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Abstract

Land vegetation is a critical component of several biogeochemical cycles that have become 
the focus of concerted international research effort. Most ecosystem productivity models, 
carbon budget models, and global models of climate, hydrology and biogeochemistry 
require vegetation parameters to calculate land surface photosynthesis, evapotranspiration 
and net primary production. Therefore, accurate estimates of vegetation parameters are 
increasingly important in the carbon cycle, the energy balance and in environmental impact 
assessment studies. The possibility of quantitatively estimating vegetation parameters 
of importance in this context using satellite data has been explored by numerous papers 
dealing with the subject. This report gives a summary of the present status and applicability 
of satellite remote sensing for estimating vegetation productivity by using vegetation index 
for calculating leaf area index (LAI) and fraction of absorbed photosynthetically active 
radiation (FPAR). Some possible approaches for use of satellite data for estimating LAI, 
FPAR and net primary production (NPP) on a local scale are suggested. Recommendations 
for continued work in the Forsmark and Oskarshamn investigation areas, where vegetation 
data and NDVI-images based on satellite data have been produced, are also given. 
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Sammanfattning

Den terrestra vegetationen är en kritisk komponent i många biogeokemiska kretslopp, 
vilka har kommit att stå i fokus för samlade internationella forskningsinsatser de senaste 
åren /IGBP, 1990; Sellers och Schimel, 1993/. De flesta ekosystemproduktionsmodeller, 
kolbudgetmodeller och globalmodeller för klimat, hydrologi och biokemi behöver vege-
tationsdata för att fotosyntes, evapotranspiration och nettoprimärproduktion skall kunna 
beräknas /Running och Coughlan, 1988; Prince, 1991a;  Running och Gower, 1991; Potter 
et al, 1993; Sellers et al, 1997/. Tillförlitliga vegetationsdata är därför mycket viktiga för 
beräkning av kolflöden, energibalans och miljöpåverkan /Tian et al, 2000/. 

Möjligheterna att kvantitativt beräkna vegetationens produktivitet med hjälp av satellitdata 
har undersökts teoretiskt av /Sellers, 1985, 1987; Tucker och Sellers, 1986; Choudhury, 
1987/, och har följts av många andra artiklar inom ämnesområdet. Intressanta parametrar i 
sammanhanget är ”leaf area index” (LAI), vilket är ett mått på mängden grön biomassa per 
ytenhet, och andelen absorberat fotosyntetiskt aktivt ljus (FPAR), vilket relaterar tillgängligt 
ljus för fotosyntes till mängd ljus som absorberats av växterna för fotosyntes. Ett flertal 
vegetationsindex som utnyttjar spektral information från radiometrar eller satelliter har före-
slagits för att relatera uppmätt reflekterat ljus till LAI och FPAR. Avsikten med föreliggande 
rapport är att sammanfatta det aktuella forskningsläget och möjligheterna att med hjälp av 
fjärranalys beräkna LAI, FPAR och primärproduktion, samt att ge rekommendationer för 
fortsatt arbete inom SKBs undersökningsområden i Forsmark och Oskarshamn.

Föreliggande litteraturstudie är en fortsättning på den satellitbildsbaserade vegetations-
kartering som utförts för SKB över Forsmarks och Oskarshamns undersökningsområden 
/Boresjö Bronge och Wester, 2003/. NDVI-bilder har också producerats över dessa 
områden, vilket beskrivs i kapitel 6.

Ett stort antal samband har upprättats mellan vegetationsindex och LAI. Man kan urskilja 
två huvudangreppssätt för att uppskatta LAI med hjälp av fjärranalys: användande av 
avancerade modeller baserade på ljusspridningsteori samt användande av empiriskt upprät-
tade samband. Beräkning av LAI för en vegetationsyta på basis av optisk fjärranalys är inte 
enkel, även om den utgör enda möjligheten till att erhålla den rumsliga fördelningen av LAI. 
Eftersom flera faktorer påverkar den spektrala reflektionen från en vegetationsyta/krontak 
kan inte ett unikt samband mellan LAI och vegetationsindex förväntas gälla överallt och 
vid alla tidpunkter ens för samma sensor. En av de mest allvarliga begränsningarna är att 
indexen snabbt mättas och blir okänsliga för variationer i LAI vid höga LAI-värden.

Beräkning av LAI med satellitdata fordrar fältdata för kalibrering, validering och för test av 
systematiska fel. Det är också uppenbart att vegetationsegenskaper och bakgrund signifikant 
påverkar sambandet mellan vegetationsindex och LAI /Turner et al, 1999/. Detta antyder att 
det för att erhålla lokal tillförlitlighet i härledningen av LAI är önskvärt att stratifiera med 
avseende på vegetationstyp (t ex struktur och successionsstadium) samt att välja optimalt 
vegetationsindex för varje stratum.

Sambandet mellan FPAR och vegetationsindex beräknat för krontaket har visats empiriskt 
och teoretiskt i flera undersökningar. Sambandet NDVI-FPAR är linjärt i de flesta fall, med 
undantag för krontak med ”ljus” NDVI-bakgrund (kraftigt reflekterande fältskikt). Vidare 
är sambandet oberoende av typ av marktäcke, bladyta och variationer i bladorientering och 
optiska egenskaper. Å andra sidan är sambandet känsligt för bakgrund, atmosfärsförhål-
landen och effekter som härrör från att vegetationen kan ha olika reflektionsegenskaper 
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beroende på ljusets infallsvinkel i förhållande till sensorn. Ett enkelt linjärt samband för att 
relatera FPAR till NDVI uppmätt vid krontaket har föreslagits av /Myneni och Williams, 
1994/. Sambandet är giltigt för solhöjder över 30°, bakgrund och jordarter som inte reflek-
terar allt för mycket (NDVI ca 0,12) och för atmosfärsförhållanden med ”optical depth” 
mindre än 0,65 vid 0,55 µm.

Nettoprimärproduktion (NPP) för terrestra biom kan beräknas med stöd av fjärranalys och 
”light use efficiency”-modeller /se t ex Field et al, 1995/ eller med hjälp av mer komplexa 
processmodeller /Running och Coughlan, 1988; Liu et al, 1997/.

Grunden för ”light use efficiency”-modellerna är antagandet att växternas fotosyntetiska 
bindning av kol är proportionell mot absorberad mängd fotosyntetiskt aktivt ljus, och att 
andelen fotosyntetiskt aktivt ljus som absorberas av växterna (FPAR) kan mätas med fjärr-
analys. Flera parametrar påverkar dock hur effektivt växterna kan tillgodogöra sig ljuset, 
bl a vatten- och näringstillgång. Vanliga angreppssätt är därför att använda medelvärden 
för kolallokering eller ljusanvändningseffektivitet för de stora vegetationsregionerna som 
korrigerats för vatten och näringstillgång.

Processmodeller simulerar de biologiska processer som påverkar nettoprimärproduktionen 
som fotosyntes, respiration och transpiration. Dessa modeller är dock ofta sofistikerade och 
kräver stora mängder ingångsdata.

I rapporten presenteras några tänkbara tillvägagångssätt för att använda satellitdata för att 
beräkna LAI, FPAR och NPP på lokal skala.
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1 Introduction

1.1 Background
Land vegetation is a critical component of several biogeochemical cycles that have become 
the focus of concerted international research effort /IGBP, 1990; Sellers and Schimel, 1993/. 
Most ecosystem productivity models, carbon budget models, and global models of climate, 
hydrology and biogeochemistry require vegetation parameters to calculate land surface pho-
tosynthesis, evapotranspiration and net primary production /Running and Coughlan, 1988; 
Prince, 1991a; Running and Gower, 1991; Potter et al, 1993; Sellers et al, 1997/. Therefore, 
accurate estimate of vegetation parameters are increasingly important in the carbon cycle, 
the energy balance and environmental impact assessment studies /Tian et al, 2000/. 

Of the various techniques that might be considered for the studies of vegetation processes, 
only satellite remote sensing offers a realistic possibility to obtain the requisite data 
globally because of the large extent, strong spatial and temporal dynamics, and logistical 
inaccessibility of the vegetation /Cihlar et al, 1991/. Much attention has therefore been 
given to vegetation studies in satellite data since the launch of the first Earth resource 
satellite, Landsat 1, in 1972. Especially the 1 km data provided by the Advanced Very High 
Resolution Radiometer (AVHRR) have been of interest in a global perspective, since daily 
images of entire landmasses can be obtained to acceptable data rates. 

The possibility of quantitatively estimating vegetation productivity using satellite data has 
been explored theoretically by /Sellers, 1985, 1987; Tucker and Sellers, 1986; Choudhury, 
1987/, and others, and has been followed by numerous other papers dealing with the subject. 
Parameters of interest in this context are leaf area index (LAI), which is a quantitative 
measure of the amount of live green biomass, and the fraction of absorbed photosyntheti-
cally active radiation (FPAR), which is an essential parameter relating the available visible 
solar radiation to its absorption by chlorophyll for plant photosynthesis. Several vegetation 
indices, using spectral information from radiometers or satellites, have been proposed for 
relating measured reflected radiation to LAI and FPAR. The aim of this review is to give 
a summary of present status and applicability of satellite remote sensing for estimating 
vegetation productivity, and to give recommendations for continued work in the two SKB 
study areas Forsmark and Oskarshamn, where satellite-data based methods previously have 
been used for production of a vegetation database /Boresjö Bronge and Wester, 2003/. 

Two NDVI-images have also been produced for Forsmark and Oskarshamn. A description 
of how the images are generated is given in Chapter 6. 

1.2 Some definitions
Below is given some definitions of important parameters relating to the subject dealt with in 
the review.

Leaf area index (LAI): LAI is a quantitative measure of the amount of live green leaf 
material present in the canopy per unit ground surface. It is defined as half the total green 
leaf area (one-sided area for broad leaves) per unit ground surface /Chen and Black, 1992/. 
LAI describes a fundamental property of the plant canopy in its interaction with the atmos-
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phere, especially concerning radiation, energy, momentum and gas exchange /Monteith and 
Unsworth, 1990/. Leaf area plays a key role in the absorption of radiation, in the deposition 
of photosynthates during the diurnal and seasonal cycles, and in the pathways of rates of 
biogeochemical cycling within the canopy-soil system /Van Cleve et al, 1983; Bonan, 1995/.

Net primary production (NPP): NPP refers to the net carbon uptake by the ecosystem 
in one year, and is a fundamental property describing ecosystem performance (http:
//www.wmo.ch/web/gcos/terre/variable/npprod.html). It is defined as the difference between 
total carbon uptake through photosynthesis and losses (through maintenance or growth 
respiration). NPP is a sum of two components, above (ANPP) and below (BNPP) ground 
net primary production. Because of its direct relationship to atmospheric CO2 it plays a 
strong role in the global climate system. Seasonally it accounts for the latitudinal depend-
ence of the CO2. On the annual basis, it accounts for the land proportion of the carbon sink 
/Tans et al, 1990/.

Net ecosystem productivity (NEP): Like NPP, NEP includes the annual sum of carbon 
fixed by daytime photosynthesis and of carbon released by night time respiration of fixed 
carbon. Unlike NPP, NEP also includes carbon released by maintenance respiration inside 
plants, by microbial respiration of organic compounds in dead plants and branches, in sur-
face litter, and in soils, and respiration/loss of grazed living plant material by other respiring 
animals (http://www.wmo.ch/web/gcos/terre/variable/npprod.html). Thus, NEP is a measure 
of the residual annual carbon incremented to the long-term carbon stocks, and as such, a 
critical variable to determining long-term behavior of the terrestrial carbon cycle.

PAR: Photosynthetically active radiation (0.4–0.7 µm, visible wavelengths). PAR is the part 
of the radiation that is able to penetrate the upper epidermal surface of leaves /Tucker and 
Sellers, 1986/.

FPAR (or FAPAR, ƒAPAR): Fraction of PAR absorbed by vegetation /Chen, 1996; 
Knyazikhin et al, 1998; Gower et al, 1999; Tian et al, 2000, among others/. /Myneni and 
Williams, 1994/ define FAPAR as fraction of incident PAR absorbed by the photosynthesis-
ing tissue in a canopy.

APAR: The amount of absorbed photosyntethically active radiation /Prince, 1991a/. APAR 
is calculated as the product of PAR surface irradiance and FPAR (APAR = PARsi·FPAR) 
/Field et al, 1995/.

FIPAR/ƒIPAR: Fraction intercepted photosyntethically active radiation /Gower et al, 1999/.

LUE: Light use efficiency /Gower et al, 1999/. The efficiency by which APAR is converted 
to plant biomass increments.

1.3 Satellites 
A selection of satellites and data set available for Earth observation is given in Table 1-1. 
The information is compiled from information of current and future sensor systems given by 
the Center for Health Applications of Aerospace Related Technologies (CHAART) which 
is part of the Ecosystem Science and Technology (ECOSAT) Branch of the Earth Science 
Division at the NASA Ames Research Center. 
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Table 1-1. Selection of satellites and data set available for Earth observation 
(http://geo.arc.nasa.gov/sge/health/sensor/cfsensor.html).

Mission  Country  Launch  Instrument  Spatial Resolution •    Swath •  Repeat 
  Year   (meters, at nadir)      (km) Cycle 
    PAN  VNIR  SWIR  TIR  SAR/  (day)
        band 

Ikonos USA: Space  1999  Ikonos  1  4     300  11 
 Imaging 

Quickbird 2 USA:  2001  Quickbird  1 4    22 1–5
 DigitalEarth

Orbview-3 USA:  (TBD)  Orbview-3  1 4    8  3
 Orbimage 

SPOT-2 France  1990  HRV  10  20     60  1–26 

SPOT-4 France 1998 2xHRV-IR 10 10, 20 10, 20   60  3
   Vegetation  1000 1000   2200  1 

SPOT-5a / France 2002/ HRG 5 10 20   60 3
SPOT-5b  (2004) Vegetation  1000 1000   2200 1

Landsat 5 USA  1984  TM   30  30  120   185  16 

Landsat 7 USA  1999  ETM+  15 30 30 30  185  16 

Resource21 USA (2005) Resource21  10 20 100  ? 7

CBERS China/ 1999 CCD 20 20 20   120 3–26
 Brazil   IR-MSS  80  80 80  120 26 
   WFI   260 260   900 3–5

ARIES-1 Australia  (TBD)  ARIES  10 30 30   15 7

IRS-1A / India  1988/ LISS I   72     148  22
IRS-1B  1991 LISS 2   36     74/
         74x2 22

IRS-1C / India 1995/ PAN 6     70  5–24 
IRS-1D  1997 LISS 3  23 70   142–148  24
   WiFS  188 188   774  5–24

Terra  USA/ 1999  ASTER  15 20 90  60 16
(EOS AM-1) Japan   MISR  240,     370–408 2–9
     480, 
     960, 
     1900 
   MODIS   250,  500,  1000  2300 2
     500,  1000
     1000         

Aqua  USA 2002 MODIS  250,  500,  1000  2300 2
(EOS PM-1)     500,  1000
     1000     

EOS AM-2 USA  (2004)  MISR  240,     370–408 9
     480, 
     960, 
     1900
   MODIS  250,  500,  1000  2300 2
     500,  1000
     1000
   SAR-70      30/L  120–170  3 
   SLR-3      5–
        700/X  450  3 

NOAA-10 USA  1985  AVHRR   1000  1000  1000   3000  0.5 

NOAA-12 USA  1991  AVHRR/2   1100  1100  1100   3000  0.5 

NOAA-14 USA  1994  AVHRR/2   1000  1000  1000   3000  0.5 

NOAA-L / USA 2000/ AVHRR   1100 1100 1100  3000 0.5 
NOAA-M /  2002/
NOAA-N   (2003)
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2 Spectral properties of vegetation

The spectral radiance from plant canopies in the 0.4–2.5 µm region provides the basis for 
passive remote sensing of vegetated areas and can be measured from ground, with airborne 
or spaceborne sensors /Tucker and Sellers, 1986/. 

