a large pool of particulate organic carbon

sequestered from the atmosphere over millennia (Lindsay, 1995; Belyea and

Malmer, 2004; Vitt, 2006). The sensitivity of these areas to environmental change

161



162 5.1 Introduction

and their significance in the global carbon cycle, and consequently to climate

change, is increasingly being recognised (Harris and Bryant, 2009a; Kurbatova

et al., 2009), as are the other ecosystem services they provide (Alcamo and

Bennett, 2003; Charman, 2002; Scottish Natural Heritage, 2011; Bonn et al.,

2009a, 2010; Haines-Young and Potschin, 2009).

Despite their importance, peatlands have not yet been included in many global

models of terrestrial-atmosphere CO2 exchange (Le Quéré et al., 2009). Fur-

thermore, it remains unclear whether peatlands are currently a source or sink of

carbon as the issue is an intractable one (Smith et al., 2004). One of the rea-

sons for some of this uncertainty may be sparse spatial sampling as a result of

current field survey methods and their cost of implementation. For example, the

soil carbon analysis for the UK recently conducted by Bradley et al. (2005) was

based on a 1:250,000 scale soil map derived from a 5 km or 10 km point sampling

grid depending on region. Furthermore, whether peatlands are a source or sink of

carbon may also depend on local management decisions in some regions (Billett

et al., 2004).

Global environmental modellers recognise that ”many key processes that control

climate sensitivity ... depend on very small spatial scales” (Schaepman et al.,

2009). Therefore an increase in both spatial sampling and scientific understanding

is needed to ensure that measurements and models of carbon sources and sinks

capture the fine spatial detail (Ostle et al., 2009) and do so at a scale which

reflects local management decisions. Measuring the current state and dynamics of

peatlands at such a fine scale is therefore of importance for modelling studies and

to inform direct and indirect management decisions, from farming and recreational

practices to climate change and environmental policies. Hence, a method to

quantifiably and replicably measure and monitor the status and dynamics of

peatlands across their areal extent, and in a manner from which carbon flux

can be inferred, would be of benefit. Hyperspectral remote sensing (RS) from
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airborne or satellite platforms may be one such method that could meet this

monitoring need.

Within the UK, Calluna vulgaris, a hardy dwarf shrub, is the dominant overstorey

plant species across extensive upland peatlands (Haines-Young et al., 2000) and it

may serve as an ecological indicator species, as its physiology and morphology are

influenced by its environment (Gimingham, 1960, 1972). Much recent research has

focused on the biophysical (Milne and Hartlet, 2001; Milne et al., 2002), ecological

(Simpson et al., 1998; Hester and Baillie, 1998; Hester et al., 1999; Cuartas

et al., 2000; Milne and Hartlet, 2001; Alonso et al., 2001), and agricultural and

conservation functions (Grant and Armstrong, 1993; Armstrong et al., 1997; Read

et al., 2002; Pakeman and Nolan, 2009) of Calluna using field study methods. The

biochemical function and nitrogen status of Calluna have also been investigated

in pollution studies using laboratory and experimental approaches (Schjoerring

et al., 1998; Strandberg and Johansson, 1999; Carroll et al., 1999; Pitcairn et al.,

2001; Leith et al., 2004; Carfrae et al., 2004; Kalaitzidis et al., 2008). In addition,

extensive research has been carried out into the rate of growth of Calluna and a

model (HillPlan) developed to model its digestible (photosynthesising) biomass

production in daily increments throughout growth and senescence cycles, given a

range of ecological, environmental and grazing parameters (Grant and Armstrong,

1993; Palmer, 1997; Milne et al., 2002).

All of the above studies have relied on in situ field measurements to acquire the

required data but upland Calluna moors are extensive (normally thousands of

hectares). For practical purposes field methods sample a restricted number of

locations, each of limited spatial extent (possibly less than a square metre to,

at most, tens of square metres). Data are then interpolated or extrapolated,

with errors possibly unknown, across the spatial extent of the moors. Standard

ecological field survey methods are either subjective and, therefore, change is

difficult to assess reliably over time (Cherrill et al., 1995; Cherrill and McClean,
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1999; Egan et al., 2000; Mücher et al., 2010) or objective, time consuming and

expensive (Wright et al., 1997); in consequence rapid, quantifiable and replicable

survey methods are needed.

Hyperspectral RS has been used extensively to measure and monitor ecosystems

where light is the primary driver of metabolic processes and where spectral

absorption and reflectance characteristics are indicative of ecosystem biophysical

and biochemical form and function and their change over time (Ustin et al., 2004b,

2009; Schaepman et al., 2009). Nevertheless, little has been done to investigate

the utility of this technique to measure or monitor physiological processes of

Calluna. Kooistra et al. (2009) and Chan et al. (2010) have carried out some

work to classify Calluna cover on peatlands from hyperspectral images but their

analysis relied on mixture modelling and object-based methods and a pixel based

decision tree approach, respectively. They did not investigate if the biochemical

or biophysical functions of Calluna could be measured or if the change of Calluna

over time could be assessed, although Kooistra et al. (2009) observed that due

to the growth and senescence cycle of Calluna the timing of data acquisition was

critical.

Yet hyperspectral RS potentially offers a method to repeatedly and quantifiably

measure the development of Calluna over extensive peatland areas. However,

for images acquired by hyperspectral RS to be used reliably, analysis methods

need to be developed which enable the data-rich content of these images to be

fully utilised. The inversion of radiative transfer (RT) reflectance models, to infer

biophysical and biochemical properties from the spectrum at each pixel location

in hyperspectral images offers one such approach.

RT models are physically based and mathematically describe the interaction of

light with key parameters influencing reflectance (Rees, 2004; Liang, 2004). One

such model is the Analytical Canopy Reflectance Model (ACRM), a two-layer
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model developed by Kuusk (2003) to represent multi layer heterogeneous plant

canopies. Either PROSPECT (Jacquemoud et al., 1996) or LIBERTY (Dawson

et al., 1998) leaf radiative transfer models can be coupled to ACRM canopy

layers and the model parameterised with, canopy structural variables, Sun zenith,

view angles and a ground layer reflectance spectrum. The combined canopy/leaf

reflectance model can be parameterised with key variables influencing reflectance

and run in the forward mode to generate canopy reflectance spectra. Alternatively,

ACRM can be parameterised with a reflectance spectrum and a range of variables

constrained then run in inverse mode to infer biochemical and biophysical state

variables from the spectrum (Kuusk, 2003). As one of the input variables for

these canopy/leaf models is leaf area index (LAI) it may be possible to couple

the HillPlan Calluna growth kernel1 photosynthesising biomass output, converted

to LAI, to the corresponding canopy/leaf model input and hence model canopy

reflectances at discrete temporal intervals over annual growth and senescence

cycles.

One complication of this approach is that the flowers on Calluna canopies can

dominate visible reflectance during late summer but their profusion is also an

indicator of Calluna vigour and consequently of underlying ecological condition

(Gimingham, 1972). The reflectance of these flowers also needs to be considered if

Calluna is to serve as an indicator species through growth and senescence cycles.

A linear mixture modelling approach has been adopted by some researchers for

other species, for example Chen et al. (2009) and Shen et al. (2010), to convolve

the reflectance of flowers and the reflectance of canopies. This approach may be

appropriate in the context of this research as Calluna flowers were separated from

the other canopy components and reflectance spectra acquired during detailed

plant component reflectance measurements made by Mac Arthur and Malthus

(2012).

1Translated into a Matlab programme script by this author
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To parameterise the ACRM for forward modelling knowledge of key state variable

values is necessary and these need to be acquired from physical field measurements

concurrent with the field spectral measurements acquired to validate modelled

reflectances. Although a number of allometric methods are used extensively in

ecological surveys, only canopy height measurement has been adopted during field

surveys of Calluna for remote sensing research and has been used as an indicator

of biomass or age (Egan et al., 2000). However, measurement of Calluna canopy

height is an unreliable indicator as the gross morphology, and hence height, of

Calluna is affected by ecological and environmental determinants and moorland

management decisions such as the use of muirburn and herbivore grazing levels.

In addition, reliably measuring height in the field is difficult due to gaps in

Calluna stand ground cover, the canopy of each shrub tending to form a dome

and the mobility of canopies in the wind. Calluna stem diameter can also be

measured in the field and could be related to age using dendrochronological

growth ring methods but rate of stem growth will also be affected by ecological

and environmental determinants. Correlations determined between diameter and

age may therefore not necessarily be transferable between different ecological

communities or geographical locations. However, LAI, a key parameter in both

canopy modelling and carbon flux studies, and canopy structure can be estimated

using optical plant canopy analysers (Chen, 196; Breda, 2003). This approach has

previously been successfully adopted for shrub LAI estimation (Frank et al., 2005).

In addition to being used to validate the results of RT modelling, field spec-

troscopy is often used to gain an understanding of the interaction of light with

Earth surfaces and to facilitate hyperspectral image analysis (Milton et al., 2009).

By using field spectroradiometers high spectral and spatial resolution reflectance

measurements of target Earth surfaces can be made. Field spectroscopy was used

by Kooistra et al. (2009) and Chan et al. (2010) to record endmembers for their

linear mixture modelling analysis of hyperspectral images of Calluna dominated
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peatlands and has lately been used to investigate the pigments in Calluna leaves

(Mac Arthur and Malthus, 2012) and canopies (Nichol and Grace, 2010). Field

spectroscopy will be used in this work to calibrate ACRM and subsequently val-

idate the spectra generated by the model.

The aim of this research is to determine if the reflectance of Calluna canopies and

stands can be modelled through annual and inter-annual growth and senescence

cycles. To do so quantitative field survey methods will need to be developed and a

photosynthesising biomass growth model coupled to a multi layer canopy and leaf

radiative transfer reflectance model. If the reflectance of Calluna canopies and

stands can be forward modelled, it is hypothesised that in future hyperspectral

images will be able to be used to estimate the biological and physiological state

variables influencing reflectance and their change over time through inversion of

the combined model developed in this work. The inversion outputs could then

be validated by the field methods also developed in this work. This may then

enable Calluna to be used as an indicator of peatland ecological condition and

consequently of environmental change.

5.2 Research site and methodology

5.2.1 Research site

On the Smeath Hill research site, more fully described in Mac Arthur and Malthus

(2012), eight stands representing visually distinct physiographic units of Calluna

have been selected for field spectroscopy and hyperspectral RT research. Each

of these stands represents a particular Calluna age class and spatial distribution

growing in three ecological communities. Areas, approximately 10 metres by 20

metres centred on each of these stands, have been fenced to exclude grazing
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Table 5.1: Calluna age class, substrate condition, and NVC ecological classification
for each research plot

Calluna age class Substrate type NVC class

Plot 1 Building∗ wet peat M19a

Plot 2 Degenerate∗ dry peat H10a

Plot 3 Mature∗ dry peat H10a

Plot 4 Layering† wet peat M19a

Plot 7 Mature to degenerate∗ dry peat H10a

Plot 8 Mature∗ thin mineral soil None - Calluna mono
culture

∗ After Watt (1947)), † after MacDonald et al. (1995)

herbivores and the position of these fence lines located by differential GPS

measurements. Data from six of these stands has been selected for the work

reported here2. These stands contain Calluna at either its building, mature,

degenerate or layering growth stages in either blanket bog (NVC class M19); dry

heath (NVC class H10); or a Calluna monoculture micro community growing on

a thin mineral enriched substrate (Table 5.1).

5.2.2 Calluna physical variable determination and growth

model parameter collection

At monthly intervals from May to September 2005 three biomass samples were

selected from each stand by randomly placing a 0.25 m2 quadrat, subdivided

into twenty five 10 cm cells, to delineate an area of Calluna. The proportion of

Calluna ground cover was then visually assessed and recorded. A nadir digital

photograph of the area within each quadrat was taken and the canopy height in

this area determined by taking 5 measurements at random and averaging them.

All Calluna stems within the quadrat were subsequently cut where they emerged

2The two pioneer research plots have been excluded from this work as the spectral reflectance
of the small proportion of Calluna within them, relative to the proportions of graminoids and
bryophytes, was dominated by understorey reflectances.
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from the ground vegetation layer, the cut end of the stems wrapped in wet moss

to minimise drying, and then sealed in bags for transportation to a laboratory.

At the laboratory the photosynthesising Calluna ‘shoots and leaves’ were sep-

arated from the woody stems, and each fraction weighed, oven dried at 60oC

for forty eight hours, and weighed again. These data were used to calibrate the

HillPlan growth kernel. Additional Calluna biomass samples were selected at

points chosen at random across the research site from the NVC M19 and NVC

H10 communities at the end of May 2005. These additional samples were segre-

gated into current years green shoots, and previous years green shoots and woody

biomass, then weighed, dried and weighed again. This data was used to validate

the calibrated Calluna growth model. Subsequently, biomass samples were again

collected during May and June 2009 and canopy height measurements made again

from quadrat samples within the six Calluna stands selected for this work. This

biomass data was used to adjust the number of growth days each year used in the

Calluna growth model so that the modelled output was within the range of the

measured biomass values. In addition, during May 2009, Calluna stem diameter,

at the point where the stem emerged from the understorey, and canopy height

were measured, both at approximately 10 cm intervals along the same line that

the LAI measurements were to be made, that is, perpendicular to the transect

rail (the position of which will be discussed in the next section).

5.2.3 Calluna optical field measurements

Within each of the delineated research plots, a point was selected at random

and a permanent transect positioned, orientated from East to West. A transect

measurement approach was adopted as change over time was of interest and this

approach allowed repeated measurements, with a reasonable degree of accuracy,

of the same areas of each Calluna stand. To form these transects wooden batons,
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Figure 5.1: Optical measurement transect schematic

approximately four metres long with fifteen square slots, each 25 cm apart, were

pegged to the ground for the duration of this research (Figure 5.1).

Field spectroscopy measurements were acquired from each of the research plots

at approximately monthly intervals from April to October through the 2007

and 2009 growing seasons. A Spectra Vista Corporation (SVC) GER 3700

spectroradiometer with 10o fore optic was used during 2007 and a SVC HR-1024

spectroradiometer with 8o fore optic during 2009, both instruments measuring

from 400 nm to 2,500 nm. The spectroradiometers were mounted, 1.5 metres

and 1.8 metres respectively, above the canopy on a support frame the square

foot of which was inserted into the square transect slot to ensure that spectra

were acquired from approximately the same area at each measurement interval.

The reflectance measurements of each plot were made in the same sequence

at approximately the same time at each sampling interval to allow the change

of reflectance to be compared and all measurements made within two hours of

solar noon. Relative reflectance spectra were acquired, under stable illumination

conditions, by first taking a calibrated reference measurement of a Spectralon

reference panel then immediately taking a canopy reflectance measurement,
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moving to the next transect slot datum and repeating this sequence. In addition,

reflectance measurements were made of typical understorey vegetation from

areas where there was no Calluna cover. All relative reflectance spectra were

subsequently converted to absolute reflectance by convolving with the reference

panel calibration coefficients.

To provide metadata for the spectral measurements, concurrent hemispherical

images of sky conditions were acquired using a digital camera and simultaneously

total and diffuse irradiance measurements made using a Delta-T SPN1 pyranome-

ter. This metadata was assessed during spectral analysis to ensure that differences

seen between reflectance measurements were not caused by changing irradiance

conditions. The spectra from each plot were averaged to provide one mean spec-

trum for each plot at each sampling interval and the standard deviation (SD) per

wavelength of these means calculated. These spectra and SDs were used to assess

the accuracy of the modelled reflectances.

The use of a Delta-T SunScan plant canopy analyser enabled photosynthetically

active radiation (PAR) penetrating Calluna canopies, and its spatial distribution

along the length of the SunScan probe, which contained 64 individual PAR

sensors, to be measured. The transect slots were also used as the datum points

for these measurements. This again enabled measurements of the same area

of the Calluna canopy to be made at each temporal sampling interval. Data

from the first 17 of the 64 PAR sensors of the SunScan probe were discarded

as light was found to be penetrating under the canopy from the probe insertion

point due to the physical disturbance of the Calluna caused by inserting the

probe. In the analysis only data from the remaining 47 PAR values, measured

at each of the 15 transect datum points, was used. In addition, as non

photosynthesising canopy components cast shadows on the photo-diodes, the

measured PAR values required correcting by normalising for the proportions

of woody biomass, determined during destructive sampling for each stand prior
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to analysis. The SunScan measurements were not continued after the onset of

flowering as these measurements were being made primarily to derive LAI and to

infer photosynthesising canopy structure.

5.2.4 Calluna canopy reflectance modelling parameters

To investigate if Calluna canopy reflectance could be modelled, the coupled

ACRM/LIBERTY model was used, as Calluna leaf reflectance has previously

been modelled using LIBERTY by Mac Arthur and Malthus (2012). Attempts

were first made to model the reflectance of the two Calluna stands with continuous

ground cover (Plot 8, Calluna growing in mineral soil, and Plot 3, Calluna growing

in dry peat). Then attempts were made to model the reflectance of a more

heterogeneous stand (Plot 1 Calluna growing in wet peat). The daily biomass

values for 2009 were first estimated by running the HillPlan growth kernel forward

in annual runs from 2005 and then calibrated by adjusting the HillPlan kernel

growth parameters so that the biomass output matched the measured biomass for

the May 2009 sampling period. The LIBERTY model biochemical parameters,

determined by Mac Arthur and Malthus (2012) were then scaled to the daily 2009

biomass values. Then the LAI values, determined from the SunScan data for each

plot at each 2009 sampling interval (corrected for woody biomass), and the Sun

zenith angle (calculated for each of the field spectroscopy sampling intervals)

were used to parameterise the model. A bare peat spectrum was incorporated

into ACRM as the ground layer reflectance and values for the remaining variables

that were considered reasonable were used to initiate the model.

The modelled output reflectance spectra were then compared with the mean

spectrum for each of the research plot transects. The ARCM Markov parameter

and leaf modal angle were subsequently adjusted to determine if the modelled

spectra could be matched to the measured average spectrum for each plot and
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for each sampling interval, as will be discussed in the following section. This

ACRM/LIBERTY canopy modelling approach was used until the mid July

onset of Calluna flowering. From this point until the end of annual modelling

the modelled daily output spectrum for each plot was linearly mixed with the

average spectrum of Calluna flowers acquired from samples collected during the

determination of Calluna by Mac Arthur and Malthus (2012) in proportions

determined from the digital images of the plot canopies acquired at the field

spectroscopy sampling intervals.

5.3 Results and discussion

5.3.1 Calluna stem diameter and canopy height

One-way analysis of variance (ANOVA) was carried out to determine if there

were statistically significant differences between the means for the Calluna stem

diameter data from each of the six research plots. No significant differences were

found between Plots 1, 3 and 8 and Plots 4 and 7, although there were differences

noted between these two groups and the means of Plot 2. This could be expected:

the Calluna in Plots 3 and 8 visually appear from their gross morphology to

be approximately the same age (mature) and Plot 1 appears to be approaching

the end of the building phase; the Calluna in Plots 4 and 7 also appear to be

approximately the same age (approaching the degenerative phase); and Plot 2

appears considerably older than the rest, in an advanced state of degeneration.

When the ANOVA was carried out on the height data from the six research plots

the result was similar to that for the stem diameters, although this time the

Calluna height mean for Plot 2 could not be differentiated from the means for

Plots 4 and 7. This may be due to the Calluna in Plot 2 being in the degenerative
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Table 5.2: Calluna stem diameter, canopy height and variances from July 2009 field
survey data

Mean stem dia.
(mm)

Dia. Coeff. Var.
(%)

Height (mm) Height Coeff.
Var. (%)

Plot 1 2.99 25 340 20

Plot 2 10.19 20 440 30

Plot 3 3.82 23 360 16

Plot 4 7.81 23 480 25

Plot 7 7.25 25 450 22

Plot 8 3.14 26 330 11

phase and its height reducing over the later stages of its life cycle as the canopy

collapsed. It was observed during the course of this research that the mean height

of Plot 2 fell from 620 mm, measured in July 2005, to 480 mm, measured in July

2009. However, as the height data was collected by random sampling, points where

there were gaps in the canopy were recorded and a height value of zero assigned

to that point. When these zero heights are included in the analysis the mean

height of the canopies or stands with gaps is reduced, invalidating comparisons

with canopies with either different proportions of gaps or those with no gaps.

In addition, the sample size of the stem diameter and height means may not be

sufficient to differentiate these plots as there were only 15 degrees of freedom for

each, limiting how representative these sample means are of the population mean.

Therefore, neither stem diameter or canopy height from this field survey could be

used on their own to differentiate between these six Calluna stands.

However, when the coefficient of variation of the height data of each plot was

computed these did indicate the variances expected (Table 5.2), as Plot 8 appeared

to have the most homogeneous canopy cover, followed by Plots 3 and 7 (both

growing in dry peat), then Plots 4 and 1 (growing in wet peat), and finally Plot

2 which, although growing in dry peat, is a degenerate Calluna stand. Hence,

variability of inter stand canopy height may be a better indicator of Calluna
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Table 5.3: Result of one-way analysis of variance of SunScan individual photo diode
PAR values

Sampling
interval

Plot 1 Plot 2 Plot 3 Plot 4 Plot 7 Plot 8 Direct irradi-
ance (%)

April
2008

Plot 4 Yes Yes Plot 1 Yes Yes 80

May 2008 Plot 2 Plot 1 Yes Yes Yes Yes 80

June
2008

April
2009

Yes Yes Plot 7
and 8

Yes Plot 3
and 8

Plot 3
and 7

48

May 2009 Plot 2 Plot 1 Plot 7 Yes Plot 3 Yes 85

June
2009

Plot 2 Plot 1 Plot 7 Yes Plot 3 Yes 77

July 2009 Plot 2 Plot 1 Yes Yes Yes Yes 80

Table note - “Yes” indicates where there were significant differences between the
PAR values of the plot in the column header and the values of all other plots.
The plot number in the matrix indicates the plot or plots where there were no
significant differences between these and the plot listed in the column header.

growth stage and the ecological class of the area in which it is growing than mean

height values.

5.3.2 Calluna stand classification from physical and opti-

cal data

ANOVA was again carried out to investigate if the SunScan PAR measurement

values could be used to distinguish Calluna stands. Although significant differ-

ences between some of the PAR means were noted at some sampling intervals,

not all differences were significant. The confusion matrix in Table 5.3 indicates

where there were significant differences (p<0.05) between PAR value means for

each plot and all other plots and those where the differences were not statistically

significant, indicated by the respective plot number or numbers. The April 2009

ANOVA results, when measurements had been made under cloudy conditions
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(the proportion of direct solar irradiance to total irradiance was relatively low),

were found to be inconsistent with the other measurements made under clear sky

conditions (Table 5.3). At the other sampling intervals the differences between

the means of both Plots 1 and 2 and Plots 3 and 7 were not significant. However,

it was noted earlier that there were significant differences between the stem diam-

eter means for both Plots 1 and 2 and Plots 3 and 7. When two-way ANOVA was

carried out on the plot mean PAR values, with mean stem diameter as the second

factor, statistically significant differences (p<0.001) were noted between all plots

at all sampling intervals except for the April 2009 one. Hence, SunScan mean

PAR values with stem diameters as a second factor can be used to differentiate

Calluna canopies at the Smeath Hill research site when the percentage of direct

to total irradiance is greater than approximately 77%.

5.3.3 Calluna stand structural parameters inferred from

optical data

The SunScan data can also be used to infer Calluna stand structural parameters.

By comparing the statistical distribution of data from each research plot with the

data from the same plot at the other sampling intervals (Figure 5.2), it can be

inferred that the canopy in each research plot is closing over the growing season,

as the range between the 25th and 75th percentiles reduces; and that the canopy

density is increasing, as the median PAR values are decreasing, since there are

a greater number of points along the Sunscan probe where little or none of the

light incident on the canopy is penetrating and being recorded. It can be also be

inferred from Figure 5.2 that Plot 4 is the least dense stand, as it has the highest

median PAR value at each sampling interval and Plot 8 has the most dense stand,

as it has the lowest median PAR value. The median values of Plots 2, 1, 3 and 7

decreasing in that order fall between these two extremes.
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Figure 5.2: Statistical distribution of PAR values for points along the SunScan
probe at each transect measurement point in each research plot
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Calluna stand LAI was also determined from the SunScan data. However,

as the data had been collected as PAR values these required to be converted

to LAI using ‘Wood’s equation’3 (Potter et al., 1996). ‘Woods equation’ was

parameterised with a leaf angle ellipsoidal distribution value of 1.00 (estimated

from digital images of Calluna canopy vertical profiles after Potter et al. (1996));

the SunScan PAR values discussed previously; the fraction of total and diffuse

irradiance recorded during each SunScan measurement; and the SunScan default

leaf absorption coefficient of 0.85. However, corrections had to be made for

the proportion of woody stems and branches present at the location of each

measurement as these vary between the Calluna classes, with degenerate Calluna

having the greatest proportion and building Calluna having the lowest. Kucharik

et al. (1998) proposed a method to adjust for the shading effect of woody elements

in indirect LAI measurements of forest canopies. However, it was considered

that the close proximity of Calluna stems to the SunScan probe and the lack of

detailed knowledge on the spatial distribution branches and other woody elements

precluded the use of this method.

The SunScan LAI values for each sampling transect were therefore normalised

by the respective proportion of woody biomass determined during destructive

sampling in 2005. LAI was then calculated for each research plot at each

sampling interval using ‘Wood’s Equation’ (Potter et al., 1996). However, the

correlation observed between the LAI values and stand photosynthesising biomass

(Figure 5.3) was not strong and it was noted that the LAI values for Plot 8 tended

to be outliers. Gap fractions and clumping of needles in conifer canopies are known

to lead to underestimates of LAI (Chen and Cihlar, 1995; Smolander and Stenberg,

2003; Simic et al., 2010). It was therefore considered that the LAI values for Plot

8 may be the most accurate as this stand visually had no leaf clumping or canopy

gaps evident. However, all the LAI values measured during 2009 (Figure 5.4)

3Provided by J. Wood of Peak Designs for use in this work
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Figure 5.3: Correlation between SunScan derived LAI, corrected for woody biomass,
and Calluna photosynthesising biomass

do follow an annual trend similar to the photosynthesising biomass values trend

modelled using the Calluna growth kernel, initially falling until the beginning of

summer then rising (Figure 5.5).

The proportion of gaps in the ground cover of each of the Calluna stands,

delineated by each research plot, could also be assessed from the SunScan data.

A range of PAR threshold values, in increments of 50, between 200 µmol/m2/s

and 800 µmol/m2/s were selected after visual assessment of Figure 5.2 and the

percentage of the total number of individual photo diode PAR values greater

than these increments calculated. A PAR threshold value of 400 µmol/m2/s was

found to result in a percentage of gaps for each Calluna stand that reasonably

closely matched those assessed visually with the aid of a quadrat during field

surveys. These percentages, converted to ground cover rather than gaps in cover,

are included in Table 5.4 and all, except the the estimate for Plot 1 and Plot 2,

are within ±5% of the visually estimated values.