In the photosynthesis process green vegetation uses light energy to produce carbohydrates 
from CO2 and water and release O2. Photosynthetically active radiation (PAR) (0.4–0.7 µm) 
is able to penetrate the upper epidermal surface of leaves /Gates et al, 1965; Knipling, 1970; 
Woolley, 1971; Gausman, 1974/, and is absorbed strongly by the plant pigments present 
(chlorophyll a, chlorophyll b, carotenoids). Thus, absorption is high in the 0.4–0.7 µm 
region and reflectance and transmittance low. In the near-infrared part of the spectrum 
(0.7–1.3 µm), scattering by the structures within the leaves causes a high reflectance and 
transmittance since little absorption occurs /Tucker and Sellers, 1986/. While liquid water 
is transparent to the PAR wavelengths, it is a strong absorber in the 1.3–2.5 µm region 
/Curcio and Petty, 1951/. The water present in leaf tissues therefore causes absorption in this 
region. Figure 2-1 shows the coefficients of absorptance for chlorophyll a, chlorophyll b, the 
carotenoid lutein, and liquid water.

The in situ plant-canopy reflectance is influenced by the soil background, especially for 
sparse canopies /Colwell, 1974; Ezra et al, 1984; Huete et al, 1984, 1985; Elvidge and 
Lyon, 1985/. Therefore, remote-sensing studies of vegetation normally use specific wave-
lengths selected to provide a strong signal from the vegetation and also have a large spectral 
contrast from most background materials.

Figure 2-1. Coefficients of absorptance for chlorophyll a, chlorophyll b, and lutein (a) and pure 
liquid water (b). From /Tucker and Sellers, 1986/.
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/Tucker, 1978/ has proposed five primary and two transition regions between 0.4–2.5 µm 
where differences in leaf optical properties (scattering and absorption) and the background 
optical properties control plant-canopy spectral reflectance (Figure 2-2). The regions are: 
(1) 0.4–0.5 µm, where strong spectral absorption by the chlorophylls and the carotenoids 
occurs; (2) 0.5–0.62 µm, where reduced levels of chlorophyll absorption occur (i.e. why 
green vegetation to our eyes appears “green”); (3) 0.62–0.7 µm, where strong chlorophyll 
absorption occurs; (4) 0.70–0.74 µm, where strong absorption ceases; (5) 0.74–1.1 µm, 
where minimal absorption occurs and the leaf scattering mechanisms result in high levels 
of spectral reflectance; (6) 1.1–1.3 µm, where the liquid-water coefficients of absorption 
increase from close to 0 at 1.1 µm to values of 4 at 1.3 µm; and (7) 1.3–2.5 µm, where 
absorption by liquid water occurs.

Thus, it can be concluded that information about vegetation canopies, potentially available 
from 0.4–0.7, 0.74–1.1 and 1.3–2.5 µm, is related respectively to the plant pigments present, 
the projected green-leaf density and the liquid water present /Tucker and Sellers, 1986/.

Figure 2-2. Delineation of the 0.4–2.5 µm region into spectral intervals where different 
biophysical properties of green vegetation control the reflectance of incident solar irradiance 
from the vegetation in question. Sample spectral reflectance curves for green vegetation and soil 
are also included to illustrate why some wavelengths have greater spectral contrast than others. 
From /Tucker and Sellers, 1986/.
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3 Vegetation indices

Most vegetation indices combine information contained in two spectral bands: red and near-
infrared. These indices are established in order to minimise the effect of external factors on 
spectral data and to derive canopy characteristics such as leaf area index (LAI) and fraction 
of absorbed photosynthetic active radiation (FPAR) /Baret and Guyot, 1991/.

The most commonly used indices to derive LAI and other surface parameters from space-
borne and airborne remote sensing data are the simple ratio (SR) /Jordan, 1969/ and the 
normalised difference vegetation index (NDVI) /Rouse et al, 1974/. These indices have 
been found to be well correlated with various vegetation variables including green leaf area 
/Holben et al, 1980; Asrar et al, 1984, 1985b; Hatfield et al, 1985; Clevers, 1989/, standing 
biomass /Tucker, 1979; Elvidge and Lyon, 1985/, photosynthetic activity /Hatfield et al, 
1984; Sellers, 1985, 1987; Choudhury, 1987/ and productivity /Asrar et al, 1985a/.

SR and NDVI combine red (r) and near-infrared (nir) reflectances or radiances in the form 
of ratios:

SR = nir/r 

NDVI = (nir–r)/(nir+r)

SR and NDVI enhance the contrast between soil and vegetation and minimise the effects 
of illumination conditions. But, they are sensitive to optical properties of soil background 
/Elvidge and Lyon, 1985; Huete et al, 1985/. Several indices therefore have been proposed 
to minimise the effects of soil background, e.g. the perpendicular vegetation index (PVI) 
/Richardson and Wiegand, 1977/, the weighted difference vegetation index (WDVI) 
/Clevers, 1986, 1989/, the soil adjusted vegetation index (SAVI) /Huete, 1988/, and the 
transformed soil adjusted vegetation index (TSAVI) /Baret et al, 1989/.

The PVI index represents the orthogonal distance from a point corresponding to canopy 
reflectance to the soil line in the red-near-infrared space. The soil line is the relation 
between red and near-infrared for different soils when LAI = 0. For a given soil, the red 
(rg ) and near-infrared (nirg) reflectances are related by the equation of the soil line:

nirg = a·rg + b

The parameters a and b vary slightly among soils /Huete et al, 1984/. PVI can be expressed 
as a linear combination of the nir and r reflectances for the canopy:

PVI = 1 /√(a2 + 1) (nir – a· r – b)

However, it was shown that also the PVI was affected by the optical properties of the soil 
background /Huete et al, 1985; Huete, 1988; Major et al, 1990/. For a given quantity of 
incomplete vegetation cover brighter soils result in higher index values. For this reason 
some new indices, which are less influenced by the soil brightness, have been proposed 
/Clevers 1986, 1988, 1989; Huete, 1988, 1989; Baret et al, 1989; Major et al, 1990/. The 
simplest is proposed by /Clevers, 1986, 1989/, who introduced the weighted difference 
vegetation index (WDVI).

WDVI = nir – a·r 
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The index is related to the PVI according to the following:

PVI = 1 /√(a2 + 1) (WDVI– b)

The soil adjusted vegetation index (SAVI) proposed by /Huete, 1988/ is derived from the 
NDVI:

SAVI = (nir–r)/(nir+r+L)(1+L)

The constant L is introduced in order to minimise soil-brightness influences. It can vary 
from zero to infinity as a function of the canopy density. If L = 0 (dense vegetation), SAVI 
is equivalent to NDVI and if L tends towards infinity (bare soil), it is equivalent to PVI 
/Baret and Guyot, 1991/. SAVI is an exact solution for bare soil only when the soil line 
parameters are a = 1 and b = 0. Since this is not generally the case, /Baret et al, 1989/ 
proposed the transformed soil adjusted vegetation index (TSAVI). TSAVI measures the 
angle between the soil line and the line which joins the vegetation point and a point 
(S) belonging to the soil line, the abscissa of which is –X. The following equation is an 
improved version of the initial definition given by /Baret et al, 1989/:

TSAVI = a·(nir – a·r – b) / [a·nir + r – ab + X·(1 + a2)]
/Baret and Guyot, 1991/

where a and b are the parameters of the soil line and X corresponds to the negative abscissa 
of the point S. The value of X has been adjusted to minimise soil effects (X = 0.08). TSAVI 
is multiplied by the parameter a to give a vegetation index less dependent on soil parameters 
(a,b) for high canopy densities (nir >> r). TSAVI equals 0 for bare soil and is close to 0.70 
for very dense canopies. For a = 1 and b = 0, TSAVI is equivalent to NDVI /Baret and 
Guyot, 1991/.

Indices have also been proposed that correct for the atmospheric effects on data when 
measuring from the top of the atmosphere. One such index is the Atmospherically Resistant 
Vegetation Index (ARVI), proposed by /Kaufman and Tanré, 1992/ which incorporates a 
self-correction process for the atmospheric effect at red wavelength by utilising the radiance 
difference between blue and red wavelengths. To specifically correct for atmospheric effects 
in AVHRR data, the Global Environment Monitoring Index (GEMI) was developed /Pinty 
and Verstraete, 1992/. GEMI exhibits a high atmospheric transmissivity, insensitivity to 
soil reflectance, with the exception of very bright soils, and is empirically representative of 
vegetation properties in a manner similar to the other indices.
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4 Vegetation indices for estimation of LAI, FPAR 
and primary production

4.1 Leaf area index (LAI)
Leaf area index (LAI), or half the total green leaf area per unit ground surface, is a key 
biophysical variable influencing land surface photosynthesis, transpiration, and energy 
balance /Bonan, 1995/.

A large number of relationships have been established between vegetation indices and LAI, 
mostly for crops and grasslands /e.g. Asrar et al, 1985b; Best and Harlan, 1985; Curran 
and Williamson, 1987; Wanjura and Hatfield, 1987; Wiegand et al, 1988; Shibayama and 
Akiyama, 1989; Friedl et al, 1994; Goetz, 1997/, but also for other vegetated surfaces such 
as shrublands /Law and Waring, 1994/, broadleaf forest /Badhwar et al, 1986a; Fassnacht 
et al, 1997/, coniferous forest /Badhwar et al, 1986b; Running et al, 1986; Peterson et al, 
1987; Spanner et al, 1990a,b, 1994; Chen and Cihlar, 1996; Turner et al, 1999; Eklundh 
et al, 2001/, and mixture of vegetation types /White et al, 1997/. Investigations on relation-
ships between LAI and satellite data for coniferous forests in Scandinavia include /Gemmel 
and Varjo, 1999; Nilson et al, 1999/ and /Eklundh et al, 2001/.

4.1.1 Parameters influencing the relationships

Most vegetation indices are dependent on internal factors such as canopy geometry (leaf 
angle distribution function, row orientation, and spacing), leaf and soil optical properties, 
or external factors such as sun position and nebulosity to provide good estimates of LAI 
/Baret and Guyot, 1991; Williams, 1991; Yoder and Waring, 1994/. 

The sensitivity of vegetation indices to canopy geometry has been shown by /Jackson et al, 
1979; Chance, 1981; Kollenkark et al, 1982; Aase et al, 1984; Jackson, 1986/ and /Chen, 
1996/, among others. Within tree crowns, variability is introduced by leaf clumping of 
various types which causes shading at a fine spatial scale, and the contribution of woody 
material to total reflectance /Guyot et al, 1989; Williams 1991; Huemmrich and Goward, 
1997/. At the multitree scale, heterogeneity in tree height and the number and size of tree 
gaps influences reflectance /Guyot et al, 1989; Cohen et al, 1990; Cohen and Spies, 1992; 
Leblon et al, 1996/. 

The two most important parameters affecting the radiation regimes in plant canopies are the 
foliage angular distribution and the foliage spatial distribution /Chen, 1996/. The foliage 
angle distribution determines the variation of canopy gap fraction with zenith angle. The 
foliage spatial distribution determines the amount of radiation transmitted through the 
canopy for the same LAI. The clumping of foliage in conifer stands for example does not 
only result in more radiation transmission (larger gap fraction) than the random case, but it 
also alters the gap size distribution. 

The sensitivity of vegetation indices to background reflectance variations (soil and litter) has 
been shown by /Kanemasu, 1974; Vanderbilt et al, 1981; Huete et al, 1985; Huete, 1987a; 
Huete and Jackson, 1987/, and /Baret and Guyot, 1991/, among others. /Baret and Guyot, 
1991/ analysed the relationship with LAI for four indices (NDVI, PVI, SAVI, TSAVI). The 
sensitivity analysis showed that NDVI and, to a lesser degree, PVI, are strongly affected 
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by the variation of soil optical properties, particularly for low vegetation cover, whereas 
SAVI and TSAVI strongly reduced the noise for low leaf area indices (LAI < 2–3). On the 
contrary, TSAVI, which was the best vegetation index for lower LAI, introduced the largest 
noise for large LAI because it reached its saturation level before the others (except NDVI). 

In applications focused on overstory LAI variability in reflectance from understory vegeta-
tion can likewise be problematic /Franklin, 1986; Spanner et al, 1990a; Chen and Cihlar, 
1996; Myneni et al, 1997/. For boreal forests, /Chen and Cihlar, 1996/ conclude that the 
major problem in deriving LAI from NDVI is the contribution from the understory.

Additional factors potentially altering vegetation indices independently of LAI concern 
sun-surface-sensor geometry and atmospheric scattering and absorption of radiation /Brach 
et al, 1981; Jackson et al, 1983; Asrar et al, 1985b; Holben et al, 1986; Shibayama et al, 
1986; Huete, 1987b; Meyer et al, 1993; Myneni and Asrar, 1994; Deering et al, 1994; Chen 
and Cihlar, 1996/. Satellite-data derived indices must therefore be based on data corrected 
for atmospheric and bidirectional effects.

4.1.2 Saturation of the indices

For crops the indices generally approach a saturation level asymptotically for LAI ranging 
from 2 to 6, depending on the type of vegetation index used, the crop studied, and experi-
mental conditions /Daughtry et al, 1980; Chance, 1981; Ahlrichs and Bauer, 1983; Best and 
Harlan, 1985; Wanjura and Hatfield, 1987/. For coniferous forest /Chen and Cihlar, 1996/ 
conclude that compared with similar relationships for cropland or grassland, NDVI derived 
from Landsat TM for boreal forests does not show an obvious saturation point with increas-
ing LAI. Since, conifer canopies are highly clumped, they do not cover as much ground 
surface as agricultural crops and grasses with the same LAI, and therefore in the usual 
range of LAI from 1 to 5, the relationship is essential linear. Similar findings are reported 
by /Peterson et al, 1987/ who studied the relationship between airborne Thematic Mapper 
(ATM) data and LAI for a transect of temperate forest stands in Oregon. They found that 
the LAI to near IR/red relationship slowly become asymptotic, reaching a saturation level 
at a LAI of 10, more than twice as high as values reported for crop and grass communities. 
NDVI of leaf canopies such as grasses and crops always tends to be higher than forest 
canopies with similar LAI, because the trunks and branches in the latter tend to decrease 
near-infrared scattering, and therefore lower NDVI values /Myneni et al, 1997/. /Turner 
et al, 2000/ report similarly increasing SR, NDVI and SAVI-values with increasing LAI at 
low to mid LAIs values (LAI < 5) for studied vegetation types (grassland, shrub, broadleaf 
and conifeous forest). For all but the coniferous forest sites, sensitivity of the vegeta-
tion indices was low at LAI values above 5. In coniferous forests, the vegetation indices 
decreased at the highest LAI values because of decreasing near-infrared reflectance associ-
ated with the complex canopy in these mature to old-growth stands.