As there was a four year gap between the biomass measurements and the SunScan

measurements stand cover would be expected to increase and the estimated
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Table 5.4: Calluna stand ground cover estimates from July 2005 by quadrat survey
and from the July 2009 SunScan field survey

Plot 1 Plot 2 Plot 3 Plot 4 Plot 7 Plot 8

Estimate by quadrat (%) 77 90 90 70 88 93

Quadrat coeff. var.(%) 20 32 8 23 26 4

Estimate by SunScan (%) 72 73 93 75 93 96

SunScan coeff. var (%) 24 32 12 25 28 10

ground cover be higher in 2009 than in 2005 but this is not evident for two

of the stands (Table 5.4). The higher ground cover value from the 2005 visual

survey than the estimate from the SunScan data for Plot 2 is probably due to it

being the degenerate stand and the shrub canopy collapsing causing an increase

in the number and size of stand gaps. However, the reason for the lower ground

cover estimate for Plot 1 during 2009 than during 2005 is not clear, although leaf

clumping, canopy gaps and proximity of the canopy to the SunScan probe may

be the cause.

5.3.4 Calluna photosynthesising biomass growth model

(HillPlan) calibration and validation

A key factor affecting the growth rate of Calluna is substrate type. Consequently,

provision has been made within HillPlan for it to be parameterised with an

appropriate variable. As three distinct soil types - thin mineral soil, dry peat, and

wet peat- were identified at the Smeath Hill research site the appropriate type

(Table 5.1) was used to parameterise the growth kernel to model photosynthesising

biomass growth for each research plot. As no continuous meteorological data for

Smeath Hill was available, data from the nearest Met Office station (Bishopton,

approximately 5 km west of the research site) were extracted from the Natural

Environment Research Council British Atmospheric Data Centre records. Mean
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Table 5.5: Coefficients of variance of LAI measurements during the 2009 sampling
intervals

Plot 1 Plot 2 Plot 3 Plot 4 Plot 7 Plot 8

April 31 57 42 73 50 25

May 42 51 34 50 45 31

June 43 66 28 81 48 29

July 31 59 41 72 48 24

air temperature was corrected for differences in altitude between the Met Office

station and Smeath Hill, using a lapse rate of 0.63o/100 m after Smithson

and Atkinson (2008), as it was noted that a 0.5o change in mean temperature

caused a 5% variation in modelled annual biomass production. The initiating

photosynthesising dry matter biomass value for each substrate type was selected

to match that measured at the May 2005 sampling interval, as the biomass

measurement SDs were lowest at that time.

As the LAI data for each of the Calluna stands appear to form three distinct

groups (Figure 5.4) and each group corresponds to a soil type, data from one
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of each was selected for Calluna stand reflectance modelling. The selected plots

were Plot 1 and Plot 3 as they had the lowest coefficient of variance in their

groups (Table 5.5) and Plot 8. The Calluna growth kernel was first initiated for

these three plots, for the 2005 modelling period, using the growth start and end

dates and growth and senescence constants contained within the model. However,

it was observed that the projected Calluna biomass for each of the three soil

types then did not fall within one SD of the mean of the measured values at

the corresponding sampling intervals and these differences became progressively

worse through the growing season. Consequently, through an iterative process

of model parameterisation, analysis of output, parameter adjustment and output

reassessment, the optimal values for the growth start and end dates and growth

and senescence constants were determined for the Smeath Hill research site.

This iterative process resulted in the growth initiation date supplied with the

model being used. However, the growth end date needed to be adjusted for each

soil type, with an end date two weeks earlier than that provided with the model

found to result in the best fit for the dry and wet peat substrates, while an end

date one weeks later was required for the mineral soil substrate. In addition,

a production constant of 0.99425 for new biomass growth was required rather

than 0.997739, the value provided with the model, indicating that the Calluna is

less productive per unit time at Smeath Hill than in the areas used to develop

the model. That productivity of Calluna is lower at Smeath Hill, at a higher

altitude and on the wetter west coast of Scotland, seems reasonable given that

the model was derived from data collected on the east coast of Scotland and

the more productive English uplands. However, the senescing biomass constant

provided was found to give reasonable results. When the revised growth end

dates and production constant were used a reasonable fit was achieved between

the measured and modelled data, as can be seen from Figure 5.5. In this figure

an indication of the total photosynthesising biomass modelling error, determined
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Figure 5.5: Modelled and measured photosynthesising biomass 2005 with error bars
of one standard error either side of the mean shown, after model adjustment
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from the data provided by MLURI and used to produce the Calluna growth

kernel, has been included.

The greatest annual production of photosynthesising biomass was found for

Calluna growing in the dry peat substrate (Figure 5.5(b)). Calluna growing in

the wet peat substrate (Figure 5.5(c)) produced slightly less than that in dry peat

and the lowest annual production was noted for Calluna growing in the mineral

soil (Figure 5.5(a)). The differences between modelled and measured biomass

were greatest for the wet peat Calluna stand (NVC M19) (Figure 5.5(c)) where

the maximum difference was 10% and the measurement SD was also greater than

that modelled. The annual growth start and end dates supplied with the model

are subjective as these parameters are difficult to determine and are influenced by

annual weather. Hence differences between the values used to develop HillPlan

and those required to parameterise the Calluna biomass growth model for Smeath

Hill were to be expected. That Calluna may have a longer growing season on

mineral soil than on the other soil types was not expected and the reasons for

this are unknown.

Although the Calluna photosynthesising biomass model was now calibrated for

annual use, to be of use in phenological studies and the long term monitoring

of Calluna dominated peatlands it is necessary to validate the annual outputs

of the model over successive inter-annual cycles. To achieve this the model

was parameterised with the variables previously determined for the Smeath Hill

research site, initiated with the measured 2005 biomass values and the mean

annual temperature for each year, determined as previously discussed, and the

model run for the years 2006, 2007, 2008 and 2009 for each of the three soil

classes. The 2009 modelled photosynthesising biomass production for each soil

class was then compared with the field sampled biomass carried out during May

of that year and the growth start and end dates again adjusted until the modelled

2009 biomass for each plot approximated to the mean measured biomass and the
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modelled values were within one SD of the mean. This required adjustment of up

to a maximum of ±7 days for the growth start and end dates. These values were

considered reasonable, given annual meteorological change.

5.3.5 Calluna canopy reflectance modelling and measure-

ments

A control graphical user interface (GUI) for ACRM/LIBERTY, developed during

this research4, was used to determine which of the variables included in the model

had the greatest influence on reflectance. LAI and the Markov canopy scattering

parameter, along with the parameters previously noted by Mac Arthur and

Malthus (2012) to be of importance in the LIBERTY model, were then included

as parameters which could be varied within the ACRM/LIBERTY component of

the Calluna growth and senescence reflectance model being developed. Values for

these and the other variables used to parameterise the canopy reflectance model

were then determine as described in the following paragraphs.

LAI values for inclusion in ACRM were determined by fitting a cubic polynomial,

as Calluna growth was not linear (Figure 5.5), to the biomass values modelled for

Plot 8 (Figure 5.5) then scaling this data to the corresponding LAI measurement

values (Figure 5.4) to give LAI values in daily increments. This resulted in

a maximum LAI value of 9 in October. This was considered reasonable as

when the LAI value was increased above this in ARCM it had no further effect

on reflectance. Therefore at this LAI value the canopy is an infinite reflector

(analogous to that for stacked needles described by Dawson et al. (1998)) and all

light is either being absorbed or reflected by the canopy. That little or no light

4This interface was developed by M. Hagdorn of the School of Geosciences, University of
Edinburgh with assistance from this author.
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penetrates through to the understorey of Plot 8 was evident from there being no

higher plants at that level, only bare peat.

The LAI values determined from the SunScan data for the other plots, were not

considered reliable due to the effect of canopy gaps and leaf clumping previously

discussed. Therefore the biomass to LAI conversion coefficients derived for Plot

8 were used to derive LAI values for the other plots from their modelled biomass.

These values were corrected for the percentage canopy ground cover for the stand

being modelled and were used to parameterise ACRM for the respective stands.

The leaf ellipsoidal distribution used to calculate LAI from the SunScan PAR

data; an average Ångstrőm turbidity coefficient value of 0.2, determined from

the solar total:diffuse ratio recorded during SunScan measurements after Pinazo

et al. (1995); and a nadir view angle were used to parameterise ACRM and

these values kept constant for each modelling interval and for each Calluna

stand being modelled. In addition, the Sun zenith angle at solar noon on

the day of each modelling increment and the leaf size parameter (average leaf

length of 1.5 mm divided by the respective plot average canopy height) were

used. Subsequently, a Python programming script was written5 to link the

Calluna growth model to the ACRM/LIBERTY canopy reflectance model. This

resulted in a ACRM/LIBERTY/Calluna growth and senescence model which

could generate Calluna reflectance in daily increments from April through to

the beginning of October for each year chosen to be modelled.

The combined ACRM/LIBERTY/Calluna growth reflectance model was first

parameterised with the LIBERTY values, incorporating the photosynthesising

biomass (kg/m2) for Plot 8 (the most homogeneous Calluna stand) and the

pigment content (µg/g photosynthesising biomass) determined by Mac Arthur

and Malthus (2012); the LAI values determined in this work for Plot 8; the

5This was written by M. Hagdorn with assistance from the author.
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remaining ACRM parameters discussed previously; and a bare peat spectrum

for the ACRM ground reflectance layer. The model was then run in daily

increments from the beginning of April 2009 to mid July 2009 (just before the

onset of flowering). Significant differences were noted between modelled and mean

reflectances measured at each field spectroscopy sampling interval during 2009

across the near infra-red (NIR) region of the spectrum. These differences were

in both percentage reflectance and in the shape of the slope of the NIR plateau

between 800 nm and 900 nm.

The slope of the NIR plateau had been found during sensitivity analysis to be

influenced by the Markov parameter, a scattering property related to canopy

vertical geometry and leaf clumping (Kuusk, 1995). The vertical structure of

Calluna canopies varies, with dead and senescing leaves being concentrated in

the lower layers, and canopy density decreases while height through the canopy

increases as adventurous individual long shoots project upwards. By manipulating

the Markov parameter, a value was determined that allowed the slope of the

modelled reflectance across the NIR plateau to approximate to that of the

reflectances measured at each sampling interval.

However, the percentage reflectance of the modelled spectra across the NIR region

was also lower than that measured. The NIR region has been reported by Moorthy

et al. (2008) and Mac Arthur and Malthus (2012) to be most sensitive to changes in

the LIBERTY inter-cellular airspace parameter. This parameter was subsequently

adjusted and, although the values followed the same trend, and started from and

ended with those values determined by Mac Arthur and Malthus (2012), they

increased gradually to a maximum in mid July, approximately 100% greater than

Mac Arthur and Malthus (2012) had determined for stacked ‘shoots and leaves’

(Figure 5.6). This difference in NIR scattering may be due to the leaves adopting a

rolled form, after having been removed from the plant, resulting in less scattering

(at a scale related to the inter cellular airspace parameter) than when the leaves
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Figure 5.6: Canopy and leaf scattering coefficients

are attached to the plant. Calluna leaves have evolved a degree of tolerance to

drought by being able to adopt a rolled form which protects the stoma on the

abaxial surface of the leaves (Albert et al., 2011). The abaxial surface also has

trichomes which shade the stoma and may increase the NIR scattering when the

leaves are not rolled. Therefore the form of, and the presence of trichomes on,

Calluna leaves when they are not experiencing drought or have been removed from

the stems may necessitate this increase in the LIBERTY inter cellular airspace

values.

As Calluna is a flowering species, the influence of flowers on reflectance from

July to October, the period when flowers are present, also requires to be

considered. Nadir digital photographs taken of the Calluna canopies at each

spectral measurement point during the late August 2009 sampling interval (the

period of maximum flower cover) allowed the proportion of the canopy covered

by flowers to be visually estimated. The mean spectrum of ‘purple’ flowers,

measured during laboratory work by Mac Arthur and Malthus (2012), was linearly

mixed in increasing proportions with the reflectance spectra modelled for Plot
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8 from mid July to mid August, when the estimated maximum proportion of

flower was reached. Similarly, the mean spectrum of ‘senescencing’ flowers was

introduced at the beginning of September and gradually replaced the ‘purple’

flower spectrum through to the end of modelling. These mixture modelled

reflectance spectra for Plot 8 were then compared with the measured reflectances

and the corresponding sampling intervals and the inter-cellular airspace variable

again adjusted to provide a set of values which enabled the modelled reflectances

to be within the measured reflectance ranges, as indicated by reflectance at 800

nm in Figure 5.7(a), for this stand from April to October 2009. In Figure 5.7(a)

modelled reflectance at 800 nm can be seen to rise only very gradually from the

beginning of modelling until early June, rises more rapidly until early August,

then gradually falls to the end of modelling.

The LAI values, estimated for Plot 3 from its modelled biomass data; a bare peat

spectrum as the ground layer reflectance; and the inter-cellular airspace values

determined previously were subsequently used to model the reflectance of Calluna

growing in Plot 3. However, again the modelled NIR reflectances were not within

the range of the measured reflectances. The inter-cellular airspace variable was

again adjusted as previously discussed and values were determined which followed

the same trend as for Plot 8 but this time reached a maximum approximately 50%

greater than that determined by Mac Arthur and Malthus (2012) for the mid July

sampling interval (Figure 5.6). When these values were used, and the ‘purple’

and ‘senescing’ flower spectra linearly mixed with the modelled stand spectrum,

following the method used for Plot 8, in the proportions visually assessed from

digital photographs for Plot 3, a reasonable match was again achieved between

modelled and measured reflectance in the NIR region, indicated at 800 nm in

Figure 5.7(c), for this stand from April to October 2009. For Plot 3 modelled

reflectance at 800 nm (Figure 5.7(c)) can be seen to rise only very gradually from

the beginning of modelling until early June then rise more rapidly until early
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Figure 5.7: Modelled Calluna reflectance at four wavelengths, with a confidence
interval, and with the mean measured reflectances and error bars of one standard
deviation either side of mean, for three research plot types
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August and gradually fall to the end of modelling, although both the rise and fall

are more gradual than for Plot 8 and the maximum reflectance is also lower.

As ground cover was incomplete in Plot 1 (the stand containing building Calluna

growing in wet peat) understorey graminoids and bryophytes contributed to the

gross reflectance recorded. Understorey spectra had been acquired from Plot

1 at each field spectroscopy sampling interval during 2009 and, after linear

interpolation per wavelength interval to daily increments, these were included in

ACRM as the ground layer reflectances. LAI was again determined from the

modelled biomass and adjusted for canopy cover. The inter-cellular airspace

values were scaled from those used for Plot 3 by the differences in LAI, as it

was considered that the scattering influencing NIR reflectance was a function of

the leaf area present (Figure 5.6). The ‘purple’ and ‘senescing’ flower spectra

were then linearly mixed in the observed proportions as before. When the NIR

reflectance at 800 nm, from April to October 2007 for Plot 1, is compared to

the measured reflectance the means are not as well aligned (Figure 5.7(e)) as

they were for the two continuous cover Calluna stands. The mean reflectance

spectra from this plot contain a contribution from understorey directly below the

Calluna canopy, in a proportion related to the LAI; areas where only understorey

reflectance was measured and composite measurements of both understorey

and canopy, determined by the stand structure along the line of the transect.

This variability of reflecting surface is evident for the increased range of the

measured reflectance indicated by the error bars being longer for these reflectance

measurements at 800 nm (Figure 5.7(e)) than displayed from the stands with more

homogeneous cover (Figure 5.7(a) and 5.7(c)). The reflectance at 800 nm for this

plot also followed the same trend as Plot 8 and Plot 3 but its rise and fall were

more gradual and the maximum lower than that modelled for Plot 3.

The modelled biomass values for 2007 for each plot, the pigment content and LAI

values derived from this and the other model parameters previously described
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were subsequently used to parameterise the ACRM/LIBERTY Calluna growth

and senescence model, to investigate if inter-annual change in reflectance could

be modelled. A reasonable fit between modelled NIR reflectances and measured

reflectances for the most homogeneous stands, displayed for Plot 8 at 800 nm

(Figure 5.7(b)), was again achieved. However, the modelled reflectances for Plot

3 for 2007 were an underestimate when compared with the measured reflectances

(Figure 5.7(d)) and the underestimate for Plot 1 reflectances was even greater

(Figure 5.7(f)). The measured reflectances at 800 nm for Plot 1 during both

2007 and 2009 are generally higher than the modelled reflectances indicating that,

possibly, either inter cellular airspace values scaled from those determined for Plot

3 or the LAI values derived from the modelled biomass were an underestimate,

or both were. Both the airspace and LAI values for Plot 3 and Plot 1 were

estimated from those of Plot 8 by assuming linear relationships and this may not

be the case as canopy density decreases. Furthermore, as Plot 1 is the most open

canopy being modelled, the stand ground cover value may be an underestimate

as it was derived from the SunScan PAR values and these are affected by canopy

gaps and leaf clumping effects previously discussed for LAI derivation, although

Potter et al. (1996) consider this less likely.

To further investigate the influence of LAI on the contribution made by under-

storey reflectances, data from the mid July 2009 sampling interval were selected,

as this is before the influence of flowers on reflectance. When a LAI value of 2.5

was used to model Plot 1 canopy reflectance, and the graminoids and bryophytes

understorey reflectance was excluded, the reflectance at 800 nm reduced from

18.7% to 17.4%, a change of approximately 7%. When a LAI value of 5, the value

at the mid July 2009 modelling interval, was used to model Plot 1 reflectance, and

understorey reflectance was excluded, reflectance at 800 nm fell from 24.7% to

24.0% a change of approximately 3%. This indicates the importance of including

an understorey reflectance spectra within the ACRM/LIBERTYCalluna growth
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and senescence reflectance model when LAI values are lower than approximately

7.5 but that for LAI values greater than this understorey reflectance does not

contribute when there is complete Calluna ground cover.

Only the NIR region of the spectrum, the region most influenced by biomass

and leaf structure, has been discussed so far. However, the visible region of the

solar spectrum, the region in which leaf pigments dominate reflectance, was also

modelled and measured.

The modelled reflectance in the red region of the spectrum, is displayed in

Figures 5.7(a), 5.7(c), and 5.7(e) at the wavelength of maximum Chlorophylls

absorption (668 nm) determined by Mac Arthur and Malthus (2012). The

modelled reflectances follow the same trend as the measured reflectances and

the range of measured reflectances, indicated by the error bars, overlap the

modelled reflectance confidence bounds at each of the 2009 sampling intervals.

The reflectance at this wavelength at first decreases slightly, as the Chlorophylls

content per gram ‘shoots and leaves’ increases at a greater rate than leaf biomass

per unit areas, then reflectance increases to mid July. Reflectance then increases

more rapidly as flowers begin to dominate through August and falls again as the

flowers senesce. This indicates that the convolution of the Calluna growth kernel

modelled photosynthesising biomass and the Chlorophylls content, interpolated

from the work of Mac Arthur and Malthus (2012), were able to be used to predict

Chlorophylls content through the Calluna growth and senescent annual cycle. It

also indicates that the linear mixture modelling approach used to incorporate

Calluna flower reflectances is a reasonable one.

The modelled reflectances in the blue region of the spectrum, the region of

maximum Carotenoids absorption and displayed at 464 nm in Figures 5.7(a),

5.7(c), and 5.7(e) is less consistent. It has not followed the same trend as the

measured reflectances for the Calluna stands growing in mineral soil and dry
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peat substrate (there was no reduction in measured reflectance in July), although

it does for the stand growing in wet peat. In addition, the range of measured

reflectances does not overlap the modelled reflectance confidence bounds. For the

soil (Figure 5.7(a)) and dry peat (Figure 5.7(c)) stands, measured reflectance is

approximately constant at each of the field spectroscopy sampling intervals while

the modelled reflectance reduces appreciably from June to July before rising again

until mid August. However, the modelled and measured reflectances from the

Calluna stand in wet peat do follow generally the same trend, reducing slightly

in July but then not rising significantly. Measured reflectance in the green region

of the spectrum displayed at 556 nm in Figures 5.7(a), 5.7(c), and 5.7(e) - the

wavelength of maximum Anthocyanins absorption determined by Mac Arthur

and Malthus (2012) - also does not display the same trend and the modelled

reflectance.

These differences between modelled and measured reflectances at both 464 nm

and 556 nm may be because some Carotenoids, Xanthophylls for example, serve

a photoprotective function. Anthocyanins also serve a photoprotective function

as well as being a response to leaf tissue damage. The rate of Anthocyanins

response to initiating events is unknown as is the duration or longevity of leaf

colour changes it causes. Therefore as the prevalence of both these pigments

may depend on meteorological events, such as bright sun or frost, or on physical

damage or disease, it may not be possible to predict future values of reflectance in

the blue and green region of the spectrum, and hence the content of these pigment

groups, by modelling.

When the visible region of the spectra for each plot was modelled for 2007, the

modelled reflectances in the red region, 668nm in Figure 5.7(b), for Plot 8 were

in the main within the modelled confidence bounds, while there was a mismatch

at some of the sampling intervals for Plots 3 and 1. The modelled and measured

reflectances at 556 nm, (Figure5.7(b)) and at 464 nm (Figure5.7(b)) were again
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Figure 5.8: Differences between Chlorophylls absorption maximum measured from
mean field spectra during 2007 and 2009

,

in general not well matched, although there was some overlap at some sampling

intervals.

However, when the reflectance spectra for each plot measured in 2007 were com-

pared with those measured in 2009 a subtle shift in the Chlorophylls absorption

maximum feature was noted. The spectra from 2007 had a Chlorophylls absorp-

tion maximum at 668 nm while the absorption maximum for those measured

during 2009 was 675 nm (Figure 5.8). The reasons for this are unclear. Although

a GER 3700 was used for field spectroscopy during 2007 and a SVC HR-1024

during 2009, an instrument bias seems unlikely as mercury argon lamp emission

features at 696.5 nm and 546.1 nm were used during instrument quality assurance
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checks and the wavelength calibration of each instrument was within ±0.5 nm of

those points. In addition, SVC have advised that the same interpolation method

was used to derive the wavelength calibration of both instruments and that this

was done using features at the same wavelengths.

An event such as wide scale nitrogen disposition which could increase the acidity

of the environment and possibly alter the acidity of the xylem sap, which could

effect the profile of pigment absorption spectra (personal communication Prof.H.

Lichtenthaler, 21/09/2009), seems unlikely as there are no industrial sources of

nitrogen downwind of the research site. Another possible cause is weather. During

2009 there were a greater number of accumulated hours of sunshine than during

2007 and there were some temperature extremes. However, due to the limited

number of spectral sampling intervals and the lack of knowledge of time lag

between a meteorological event and a biological response in Calluna it would not

be possible to establish a direct relationship. Therefore, although the cause of this

discrepancy remains unresolved, it may well be an no more than an indication of

natural variability and the change in pigment composition and individual pigment

absorption spectra in-complex through the natural growth and senescence cycle of

Calluna and through annual and inter-annual temporal cycles. However, despite

the discrepancy being unresolved it may still be possible to infer Chlorophylls,

Carotenoids and Anthocyanins content from inversion of the measured spectra

using RT models, with the range of values being constrained for specific temporal

intervals a posteriori by Calluna growth and senescent photosynthesising biomass

modelling as forward modelling has been demonstrated here.
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5.4 Conclusions

A combined optical and allometric method for differentiating Calluna stands

which complements remote sensing and radiative transfer modelling has been

developed. This method uses a SunScan plant canopy analysis system to record

PAR penetrating through a canopy and combines these data in statistical analysis

with Calluna stem diameter to enable the Calluna stands delineated on the

Smeath Hill research site to be differentiated. As each of the stands used in

this research was of a defined Calluna age and ecological community class, then it

would seem possible to infer these classes from these optical and allometric data.

However, wider validation of this method for stands outside the research site is

required. The relationships between these optical/allometric classifications and

the classifications normally used by ecologists also need to be more rigorously

established. Investigations into the validity of this method for other moorlands

could then be conducted. In addition, an empirical relationship between stem

diameter and woody biomass needs to be established, rather than the direct

measurement of woody biomass (sampled at a different temporal interval) used in

this work. This would then allow the Calluna growth model biomass production

to be verified using a non-destructive allometric method.

The use of the SunScan probe also allowed the Calluna canopy and stand

structural parameters (LAI and ground cover) to be inferred from the PAR values

recorded. However, the LAI values were not considered to be reliable for Plot 3

and Plot 1 as the ground cover of these stands tended to be less continuous and

the shoots and leaves more clumped together than in Plot 8. Leaf clumping and

canopy gaps are acknowledged to cause LAI estimation errors for forest canopy

cover when estimated using optical methods. Nevertheless, it was possible to use

the spatial distribution of PAR values recorded using the SunScan to estimate

the proportion of canopy gaps and hence derive an estimate of the percentage
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of Calluna ground cover in each stand. Furthermore, it was also possible to

infer canopy development from these PAR values when time series measurements

were made. Therefore when coupled to stem diameter measurements the use

of this SunScan survey method will enable objective and replicable surveys of

Calluna stands to be made and, although further verification work is required,

will assist both Calluna field surveys and remote sensing studies. Work remains to

be done, however, to determine if the LAI/leaf inter cellular air space parameter

relationship is a linear one and to further investigate the contribution that woody

elements make to the values recorded by optical plant canopy analysers.

The HillPlan Calluna growth kernel was able to be calibrated, its outputs

validated and uncertainties in the model output values estimated for the Smeath

Hill research site. To enable reasonable results to be achieved, however, required

the growth start and end date for each year to be adjusted to influence the

modelled Calluna photosynthesising biomass productivity. This adjustment was

within a reasonable range, given that the onset and end of growth can fluctuate

annually as they are influenced by meteorological conditions (White et al.,

2003). The growth kernel was subsequently dynamically coupled to a canopy/leaf

radiative transfer model which enabled the reflectance of Calluna stands to be

reasonably modelled in daily increments through annual and inter-annual growth

and senescence cycles. However, and in addition, a linear mixture modelling

approach also had to be adopted for the August to October modelling intervals

to enable the reflectance of Calluna flowers to be incorporated into the gross

canopy reflectances modelled.

The accuracy of the reflectances generated by the coupled canopy/leaf/Calluna

growth model, when compared to reflectances measured in the field, varied

depending on heterogeneity of the Calluna canopy and the spectral wavelengths

being compared. Wavelengths in the red and NIR regions could be most reliably

modelled as reflectances in these regions varied systematically with the annual
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and inter-annual development of Calluna. These are the regions of the spectrum

influenced by photosynthesising biomass and Chlorophylls content, two plant

parameters of primary interest to climate modellers. Wavelengths in the blue

and green regions could be predicted less reliably perhaps as reflectances in

these regions are significantly affected by short term weather events and other

phenomena, such as disease infestations, that may not follow a temporal cycle

that can be predicted.