Investigations on the relationship between Landsat ETM+ sensor data (Landsat 7) and LAI 
in a boreal coniferous forest in Sweden have been carried out by /Eklundh et al, 2001/. 
Simulation of stand reflectance in the Landsat ETM+ bands, using a canopy reflectance 
model, showed that the response to changes in LAI was strongest in the visible bands, 
particularly channel 3 (red). Only weak response was noted in the near infrared band and 
for some vegetation indices (simple ratio index (SR) and NDVI). The strongest empirical 
relationship was obtained between estimated LAI and ETM+ channel 7 (mid-infrared). 
Modelled change in NDVI and SR with increasing LAI , where both LAI and stand density 
were changed, showed an increase up to 4–5 LAI, thereafter a decrease.
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In a global perspective, /Myneni et al, 1997/ states that the relationship between NDVI and 
LAI is nonlinear and exhibits considerable variation among the cover types. For vertically 
inhomogeneous land covers such as savanna and forests the relationship is strongly depend-
ent on the understory leaf area index. In forest canopies with a dense understory there is 
practically no sensitivity in NDVI to overstory LAI. 

According to /Baret and Guyot, 1991/ the variation of a vegetation index (VI), as a function 
of LAI, can be expressed by a modifed Beer’s law:

VI = VI∞ + (Vig – VI∞) . exp(–KVI .LAI)

where

Vig = vegetation index corresponding to that of the bare soil,
VI∞ = asymptotic value of VI when LAI tends towards infinity (practically this 
  limit is always reached for LAI greater than 8.0),
KVI = coefficient which controls the slope of the relationship (equivalent to an 
  extinction coefficient).

The KVI parameter represents the relative increase in VI due to elementary increase in LAI. 
It is called extinction coefficient by analogy to the classical Beer’s law where the extinction 
(or absorption) coefficient describes the relative variation of a diffuse medium’s transmis-
sion when its thickness is submitted to an elementary increase /Baret and Guoyt, 1991/. In 
the same way the product KVI .LAI is analogue to an optical thickness. The parameters VI∞ 
and KVI depend on irradiance and view geometries and on leaf inclination.

4.1.3 LAI measurements on ground

LAI estimation from satellite data requires ground data for validation and test for bias. 
Direct measurement approaches of LAI include area harvest, application of allometric 
equations to stand diameter data, and leaf litterfall /Gower et al, 1999/. Area harvest 
involves the periodic destructive sampling of vegetation in plots during the growing season. 
The harvest approach is most appropriate for short-stature ecosystem such as grassland, 
agricultural crops and tundra. For forest, leaf area index can be estimated from allometric 
relationships applied to each tree surveyed in randomly located plots in the community of 
interest. Allometry is the relationship between the mass or area of a part (e.g. leaf mass or 
area), or all of an organism, and an independent variable /Gower et al, 1999/. The dependent 
variable is indirectly estimated because it is difficult, and often laborious, to measure. The 
independent variable commonly used to estimate leaf mass or area is stem diameter or 
sapwood cross section. A detailed description of the field methods used to destructively 
harvest trees to determine the mass and area of the biomass components is provided by 
/Gower et al, 1992/ and /Gower et al, 1997/. 

The allometric relationship is often described as follows:

Log MD or log A = a+b(log D) 
/Gower et al, 1999/

Where log is the natural or base10 logarithmic transformation, MD or A is dry mass or area, 
respectively, of a plant part, D is stem diameter, usually at breast height, an a and b are 
regression coefficients.
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The predicted value derived from the equation has a small downward bias because of the 
logarithmic transformation. All allometric equations should therefore be corrected for 
logarithmic bias using the following equation /Sprugel, 1983/:

Cf = EXP((2.303·(MSE 0.5))2/2)

Where CF = correction factor that the dependent variable should be multiplied by, and 
MSE = log10 transformed regression mean square error.

Allometric equations relating foliage mass to stem diameter (D) or sapwood cross sectional 
area (As) at breast height (1.37 m) can be used to directly estimate LAI if specific leaf area 
(SLA) is known, where SLA is the ratio of fresh foliage surface area to unit dry foliage 
mass. /Gower et al, 1999/ recommend scientists to report SLA on the basis of half total 
needle surface area, since one half the total leaf area, is the appropriate parameter for 
radiation transfer models. 

There are several publications presenting allometric relationships between leaf area and 
stem diameter /e.g. Gholz et al, 1979; Gower, 1987/. /Marklund, 1988/ gives allometric 
equations between needle biomass and stem diameter for Scotch Pine (Pinus sylvestris) and 
Norwegian Spruce (Picea abies). However, using general allometric equations to estimate 
LAI for a specific stand can result in moderate to large errors because several biotic and 
abiotic factors, such as tree size, nutrient and water availability, shade-tolerance, and 
variability in leaf longevities, influence the allometry coefficients /Grier and Logan, 1977; 
Grier and Milne, 1981; Brix and Mitchell, 1983; Grier et al, 1984; Marshall and Waring, 
1986; Chapman and Gower, 1991; Gholtz et al, 1991; Gower et al, 1992, 1993a,b, 1997; 
Kloeppel, 1998; Vogel and Gower, 1998/. The most important criterion to consider when 
selecting allometric equations is correctly matching the plant species and size /Gower et al, 
1999/.

In recent years much emphasis has been placed on using indirect optical measurement 
techniques to measuring the canopy gap fraction to estimate LAI of vegetation canopies. 
For canopies that exhibit a random distribution of foliage elements (leaves, needles, stems, 
branches, shoots) LAI can be derived from the probability that a beam of direct radiation 
passes undisturbed through a canopy /Gower et al, 1999/. However, the penetration of direct 
beam radiation is influenced by the position, angle distribution, and the spatial relationship 
of the elements in the canopy /Norman and Jarvis, 1974; Welles, 1990; Chen and Black, 
1992; Smith et al, 1993/. The assumption of random distribution of foliage in a canopy may 
be valid for many closed deciduous forests, pastures, grasslands, and agricultural crops, but 
it is inavlid for open-canopy forests: boreal coniferous and aspen forests /Chen et al, 1997; 
Kucharik et al, 1997/ and open-canopy temperate forests /Lang et al, 1985; Gholz et al, 
1991; Gower and Newman, 1991; Fassnacht et al, 1994; Chen et al, 1997/. For a given LAI, 
radiation transmission is greater through a canopy with nonrandomly (i.e. clumped) than 
randomly distributed foliage. Assuming that a random distribution of foliage can produce 
errors in excess of 100% /Fassnacht et al, 1994/, the success of the indirect approach to 
estimating LAI is correlated to how accurately a simplified radiation model can mimic the 
true canopy architecture /Welles and Cohen, 1996/. The canopy gap-size distribution and the 
gap fraction describe the clumping of elements in the canopy. Gap size is the actual dimen-
sion of gaps between individual elements, ranging from a fraction of a centimetre to several 
meters in coniferous canopies /Kucharik, 1997; Kucharik et al, 1997/. Gap fraction is the 
percentage of background area viewed from above (ground or understory), below (sky and 
clouds), or within a canopy /Gower et al, 1999/. Both gap fraction and gap-size distribution 
depend on the angle from which the canopy is viewed. A element clumping index (Ωe(θ)), 
can be derived from canopy gap-size data, that can be related to LAI /Chen, 1996; Chen and 
Cihlar, 1996; Chen et al, 1997; Kucharik et al, 1997/.
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Several optical instruments that measure canopy gap fraction from beneath, or within, plant 
canopies, over a range of zenith angles are commercially available /Welles, 1990; Welles 
and Cohen, 1996/. However, measuring the canopy gap-size distribution is difficult; there-
fore a simplified approach for estimating Ωe(θ) has been proposed by /Kucharik et al, 1998/, 
where the ratio of the crown depth (base of live crown to top of canopy) to crown diameter 
(measured at the widest extent) can be used for calculating Ωe(θ) /Gower et al, 1999/.

/Gower et al, 1999/ compare direct and indirect estimates of LAI corrected for foliage 
clumping and woody tissue, for a variety of ecosystems. They note that indirect estimates of 
LAI plateau around 5–6, while direct estimate reach 9. Therefore, they conclude that direct 
measurements is the only reliable approach for canopies with a LAI > 6.

4.1.4 Conclusions

It can be concluded that the estimation of LAI of a vegetation canopy on the basis of optical 
remote sensing is not straightforward, although it is the only means of obtaining the spatial 
distribution of LAI /Liu et al, 1997/. Since several parameters affect the spectral reflectance 
from a vegetation canopy no unique relationship between LAI and a vegetation index can 
be expected to be applicable everywhere and et all times, even for a particular sensor. One 
of the most serious limitations is that the indices quickly saturate and become insensitive 
to variations of LAI for high LAI-values. Theoretical estimations show that LAI may be 
retrievable accurately and reliable only when the canopy is optically thin enough to allow 
a significant illumination of the underlying soil, and when the optical properties of this soil 
are such that the radiance field emerging from this level is sufficient different from that 
exhibited by a deeper canopy /Gobron et al, 1997/. 

LAI estimation from satellite data requires ground data for validation and test for bias. 
There is also evident that vegetation properties and background significantly affect the 
relationships between vegetation indices and LAI /Turner et al, 1999/, suggesting that for 
obtaining local accuracy in derivation of LAI surfaces it will be desirable to stratify by 
land cover types (e.g. physiognomic type and successional stage) and to chose the optimal 
vegetation index for each stratum.

4.2 FPAR
FPAR, the fraction of PAR (photosynthetically active radiation) absorbed by the plant 
canopy, is an essential parameter relating the available visible solar radiation to its 
absorption by chlorophyll for plant photosynthesis. It is one of the surface parameters 
quantifying the CO2 uptake by plants and release of water through evapotranspiration 
(http://www.wmo.ch/web/gcos/terre/variable/radfra.html).

The product of PAR surface irradiance and FPAR gives the amount of absorbed photo-
synthetically active radiation, APAR /Prince, 1991a/. Absorbed PAR (APAR) energy can 
be related to the photosynthetic activity of vegetation if it is integrated from sunset to 
sunrise /Baret and Guyot, 1991/. In such conditions the vegetation index to FPAR relation 
corresponds to the situation where radiometric data are measured at noon, with clear sky 
conditions, and compared to daily averaged FPAR.
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4.2.1 The relationship with vegetation indices

The relationship between FPAR and top of the canopy spectral vegetation indices have been 
empirical shown in several investigations /Daughtry et al, 1983; Asrar et al, 1984; Hatfield 
et al, 1984; Gallo et al, 1985; Wiegand et al, 1991; 1992; Hall et al, 1992a,b; among others/. 
The relationship has also been demonstrated quasitheoretically using radiative transfer 
models of varying degree of detail /Sellers, 1985; Choudhury, 1987; Baret and Guyot, 1991; 
Asrar et al, 1992; Goward and Huemmrich, 1992; Myneni et al, 1992; among others/. The 
evaluation of FPAR requires integration of the spectral absorptance over the 0.4–0.7 µm 
wavelength interval /Myneni et al, 1992/. However, FPAR can be estimated to 95% of its 
true value by the waveband 0.589–0.685 µm /Myneni and Williams, 1994/. Thus, the frac-
tion of radiation absorbed by the canopy at red wavelength is a good approximation of the 
fraction of total PAR absorbed.

The NDVI-FPAR relations are linear in most cases, with the exception of canopies with 
bright NDVI backgrounds (high understory LAI) /Myneni et al, 1997/. The relationship 
is independent of pixel heterogeneity (ground cover, plant leaf area, and variations in leaf 
orientation and optical properties) /Myneni and Williams, 1994/. On the other hand, the 
relationship is sensitive to background, atmospheric, and bidirectional effects. An increase 
in soil reflectance decreases TOC (top of the canopy) NDVI and increases FPAR. Because 
of the positive atmospheric effects at red wavelengths and negative atmospheric effect 
at near-infrared TOA (top of the atmosphere) NDVI is less than TOC NDVI. If off-nadir 
observations of NDVI are used (e.g. off-nadir AVHRR data) bidirectional effects due to 
surface reflectance anisotropy play a large role in the remote sensing of FPAR /Myneni and 
Williams, 1994/. With an increase in leaf area, off-nadir canopy reflectance at near-infrared 
increases while red reflectance decreases. As a result, TOC NDVI increases with zenith 
angle in the principal plane, except for the minimum encountered about the retrosolar 
direction due to the hot spot effect which increases red reflectances substantially.

/Myneni and Williams, 1994/ propose a simple linear model for relating FPAR to TOC 
NDVI:

FPAR = 1.164 · TOC NDVI – 0.143 (r2 = 0.919, samples = 252)

In /Myneni et al, 1995a/ the same relationship is slightly modified: 

FPAR = 0.8465 · TOC NDVI – 0.1083 (r2 = 0.943, samples = 280)

The model is valid for: a) solar zenith angle less than 60°; b) view zenith angles about the 
nadir or less than 30°c) soils or backgrounds of moderate brightness (NDVI about 0.12); 
d) atmospheric optical depths less than 0.65 at 0.55 µm. 

When using satellite data, atmospheric and bidirectional effects must be corrected, and 
background contributions to the signal must be accounted for. 

4.2.2 The relationship with LAI

The relationship between FPAR and LAI is near-linear at LAIs < 3, after which it tends to 
an asymptotic value of 0.95 depending on the canopy, soil, and atmospheric parameters 
/Myneni and Williams, 1994/. 

FPAR is often expressed as a function of LAI. Field measurements performed on different 
crops such as wheat /Hipps et al, 1983/, maize /Gallo et al, 1985/, cotton /Wiegand and 
Richardsson, 1990/, and grassland /Weiser et al, 1986/ show that the seasonal behaviour of 
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FPAR, as a function of LAI, can be expressed by an exponential function based on Beer’s 
law /Baret and Guyot, 1991/:

FPAR = FPAR∞[1 − B · exp(− Kp · LAI)]

Where FPAR∞ is the asymptotically limiting value of PAR absorption for infinite thick 
canopy (FPAR∞ ≈ 0.94) /Wiegand and Hatfield, 1988/, see also above (0.95 according to 
/Myneni and Williams, 1994/). B is a parameter ranging between 0.8 and 1.2, depending on 
experimental errors and deviation from model assumption (random distribution of leaves) 
(B is usually set to 1). Kp is a coefficient which controls the slope of the relationship 
(equivalent to an extinction coefficient).

4.2.3 Ground measurements 

The direct measurements of APAR in the field can be challenging, especially in hetero-
geneous canopies such as forests. Usually FPAR is measured directly with a method that 
spatially averages: then continuous measurements of PAR are used to get long-term APAR 
estimates. /Gower et al, 1999/ recommend instantaneous measurements of FPAR to be done 
under overcast conditions to obtain the most consistent values of APAR. 

FPAR is calculated as follows /Gower et al, 1999/:

FPAR = [(PAR↓AC – PAR↑AC) – (PAR↓BC – PAR↑BC)]/ PAR↓AC 

Where PAR↓AC and PAR↑AC are incident (downward) and reflected (upward) PAR above the 
canopy, respectively, and PAR↓BC and PAR↑BC are the corresponding terms for below the 
canopy. The equation can also be solved for the fraction of incident to reflected PAR for 
above (ρAC) and below (ρBC) the canopy /Gower et al, 1999/:

FPAR = [1–ρAC(t)] – [1–ρBC(t)] (PAR↓BC/ PAR↓AC).

The term PAR↓BC/ PAR↓AC = 1– FIPAR, where FIPAR is the fraction of PAR intercepted 
by the canopy. Many studies of light interception in canopies use FIPAR instead of FPAR 
because it is easier to measure and almost the same value. Typically FIPAR is within 4% of 
FPAR /Gallo and Dughtry, 1986; Russel et al, 1989; Gower et al, 1999/. However, if LAI is 
very low (≈ 0.2) and the soil is very reflective (PAR reflectance = 0.5), then FPAR may be 
40% larger than FIPAR for a random canopy because additional PAR reflected from the soil 
is absorbed by the leaves.

An alternative way of calculating FPAR used in the BEPS model to calculate primary 
production of Canada is given in /Liu et al, 1997/. The calculation is based on coefficients 
from /Chen, 1996/ and the solar zenith angle at noon.

Unlike LAI FPAR exhibits diurnal variation. Its use in models with time steps longer than a 
day requires appropriate time integration /Myneni et al, 1997/.

4.2.4 Measurements of PAR

Incident PAR can be measured directly or inferred from insolation measurements. Under 
clear skies, the ratio of PAR and insolation varies little around 0.48, except at high solar 
zenith angles or extreme water vapor amounts /Frouin and Pinker, 1995/. The effect of 
aerosols is only significant when horizontal visibility is less than 10 km. Under cloudy 
skies, however, cloud optical thickness substantially changes the ratio of PAR-to-insolation, 
which can vary by more than 50% at low sun zenith angles. 
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Several attempts have been made to estimate insolation from satellite data /Tarpley, 1979; 
Gautier et al, 1980; Möser and Raschke, 1984; Pinker and Ewing, 1985; Dedieu et al, 1987; 
Darnell et al, 1988; among others/, as well as PAR directly /Frouin and Gatier, 1990; Eck 
and Dye, 1991; Pinker and Laszlo, 1992; Frouin and Pinker, 1995/. /Frouin and Pinker, 
1995/ conclude in their review of current satellite algorithms to estimate PAR that 
accuracies better than 10% for PAR estimates appear feasible on a monthly time scale. 
For primary productivity estimates this is acceptable since the-state-of-the-art models of 
primary productivity involve terms other than PAR that are more difficult to estimate.

4.3 Primary production
Net primary production (NPP), the annual net production of biomass, comprises roughly 
50% of net canopy photosynthesis /Landsberg and Gower, 1997/, and is an important 
component of net ecosystem exchange. The conceptual definition of NPP is widely accepted 
/Field et al, 1995; Gower et al, 1999/:

NPP = GPP – RA,

Where GPP (gross primary production) is the carbon fixed during photosynthesis, and RA 
is autotrophic respiration. However, GPP cannot be measured directly, and RA is difficult 
to measure, especially in large stature or multi-species forests. Alternatively, NPP, can be 
estimated according to /Gower et al, 1999/:

NPP = ∑Pi+ H,

where P is the net production of dry biomass for each of the plant tissues (i), (all plant 
tissues should be included: wood, foliage, reproductive tissue, and roots including 
mycorrhizae), and H is consumption of organic matter by herbivores. Thus, NPP is the sum 
of above-ground net primary production (ANPP), and below-ground net primary production 
(BNPP). Despite the fact that BNPP equals or exceeds ANPP for many ecosystems, 
estimates of BNPP are rare compared to ANPP estimates /Landsberg and Gower, 1997; 
Gower et al, 1999/. The reason for this is that estimating BNPP is both difficult and 
controversial /Lauenroth et al, 1986; Vogt et al, 1986a,b; Nadelhoffer and Raich, 1992; 
Publicover and Vogt, 1993; Steele et al, 1997/. Two common approaches to estimating 
ANPP are area harvest and allometry (see section 4.1.3.). A review of different methods to 
estimate BNPP is given in /Gower et al, 1999/. 

Process models, driven by remotely sensed data, are useful tools for estimating NPP for 
larger areas than can be quantified using field-based measurements. However, an incomplete 
understanding of the influence of abiotic and biotic factors on carbon allocation limits 
further development of process models. /Gower et al, 1999/ observe that for the immediate 
future, scientists will be using average carbon allocation coefficients for major biomes, 
and adjusting these ratios based on simple indices of water and nutrient availability /sensu 
Running and Gower, 1991/. This approach requires average and maximum and minimum 
below-ground to total NPP ratios for major biomes (a compilation of such ratios is given in 
/Gower et al, 1999/).

The potential of using satellite data to estimate primary production has been investigated in 
several studies. /Tucker at al, 1985/ found that seasonal sums of NDVI were correlated with 
the seasonal primary production. A number of following studies based on field measure-
ments of production /Prince and Tucker, 1986; Diallo et al, 1991; Prince, 1991b; Wylie et al, 
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1991/ and on estimates of biome production /Goward et al, 1985, 1987/ confirmed these 
findings and encouraged the view that satellite data, such as the NOAA AVHRR data, can 
be used to monitor global primary production /Tucker et al, 1986; NASA, 1987; Becker 
et al, 1988/. However, a weakness in these relationships, are that they depend on analogies 
with models on crop production and not on models specially designed to take account of the 
degree of variation to be expected at the regional and global scales /Prince, 1991a/. Whereas 
crop models can take advantage of simplified assumptions, such as constant respiration/net 
production ratios, these models are unlikely to apply to typical vegetation cover at a regional 
or global scale, consisting of plants having different types of growth physiology.

/Warren Wilson, 1967/ and /Monteith, 1972, 1977/ suggested a form of primary production 
model for crops that attributes variation in primary production to differences in the amount 
of PAR absorbed by the plant canopy (APAR). /Kumar and Monteith, 1981/ and others /e.g. 
Asrar et al, 1984; Hatfield et al, 1984; Gallo et al, 1985; Sellers, 1985, 1989/ further noted 
that vegetation index such as NDVI and the SR are approximately linearly related to the 
percentage PAR absorbed by the canopy (FPAR) (see section 4.2). These two relationships 
can be combined /Kumar and Monteith, 1981; Steven et al, 1983/ to create a model in which 
primary production is related to temporal sums of NDVI by means of the dry-matter yield of 
energy, ε /Prince, 1991a/:

P = ε ∑ (NDVItSt)
          t

where P is the seasonal production (kg/ha), NDVIt is the normalised difference index 
measured at the surface of the vegetation during time interval t, and St is the global PAR 
incident during time interval t.

The value of ε is affected by aspects of the physical environment, such as temperature 
/Jarvis and Leverenz, 1983; Squire et al, 1984a,b; Mohammed et al, 1988/, soils /Allen and 
Scott, 1980/, water /Green et al, 1985; Linder, 1985; Byrne et al, 1986/, nutrition /Green, 
1987; Steven and Demetriades-Shah, 1987/, and ontogenetic changes that occur throughout 
the life cycle of a plant /Jarvis and Leverenz, 1983/. Although ε is not a constant it seems 
to occupy quite a narrow range /Kiniry et al, 1989; Russel et al, 1989; Prince, 1991a/. A 
compilation of field measurements of ε for some herbaceous crops and certain other types 
of vegetation given in /Prince, 1991a/ shows that experimental values of ε lie between 
0.2 and 4.8 gMJ–1 compared with theoretical maxima in the range 4.5–7.6 gMJ–1. /Prince, 
1991a/ also conclude that although in the short term there is many factors that affect ε, the 
seasonal mean ε is less subject to change and might be regarded as constant for an entire 
growing season /Kumar and Monteith, 1981; Steven et al, 1983; NASA, 1987/.

The proportionality between NPP and absorbed photosynthetically active radiation has 
become known as the light use efficiency or epsilon (ε) model. Light use efficiency (LUE) 
models are widely used today to simulate NPP for terrestrial biomes /Heimann and Keeling, 
1989; Potter et al, 1993; Running and Hunt, 1993; Ruimy et al, 1994; Field et al, 1995; 
Prince and Goward, 1995; Hunt et al, 1996; Liu et al, 1997/. The basis for the model is 
that photosynthetic fixation of carbon by leaves is proportional to absorbed visible quanta 
/McCree, 1972/, and, it is nearly linear for most canopies /Hesketh and Baker, 1967/. 

The LUE model has two advantages /Gower et al, 1999/: 1) The model is simple, and some 
evidence exists to suggest that maximum light use efficiency may be conservative within 
major vegetation classes, and 2) the fraction of photosynthetically active radiation absorbed 
by green leaves in a canopy (FPAR) can be remotely sensed, as has been showed in both 
empirical /e.g. Daughtry et al, 1983; Steinmetz et al, 1990; Landsberg et al, 1997/ and 
theoretical studies /Kumar and Monteith, 1981; Myneni et al, 1995a,b/.



26 27

The CASA (Carnegie-Ames-Stanford Approach) model for example, introduced by /Potter 
et al, 1993/ and expanded by /Field et al, 1995/, is structured so, that for a given area the 
amount of PAR absorbed annually by green vegetation (APAR) multiplied by the efficiency 
by which that radiation is converted to plant biomass increment (ε) equals the net primary 
production (NPP). The model is based on ε, but with a structure that allows ε to vary 
seasonally and within biomes, and without recourse to ecosystem-specific ε values. APAR 
is calculated at each monthly time-step as the product of PAR surface irradiance and FPAR. 
PAR surface irradiance is calculated as half the total solar surface irradiance from the data 
of /Bishop and Rossow, 1991/. FPAR is derived from AVHRR NDVI. CASA calculates 
ε for each grid cell as the product of a globally uniform maximum ε*, determined using 
a calibration with field data, and scalar representing the availability of water (W) and the 
suitability of temperature (T1, T2). NPP for a location (x) and time (t) is represented as 
/Field et al, 1995/:

NPP(x,t) = APAR(x,t) · ε(x,t),

or as

NPP = S(x,t) · FPAR(x,t) · ε*· T1(x,t) · T2(x,t) · W(x,t)

Where S is the solar surface irradiance.

/Field et al, 1995/ give a compilation of ε used in the CASA model compared to ε used by 
/Ruimy et al, 1994/ and ε that have been inferred from /Lieth, 1975/. The model of /Ruimy 
et al, 1994/ uses different ε for different ecosystems based on a comprehensive review of the 
literature. 

A more complex model to estimate ecosystem productivity is the boreal ecosystems 
productivity simulator (BEPS) developed at the Canada Centre for Remote Sensing /Liu 
et al, 1997/. The model uses principles of the process model, FOREST-BGC developed 
by /Running and Coughlan, 1988/ for site-level, later extended to simulate ecological and 
hydrological processes at the landscape scale /Running et al, 1989/. BEPS integrates and 
uses processed remote sensing data of LAI and land-cover type, daily meteorological data 
including air temperature, incoming shortwave radiation, precipitaion, and humidity, and 
soil-data (available water-holding capacity). The major outputs of BEPS are spatial field 
(1 km resolution) of net primary productivity (NPP) and evapotranspiration.
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5 Available products

There is a new moderate-resolution sensor, MODIS (Moderate Resolution Imaging 
Spectroradiometer), designed to improve the understanding of global dynamics and 
processes occurring on land, in the oceans, and in the lower atmosphere, that will provide 
users with a series of interesting products.

MODIS is a key instrument aboard the Terra (EOS AM) and Aqua (EOS PM) satellites. 
Terra’s orbit around the Earth is timed so that it passes from north to south across the 
equator in the morning, while Aqua passes south to north over the equator in the afternoon. 
Terra MODIS and Aqua MODIS are viewing the entire Earth’s surface every 1 to 2 days, 
acquiring data in 36 spectral bands, or groups of wavelengths. 

LAI and FPAR products with global coverage are available from the MODIS sensor. The 
products are based on 8 days composites and are available with 1 km resolution The LAI 
product will be a LAI value between 0 and 8, the FPAR a value between 0.0 and 1.0. 
The products are still experimental in nature upon their initial release. Investigations are 
underway to assess the scientific validity of these products.

Other products of interest are for example MODIS Vegetation Indices (NDVI and a 
new Enhanced Vegetation Index (EVI)) available with 250 m resolution, MODIS Net 
Photosynthesis, based on 8-day composites (1 km resolution), and MODIS Net Primary 
Production (yearly estimates, 1 km resolution). All products are for the moment free of 
charge. Table 5-1 gives an overview of some available and planned MODIS-products of 
interest.
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Table 5-1. Some of the available and planned MODIS products of interest (February 
2003)(http://edcdaac.usgs.gov/modis/dataprod.html).

Product Terra V001  Terra V003  Terra V004  Aqua V003 
 ISIN ISIN SIN SIN
 – Beta Deleted  – Provisional – Validated – Provisional
 January 31, 
 2003

Surface Reflectance    

MODIS Surface Reflectance 8-Day L3   MOD09A1  MOD09A1  MOD09A1  MYD09A1
Global 500 m

MODIS Surface Reflectance Daily L2G   MOD09GHK  MOD09GHK MOD09GHK  MYD09GHK
Global 500 m

MODIS Surface Reflectance Daily L2G  –  MOD09GQK MOD09GQK  MYD09GQK
Global 250 m

MODIS Surface Reflectance Quality   MOD09GST  MOD09GST MOD09GST  MYD09GST
Daily L2G Global 1 km

MODIS Surface Reflectance 8-Day L3  –  MOD09Q1 MOD09Q1  MYD09Q1
Global 250 m

Vegetation Indices    

MODIS Vegetation Indices 16-Day L3  MOD13A1   MOD13A1  MOD13A1  MYD13A1
Global 500 m

MODIS Vegetation Indices 16-Day L3   MOD13A2  MOD13A2 MOD13A2  MYD13A2
Global 1 km

MODIS Vegetation Indices 16-Day L3  –  MOD13Q1 MOD13Q1  MYD13Q1
Global 250 m

Leaf Area Index/Fraction of Photosynthetically Active 
Radiation (LAI/FPAR)
MODIS Leaf Area Index/FPAR 8-Day L4   MOD15A2  MOD15A2  MOD15A2  MYD15A2
Global 1 km

Net Primary Vegetation Production
MODIS Net Photosynthesis 8-Day L4   MOD17A2  MOD17A2  MOD17A2  MYD17A2
Global 1 km

MODIS Net Primary Production Yearly L4  – –  MOD17A3  MYD17A3
Global 1 km

MODIS Evapotranspiration/Surface  – – –  MYD16A2
Resistance 8-Day L4 Global 1 km
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6 Production of NDVI-images for Forsmark 
and Oskarshamn

6.1 Introduction
Parallel to the literature review NDVI-images were also produced for the Forsmark and 
Oskarshamn investigation areas as a first step for future analysis. The NDVI-images were 
derived from the same satellite images that were used for production of the vegetation 
databases over the areas /Boresjö Bronge and Wester, 2003/. Unfortunately, it was not 
possible to obtain calibration information for the SPOT images used, so calibration of data 
into radiance or reflectance before analysis could not be performed. This means that the 
NDVI-images produced cannot directly be compared, only used for relative analysis within 
the images.