Nevertheless, by adopting an iterative and ongoing approach it would appear

possible to calibrate this Calluna reflectance model using: spectra acquired

at opportune temporal periods (when sky conditions permitted, for example);

readily available meteorological data; data on annual pigment content trends

reported by Mac Arthur and Malthus (2012); and canopy structural and scattering

parameters quantified in this work allowing continued refinement of the modelled

reflectances over time. This would be especially advantageous in remote sensing

peatland studies as it is difficult, in the northern temperate oceanic climates

in which peatlands are typically found, to acquire images of the same area on

the same day in successive years. The modelling method developed here enable

reflectances acquired from either field spectroscopy or from sensors on airborne

or satellite platforms at one annual time interval to be used to calibrate the

model and then to model reflectances at other time intervals in successive or

preceding years, for comparison with spectra acquired when weather conditions

have permitted data acquisition. This may then enable inter-annual changes in

photosynthesising biomass, Chlorophylls content and flower profusion, and their

changes over time, to be assessed thus allowing the monitoring of ecological, and

consequent environmental change to Calluna dominated peatlands.

It would also appear now to be possible to use the Calluna growth model to

determine LAI and photosynthesising biomass parameter values required to con-

strain the inversion of the coupled ACRM/LIBERTY canopy reflectance model.
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By defining and narrowing the range of values for these model parameters the

inversion can be constrained so that the results achieved more closely estimate

actual canopy state variables at each modelling increment (Lewis, 2007). The

coupled Calluna growth/ACRM/LIBERTY canopy reflectance model could then

be used in the analysis of hyperspectral images to potentially infer photosyn-

thesising biomass and contents of Chlorophylls, Carotenoids and Anthocyanins.

However, if images were acquired during the Calluna flowering period a linear

unmixing approach would first have to be adopted to separate the rest of the

canopy reflectances from the flower reflectances. A Calluna flowering index could

be developed from hyperspectral data to identify this period.

A series of hyperspectral images of the Smeath Hill research site were acquired

during the course of this research using the AISA the Eagle/Hawk sensors

mounted on the Natural Environment Research Council Airborne Research and

Survey Facility aircraft. These images could be used to determine if the coupled

Calluna growth/ACRM/LIBERTY canopy reflectance model can potentially be

inverted and thus if the state variables significantly influencing reflectance can

be estimated. In addition, as further field spectroscopy data of the Smeath Hill

research plots were acquired during 2009 in random point surveys, these could

be used to refine the model calibration prior to the hyperspectral images being

used in the model inversion process. However, from the forward modelling work

reported here it would appear that only spectra from areas of continuous Calluna

cover may be able to be reliably inverted. Nevertheless, it may be possible to

differentiate these areas from those stands with incomplete cover by analysing

the variability of the spectra at contiguous pixel locations, adopting the object-

based image analysis method used by Mac Arthur et al. (2007) to analyse aerial

photographic images. Further work will now be carried out to determine if

the coupled Calluna growth/ACRM/LIBERTY canopy reflectance model can be
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inverted, and to assess both its sensitivity to varying parameters and the validity

of results from the the analysis of the hyperspectral images.
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Chapter 6

General discussion

It has been proposed in this thesis that it may be possible to use Calluna

vulgaris as an indicator of ecological and environmental change to peatlands.

Knowledge of the condition of these environments and the rate and direction of

their change is of interest to climate scientists and land managers alike (Harris

and Bryant, 2009b). However, it is acknowledged that data need to be acquired at

spatial resolutions that can reflect local management decisions (Ostle et al., 2009).

Optical imaging sensors on satellite platforms currently operational are able to

acquire data at ground sampling resolutions of a few metres and Mehner et al.

(2004) has reported on the utility of data from one such satellite to classify upland

areas. However, Mehner et al. (2004) noted that the “low spectral resolution ...

was a ... weakness”.

Hyperspectral imaging sensors are now available on airborne platform and similar

sensors are scheduled to be deployed on satellite platforms in the coming decade.

Hyperspectral images offer a “quantum jump” in data content (Lillesand et al.,

2004) from that used by Mehner et al. (2004) and others in remote sensing

research of peatlands. Schaepman et al. (2009) reports the “exponential” growth

205
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of imaging spectroscopy over the last two decades and highlights its use for

investigating leaf metabolic regulation and biochemistry through a continuum

of temporal and spatial scales to global biogeochemical cycles.

Hyperspectral images acquired from sensors on airborne platforms have been used;

to assess the relationship between optical and ecological classifications (Thomas

et al., 2002), bare peat composition (McMorrow et al., 2004), peatland fire damage

(McMorrow et al., 2005), surface wetness (Teh et al., 2011) and hydrological

processes (Harris and Bryant, 2009b), to build spectral libraries of species and

identify the optimal time for hyperspectral field surveys (Lowe et al., 2010), and to

map to biotype classifications (Middleton et al., 2009) in peatland environments.

High spatial resolution hyperspectral images have also been used to map general

ground cover classes in Calluna dominated peatlands (Kooistra et al., 2009),

as previously discussed in Chapter 1 of this thesis. This diversity of application

indicates the utility of these high spectral and spatial resolution data for peatland

research.

A significant amount of research has also been carried out measuring and moni-

toring the biological and physiological processes of forests using airborne hyper-

spectral imaging sensors. For example Thomas et al. (2009) used hyperspectral

images to infer and map leaf physiology at a four metre ground sampling interval

and Goodenough et al. (2009) and Sampson et al. (2003) report on similar work,

although both used secondary remotely sensed data sources to assist their analy-

sis. However, there have been no attempts to measure and monitor biological and

physiological process of the overstorey vegetation on peatlands by hyperspectral

remote sensing.

The use of radiative transfer modelling may significantly increase the information

that can be extracted from hyperspectral images (Ustin et al., 2009) than can

be extracted through the analysis methods used by Kooistra et al. (2009),
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for example. Furthermore, future hyperspectral satellite sensors will have the

capacity to acquire data at high temporal frequencies. The hyperspectral EnMap

satellite sensor will offer a 4 day revisit time, for example (Kaufmann et al.,

2010). Although this sensor will not have a high spatial resolution, higher spatial

resolution satellite sensors may follow in future. Schaepman et al. (2009) suggest

that radiative transfer modelling may enable analysis at these temporal and

spatial scales (airborne and satellite) to be combined and Weiss et al. (2001)

highlights the utility of combining these models with models of plant functioning

and growth. Therefore developing radiative transfer modelling methods coupled

to plant growth models may enable the data content of hyperspectral images

acquired from sensors on airborne platform to be more fully utilised to measure

and monitor annual and inter-annual growth and senescence cycles of plants. This

would then make it possible for hyperspectral images acquired by future satellite

sensor to be used to monitor ecological change to peatlands and inform climate

scientists, ecologists and peatland managers.

This thesis sets out to gain an understanding of the properties of Calluna vulgaris

influencing reflectance and from this develop a canopy radiative transfer model

that can model the reflectance of Calluna through annual and inter-annual growth

and senescence cycles. This may then enable hyperspectral remote sensing and

radiative transfer reflectance modelling to be used to monitor the status and

dynamics of Calluna, which would facilitate its use as an indicator species of

environmental change to peatlands where it dominates. Hyperspectral remote

sensing of these Calluna dominated peatlands could then also provide data for

global environmental change studies and be used to inform local and regional

environmental management decisions.
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The research presented in this work has identified and quantified three photo-

synthetically active pigment groups (Chlorophyll(a+b), Carotenoids and Antho-

cyanins) and two leaf structural variables (inter-cellular airspace and cell diam-

eter) in Calluna shoots and leaves and quantified the change of these five vari-

ables through two annual growth and senescence cycles. The presence of one of

these pigments, Anthocyanins, and the influence of leaf structural parameters on

reflectance had not previously been presented in the remote sensing literature

discussing Calluna. It was shown that these five variables significantly influenced

the reflectance of Calluna shoots and leaves through the visible-near infra-red

region of the solar spectrum and that they changed through annual growth and

senescence cycles. The research then went on to quantify the photosynthetically

active biomass and canopy structural parameters that influenced reflectance. By

doing so, it has enabled changes to Calluna canopy reflectance through annual

and inter-annual growth and senescence cycles to be modelled.

This Calluna photosynthesising biomass, canopy structure and spectral re-

flectance research has been carried out by adopting field and laboratory mea-

surements and modelling studies. At a field research site a combination of in situ

measurements of Calluna structural and optical parameters were made and phys-

ical samples collected. Then in a laboratory further optical measurements were

made prior to destructive sampling to determine additional physical and optical

parameters. Subsequently, using the data acquired in the field and in the labora-

tory both radiative transfer reflectance modelling and Calluna photosynthesising

biomass growth modelling were conducted.

It was noted during the course of this research that the area of measurement

support for the field spectroscopy reflectance measurements did not appear

to be well defined by the nominal included angle used by manufacturers to

specify the field-of-view (FOV) of the spectroradiometer lens based fore optics

being used. Detailed knowledge of the areal extent and shape of the area of
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measurement support is required to attribute the reflectance of individual surface

classes within the area of interest to the integrated reflectance recorded by the

spectroradiometer. Knowledge of the extent and shape of the area of measurement

support is also required to inform field spectroscopy sampling strategies and

develop statistically robust methods, particularly when heterogeneous Earth

surfaces are being measured (Atkinson and Curran, 1997; Curran and Atkinson,

1999; Rahman et al., 2003; Atkinson and Aplin, 2004).

Consequently, the research also investigated, in an optical laboratory, the char-

acteristics of two full wavelength (400 nm to 2,500 nm) field spectroradiometers,

namely the area of measurement support from which reflectances are received by

these instruments to enable field sampling strategies to be developed. The areas of

measurement support for the two systems investigated were found not to be as as-

sumed by field spectroscopists from the specifications provided by manufacturers.

Furthermore, during this work spatially determined wavelength, or wavelength

region specific, variations in spectroradiometer responsivity to reflected radiances

from the area of measurement support were quantified. This spatially dependent

responsivity, named the directional response function (DRF), of each of the spec-

troradiometers was quantified and found not to be as implicitly assumed by field

spectroscopists.

As it was unclear what effect the differences between the assumed and the actual

area of measurement support, and the differences between the assumed respon-

sivity and the actual responsivity, would have on spectra acquired a numerical

modelling study was conducted. Three dimensional models of Earth surface tar-

gets were developed (x and y dimensions and reflectance per wavelength) and

convolved with three dimensional models of the DRF (x and y directions and re-

sponsivity per wavelength) for each spectroradiometer/fore optic system available

for this research. The results of this showed that there were significant differences

between the spectra that would be measured by specific instrument/fore optic
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combinations and those that would have been assumed given the specifications

for these fore optics provided by manufacturers. These differences were wave-

length specific for the SVC system and wavelength region specific for the ASD

system and depended on the fore optic used and instrument orientation specific

for all systems.

6.1 Addressing the aims of this research

The intention of the research presented in this thesis has been to gain a better

understanding of the interaction of light with Calluna vulgaris ; to develop

near ground optical measurement methods to measure its canopy structure and

spectral reflectance; and to develop methods that may be used in the analysis of

hyperspectral images.

The aims of this research, presented in Section 1.6 of Chapter 1, were:

• to investigate the pigment content and optical properties of Calluna shoots

and leaves to enable the reflectance of these, and their change in reflectance

over time, to be modelled

This research has determined the biophysical and biochemical content of Calluna

shoots and leaves influencing reflectance across the visible-near infra-red region

of the solar spectrum through laboratory destructive sampling and spectrophoto-

metric and spectroradiometric measurements. The work identified and quantified

Chlorophyll(a+b), Carotenoids and Anthocyanins, found to be present in Calluna

shoots and leaves and measured the change of these pigments over time. It was

found that the absorption spectrum of Chlorophyll(a+b) was not the same as that

presented in the remote sensing literature for other plant species. A Calluna
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specific absorption spectrum for Chlorophyll(a+b) was subsequently derived by an

iterative radiative reflectance modelling approach during this work. When this

absorption spectrum, and those for Carotenoids and Anthocyanins, also derived

in this work, were incorporated into a leaf radiative transfer reflectance model,

the reflectance of Calluna shoots and leaves could be modelled through a growth

and senescent cycle. However, the degree of accuracy with which reflectances

were modelled, when compared to those measured, varied temporally, with the

lowest errors observed in the mid summer period. In addition, the structural

variables (cell diameter and inter cellular air space) within Calluna shoots and

leaves, which also significantly influenced spectral reflectance, were also quanti-

fied and found to vary systematically, and by similar amounts, through the two

growth and senescence cycles investigated. It was not possible in this work to

determine the physical accuracy of these structural variables. Nevertheless, they

did enable a numerical solution for radiative transfer reflectance modelling of Cal-

luna shoots and leaves to be developed. Therefore it has been possible to model

the reflectance of Calluna shoots and leaves and the change in their reflectance

over time, and the accuracy of these modelled reflectances, when compared to

measured reflectances, has been quantified.

However, it is evident from this work that the absorption spectra of the leaf

pigments used in radiative transfer modelling in remote sensing research are

not a constant. The Calluna specific absorption spectra that were developed to

enable modelled ‘shoots and leaves’ reflectances to match measured reflectances

with a reasonable degree of accuracy at a specific measurement interval, did not

result in accurately modelled reflectances at all the other measurement intervals.