6.2 Forsmark
Two results have been produced for Forsmark, one based on the older Landsat5 TM-data 
from 1989-07-07, the other based on the SPOT4-image from 1999-08-01. The TM-data was 
calibrated into at-satellite reflectance before analysis according to /Markham and Barker, 
1986/. The SPOT-data was analysed without calibration since calibration information could 
not be obtained. The NDVI results produced from SPOT-data was stratified according to 
vegetation type and structure.

NDVI was calculated according to the following:

Landsat TM (TM4 – TM3)/(TM4 + TM3)

SPOT  (XI3 – XI2)/(XI3 + XI2)

This gives values ranging from –1 to 1. To convert the results into positive values (8 bits 
integer) ranging from 0 to 254 the following formula was applied:

NDVIINT = (NDVI + 1) · 127

6.2.1 Stratification of the SPOT NDVI-result

As been concluded previously the relationship between vegetation indices and LAI is not 
straightforward. Vegetation properties (e.g. physiognomic type and succesional stage) and 
background significantly affect the spectral reflectance from a vegetation canopy and no 
unique relationship can be expected between LAI and a vegetation index. Therefore, NDVI-
values generated for an area with complex vegetation cover, are not directly comparable in 
the sense of expressing amount of green biomass.
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To reduce this problem to some extent, and also to prepare for future calibration with 
ground data, the SPOT NDVI-image for Forsmark was roughly stratified with regard to 
vegetation type and structure to produce layers were the NDVI-values can be considered to 
be fairly comparable. The following layers were created based on the vegetation database 
(Table 6-1):

• No green biomass – no NDVI-values are shown (coastal bare rocks, built-up areas, other 
hard surfaces, and water). 

• No tree layer or tree layer with crown coverage < 30% (clear-cut areas, open wetlands, 
arable land and pastures). A random distribution of biomass is assumed (see pages 17 
and 20).

• Sparse tree layer, 30–60% crown coverage (dry pine forest on acid rocks). Clumped 
distribution of biomass, structure, bright background.

• Dense tree layer, > 60% crown coverage. Older coniferous forests (spruce, pine, 
mixed forest, forested wetlands with spruce or pine). Clumped distribution of biomass, 
structure, successional stage. Further division between spruce and pine is possible if 
necessary.

• Dense tree layer, > 60% crown coverage. Younger coniferous forests on clear-cut areas 
(spruce, pine, undefined coniferous, mixed forest/shrubs on bedrock islands). Clumped 
distribution of biomass, structure, successional stage.

• Dense tree layer, > 60% crown coverage (deciduous forest). Random distribution of 
biomass, structure, bright field layer.

Table 6-1. Stratification of the SPOT NDVI-image into layers according to vegetation 
and structure based on the vegetation database /Boresjö Bronge and Wester, 2003/.

Produced layer Code in the vegetation database (vegetation/land cover classification)
(Appendix 1)

No green biomass Coastal bare rocks (83), built-up areas (91–93), other hard surfaces (96), 
 water (100).

Tree layer < 30%  Clear-cut areas (45, 46, 50, 64), open wetlands (72, 74–75, 77–79), arable 
crown coverage land (81), meadow/pastures (82).

Sparse tree layer,  Dry pine forest on acid rocks (15).
30–60% crown coverage

Dense tree layer,  Spruce-dominated (11, 12), pine-dominated (13, 14), mixed forest (31), 
> 60% crown coverage,  forested wetland with spruce (61), forested wetland with pine (62).
older conifers

Dense tree layer,  Clear-cut with spruce (41), clear-cut with pine (42), clear-cut with 
> 60% crown coverage,  undefined conifers (43), mixed forest/shrubs on bedrock islands.
younger conifers

Dense tree layer,  Deciduous forest (21, 23, 26), forested wetlands with deciduous (63), 
> 60% crown coverage,  open lush wetland with willow and birch (76)
deciduous
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6.2.2 Produced NDVI-images

Figure 6-1 shows the mask image used to stratifiy the NDVI result of Forsmark. 
Figures 6-2 to 6-6 show the five NDVI images produced by stratification according to 
Table 6-1. Figure 6-7 shows the unstratified NDVI-image produced based on Landsat 
TM-data from 1989-07-07.

Figure 6-1. Image used for stratification of the NDVI result over Forsmark (see Table 6-1).
Grey = no green biomass. Beige = tree layer < 30% crown coverage. Aquamarine = tree layer 
30–60% crown coverage, pine forest. Greenish-yellow = dense forest, deciduous (> 60% crown 
coverage). Dark green = dense forest, conifers (> 60% crown coverage). Light green = dense 
forest, younger conifers (> 60% crown coverage). Blue = water. White = cloud or cloud shadow.
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Figure 6-2. NDVI-values (grey scale) for areas with a tree layer < 30% crown coverage for 
a part of Forsmark investigation area based on SPOT4-data from 1999-08-01. Blue = water. 
ark grey – light grey = increasing NDVI-values.

Figure 6-3. NDVI-values (grey scale) for pine forest with tree layer 30–60% crown coverage 
for a part of Forsmark investigation area based on SPOT4-data from 1999-08-01. Blue = water. 
Dark grey – light grey = increasing NDVI-values.
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Figure 6-4. NDVI-values (grey scale) for young coniferous forest (tree layer > 60% crown 
coverage) for a part of Forsmark investigation area based on SPOT4-data from 1999-08-01. 
Blue = water. Dark grey – light grey = increasing NDVI-values.

Figure 6-5. NDVI-values (grey scale) for old coniferous forest (tree layer 30–60% crown 
coverage) for a part of Forsmark investigation area based on SPOT4-data from 1999-08-01. 
Blue = water. Dark grey – light grey = increasing NDVI-values.
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Figure 6-7. NDVI-values (grey scale) for a part of Forsmark investigation area based on Landsat 
TM-data from 1989-07-07. No stratification has been made. Blue = water. Dark grey – light grey 
= increasing NDVI-values.

Figure 6-6. NDVI-values (grey scale) for deciduous forest (tree layer 30–60% crown coverage) 
for a part of Forsmark investigation area based on SPOT4-data from 1999-08-01. Blue = water. 
Dark grey – light grey = increasing NDVI-values.
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6.3 Oskarshamn
One NDVI-image was produced for the area based on the SPOT-image from 1999-07-11 
(Figure 6-8). 

NDVI was calculated according to the following:

SPOT  (XI3 – XI2)/(XI3 + XI2)

This gives values ranging from –1 to 1. To convert the results into positive values (8 bits 
integer) ranging from 0 to 254 the following formula was applied:

NDVIINT = (NDVI + 1) · 127

The SPOT-data was analysed without calibration since calibration information could not be 
obtained. No stratification was made, but can be performed with support of the vegetation 
database, if further analysis of the area will be made in the future.

Figure 6-8. NDVI-values over Oskarshamn investigation area based on the SPOT-image from 
1999-07-11. No stratification has been made.
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7 Conclusions and recommendations

In the following the most essential information concerning satellite remote sensing for 
estimation of LAI, FPAR, and NPP are summarised, and recommendations are given on 
possible approaches for derivation of this information in the Forsmark and Oskarshamn 
areas. 

7.1 Vegetation indices
Most vegetation indices combine information contained in two spectral bands: red and 
near-infrared. These indices are established in order to minimise the effect of external 
factors on spectral data and to derive canopy characteristics such as leaf area index (LAI) 
and fraction of absorbed photosynthetic active radiation (FPAR) /Baret and Guyot, 1991/.

The most commonly used indices to derive LAI and other surface parameters from space-
borne and airborne remote sensing data are the simple ratio (SR) /Jordan, 1969/ and the 
normalised difference vegetation index (NDVI) /Rouse et al, 1974/.

SR and NDVI enhance the contrast between soil and vegetation and minimise the effects 
of illumination conditions, but they are sensitive to optical properties of soil background 
/Elvidge and Lyon, 1985; Huete et al, 1985/. Several indices therefore have been proposed 
to minimise the effects of soil background, e.g. the perpendicular vegetation index (PVI) 
/ Richardson and Wiegand, 1977/, the weighted difference vegetation index (WDVI) 
/Clevers, 1986, 1989/, the soil adjusted vegetation index (SAVI) /Huete, 1988/, and the 
transformed soil adjusted vegetation index (TSAVI) /Baret et al, 1989/.

The strong differences in the sensitivity of spectral vegetation indices over different LAI 
ranges, vegetation types, and vegetation structures suggest that the optimal vegetation index 
for establishing an empirical relationship between LAI and vegetation index may differ 
depending on these factors /Turner et al, 1999/.

7.2 LAI
A large number of relationships have been established between vegetation indices and LAI. 
However, the estimation of LAI of a vegetation canopy on the basis of optical remote sens-
ing is not straightforward, although it is the only means of obtaining the spatial distribution 
of LAI. Since several parameters affect the spectral reflectance from a vegetation canopy no 
unique relationship between LAI and a vegetation index can be expected to be applicable 
everywhere and all the time, even for a particular sensor. One of the most serious limitations 
is that the indices quickly saturate and become insensitive to variations of LAI for high 
LAI-values. 

LAI estimation from satellite data requires ground data for validation and test for bias. 
There is also evident that vegetation properties and background significantly affect the 
relationships between vegetation indices and LAI /Turner et al, 1999/, suggesting that for 



38 39

obtaining local accuracy in derivation of LAI surfaces it will be desirable to stratify by 
land-cover types (e.g. physiognomic type and successional stage) and to use the optimal 
vegetation index for each stratum.

7.2.1 Recommendation for continued work

Two main approaches to estimate LAI from remote sensing data are distinguished, use 
of advanced models based on radiative transfer theory and use of empirically established 
relationships. Both approaches need ground truth for calibration.

A possible approach for satellite-data based estimation of LAI in Forsmark and Oskarshamn 
include:

• Establishing empirical relationships between satellite-data derived vegetation indices 
and LAI for site-specific vegetation types. The produced vegetation database /Boresjö 
Bronge and Wester, 2003/ is used for stratification of the area into structural types that 
can be assumed to display different relationships between vegetation indices and LAI. 
The most optimal vegetation index is selected for each stratum for production of LAI 
for the whole area. Calibration of satellite data into reflectance is recommended before 
analysis so that comparable results are produced.

• The approach also involves direct or indirect estimation of LAI on ground, or use of 
available established relationships applicable to Swedish conditions, and use of atmos-
pherically corrected satellite data. It is also possible to use measuring instruments such 
as the Lai-2000 plant canopy analyzer (Li-Cor, Inc, Lincoln, NE) in estimating leaf area 
index from ground /Stenberg et al, 1994/. However, correction for shading of the needles 
on the shoots has to be done.

The produced LAI-database can be used to test the local validity of the available MODIS-
product LAI (1 km resolution). If the MODIS LAI data give a reasonable estimate of LAI 
for the area for a comparable period of time, this data could be an alternative for continued 
monitoring of the parameter in the test areas. Alternatively the 250 m reflectance data from 
MODIS can be used for local derivation of LAI based on the empirical relationship estab-
lished. The advantage with this approach, if reliable, is that these data can be obtained daily 
or as 8-days composite products.

7.2.2 Data requirements

Satellite data

• SPOT or Landsat TM-data from one or two recording dates during July or August. 
(Two images will give an indication of the variations in the results that are due to 
scene/phenological variations).

• MODIS LAI data and 250 m reflectance data (daily and 8-days products) for the same 
time periods for test of their usefulness for future monitoring. MODIS-data are at present 
free of charge.

Other data

• Estimation of LAI on ground (area harvest or application of allometric equations to stand 
diameter).
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7.3 FPAR
The relationship between FPAR and top of the canopy spectral vegetation indices have 
been empirical and theoretically shown in several investigations. The NDVI-FPAR relations 
are linear in most cases, with the exception of canopies with bright NDVI backgrounds. 
The relationship is independent of pixel heterogeneity (ground cover, plant leaf area, and 
variations in leaf orientation and optical properties). On the other hand, the relationship is 
sensitive to background, atmospheric, and bidirectional effects. A simple linear model for 
relating FPAR to top of the canopy NDVI have been proposed by /Myneni and Williams, 
1994/. The model is valid for solar zenith angle less than 60°; view zenith angles about the 
nadir or less than 30°, soils or backgrounds of moderate brightness (NDVI about 0.12); and 
atmospheric optical depths less than 0.65 at 0.55 µm. 

The product of PAR surface irradiance and FPAR gives the amount of absorbed photosyn-
thetically active radiation, APAR /Prince, 1991a/. Absorbed PAR (APAR) energy can be 
related to the photosynthetic activity of vegetation if it is integrated from sunset to sunrise 
/Baret and Guyot, 1991/.

7.3.1 Recommendation for continued work

A possible approach for derivation of FPAR for calculation of APAR include:

• Apply the relationship proposed by /Myneni and Williams, 1994/ for derivation of FPAR 
from satellite-data derived NDVI. The relationship is valid for top of the canopy NDVI, 
so satellite data must be atmospherically corrected. Validation against independent 
measurement of FPAR is desirable for local verification, but probably not necessary if 
the conditions stated by /Myneni and Williams, 1994/ are fulfilled. If the FPAR data will 
be used for estimtion of NPP, other parameters will probably be more uncertain than 
local variation in the NDVI-FPAR relationship. /Myneni et al, 1995a/ give a slightly 
modified relationship. It is proposed that both relationships are used for derivation of 
FPAR.

• To facilitate further analysis using the existing vegetation database (based on classifica-
tion of SPOT data) FPAR should be derived from SPOT or Landsat TM data. 

• For future monitoring it is necessary to investigate the variability of FPAR during 
the vegetation period. It is therefore recommended that FPAR is calculated at several 
occasions during the summer. A minimum of three scenes is recommended, preferably 
from June, July and August.

• For monitoring it is also of interest to investigate if available MODIS-products can 
be used (250 m surface reflectance data or FPAR-values with 1 km resolution). The 
advantage with MODIS-data, if giving a comparable estimate for the area, is that these 
data can be obtained daily or as 8-days composite products (if a high time-resolution is 
needed for accurate calculation of APAR). Therefore, it is recommended that MODIS 
daily and 8-days composites from the same date/periods as the SPOT/TM data used are 
procured for calculation of FPAR and comparison with the detailed results.

• PAR must be measured or obtained from other sources, for example from the data 
of /Bishop and Rossow, 1991/ or from measurements carried out by the Swedish 
Meteorological and Hydrological Institute (SMHI). 
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7.3.2 Data requirements

Satellite data

• SPOT or Landsat TM-data from three recording dates during June to August. (Three 
images will give an indication of the variations of FPAR during the summer and the time 
resolution needed for calculation of APAR). 

• MODIS FPAR data and 250 m reflectance data (daily and 8-days products) for the same 
time periods for test of their usefulness for future monitoring. MODIS-data are at present 
free of charge.

Other data

• Measured PAR /Bishop and Rossow, 1991/ or PAR-data from other data source (e.g. 
SMHI).

7.4 Primary production
Net primary production for terrestrial biomes can be estimated using remotely sensed data 
by use of light use efficiency models or by use of more complex process models.

The basis for the light use efficiency models is that photosynthetic fixation of carbon by 
leaves is proportional to absorbed photosynthetically active radiation, and that the fraction 
of photosynthetically active radiation absorbed by the canopy (FPAR) can be remotely 
sensed. However, several parameters affect the light use efficiency, such as water and 
nutrient availability. Common approaches are therefore to use average carbon allocations 
coefficients or light use efficiencies for major biomes that are adjusted for water and 
nutrient availability. 

Process models simulate biological processes affecting net primary production, such as 
photosynthesis, respiration, and transpiration. However, models of this type are often 
sophisticated and require many inputs.

Possible approaches for continued work include:

• Apply a light use efficiency model such as CASA for site-specific vegetation types. 
NPP is calculated as the amount of photosynthetically active radiation absorbed annu-
ally by green vegetation (APAR) multiplied by the efficiency by which that radiation 
is converted to plant biomass. The approach involves derivation of APAR from satel-
lite-derived FPAR and measurements of PAR, and selection of appropriate light use 
efficiency values.

• Use of available MODIS NPP-products. This approach needs tests of their validity 
for the site-specific vegetation types. The above out-lined approach can be used for 
validation, or other conventional methods to calculate NPP.



40 41

References

Aase J K, Siddoway F H, Millard J P, 1984. Spring wheat leaf phytomass and yield 
estimates from airborne scanner and hand-held radiometer measurements. Int. J. Remote 
Sens. 5:771–781.

Ahlrichs J S, Bauer M E, 1983. Relation of agronomic and multispectral reflectance 
characteristics of spring wheat canopies. Agron. J. 75:987–993.

Allen E J, Scott R K, 1980. An analysis of the growth of the potato crop. Journal of 
Agricultural Science, 94:583–606.

Asrar G, Fuchs M, Kanemasu E T, Hatfield J L, 1984. Estimating absorbed 
photosynthetic radiation and leaf area index from spectral reflectance in wheat. 
Agron. J. 76:300–306.

Asrar G, Kanemasu E T, Jackson R D, Pinter P J, 1985a. Estimation of total above 
ground phytomass production using remotely sensed data. Remote Sens. Environ. 
17:211–220.

Asrar G, Kanemasu E T, Yoshida M, 1985b. Estimates of leaf area index from spectral 
reflectance of wheat under different cultural practices and solar angle. Remote Sens. 
Environ. 17:1–11.

Asrar G, Myneni R B, Choudhury B J, 1992. Spatial heterogeneity in vegetation canopies 
and remote sensing of absorbed photosynthetically active radiation: a modelling study. 
Remote Sens. Environ. 41:85–103.

Badhwar G D, MacDonald R B, Hall F G, Carnes J G, 1986a. Spectral characterization 
of biophysical characteristics in a boreal forest: relationship between Thematic band 
reflectance and leaf area index for aspen. IEEE Trans. Geosci. Remote Sens. GE-24:
322–326.

Badhwar G D, MacDonald R B, Metha N C, 1986b. Satellite-derived leaf-area-index 
and vegetation maps as input to global carbon cycle models – a hierarchical approach. 
Int. J. Remote Sens. 7:265–281.

Baret F, Guyot G, Major D, 1989. TSAVI: a vegetation index which minimizes soil 
brightness effects on LAIR and APAR estimation. In 12th Canadian Symp. on Remote 
Sensing and IGARSS’90, Vancouver, Canada, 10–14 July 1989, 4 pp.

Baret F, Guyot G, 1991. Potentials and limits of vegetation indices for LAI and APAR 
assessment. Remote Sens. Environ. 35:161–173.

Becker F, Bolle H J, Rowntree P R, 1988. The International Satellite Land-Surface 
Climatology Project (ISLSCP) (Berlin: United Nations Environmental Programme ISLSCP 
secretariat).

Best R G, Harlan J C, 1985. Spectral estimation of green leaf area index of oats. Remote 
Sens. Environ. 17:27–36.



42 43

Bishop J K B, Rossow W B, 1991. Spatial and temporal variability of global surface solar 
irradiance. J. Geophys. Res. 96:16839–16858.

Bonan C B, 1995. Land-atmosphere interactions for climate system models: coupling 
biophysical, biogeochemical, and ecosystem dynamical processes. Remote Sens. Environ. 
51:57–73.

Boresjö Bronge L, Wester K, 2003. Vegetation mapping with satellite data of the 
Forsmark, Tierp and Oskarshamn regions. SKB, P-03-83, Svensk Kärnbränslehantering AB, 
101 p.

Brach E J, Desjardins R L, Lord D, Dube P A, 1981. Field spectrometer to measure 
percent ground coverage and leaf area index of agricultural crops. In International 
Colloquium on Spectral Signatures of Objects in Remote Sensing, Avignon, France, 
8–11 Sept., Les colloques de I’INRA Nº 5, Ed. INRA, Versailles, pp 323–330.

Brix H, Mitchell A K, 1983. Thinning and nitrogen fertilization effects on sapwood 
development and relationships of foliage quantity to sapwood area and basal area in 
Douglas-fir. Can. J. For. Res. 13:384–389.

Byrne G F, Landsberg J J, Benson M L, 1986. The relationship of above ground dry 
matter accumulation by Pinus Radiana to intercepted solar radiation and soil water status. 
Agricultural and Forest Meteorology, 37:63–73.

Chance J E, 1981. Crop identification and leaf area index calculation with Landsat 
multispectral data. Int. J. Remote Sens. 2:1–14.

Chapman J W, Gower S T, 1991. Above-ground production and canopy dynamics in sugar 
maple and red oak trees in southwestern Wisconsin. Can. J. For. Res. 21:1533–1543.

Chen J M, Black T A, 1992. Defining leaf area index for non-flat leaves. Plant Cell 
Environ. 15:421–429.

Chen J M, 1996. Canopy architecture and remote sensing of the fraction of 
photosynthetically active radiation absorbed by boreal conifer forests. IEEE Trans. 
Geosci. Remote Sens. 34:1353–1368.

Chen J M, Cihlar J, 1996. Retrieving leaf area index of boreal conifer forests using 
Landsat TM images. Remote Sens. Environ. 55:153–162.

Chen J M, Rich P M, Gower S T, Norman J M, Plummer S, 1997. Leaf area index 
of boreal forests: Theory, techniques, and measurements. J. Geophys. Res. 102(D24):
29429–29443.

Choudhury B J, 1987. Relationships between vegetation indices, radiation absorption, and 
net photosynthesis evaluated by sensitivity analysis. Remote Sens. Environ. 22:209–233.

Cihlar J, St-Laurent L, Dyer J A, 1991. Relation between the normalized difference 
vegetation index and ecological variables. Remote Sens. Environ. 35:279–298.

Clevers J G P W, 1986. The application of a vegetation index in correcting the infrared 
reflectance for soil background. In M.C.J. Damen, G. Sicco Smit, and H.TH. Verstappen 
(Eds), Proc. Symp. on Remote Sensing for Resources Development and Environmental 
Management, Enschede, 25–29 August 1986. International Archives of Photogrammetry 
and Remote Sensing, Vol 26 (7/1), Balkema, Rotterdam, Boston, pp 221–226.



42 43

Clevers J G P W, 1988. The derivation of a simplified reflectance model for the estimation 
of leaf area index. Remote Sens. Environ. 25:53–69.

Clevers J G P W, 1989. The application of a weighted infrared-red vegetation index for 
estimating leaf area index by correcting for soil moisture. Remote Sens. Environ. 29:25–37.

Cohen W B, Spies T A, Bradshaw G A, 1990. Semi-variograms of digital imagery for 
analysis of conifer canopy structure. Remote Sens. Environ. 34:167–178.

Cohen W B, Spies T A, 1992. Estimating structural attributes of Douglas-fir/western 
hemlock forest stands from Landsat and SPOT imagery. Remote Sens. Environ. 41:1–17.

Colwell J A, 1974. Vegetation canopy reflectance. Remote Sens. Environ. 3:175–183.

Curcio J A, Petty C C, 1951. Extinction coefficients for pure liquid water. J. opt. Soc. Am. 
41:302– 305.

Curran P J, Williamson H D, 1987. Airborne MSS data to estimate GLAI. Int. J. Remote 
Sens. 8:57–74.

Darnell W L, Staylor W F, Gupta S K, Denn F M, 1988. Estimation of surface insolation 
using sun-synchronous satellite data. J. Clim. 1:820–835.

Daughtry C S T, Bauer M E, Crecellius D W, Hixson M M, 1980. Effects of management 
practices on reflectance of spring wheat canopies. Agron. J. 72:1055–1060.

Daughtry C S T, Gallo K P, Bauer M E, 1983. Spectral estimates of solar radiation 
intercepted by corn canopies. Agron. J. 75:527–531.

Dedieu G, Deschamps P-Y, Kerr Y, 1987. Satellite estimation of solar irradiance at the 
surface of the earth and of surface albedo using a physical model applied to Meteosat data. 
J. Clim. Appl. Meteorol. 26:79–87.

Deering D W, Middleton E M, Eck T F, 1994. Reflectance anisotropy for a spruce-
hemlock forest canopy. Remote Sens. Environ. 47:242–260.

Diallo O, Diouf A, Hanan N P, Ndiaye A, Prévost Y, 1991. AVHRR monitoring of savanna 
primary productivity in Senegal, West Africa: 1987–88. Int. J. Remote Sens. 12:1259–1279.

Eck T F, Dye D G, 1991. Satellite estimation of incident photosynthetically active radiation 
using ultraviolet reflectance. Remote Sens. Environ. 38:135–146.

Eklundh L, Harrie L, Kuusk A, 2001. Investigating relationships between Landsat 
ETM+ sensor data and leaf area index in a boreal conifer forest. Remote Sens. Environ. 
78:239–251.

Elvidge C D, Lyon R J P, 1985. Influence of rock-soil spectral variation on assessment of 
green biomass. Remote Sens. Environ. 17:265–279.

Ezra C E, Tinney L R, Jackson R D, 1984. Effect of soil background on vegetation 
discrimination using Landsat data. Remote Sens. Environ. 16:233–242.

Fassnacht K S, Gower S T, Norman J M, McMurtrie R E, 1994. A comparison of optical 
and direct methods for estimating foliage surface area index in forests. Agric. For. Meteorol. 
71:183–207.



44 45

Fassnacht K S, Gower S T, MacKenzie M D, Nordheim E V, Lillesand T M, 1997. 
Estimating leaf area index of north central Wisconsin forests using the Landsat Thematic 
Mapper. Remote Sens. Environ. 61:229–245.

Field C B, Randerson J T, Malmström C M, 1995. Global net primary production: 
combining ecology and remote sensing. Remote Sens. Environ. 51:74–88.

Franklin J, 1986. Thematic Mapper analysis of coniferous forest structure and 
composition. Int. J. Remote Sens. 10:1287–1301.

Friedl M A, Michaelsen J, Davis F W, Walker H, Shimel D S, 1994. Estimating 
grassland biomass and leaf area index using ground and satellite data. Int. J. Remote Sens. 
15:1401–1420.

Frouin R, Gautier C, 1990. Variability of photosynthetically available and total solar 
irradiance at the surface during FIFE: a satellite descrition. In Proc. of the Symposium on 
the First ISLSCP Field Experiment, 7–9 Feb. Anaheim, CA, American Meteorological 
Society, Boston, pp 98–104.

Frouin R, Pinker R T, 1995. Estimating photosynthetically active radiation (PAR) at the 
Earth’s surface from satellite observations. Remote Sens. Environ. 51:98–107.

Gallo K P, Daughtry C S T, Baur M E, 1985. Spectral estimation of absorbed 
photosynthetically active radiation in corn canopies. Remote Sens. Environ. 17:221–232.

Gallo K P, Daughtry C S T, 1986. Techniques for measuring itercepted and absorbed 
photosynthetic active radiation in corn canopies. Agron. J. 78:752–756.

Gates D M, Keegan H J, Schleter J C, Weidner V P, 1965. Spectral properties of plants. 
Appl. Optics, 4:11–20.

Gausman H W, 1974. Leaf reflectance of near-infrared. Photogramm. Eng. Remote Sens. 
40:183–191.

Gautier C, Diak C, Masse S, 1980. A simple physical model to estimate incident solar 
radiation at the surface from GOES satellite data. J. Appl. Meteorol. 19:1005–1012.

Gemmel F, Varjo J, 1999. utility of reflectance model inversion versus two spectral indices 
for estimating biophysical characteristics in a boreal forest test site. Remote Sens. Environ. 
68:95–111.

Gholz H L, Grier C C, Campell A G, Brown A T, 1979. Equations and their use for 
estimating biomass and leaf area of Pacific Northwest plants. Res. Paper No 41, For. Res. 
Lab., Oregon State Univ., Corvallis.

Gholz H L, Vogel S A, Cropper W P, McKelvey K, Ewel K C, Teskey R O, Curran P J, 
1991. Dynamics of canopy structure and light interception in Pinuselliottii stands, north 
Florida, Ecol. Monogr. 61:33–51.

Gobron N, Pinty B, Verstraete M M, 1997. Theoretical limits to the estimation of the 
leaf area index on the basis of visible and near-infrared remote sensing data. IEEE Trans. 
Geosci. Remote Sens. 35:1438–1445.

Goetz S J, 1997. Multi-sensor analysis of NDVI, surface temperature and biophysical 
variables at a mixed grassland site. Int. J. Remote Sens. 18:71–94.



44 45

Goward S N, Tucker C J, Dye D G, 1985. North American vegetation patterns observed 
with the NOAA-7 advanced very high resolution radiometer. Vegetatio, 64:3–14.

Goward S N, Dye D G, Kerber A, Kalb V, 1987. Comparison of North and South 
American biomes from AVHRR observations. Geocarto International, 1:27–39.

Goward S N, Huemmrich K F, 1992. Vegetation canopy PAR absorptance and the 
normalized difference vegetation index: An assessment using the SAIL model. Remote Sens. 
Environ. 39:119–140.

Gower S T, 1987. Allometric relations of deciduous (Larux occidentalis) and evergreen 
conifers (Pinus contorta and Pseudotsuga menziesii) of the Cascade Mountains in central 
Washington. Can. J. For. Res. 17: 630–634.

Gower S T, Newman J M, 1991. Rapid estimation of leaf area index in conifer and 
broad-leaf plantations. Ecology 72:1896–1900.