This is probably due to the absorption spectra of photo active pigments being

affected by the type and concentration of the other pigments present and by the

acidity of the xylem sap of leaves (personal communication Prof.H. Lichtenthaler,

21/09/2009). It also appears from this work and the work of Di Vittorio (2009)
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and others that the relative proportions of Chlorophyll(a) and Chlorophyll(b) may

also change through annual growth cycles. These individual pigments were not

initially quantified in this work. However, when an attempt was subsequently

made to quantify them, it proved not to be possible to derive the individual

in vivo absorption spectra for Chlorophyll(a) and Chlorophyll(b) using the data

available and the iterative optimisation modelling method used in this research.

However, it would appear necessary to derive in vivo absorption spectra of both

Chlorophyll(a) and Chlorophyll(b) to enable the reflectances of Calluna shoots

and leaves to be more accurately modelled through all periods of annual growth

and senescence cycles. Nevertheless, a leaf radiative transfer reflectance model

that used the in vivo absorption spectra for Chlorophyll(a+b), Carotenoids and

Anthocyanins derived in this work was successfully incorporated into the Calluna

canopy reflectance model which will be discussed next.

• to link a Calluna ecological growth model to a canopy reflectance model

and model reflectance through a number of annual and inter-annual growth

and senescence cycles

During the course of this research, a quantifiable optical method of characterising

Calluna canopies and stands was developed by measuring the PAR penetrating

through to the canopy understorey. This enabled canopy ground cover, necessary

for canopy reflectance model parameterisation, to be estimated and, when coupled

with stem diameter measurements, the Calluna stands in the research plots to

be differentiated. This ability to differentiate stands may enable this method to

be used to derive Calluna stand classifications that could be directly related

to the commonly used Calluna age classes and ecological classes, facilitating

quantitative and replicable moorland surveys for conservation and management

purposes. However, estimates of leaf area index (LAI) derived from these

PAR measurements were found to be less reliable. Nevertheless, this ability to
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differentiate stands and quantify ground cover will assist remote sensing studies

and provide qualitative data for inclusion into the HillPlan grazing ecology model,

developed by the Macaulay Land Use Research Institute. This will enable more

reliable prescriptions for upland hill farm sheep grazing and muirburn to be

developed, enhancing agricultural, sporting and conservation use.

The photosynthesising biomass growth kernel was extracted from a Calluna

ecological growth and herbivore utilisation model (HillPlan) modified, calibrated

for the research site being used for this work, and its outputs verified. A

relationship was then established between the growth model biomass output

values and the LAI values determined by the optical survey method. Using this

relationship, the modelled biomass values were converted to LAI values in the

modified growth model. However, the data used to derive these LAI values and

the field spectroscopy data, used to compare modelled reflectances, were acquired

at different scales. The PAR-based LAI sensors measure from the whole irradiance

hemisphere above them and the cosine response and responsivity of these sensors

were not quantified during this work. On the other hand, field spectra were

acquired from a planar area of measurement support the areal extent of which

was defined by the spectroradiometer/fore optic system used. The growth model

was then dynamically linked to a canopy reflectance model, which contained

the leaf reflectance model used previously in this thesis. The growth model,

therefore, provided the LAI input parameter values and the photosynthesising

biomass values necessary to convert the leaf pigments content measured in µg/g

shoots and leaves in the leaf model to g/m2 required by the canopy model, and

could do so in daily increments.

The combined biomass growth/canopy/leaf model was then shown to be able to

generate canopy reflectances in daily increments through a series of growth and

senescence cycles for the range of Calluna age classes and the ecological conditions

at the Calluna dominated peatland site used for this research. It was subsequently
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determined from this work that the reflectance of Calluna canopies and stands

could be modelled through annual and inter-annual growth and senescence cycles.

However, the accuracy, when modelled and measured reflectances were compared,

depended on the wavelength region being considered and the homogeneity of the

Calluna stands. This homogeneity was related to the age class of the Calluna

and the ecological conditions in which the Calluna was growing.

The wavelengths selected for analysis in the near infra-red (NIR) and the red

regions of the spectrum were the most accurately modelled and these are the

regions where reflectance changes systematically through annual growth and

senescence cycles. Therefore the change in reflectance of these regions can

be predicted reasonably well if the model is parameterised with the necessary

environmental and ecological variables. However, of particular interest to studies

of environmental change to peatlands, and to climate induced phenological

change, may be the ability to monitor inter-annual changes in the timing of the

onset, and in the extent and density of, flowering, with which this modelling may

also assist.

Most RS research has focused on monitoring Calluna when it is at its greenest.

During this period all other vegetation is also predominantly green, making

differentiation difficult and leading to confounding variables for remote sensing

research. However, Calluna has spectrally distinct flowers. The profusion of these

flowers is determined by the vigour of each shrub and this vigour is indicative of

the shrub age and the ecological community in which it is growing (Gimingham,

1972). This research has demonstrated that a mixture modelling method when

combined with radiative transfer reflectance modelling can be used to model

Calluna canopies when in flower and the transitions in reflectance from the period

when there are no flowers, through flowering and on through to winter dormancy.

The onset of flowering caused a significant and distinct change in reflectance in

the red region of the spectrum. From the data for the three plots analysed,
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this was most pronounced for the most homogeneous stand (Plot 8), slightly

less so for the less homogeneous stand (Plot 3) and least distinct for the most

heterogeneous stand (Plot 1). Consequently, it may be possible to monitor any

ecological change to Calluna dominated peatlands using hyperspectral remote

sensing to measure the profusion of flowers, possible with the development of

a Calluna flowering index, and use flowering as an indicator of stand condition.

Then the Calluna growth/canopy reflectance radiative transfer modelling method

developed in this work could be used to compare data from different annual and

inter-annual temporal sampling intervals.

However, reflectance in the blue and green regions of the spectrum were not able to

be predicted reliably. The reflectance of these regions is dominated by pigments

which respond to short term allogenic influences. In addition, the reflectance

of one of these pigment group, Anthocyanins, may confound Calluna flower

reflectances as they also appear purple, although Anthocyanins leaf colouration

does not normally dominate canopy reflectances. Nevertheless, model inversion

studies can now be conducted and from these it may be possible to infer the

biomass and pigment content from hyperspectral images of Calluna dominated

peatlands.

• to investigate the spatial extent of the area of measurement support for field

spectroradiometric measurements, the uniformity of spectral response across

this area and to compare these with those assumed by field spectroscopists,

given the specifications provided by instrument manufacturers

The fields-of-view (FOV) of two full wavelength spectroradiometer systems, with

a range of fore optic accessories, were investigated in an optical laboratory,

and the nominal FOV was found to be a wholly inadequate parameter to

define the extent of the area from which reflected radiance would be received

by these spectroradiometers during field spectroradiometric measurements. In
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addition, the responsivity of each system to reflected radiance from different areas

within the area of measurement support was found to display wavelength, or

wavelength region, specific dependencies. Furthermore, each spectroradiometer

system was found to display significantly different characteristics from the other

systems related to their optical design. The directional response function (DRF,

(Commission Internationale de L’Eclairage, 1987)) of a spectroradiometer/fore

optic system provides a more appropriate and scientific approach to specify

the characteristics of each system. The DRF was shown to capably define

each area of measurement support and hence, spatial sampling resolution, and

wavelength, or wavelength region, specific dependent responsivity to reflected

radiance from within this area. A key conclusion from the work is that field

spectroscopists should determine the DRF of the spectroradiometer/fore optic

systems to be used prior to conducting field measurements as, due to the optical

design (for ASD FieldSpec Pros) and manufacturing tolerances for (SVC GER

3700s), each spectroradiometer/fore optic system will have a different DRF.

This may significantly influence the spectra recorded, particularly heterogeneous

surfaces and surfaces with anisotropic reflectances.

The findings of this research should also be considered when the selection of field

spectroradiometers and choice of appropriate fore optic is being made. As field

spectroscopists are trying to approximate the bidirectional reflectance distribution

function (BRDF) of a surface, selecting as narrow a view angle as possible

would seem appropriate (Milton et al., 2009). However, this probably requires

a spectroradiometer fitted with a fore optic containing a lens focusing element.

In the ASD system it is the lens that is causing the area of measurement support

to be ‘imaged’ onto the tip of the fibre optic bundle. As this tip has up to 57

individual fibres, each is receiving light from a different area of this ‘image’. Then,

as these fibres are then randomly distributed to the three detectors (with each

detector covering a different region of the VNIR-SWIR spectrum), each detector
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is recording reflectance from different areas of the area of measurement support

and there may or may not be any overlap between these areas. It should also be

noted that as the fibres in the fibre optic bundle of each ASD FieldSpec Pro are

randomly distributed to the detectors, each ASD FieldSpec Pro may have a unique

DRF. Hence, possibly, no two instruments would record the same reflectance from

the same area of a heterogeneous Earth surface target.

In the SVC system it is a combination of both the lens ‘imaging’ the area

of measurement support into the instrument through a rectangular optical slit

and the fore optic lens that determines the DRF. The optical slit imposes the

rectangularity on the area of measurement support and it appears that the fore

optic lens is the primary cause of the chromatic aberration due to its refractive

index, although other optical elements may contribute, leading to the right/left

blue/NIR bias in reflectance recorded when lens based fore optics are used.

If measurements are being made of a heterogeneous target it may therefore

be more appropriate to select the ASD 18o fore optic or use the instrument

without a fore optic in ‘bare fibre’ configuration and, if using the GER 3700,

fit the fibre optic attachment. However, it is acknowledged that, although the

DRF of both of the fibre options measure across a continuous field and the

responsivities are approximately Gaussian, the view angle to the edge of the area

of measurement support is greatly increased, which may introduce other errors to

the measurement being recorded due to the BRDF of the surface. Therefore Earth

surface anisotropy should also be considered when making fore optic selection.

Both the ASD FieldSpec Pro and the SVC GER 3700 used in this work are over

ten years old, and both manufacturers have recently upgraded their systems after

being advised of the results of this research. On request, ASD will now supply

an optical mixer, named a “scrambler”. This can be fitted within the pistol

grip of the instrument between the fore optic and the fibre optic bundle. It, in
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effect, defocuses the image so that the light that reaches the fibre bundle tip is

incoherent. Hence there should be no wavelength region spatial bias. However, a

slight loss in responsivity should be expected, due to transmission losses at the

lens/scrambler and scrambler/fibre bundle tip interfaces. SVC have also improved

the optical design of their instruments and higher quality optical components are

now available and have been used. SVC can provide on request a lens based

fore optic that has been optimised to minimise any wavelength spatial bias.

Nevertheless, as a different technological approach is used to measure reflectance

in each of these instruments the reflectances recorded by each may not be the same

even after these improvements. Furthermore, due to manufacturing tolerances,

and in the case of ASD instrument the random distribution of fibres to the

detectors, each spectroradiometer/fore optic system of the same make and model

may record a different spectrum from the same Earth surface to that recorded by

another instrument of the same make and model and this may be the case when

heterogeneous or anisotropic Earth surfaces are being measured.

• determine the impact of actual measurement support on assumed spectral

response, given the specifications provided by instrument manufacturers

A series of reflectance modelling studies were conducted by convolving the

DRFs of the two spectroradiometers, each with a selection of fore optics char-

acterised during this research, with a number of modelled heterogeneous Earth

surface targets. Significant differences were highlighted between the spectra that

would have been assumed to be recorded if the specified nominal FOV limited

the area of measurement support (and if there were no spatially determined

wavelength/wavelength region specific responsivity dependencies) and those that

would be recorded given the DRF of each spectroradiometer/fore optic system.

The profiles of the modelled spectra were found to vary depending on: the spa-

tial distribution of individual reflecting elements within the area of measurement
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support; the rotational position of the spectroradiometer relative to the modelled

surface; and the specific field spectroradiometer fore optic used. Biochemical in-

dices were also calculated from the modelled spectra and these were found to vary

significantly from those that would have been expected if the area of measurement

support had been defined by the FOV and if there had been no wavelength or

wavelength region specific spatial dependencies.

It is not possible to know the measurand, the ‘true’ value (which in this work is the

reflectance of an Earth surface), as the Joint Committee for Guide in Metrology

advise there will always be measurement uncertainties (Joint Committee for

Guides in Metrology, 2008). Earth surfaces are illuminated by the whole sky

hemisphere and the presence of the spectroradiometer being used to make

measurements will interfere with this, even when the spectroscopists remove

themselves from the scene. There will also be spectroradiometer introduced

biases, some known and possibly quantified and others unknown; and even the

wavelength scale is a discrete classification system imposed by scientists and the

spectroradiometer technologies available on a continuous phenomenon, therefore

detail is lost. Consequently, the accuracy, the offset between the measurand

and the value measured, cannot be known definitively. Even when only the

inherent reflectance of a surface (that is the reflectance solely dependent on the

surface properties and independent of illumination) is considered, a further level of

complexity is evident as most (if not all) Earth surfaces are anisotropic rather than

Lambertian (Milton, 1987). Therefore the radiant flux would need to be measured

over the whole of the hemisphere into which it radiates and this should be done

from all possible angles and with infinitely small included solid view angles which

cannot be achieved in practice. Spectroscopists should develop methodologies

that minimise the errors that they introduce to improve the accuracy of their

measurements but can only ever make measurements that approximate to the

measurand reflectance when viewed from a specified position, with a particular
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spectroradiometer/fore optic system configuration, under specific illumination

conditions and subject to the calibration of their instrument.