Gower S T, Vogt K A, Grier C C, 1992. Carbon dynamics of Rocky Mountain Douglas-fir; 
influence of water and nutrient availability. Ecol. Monogr. 62:43–65.

Gower S T, Haynes B E, Fassnacht K S, Running S W, Hunt E R Jr, 1993a. Influence 
of fertilization on the allometric relations for two pines in contrasting environments. 
Can. J. For. Res. 23:1704–1711.

Gower S T, Reich P B, Son Y, 1993b. Canopy dynamics and aboveground production of 
five tree species with different leaf longevities. Tree Physiol. 12:327–345.

Gower S T, Vogel J, Norman J M, Kucharik C J, Steele S J, Stow T K, 1997. Carbon 
distribution and aboveground net primary production in aspen, jack pine, and black spruce 
stands in Saskatchewan and Manitoba, Canada. J. Geophys.Res. 102 (D24):29029– 29041.

Gower S T, Kucharik C J, Norman J M, 1999. Direct and indirect estimate of leaf area 
index fapar and net primary production of terrestrial ecosystems. Remote Sens. Environ. 
70 (1):29–51.

Green C F, Hebblethwaite P D, Ison D A, 1985. A quantitative analysis of varietal and 
water stress effects on the growth of Vicia faba in relation to radiation absorption. Annals of 
Applied Biology, 106:143–155.

Green C F, 1987. Nitrogen nutrition and wheat growth in relation to absorbed solar 
radiation. Agricultural and Forest Meteorology, 41:207–248.

Grier C C, Logan R S, 1977. Old-growth Pseudotsuga menziestii communities of a 
western Oregon watershed: biomass distribution and production budgets. Ecol. Monogr. 
47:373–400.

Grier C C, Milne W A, 1981. Regression equations for calculating component biomass of 
young Abies amabilis (Dougl) Forbes. Can. J. Res. 11:184–187.

Grier C C, Lee K M, Archibald R M, 1984. Effects of urea fertilization on allometric 
relations in young Douglas-fir trees. Can. J. For. Res. 14:900–904.

Guyot G, Guyon D, Riom J, 1989. Factors affecting the spectral response of forest 
canopies: a review. Geocarta Int. 4:3–18.



46 47

Hall F G, Huemmrich K F, Goetz S J, Sellers P J, Nickerson J E, 1992a. Satellite remote 
sensing of surface energy balance, failures, and unresolved issues in FIFE. J. Geophys. Res. 
97:19061–19089.

Hall F G, Huemmrich K F, Strebel D E, Goetz S J, Nickerson J E, Woods K D, 1992b. 
Biophysical, morphological, canopy optical property, and productivity data from the 
Superior National Forest. NASA Technical Memorandum 104568, Washington, DC.

Hatfield J L, Asrar G, Kanemasu E T, 1984. Intercepted photosynthetically active 
radiation estimated by spectral reflectance. Remote Sens. Environ. 14:65–75.

Hatfield J L, Kanemasu E T, Asrar G, Jackson R D, Pinter P J Jr, Reginato R J, 
Idso S B, 1985. Leaf-area estimates from spectral measurements over various planting 
dates of wheat. Int. J. Remote Sens. 6:167–175.

Heimann M, Keeling C D, 1989. A three-dimensional model of atmospheric CO2 transport 
based on observed winds: 2. Model description and simulated tracer experiments. 
In D H Peterson (Ed), Climate Variability in the Pacific and the Western Americas, 
American Geophysical Union, pp 237–275.

Hesketh J, Baker D, 1967. light and carbon assimilation by plant communities. Crop Sci. 
7:285–293.

Hipps L E, Asrar G, Kanemasu E T, 1983. Assessing the interception of 
photosynthetically active radiation in winter wheat. Agric. Meteorol. 28:253–259.

Holben B N, Tucker C J, Fan C J, 1980. Spectral assessment of soybean leaf area and leaf 
biomass. Photogramm. Eng. Remote Sens. 46:651–656.

Holben B N, Kimes D S, Fraser R S, 1986. Directional reflectance in AVHRR red and 
near-IR bands for three cover types and varying atmospheric conditions. Remote Sens. 
Environ. 19:213–236.

Huemmrich K F, Goward S N, 1997. Vegetation canopy PAR absorbance and NDVI: 
anassessment for ten tree species with the SAIL model. Remote Sens. Environ. 61:254–269.

Huete A R, Post D F, Jackson R D, 1984. Soil spectral effect on 4-space vegetation 
discrimination. Remote Sens. Environ. 15:155–165.

Huete A R, Jackson R D, Post D F, 1985. Spectral response of a plant canopy with 
different soil background. Remote Sens. Environ. 17:37–53.

Huete A R, Jackson R D, 1987. The suitabliliy of spectral indices for evaluating vegetation 
characteristics on arid range-lands. Remote Sens. Environ.23:213–232.

Huete A R, 1987a. Soil dependent spectral response in a developing plant canopy. Agron. J. 
79:61–68.

Huete A R, 1987b. Soil and sun angle interactions on partial canopy spectra. Int. J. Remote 
Sens. 8:1307–1317.

Huete A R, 1988. A soil adjusted vegetation index (SAVI). Remote Sens. Environ. 
25:295–309.

Huete A R, 1989. Soil influences in remotely sensed vegetation-canopy spectra. In G Asrar 
(Ed), Theory and Application of Optical Remote Sensing, Wiley Series in Remote Sensing, 
Wiley, New York, pp 107–141.



46 47

Hunt E R Jr, Piper S C, Nemani R, Keeling C D, Otto R D, Running S W, 1996. Global 
net carbon exchange and intra-annual atmospheric CO2 concentrations predicted by an 
ecosystem process model and three dimensional atmospheric transport model. Global 
Biogeochem. Cycles 10:431–456.

IGBP, 1990. The International Geosphere-Biosphere Programme: A study in global change. 
The initial Core Projects, Report No 12.

Jackson R D, Pinter P J, Idso S B, Reginato R J, 1979. Wheat spectral reflectance: 
interaction between crop configuration, sun elevation and azimuth angle. Appl. Opt. 
18:3730–3732.

Jackson R D, Slater P N, Pinter P J Jr, 1983. Discrimination of growth and water stress 
in wheat by various vegetation indices through clear and turbid atmospheres. Remote Sens. 
Environ. 13:187–208.

Jackson R D, 1986. Spectral response of architecturally different wheat canopies. Remote 
Sens. Environ. 20:43–56.

Jarvis P G, Leverenz J W, 1983. Productivity of temperate, deciduous and evergreen 
forests. In O L Lange, P S Nobel, C B Osmond, and H Ziegler (Eds), Physiological Plant 
Ecology IV. Ecosystem processes: Mineral Cycling, productivity and Man’s Influence, 
New York:Springer-Verlag.

Jordan C F, 1969. Derivation of leaf area index from quality of light on the forest floor. 
Ecology, 50:663–666.

Kanemasu E T, 1974. Seasonal canopy reflectance patterns of wheat, sorghum and 
soybean. Remote Sens. Environ. 3:43–47.

Kaufman Y J, Tanré D, 1992. Atmospherically resistant vegetation index (ARVI) for 
EOS-MODIS. IEEE Trans. Geosci. Remote Sens. 30:261–270.

Kiniry J R, Jones C A, O’Toole J C, Blanchet R, Cabelgue M, Spanel D A, 1989. 
Radiation-use efficiency in biomass accumulation prior to grain filling for five grain crop 
species. Field Crop Research, 20:51–64.

Kloeppel B K, 1998. Carbon and nitrogen allocation and resource use efficiency in mixed 
Larix spp. and evergreen conifer forests along an resource availability gradient. Ph.D. 
Dissertation, University of Wisconsin, Madison.

Knipling E B, 1970. Physical and physiological basis for the reflectance of visible and 
near-infrared radiation from vegetation. Remote Sens. Environ. 1:155–159.

Knyazikhin Y, Martonchik J V, Diner D J, Myneni R B, Verstraete M, Pinty B, 
Gobron N, 1998. Estimation of vegetation canopy leaf area index and fraction of absorbed 
photosynthetically active radiation from atmosphere-corrected MISR data. J. Geophys. Res., 
32:239–256.

Kollenkark J C, Vanderbilt V C, Bauer M E, Housley T L, 1982. Effect of cultural 
practices on agronomic and reflectance characteristics of soybean canopies. Agron. J. 
74:751–758.

Kucharik C J, 1997. Characterizing the radiation regime in nonrandom forest canopies. 
Ph.D. dissertation. University of Wisconsin-Madison.



48 49

Kucharik C J, Norman J M, Murdock L M, Gower S T, 1997. Characterizing canopy 
nonrandomness with a Multiband Vegetation Imager (MVI). J. Geophys. Res. 102(D24):
29445–29473.

Kucharik C J, Norman J M, Gower S T, 1998. Charcterizing the radiation regime in 
nonrandom forest canopies: theory, measurements, modeling and a simplified approach. 
Tree Physiol. 19:695–706. 

Kumar M, Monteith J L, 1981. Remote sensing of crop growth. In H. Smith (Ed), Plants 
and the daylight spectrum. Academic press, London, pp 133–144.

Landsberg J J, Gower S T, 1997. Applications of Physiological Ecology to Forest 
Management. Academic, San Diego, CA, 354 p.

Landsberg J J, Prince S D, Jarvis P G, McMurtrie R E, Luxmoore R, Medlyn B E, 
1997. Energy conversion and use in forests: the analysis of forest production in terms of 
radiation utilization efficiency (e). In: H L Gholz, K Nakane, and H Shirada (eds), The Use 
of Remote Sensing in the Modeling of Forest Productivity at Scales from Stands to Globe, 
Kluwer Academic, Dordrecht., pp 273–298.

Lang A R G, Yueguin X, Norman J M, 1985. Crop structure and the penetration of direct 
sunlight. Agric. For. Meteorol. 35:83–101.

Lauenroth W K, Hunt H W, Swift D M, Singh J S, 1986. A reply to Vogth et al. Ecology 
67:580–582.

Law B E, Waring R H, 1994. Remote sensing of leaf area index and radiation intercepted 
by understory vegetation. Ecol. Appl. 4:272–279.

Leblon B, Gallant L, Grandberg H, 1996. Effects of shadowing types on ground-
measured visible and near-infrared shadow reflectances. Remote Sens. Environ. 58:322–328.

Lieth H, 1975. Modeling the primary productivity of the world. In H. Lieth and R.H. 
Whittaker (Eds), Primary Productivity of Biosphere, Springer-Verlag, Berlin and New York, 
pp 237–263.

Linder S, 1985. Potential and actual production in Australian forest stands. In J.J. 
Landsberg and W. Parsons (Eds), Research for Forest management: proceedings of a 
Conference of Division of Forest Research held at CSIRO, on 21–25 May 1984, Canberra:
CSIRO, pp 11–35.

Liu J, Chen J M, Cihlar J, Park W M, 1997. A process-based boreal ecosystem 
productivity simulator using remote sensing inputs. Remote Sens. Environ. 62:155–175.

Major D J, Baret F, Guyot G, 1990. A ratio vegetation index adjusted for soil brightness. 
Int. J. Remote Sens. 11(5):727–740.

Markham B L, Baker J L, 1986. Landsat MSS and TM post-calibration dynamic ranges, 
exoatmospheric reflectances and at-satellites temperatures. LANDSAT Technical Notes, 
No 1 NASA/Goddard Space Flight Center, Greenbelt, MD 20771.

Marklund L G, 1988. Biomassefunktioner för tall, gran och björk i Sverige. Institutionen 
för skogstaxering. Rapport 45, Sveriges Lantbruksuniversitet, Umeå.



48 49

Marshall J D, Waring R H, 1986. Comparison of methods of estimating leaf area index in 
old-growth Dougla-fir. Ecology 67:975–979.

McCree K J, 1972. The action spectrum, absorptance and quantum yield of photosynthesis 
in crop plants. Agric. Meteorol. 9:191–216.

Meyer P, Itten K I, Kellenberger T, Sandmeirer S, Sandmeirer R, 1993. Radiometric 
correction of topographically induced effects on Landsat TM data in an alpine environment. 
Photogramm. Eng. Remote Sens. 48:17–28.

Mohamed H A, Clark J A, Ong C K, 1988. Genotypic differences in the temperature 
responses of tropical crops. III. Light interception and dry matter production of pearl millet 
(Pennisetum typhoides S& H). J. Exp. Bot. 39:1137–1143.

Monteith J L, Unsworth M H, 1990.  Principles of environmental physics. Edward Arnold, 
London, 291 pp.

Monteith J L, 1972. Solar radiation and productivity in tropical ecosystem. J. Appl. Ecol. 
9:747–766.

Monteith J L, 1977. Climate and the efficiency of crop production in Britain. Philosophical 
Transactions of the Royal Society, London, 281:277–294.

Myneni, R B, Asrar, G, Tanré, D, Choudhury, B J, 1992. Remote sensing of solar 
radiation absorbed and reflected by vegetated land surfaces. IEEE Trans. Geosci. Remote 
Sens. GE-30:302–314.

Myneni R B, Asrar G, 1994. Atmospheric effects and spectral indices. Remote sens. 
Environ. 47:390–402.

Myneni R B, Williams D L, 1994. On the relationship between FAPAR and NDVI. Remote 
Sens. Environ. 49:200–211.

Myneni R B, Maggion S, Iaquinta J, Privette J L, Gobron N, Pinty B, Kimes D S, 
Verstraete M M, Williams D L, 1995a. Optical remote sensing of vegetation: modeling, 
caveats, and algorithms. Remote Sens. Environ. 51:169–188.

Myneni R B, Hall F G, Sellers P J, Marshak A L, 1995b. The interpretation of spectral 
indices. IEEE Trans. Geosci. Remote Sens. 33:481–486.

Myneni R B, Nemani R R, Running S W, 1997. Estimation of global leaf area index 
and absorbed PAR using radiative transfer models. IEEE Trans. Geosci. Remote Sens. 
35:1380–1393.

Möser W, Raschke E, 1984. Incident solar radiation over Europe estimated from Meteosat 
data. J. Clim. Appl. Meteorol. 23:166–170.

Nadelhoffer K J, Raich J W, 1992. Fine root production estimates and belowground 
carbon allocation in forest ecosystems. Ecology 73:1139–1147.

NASA, 1987. From pattern to process: The strategy of the earth observation system. 
(Eos Science Steering Committee report II) Washington, D.C.: National Aeronautics and 
Space Administration.



50 51

Nilson T, Anniste J, Lang M, Praks J, 1999. Determination of needle area indices of 
coniferous forest canopies in the NOPEX region by ground-based optical measurements and 
satellite images. Agric. For. Meteorol. 98/99:449–462. 

Norman J M, Jarvis P G, 1974. Photosynthesis in sitka spruce (Picea sitchensis (Bong.) 
Carr.) III. Measurements of canopy structure and interception of radiation, J. Appl. Ecol. 
11:375–398.

Peterson D L, Spanner M A, Running S W, Teuber K B, 1987. Relationship of Thematic 
Mapper Simulator data to leaf area index of temperate coniferous forests. Remote Sens. 
Environ. 22:323–341.