One method that could be adopted to improve the accuracy of field spectroscopic

measurements is to try to account for spectroradiometer induced bias. In the

context of this work that is bias introduced to the reflectance recorded by the

DRF of the instrument. In this modelling study a synthetic ‘true’ reflectance

was modelled which represents the measurand; then the accuracy of the modelled

‘measured’ reflectance (the reflectance that would be measured given the DRF of

an instrument) could be determined. This work has demonstrated that, due to

the spatially dependent wavelength and wavelength region biases of the DRF and

the difference in the area of measurement support between that which would have

been assumed (used to model the measurand reflectance) and that defined by the

DRF, significant but quantifiable inaccuracies can be attributed to the DRF of

the specific instrument/fore optic systems measured and modelled in this thesis.

6.2 Implications of this research

The influence which the three pigment groups and the two leaf structural

parameters, identified and quantified in this work, have on the reflectance of

Calluna has not previously been presented in the literature. These pigment

absorption spectra were found not to be constant but depend on the type and

quantity of other leaf pigments in-complex. Therefore, there is a degree of

inaccuracy in the absorption spectra derived in this work as they were estimated

from a number of samples acquired at a limited number of temporal intervals hence

only represent a limited number of the possible pigment combinations. Although

an attempt has been made to quantify the inaccuracy that will result in the

reflectance spectra modelled using the five parameters selected, the comparison of
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modelled and measure reflectance spectra shows that uncertainties remain. These

in vivo absorption spectra were estimated from in vitro pigment quantification

and spectra acquired in a laboratory by reflectance spectroscopy of shoots and

leaves removed from plants and where the physical dimensions of leaf cells and

airspaces are unknown.

Nevertheless, this work indicates that it may be possible to measure and moni-

tor environmental change to Calluna dominated peatlands using hyperspectral

remote sensing as future or past Calluna canopy reflectance can possibly be

predicted from current reflectance through the use of the combined Calluna

growth/canopy reflectance model developed in this research. This model could

be calibrated and validated for hyperspectral data analysis using the optical field

surveys to measure LAI and canopy spectra acquired by field spectroscopy using

the methods demonstrated in this work. It could then be applied to different

temporal periods or geographical locations if parameterised with the appropri-

ate environmental, ecological and graphical variables. Of particular interest to

climate change studies may be monitoring potential phenological change of Cal-

luna flowering by hyperspectral remote sensing. It may be possible to do this by

adopting the combined radiate transfer reflectance and linear mixture modelling

approach proposed in this thesis.

Currently the model developed in this work could only be used with a reasonable

degree of accuracy for stands where there was continuous Calluna cover and with

an LAI of greater than 7.5, so that understorey reflectances did not contribute

significantly to the reflectance recorded. The heterogeneity of Calluna canopies

and stands where these conditions are not met makes modelling their reflectance

intractable at the present time and the results of future radiative transfer model

inversions would probably be unreliable. There could be some improvement if

radiative transfer models of the understorey species could be developed and if
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individual absorption spectra for Chlorophyll(a) and Chlorophyll(b) were incorpo-

rated into the model.

The Calluna stands on these peatlands are burnt (muirburn) in succession on

a 20-year to 30-year rotation to provide a succession and mosaic of Calluna

age classes. However, current recommendations for the management of Calluna

dominated peatlands by cyclical burning advise that Calluna stands 20 metres to

30 metres wide (Scottish Government, 2011) be left between areas that are burnt.

The Calluna stands that regenerate in these areas, when on favourable substrate,

may have continuous canopy cover from when they are approximately 10 until 20

years old (Gimingham, 1972). Therefore these areas would provide a succession of

areas of reasonable areal extent and duration of growth for phenological change

to be monitored by hyperspectral remote sensing. However, as even the two

homogeneous Calluna stands used in this modelling and analysis are anisotropic

reflecting surfaces, due to their irregular surfaces and inter-canopy shadowing,

there may still be biases introduced into reflectance recorded and used to validate

modelled spectra due to the DRF characteristics of field spectroradiometer/fore

optic systems, which will be discussed next.

The information provided by spectroradiometer manufacturers would lead field

spectroscopists to believe that the area of measurement support was round, in the

case of ASD instruments/fore optic systems, or rectangular, although this is often

overlooked, in the case of SVC instrument/fore optic systems. This research found

that when using a fore optic with a focusing element the area of measurement

support for the ASD used was not round; it extended significantly beyond the

area defined by the information supplied by the manufacturer; and there was

not complete coverage of the area of measurement support at all wavelengths

being measured by the instrument. It provided an irregular intermittent field of

responsivity. Although the GER 3700 did have a continuous field of responsivity
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the level was not the same for all points within the area of measurement support

for all wavelengths recorded.

The canopy reflectance spectra modelled at each sampling interval in this work

were compared with spectra acquired in the field and the field spectroscopy

methodology was developed and measurements started using information pro-

vided by the spectroradiometer manufacturers. This information was subse-

quently found to be insufficient to define the area of measurement support of

the field spectroscopy measurements. As will be discussed in more detail in the

following paragraph, there was a blue/near infra-red wavelength responsivity bias

oriented across the width of the optical slit of the GER 3700 spectroradiometer.

This GER 3700 was the instrument used to make the field measurements dur-

ing 2007. During field measurements the instrument was oriented so that it was

aligned with the solar principal plane. However, this meant that the optical slit

of the instrument was perpendicular to the solar principle plane. Consequently,

canopy elements towards the edge of the area of measurement support closest to

the Sun would have a blue wavelength region bias and those furthest away from

the Sun a near infra-red wavelength bias. There would then be a further bias

introduced as the elements towards the edge of the area of measurement support

closest to the Sun would tend to be in shade and those away from the Sun more

fully illuminated. If the DRF of this instrument had been known in advance, the

instrument slit could have been aligned with the Sun and the height of the in-

strument above the canopy set in such a way that the edge of each of the areas of

measurement support overlapped in an attempt to balance out this bias, as there

is no wavelength bias along the length of the slit, or another fore optic could have

been used.

When using a fore optic with no focusing element (a field stop) the area of

measurement support for the ASD spectroradiometer/fore optic system was

round, support for all three detectors was concentric but the extent of the area
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was detector specific. It was also found that for the SVC instrument used

in this research, when used with a fore optic with focusing element, the area

of measurement support was approximately rectangular, although it extended

beyond that defined by the ‘nominal’ FOV included angle in some regions of the

area of measurement support and did not cover others. Furthermore, although

it provided a continuous field of responsivity, there was a blue/near infra-red

wavelength responsivity bias across the area of measurement of support and

this bias was oriented across the optical slit of the instrument. When the SVC

instrument with fore optic with no focusing element, in this case a fibre optic

probe, was used, the area of measurement support was found to be round; to

have a continuous field of responsivity across the area; and for its responsivity to

be equal radially. From the foregoing it is evident that the field-of-view, specified

as a ‘nominal’ included angle, is misleading and does not adequately define the

area of measurement support of these spectroradiometers.

These characteristics of the instrument/fore optic systems and their DRFs are

fundamentally due to the design of each instrument and its fore optics and are

dictated by physical principles (although much can be done to minimise unwanted

attributes). Therefore, users should characterise the DRF of the spectroradiome-

ter/fore optics they propose to use and develop appropriate field sampling strate-

gies if the intention is to make good quality reflectance measurements of hetero-

geneous or anisotropic Earth surfaces.
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Conclusions

Field spectroscopy has greatly assisted in increasing our understanding of the

interaction of light with Earth surfaces and has aided the development and use

of optical remote sensing from airborne and satellite sensors to gain a better

understanding of the processes and dynamics of the Earth. Field spectroscopy

has enabled the reflectance of Earth surfaces to be characterised from data

acquired close to the ground and features of these reflectance spectra related to

state variables, measured by other methods, of spatially and temporally defined

surfaces. By doing so field spectroscopy has enabled state variables measured in

situ and at high spatial resolutions, such as at eddy covariance flux tower sites,

to be spatially extrapolated or inferred from hyperspectral images acquired form

airborne or satellite sensors, hence, providing local, regional or global coverage

(Gamon et al., 2006a,b; Schaepman et al., 2010; Balzarolo et al., 2011). It has

also been used, as in this work, to gain an understanding of the biochemical and

biophysical processes of plants that influence reflectance enabling the development

of models which may be used to further assist analysis of data acquired in future

from hyperspectral airborne or satellite sensors. In addition it has been used

to “validate models and to maintain (airborne and satellite) sensor calibration”

225
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(Milton et al., 2009). However, although the use of field spectroscopy has

furthered our understanding of Earth systems, from the work reported in this

thesis some recommendation can be made to further improve spectroscopy field

methodologies and analysis methods in each of these application domains.

7.1 Recommendations

Spectral reflectance modelling and state variable inference of photo-

synthesising Earth surfaces

If the in vivo spectral profile and the wavelengths of maximum absorption of

leaf pigments can vary seasonally and with the presence of other leaf pigments-

in-complex, as this work and the work of Di Vittorio (2009) has demonstrated,

then the generally published in vivo pigment spectral absorption profiles should

not be taken as a constant or as an accurate representation of the pigments in a

particular species of interest at a particular point in time. This variation in pig-

ment absorption spectra may be compounded by the responsivity per wavelength

interval of the spectrometer/fore optic system used being spatially dependent.

Consequently, spectroscopists and radiative transfer modellers should determine

or verify the in vivo proximate pigments, and their change through growth and

senescence cycles, in the species of interest in their research. Researchers should

also to consider the use of wavelength bands (for correlation between state vari-

ables and spectral bands) which are determined over the possible range of pig-

ment feature wavelength variability rather than at specific individually measured

wavelength intervals, thereby integrating over a wavelength region and averag-

ing variability for comparison with other data. Researchers should also exercise

caution when using wavelength regions, particularly the blue and (to a lesser ex-

tent) the near infra-red, where spatially determined wavelength biases could be

pronounced.
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Spatial sampling and extrapolation

The area of measurement support is a fundamental measurement statistics in

geosciences (Atkinson et al., 2000; Atkinson and Aplin, 2004). Much effort has

been expended in understanding the area of measurement support (the ‘footprint’)

of eddy covariance measurements at sites where carbon dioxide flux between the

Earth’s surface and atmosphere are being measured and modelled (see Vesala et al.

(2004), Kljun et al. (2004) or Göckede (2004) and many others for examples)

or in understanding the Earth surface area represented by pixels in imaging

spectroscopy and remote sensing (see Atkinson and Aplin (2004), Lillesand et al.

(2004) or Mather (2004) and many others for examples). However, in field

spectroscopy little effort has been expended to understand the corresponding

support for field spectroscopic measurements. It has been demonstrated in this

thesis that the field-of-view of spectrometer fore optics does not adequately

define the area of measurement support, the systems responsivity to flux from

within that area or if the responsivity is across a continuous or intermittent

field. Consequently, field spectroscopists should require manufacturers define the

DRF of each spectrometer/fore optic system they supply or researchers should

determine it for themselves to aid the development of appropriate measurement

methodologies. For example, at flux tower sites where measurements are often

made from a fixed location the areal extent of the area of measurement support

needs to be known to assess if the area being measured is representative

of the wider Earth surface area within the ‘foot print’ of the flux tower.

Particularly as the contribution of “component parts” can not be determined

using eddy covariance methods (Moncrieff et al., 1995) and Gamon et al. (2006b)

has proposed using spectroscopic measurements to bridge this gap. However,

there may be spatially dependent wavelength biases or the responsivity of the

spectrometer/fore optic system may be spatially ‘weighted’ as the responsivity

could be across a continuous field with a Gaussian responsivity distribution as

may be the case for systems with a lens based fore optic and optical slit, systems
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with a single optical fibre or systems with a fore optic without a focusing element.

Alternatively the responsivity may be across an intermittent field as may be

the case with multiple fibre/lens based fore optic systems. It is recommended

that these responsivity distributions should also be taken into account when

determining spatial sampling strategies, particularly from heterogeneous Earth

surfaces where the comparative scales of DRF features and surface heterogeneity

needs to be considered. In addition, spectral measurement uncertainties should

be determined by making multiple measurements using a statistically defined

spatial sampling strategy (random, grid or transect, for example), using the same

spectrometer/fore optic system used for the fixed point measurements, and these

uncertainties made explicate if interpolations or extrapolations are being made

and state variable of other areas inferred from spectral data. The adoption of

fore optics and accessories such as optical scramblers or integrating spheres with

lens attachment should also be considered as there are indications that these

will improve responsivity distribution (provide Gaussian or ‘top hat’ responsivity

respectively) and minimise wavelength spatial dependencies.

Validation of airborne or satellite sensor calibration

Indirect methods have been developed to verify the calibration of optical sensors

mounted on airborne or satellite platform or provide calibration correction coeffi-

cients. These methods are independent of the methods used for primary calibra-

tion before deployment, or of on-board calibration sources, and are of importance

as the sensor will then be in its data acquisition mode (Anderson, 2005). These in-

direct methods mainly rely on making multiple spectral measurements using field

spectrometers, preferably simultaneous with airborne or satellite over pass data

acquisitions, of natural or artificial Earth surfaces. These surfaces should be spec-

trally and spatially homogeneous (Anderson, 2005) and spectra acquired of them

averaged to provide a representative spectrum for comparison with the spectrum

measured by the airborne or satellite sensor of the same surface. If the surfaces
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used are spectrally and spatially homogeneous and Lambertian then multiple field

measurements may only be necessary to account for changes in atmospheric com-

position and solar position. However, if the surfaces are not homogeneous and/or

are anisotropic, and most Earth surfaces used for vicarious calibration probably

are to a greater of lesser extent at some scale, then consideration will need to

be given to the DRF characteristics of the spectrometer/fore optic system being

used. To make some account for these biases the spectrometer should be rotated

around its optical axis between measurements and multiple measurements made,

hence, averaging any systematic wavelength dependent spatial bias introduced by

the DRF of the system being used.