Pinker R T, Ewing J A, 1985. Modeling surface solar radiation: model formulation and 
validation. J. Clim. Appl. Meteorol. 24:389–401.

Pinker R T, Laszlo I, 1992. Global distribution of photosynthetically active radiation as 
observed from satellites. J. Clim. 5:56–65.

Pinty B, Verstraete M M, 1992. GEMI, A non-linear index to monitor global vegetation 
from satellites. Vegetatio, 101:15–20.

Potter C S, Randerson J T, Field C B, Matson P A, Vitousek P M, Mooney H A, 
Klooster S A, 1993. Terrestrial ecosystem production: a process model based on global 
satellite and surface data. Global Biogeochemical Cycles, 7:811–841.

Prince S D, Tucker C J, 1986. Satellite remote sensing of rangelands in Botswana II: 
NOAA AVHRR and herbaceous vegetation. Int. J. Remote Sens. 7:1555–1570.

Prince S D, 1991a. A model of regional primary production for use with course resolution 
satellite data. Int. J. Remote Sens. 12:1313–1330.

Prince S D, 1991b. Satellite remote sensing of primary production: comparison of results 
for Sahelian grasslands 1981–1988. Int. J. Remote Sens. 12:1301–1311.

Prince S D, Goward S N, 1995. Global primary production: a remote sensing approach. 
J. Biogeogr. 22:815–835.

Publicover D A, Vogt K A, 1993. A comparison of methods for estimating forest fine root 
production with respect to sources of error. Can. J. For. Res. 23:1179–1186.

Richardson A, Wiegand G L, 1977. Distinguishing vegetation from soil background 
information. Photogramm. Eng. Remote Sens. 43:1541–1552.

Rouse J W, Haas R H, Schell J A, Deering D W, Harlan J C, 1974. Monitoring the vernal 
advancement of retrogradation of natural vegetation. NASA/GSFC, Type III, Final Report, 
Greenbelt, MD, 371 pp.

Ruimy A, Saugier B, Dedieu G, 1994. Methodology for estimation of terrestrial net 
primary production from remotely sensed data. J. Geophys. Res. 99:5263–5283.

Running S W, Peterson D L, Spanner M A, Tueber K B, 1986. Remote sensing of 
coniferous forest leaf area. Ecology 67:273–276.

Running S W, Coughlan J C, 1988. A general model of forest ecosystem processes for 
regional applications, I. Hydrologic balance, canopy gas exchange and primary production 
processes. Ecol. Model. 42:125–154.



50 51

Running S W, Nemani R R, Peterson D L, Band L E, Potts D F, Pierce L L, Spanner 
M A, 1989. Mapping regional forest evapotranspiration and photosynthesis by coupling 
satellite data with ecosystem simulation. Ecology 70:1090–1101.

Running S W, Gower S T, 1991. FOREST-BGC, a general model of forest ecosystem 
processes for regional applications, II. Dynamic carbon allocation and nitrogen budgets. 
Tree Phys. 9:147–160.

Running S W, Hunt E R, 1993. Generalization of a forest ecosystem process model for 
other biomes, BIOME-BGC, and application for global-scale models. In J H Ehleringer and 
C B Field (Eds), Scaling Physiological Processes: Leaf to Globe, Academic, San Diego, 
CA, 141–158.

Russel G, Jarvis P G, Monteith J L, 1989. Absorption of radiation by canopies. In 
G. Russel, P.G. Jarvis and B. Marshal (Eds), Plant Canopies: Their Growth, Form and 
Function, Soceity for Experimental Biology seminar Series, Vol 31 (Cambridge: Cambridge 
University Press), pp 21–41.

Sellers P J, 1985. Canopy reflectance, photosynthesis and transpiration. Int. J. Remote Sens. 
6:1335–1372.

Sellers P J, 1987. Canopy reflectance, photosynthesis and transpiration, II. The role of 
biophysics in the linearity of their interdependence. Remote Sens. Environ. 21:143–183.

Sellers P J, 1989. Vegetation-canopy spectral reflectance and biophysical properties. 
In G. Asrar (Ed), Theory and Applications of Optical remote Sensing, New York:Wiley.

Sellers P J, Schimel D S, 1993. Remote sensing of the land biosphere and biogeochemistry 
in the EOS era: Science priorities, methods and implementation – EOS land biosphere and 
biogeochemical cycles panels. Global Planetary Change, 7:279–297.

Sellers P J, Dickinson R E, Randall D A, Betts A K, Hall F G, Berry J A, Collatz G J, 
Denning A S, Mooney H A, Nobre C A, Sato N, Field C B, Henderson-Sellers A, 1997. 
Modeling the exchange of energy, water, and carbon between continents and atmosphere. 
Science 275:602–609.

Shibayama M, Wiegand C L, Richardson A J, 1986. Diurnal patterns of bidirectional 
vegetation indices for wheat canopies. Int. J. Remote Sens. 7:233–246.

Shibayama M, Akiyama T, 1989. Seasonal visible, near-infrared and mid infrared spectra 
of rice canopies in relation to LAI and above-ground dry phytomass. Remote Sens. Environ. 
27:119–128.

Smith N J, Chen J M, Black T A, 1993. Effects on clumping on estimates of stand leaf 
area index using LI-COR LAI-2000. Can J. For. Res. 23:1940–1943.

Spanner M A, Pierce L L, Peterson D L, Running S W, 1990a. Remote sensing 
temperate coniferous forest leaf area index. The influence of canopy closure, understory 
and background reflectance. Int. J. Remote Sens. 11:95–111.

Spanner M A, Pierce L L, Running S W, Peterson D L, 1990b. The seasonal trends of 
AVHRR data of temperate coniferous forests: relationship with leaf area index. Remote 
Sens. Environ. 33:97–112.



52 53

Spanner M A, Johnson L, Miller J, Mccreight R, Freemantle J, Runyon J, Gong P, 
1994. Remote sensing of seasonal leaf area index across the Oregon transect, Ecol. Appl. 
4:258–271.

Sprugel D J, 1983. Correcting for bias in log-transformed allometric equations. Ecology 
64:209–210.

Squire G R, Gregory P J, Monteith J L, 1984a. Control of water use by pearl millet 
(Pennisetum typhoides). Experimental Agriculture, 20:135–149.

Squire G R, Marshall B, Terry A C, Monteith J L, 1984b. Response to temperature in a 
stand of pearl millet. J. Exp. Bot. 35:599–610.

Steele S J, Gower S T, Vogel J, Norman J M, 1997. Root mass, production and turnover 
of boreal aspen, jack pine and black spruce forests. Tree Physiol. 17:577–587.

Steinmetz S, Guerif M, Delecolle R, Baret F, 1990. Spectral estimates of the absorbed 
photosynthetically active radiation and light-use efficiency of a winter wheat crop subjected 
to nitrogen water deficiencies. Int. J. Remote Sens 11:1797–1808.

Stenberg P, Linder S, Smolander H, Flower-Ellis J, 1994. Performance of the 
LAI-2000 plant canopy analyzer in estimating leaf area index of some Scots pine stands. 
Tree Physiology, 14: 981–995.

Steven M D, Biscoe P V, Jaggard K W, 1983. Estimation of sugar beet productivity from 
reflection in red and infrared spectral bands. Int. J. Remote Sens. 4:325–334.

Steven M D, Demetriades-Shah T H, 1987. Spectral indices of crop productivity under 
conditions of stress. In Advances in Digital Image Processing (Nottingham:Remote Sensing 
Society), pp 593–601.

Tans P P, Fung I Y, Takahashi T, 1990. Observational constraints on the global 
atmospheric CO2 budget. Science 247:1431–1438.

Tarpley J D, 1979. Estimating incident solar radiation at the surface from geostationary 
satellite data. J. Appl. Meteorol. 18:1172–1181.

Tian Y, Zhang Y, Knyazikhin Y, Myneni R B, Glassy J M, Dedieu G, Running S W, 
2000. Prototyping of MODIS LAI and FPAR algorithm with LASUR and LANDSAT data. 
IEEE Trans. Geosci. Remote Sens. 38:2387–2401.

Tucker C J, 1978. A comparison of satellite sensor bands for monitoring vegetation. 
Photogramm. Eng. Remote Sens. 44:1369–1380.

Tucker C J, 1979. Red and photographic infrared linear combinations for monitoring 
vegetation. Remote Sens. Environ. 8:127–150.

Tucker C J, Vanpraet C L, Sharman M J, Van Ittersum G, 1985. Satellite remote 
sensing of total herbaceous biomass production in the senegalese Sahel: 1980–1984. 
Remote Sens. Environ. 17:233–249.

Tucker C J, Sellers P J, 1986. Satellite remote sensing of primary production. Int. J. 
Remote Sens. 7:1395–1416.

Tucker C J, Fung I Y, Keeling C D, Gammon R H, 1986. The relationship of global green 
leaf biomass to atmospheric CO2 concentrations. Nature 319:159–199.



52 53

Turner D P, Cohen W B, Kennedy R E, Fassnacht K S, Briggs J M, 1999. Relationships 
between leaf area index and Landsat TM spectral vegetation indices across three temperate 
zone sites. Remote Sens. Environ. 70:52-68.

Turner D P, Acker S A, Means J E, Garman S L, 2000. Assessing alternative allometric 
algorithms for estimating leaf area index in Douglas-fir trees and stands. For. Ecol. Manage. 
126(1):61–76.

Van Cleve K, Oliver L A, Schlender R, Viereck L A, Dynnes C T, 1983. Productivity and 
nutrient cycling in taiga forest ecosystems. Canadian Forest Research, 13:703-720.

Vanderbilt V C, Kollenkark J C, Biehl L L, Robinson B F, Bauer M E, Ranson K J, 
1981. Diurnal changes in reflectance factor due to sun-row direction interactions. In 
International Colloquium on Spectral Signatures of Objects in Remote Sensing, Avignon, 
France, 8–11 Sept., Les colloques de I’INRA Nº 5, Ed. INRA, Versailles, pp 499–508.

Vogel J G, Gower S T, 1998. Carbon and nitrogen dynamics of boreal jack pine stands with 
and without a green alder understory. Ecosystems 1:386–400.

Vogt K A, Grier C C, Vogt D J, 1986a. Production, turnover, and nutrient dynamics of 
above- and belowground detrius of world forests. Adv. Ecol. Res. 15:303–377.

Vogt K A, Grier C C, Gower S T, Sprugel D G, Vogt D J, 1986b. Overestimation of net 
root production: a real or imaginary problem? Ecology 67:577–579.

Wanjura D F, Hatfield J L, 1987. Sensitivity of spectral vegetation indices to crop 
biomass. Trans. ASAE 30:810–816.

Warren Wilson J, 1967. Ecological data on dry-matter production by plants and plant 
communities. In E F Bradley and O T Denmead (Eds), The Collection and processing of 
Field Data, New York:Interscience.

Weiser R L, Asrar G, Miller G P, Kanemasu E T, 1986. Assessing grassland 
characteristics from spectral measurements. Remote Sens. Environ. 20:141–152.

Welles J M, 1990. Some indirect methods of estimating canopy structure. In N.S. Goel and 
J.M. Norman (Eds), Instrumentation for Studying Vegetation Canopies for Remote Sensing 
in Optical and Thermal Infrared Regions. Harwood Academic, London, pp 31–43.

Welles J M, Cohen S, 1996. Canopy structure measurement by gap fraction analysis using 
commercial instrumentation. J. Exp. Bot. 302:1335–1342.

White J D, Running S W, Nemani R, Keane R E, Ryan K C, 1997. Measurement and 
remote sensing of LAI in Rocky Mountain montane ecosystems. Can. J. For. Res. 27:
1714–1727.

Wiegand C L, Hatfield J L, 1988. The Spectral-Agronomic Multisite-multicrop Analyses 
(SAMMA) Project. In Proc. 16th Cong., Int. Soc. Photogramm. and Remote Sens., Kyoto, 
Japan, 1–10 July 1988, Int. Arch. Photogramm. Remote Sens. 27(B7):696–706.

Wiegand C L, Richardson A J, Kanemasu E T, 1988. Leaf area index estimates for wheat 
from Landsat and their implications for evapotranspiration and crop modelling. Agron. J. 
71:336–342.

Wiegand C L, Richardson A J, 1990. Use of spectral vegetation indices to infer leaf area, 
evapotranspiration and yield: II. Results. Agron. J., 82:630–636.



54 55

Wiegand C L, Richardson A J, Escobar D E, Gerbermann A H, 1991. Vegetation indices 
in crop assessments. Remote Sens. Environ. 35:105–119.

Wiegand C L, Maas S J, Aase J K, Hatfield J L, Pinter Jr P J, Jackson R D, 
Kanemasu E T, Lapitan R, 1992. Multispectral analyses of spectral-biophysical data 
for wheat. Remote Sens. Environ. 42:1–21.

Williams D L, 1991. A comparison of spectral reflectance properties at the needle, branch, 
and canopy level for selected conifer species. Remote Sens. Environ. 35:79–93.

Woolley J T, 1971. Reflectance and transmittance of light by leaves. Plant Phys. 47: 
656–662.

Wylie B K, Harrington J A Jr, Prince S D, Denda I, 1991. Satellite and ground-based 
pasture production assessment in Niger: 1986–1988. Int. J. Remote Sens. 12:1281–1300.

Yoder B J, Waring R H, 1994. The normalized difference vegetation index of small 
Douglas-fir canopies with varying chlorophyll concentrations. Remote Sens. Environ. 
49:81–91.



54 55

Appendix 1

Class codes for vegetation/land cover classification in Forsmark
Code 1 = outside area

Class code Forest (not clear-cut or regeneration forest 1989)

11 Old spruce forest, mesic-wet types
12 Young spruce forest, mesic-wet types 
13 Old pine forest, mesic-wet types
14 Young pine forest, mesic-wet types
15 Dry pine forest on acid rocks
21 Birch-dominated forest
23 Aspen-dominated forest
26 Ash-dominated forest
30 Mixed forest (conifers/deciduous)
31 Mixed forest/shrub on bedrock islands

Class code Clear-cut, regeneration forest 

41 Young spruce
42 Young pine
43 Unspecified young conifer
44 Birch thicket
45 Birch ticket/meadow type
46 Poor regrowth, meagre ground, boulders
50 New clear-cut 

Class code Wetlands

61 Forested wetland, spruce-dominated
62 Forested wetland, pine-dominated
63 Forested wetland, deciduous-dominated
64 Forested wetland, clear-cut
72 Open wetland, lush carpet mire/mud-bottom mire
74 Open wetland, lush lawn mire
75 Open wetland, lush lawn mire, with willow
76 Open wetland, lush lawn mire, with willow, birch
77 Open wetland, reed-dominated, less wet
78 Open wetland, reed-dominated/more lush
79 Open wetland, reed-dominated, wet

Class code Other

81 Arable land
82 Other open land (pastures and meadows)
83 Coastal bare rocks
91 Holiday house
92 Industry
93 Lowrise house
96 Other hard surfaces
100 Water
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Appendix 2

Delivery description
CD NDVI for Forsmark and Oskarshamn
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