General recommendation Finally, the recommendation made by Schaepman-

Strub et al. (2006) to standardise reflectance terminology should be followed

and, as this work has shown, international standards developed by other agencies

such as Commission Internationale de L’Eclairage be used to develop a common

vocabulary and robust standards for field spectroscopy and optical remote sensing.

To further investigate the issues raise in this section a number of areas where

future research could usefully be pursued to improve field spectroscopy have

been identified. Research should be conducted to develop radiative transfer

reflectance models more representative of the surfaces they are being used to

model; to advance knowledge of the interaction of light with the biochemical

and biophysical processes and dynamics of photosynthesising Earth surfaces; and

develop statistical robust field spectroscopy sampling strategies for heterogeneous

Earth surfaces.
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7.2 Further work

Calluna photo active pigments and leaf structural parameters

The absorption spectrum of Chlorophyll(a+b) is composed of the individual

Chlorophyll(a) and Chlorophyll(b) absorption spectra. These individual in vivo

spectra could possibly be determined through further time series laboratory de-

structive sampling, spectrophotometry, high performance liquid chromatography,

and spectroradiometric and modelling studies, although an automated numer-

ical optimisation method would also require to be developed to enable this to

be completed within a reasonable time due to the additional complexity. The

relative proportions of each of these pigments and their change over time could

then be quantified in Calluna leaves. Determining the time lag between stress

inducing events, such as unseasonal extreme cold, and Anthocyanins production

in Calluna shoots and leaves would also be of benefit to future remote sensing

and reflectance modelling of Calluna. Remote sensing and reflectance modelling

of Calluna would also benefit from investigations into the effect that different

proportions of the three primary pigments quantified in this work have on their

in-complex absorption spectra. The results of research into these three topics

would enable Calluna reflectance to be more accurately modelled through growth

and senescent cycles and enable photosynthetic processes to be more accurately

quantified from remote sensing studies.

Calluna canopy and stand reflectance modelling

Additional research could usefully be carried out to quantify the distribution

of photosynthetically active biomass through the vertical structure of Calluna

canopies, as this affects scattering in the near infra-red region of the spectrum and

hence the slope of the near infra-red plateau. This could possibly be done in situ

using optical methods, for example by inserting a PAR sensor into the Calluna

canopy to make measurements and create a vertical light profile. In addition,
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with the deployment of full waveform Light Detection And Ranging (LIDAR)

systems on airborne platforms achieving vertical resolutions of approximately 10

cm, it maybe possible to infer the vertical structure of some Calluna canopies

using airborne remote sensing. As it appears from this work that the flowering

phase of Calluna is spectrally most distinct, further work could usefully be done to

quantify, both physically and by using hyperspectral remote sensing, the profusion

of flowers on different canopies and stands to determine if these quantities are

correlated with the stand structure and ecological community in which each stand

was growing.

The reflectance of the graminoids understorey layer could also be modelled using

the canopy and leaf radiative transfer models used in this work if the parameters

required for model input were quantified. A radiative transfer model of Bryophyte

reflectance could also usefully be developed to assist remote sensing of peatland

environments. Further work is also needed to understand why there was a

wavelength shift in the Chlorophyll(a+b) absorption maximum between the 2007

and the 2009 sampling periods and whether this was caused by a natural or

anthropogenic event or by an instrument bias.

Spectroradiometer directional response functions

The DRFs of other ASD and SVC full wavelength spectroradiometers could

be measured and studies undertaken to investigate the differences between the

spectra that could be modelled by these instruments and those that were modelled

in this research. The single spectrograph spectrometers provided by these and

by other manufacturers should have their DRFs measured to more fully complete

the information available to enable field spectroscopists to select the instruments

most appropriate for their work and to develop more statistically robust field

sampling strategies.

Spectroradiometric measurement of heterogeneous and anisotropic
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Earth surfaces

The influence that the DRF of field spectroradiometers has on the reflectances

recorded from heterogeneous surfaces could be more fully investigated by mod-

elling the reflectances of real Earth surfaces, rather than the stylised surfaces

modelled in this work, and this could be verified by laboratory and field spectro-

radiometric measurements of the same Earth surface target area with different

spectroradiometers. Further work could also be carried out to investigate the ef-

fect that the areal extent of different reflecting classes within the area of measure-

ment support has on modelled reflectances. The effect that the DRF of spectrora-

diometers has on measuring reflectances of anisotropic surfaces when measuring

their hemispherical conical (or directional) reflectance distribution function would

be another area of research that could usefully be pursued.

7.3 Concluding statement

This work has demonstrated how radiative transfer modelling and field spec-

troscopy can be used to gain an understanding of the complex interactions be-

tween light and Calluna vulgaris. That pigment absorption spectra are not a

constant but are dynamic and change through annual growth and senescence cy-

cles has been emphasised by this work. It has also highlighted the importance of

more fully characterising field spectroradiometers than is normal practice when

heterogeneous and anisotropic Earth surfaces are to be measured. Nevertheless, a

method has been developed which may allow the rich content of spectra acquired

by field spectroscopy or hyperspectral images of Calluna dominated peatlands to

be more fully utilised through the inversion of the canopy growth and reflectance

model developed in this thesis. Work will now commence to determine if hyper-

spectral images acquired during the course of this research by airborne sensors

on the Natural Environment Research Council Airborne Research and Survey
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Facility aircraft can be inverted, using the growth and reflectance model devel-

oped in this thesis, and the properties and processes of Calluna vulgaris canopies

inferred. If this can be done it will enable hyperspectral remote sensing to be

used to monitor ecological change across extensive areas of Calluna dominated

boreal peatlands and to provide data for climate research, and may assist in these

peatlands being included in climate models.
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Appendix A

Verification of instrument

calibration records

During the course of the work presented in Chapter 2 of this thesis a Perkin

Elmer UV/Vis 40 scanning spectrophotometer was used to measure the in vitro

absorption spectra of Calluna ‘shoots and leaves’ pigments assays extracted

in acetone and methanol. The wavelength accuracy and absorption linearity

were verified by measuring laboratory calibration standards purchased from

Hellma Analytics. The results for both absorption linearity (Figure D) and

(Figure A.1(b)) were within the tolerances specified by Hellma for these standards.

A GER 3700 (#1008) full wavelength (400 nm to 2,500 nm) spectroradiometer

was used during 2005 and 2006 to measure the relative reflectance spectra

of stacked Calluna ‘shoots and leaves’, which were subsequently converted to

absolute reflectance. This instrument was also used during field work in 2007.

The GER 3700 is owned by NERC FSF and routine quality assurance (QA)

tests are carried out prior to and following each loan. The QA test results
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for the 25th October 2007, shown in Figure A.2(a), are typical for of the QA

results at each test period during this research. A ASD FieldSpec Pro full

spectroradiometer wavelength was used during 2006 for some field measurements

and a Spectra Vista Corporation HR-1024 full spectroradiometer wavelength was

used for all field work during 2009: the QA records for these instruments are

in Figures A.2(b) and A.2(c), respectively. Note the term ”Fail” in the records

is to bring the value to the attention of QA assessor; it does not necessarily

constitute rejection of the instrument and is to be used for critical assessment. A

judgement is required to be made by comparing the values stated, their wavelength

location, the standards against which they are measured and the instruments’

characteristics over successive QA assessments before deciding if the instrument

calibration status is currently fit for purpose.

The Spectralon reference panel calibration coefficients for the panel used to

convert relative to absolute reflectance during this research. Panel SRT #007

was used during 2006 and 2007 and SRT #019 during 2009 and the cali-

bration files are available from the calibration archive on the FSF web site

<http://fsf.nerc.ac.uk/resources/post-processing/calfile archive/calfile archive.shtml>.

A Tanita Model 1210 digital balance with an accuracy specified by the manu-

facturer of ±0.002 g was used to measure the weights of Calluna ‘shoots and

leaves’ samples. The accuracy of this balance was verified by comparison with

the School of Geosciences Sartorios MC 2105 calibrated balance and all samples

measured with the Tanita balance were within ±.001 g of the measurement made

with the Sartorios balance. In addition, a Salter Brecknell Electrosamson digital

field balance was used to measure biomass samples in the field. The accuracy and

precision of this instrument was verified by making repeated measurement of the

same sample in a stable environment and comparing values attained from it with

those obtained using a new School of Geosciences Sentiment Laboratory balance.
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(a) GER 3700 #1008
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(b) SVC HR-1024 #1011

Figure A.2: Field spectroradiometer quality assurance records
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The results from the field balance were within ±0.5% of each other and the mean

of these within 2% of those measured by the laboratory balance.
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Laboratory spectroradiometric

measurements sample light

environment

The Calluna shoots and leaves were stacked in a 100 mm diameter blacked

petri dish, the dish placed at the centre of a Portable Soft Lighting Stu-

dio (http : //www.maplin.co.uk/portable− soft− lighting − studio) box and all

measurements were made from nadir. The Lighting box, had an optical cloth base

(spectrally flat from 400 nm to 2,500 nm and with reflectance less than 5%), three

white translucent sides, one side open and an open top. This measurement set

up provided direct illumination and a proportion of diffuse illumination, to more

closely represent stable natural illumination conditions. The Lighting box was

illuminated using a 500 watt double ended tungsten halogen lamp angled towards

the sample at 55o and positioned 60 cm from the centre line and 100 cm above the

base of the box. See Figure B.1 for the laboratory reflectance measurement con-

figuration. The light environment across the base of the box was measured with a

photographic Lux meter at 4 cm intervals in a grid. The normalised distribution
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of the light across the base is shown in Figure B.2. All points within the area

where the petri dish was positioned had a level of illumination greater than 96%

of the maximum measured illumination level measured. To measure the ratio of

total to diffuse illumination and verify that there were no wavelength dependent

influences in the diffuse light environment being caused by the translucent sides

an integrating sphere designed to measure irradiance was attached to the SVC

HR-1024 spectroradiometer and 10 measurements made at the centre point on

the base of the box. A 2 cm diameter shading disc on the end of a 20 cm long 1.5

mm diameter arm was then used to shade the input port of the sphere and further

10 measurements made. As can be seen from Figure B.3, the direct:diffuse ratio

was approximately 9.3:0.7 from 400 nm to 1,000 nm although there was a linear

1% wavelength dependent increase across this spectral range. It was considered

that for practical purposes this 1% variation was within the spectral reflectance

measurement error and could be discounted.
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Figure B.1: Laboratory spectral reflectance measurement configuration



244 Appendix

Figure B.2: Laboratory spectral reflectance measurement light environment
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Figure B.3: Wavelength dependent proportions of total and diffuse illumination
at central area of Light box where the spectral reflectance measurements of Calluna
shoots and leaves were measured
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Selected meteorological records

Bishopton Met Office 2005 to

2009

No continuous meteorological data was acquired at the Smeath Hill research site

during the course of this research. Data was therefore acquired from the Met

Office MIDAS Land Surface Station at Bishopton (Latitude: 55.9o; Longitude:

-4.533o; Altitude: 59 m), approximately 12 km North West of Smeath Hill. The

temperature (Figure C.1) data were adjusted for lapse rate using 0.63o/100 m,

as the research site was at an altitude of 270 m. The annual daily hours of

sunshine are calculated by the Met Office using the Campbell-Stokes method.

The rainfall data from the Bishopton station has not been included here as rainfall

was considered to be the most unreliable of the meteorological data analysed since

rain events may be more site specific than temperature and sunshine, particularly

when an elevated site is being considered.
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Figure C.1: Estimated mean daily temperature for Smeath Hill research site
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Figure C.2: Daily hours sunshine recorded at Met Office station, Bishopton
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Appendix D

SunScan transect PAR spatial

distribution data

The data included in the analysis in Chapter 5 is shown in Figures C.1,2 and 3.

The growth and development of the Calluna canopy and stand structures can be

seen. It can be inferred from the increasing number of data points with a low

value that the canopy density is increasing and inferred from the reduction in the

number of points with very high values that the canopies are closing. In addition,

the differences between each plot at of the three sampling intervals May, June

and July 2009 can be seen from this data. However, although it was possible to

infer canopy structure and stand ground cover it was not possible to determine

LAI from these data.
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Figure D.1: SunScan PAR data May 2009
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Positional accuracy and precision

of research plot transect field

spectroscopy measurements

The intention was to measure the same area of measurement support for each

spectral measurement at each transect measurement point at each temporal

sampling interval. This required that the spectroradiometer, mounted on its

support frame, be repeatedly located at the same transect measurement point,

using the slots cut in the transect for this purpose. To assess the positional

accuracy and precision of making these repeat measurements with the SVC HR-

1024 spectroradiometer, a white board was placed on top of a Calluna canopy

and obscured from the instrument user’s view. The mounting frame with HR-

1024 attached was mounted in a transact slot 30 times, each time being levelled

only using the x and y direction spirit level attached to the frame. Each time

the frame was mounted in the transect the sighting laser on the HR-1024 was

activated, a field assistant marked the centre point of the laser spot on the board

and the location of each of these points was subsequently measured. From Figure
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Figure E.1: Positional accuracy and precision of repeated field spectroscopy
measurements of the same area

E.1(a) it can be seen that the mean of 30 measurement was offset to the left of

the intended measurement central point by 13 mm and 95% of the measurements

were within ±26 mm of that point in the East/West direction (x-axis). In the

North/South direction (y-axis) (Figure E.1(b)) the mean of 30 measurements was

offset to the North but within 1 mm of the intended measurement point and 95%

of the measurements were within ±10 mm of that point.
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