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Preface

Proceedings from the Workshop on Remote Sensing held at the Sostrup Castle, Grend, May
6-7, 1991.

The workshop and the publication of the proceedings was partly funded by the Danish
Agricultural and Veterinary Research Council (SJVF).

The workshop was organized jointly by the following Danish institutions:
¢ The Danish Institute of Plant and Soil Science, Ministry of Agriculture.
o Botanical Institute, University of Aarhus.
¢ The Royal Veterinary and Agricultural University, Copenhagen.

The workshop was planned in order to present the state of the art in remote sensing appli-
cations within the following disciplines:

o Spectral measurements and its application to monitoring crop conditions (biomass,
LAI plant diseases, etc.)

¢ Surface temperatures and its application to monitoring crop water status, stress, etc.

o Aerial photography and satellite imagery and its application to mapping of surface
types, surface temperatures, etc.

In Denmark, a number of remote sensing research projects, mainly sponsored by government
research councils, have been completed. The May workshop was the third and final workshop
presenting results from these projects. It was the aim of the organizing committee to present
the major results from Danish remote sensing research in a single publication.

The organizers would like to thank the workshop participants for their contributions to a
successful workshop. The lively and enlightning contributions by Jirgen Schellberg of the
University of Rheinischen Friedrich-Wilhelms, Germany and Michael A. Hardisky of the

University of Scranton, USA are especially acknowledged.

Research Centre Foulum
February 1992

Anton Thomsen
Arne Jensen
Henry E. Jensen
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Spectral images of plants, progress and prospects

Arne Jensen
Environmental Science and Technology Department
Risg National Laboratory, P.O. Box 49, DK-4000 Roskilde, Denmark

Introduction

For the application of remote sensing to e.g.,
ecosystem studies, crop inventories, yield pre-
diction related to diseases and stresses, cli-
mate or soils, there are a number of constrains
which often impede the transition from re-
search to operational use of remote sensing
techniques. Going from research projects to
applications seems especially difficult for re-
mote sensing techniques using space data,
whereas the transition from airborne and
near surface techniques to operational appli-
cations seem less problematic.

Remotely sensed information related to
vegetation canopies can only be interpreted
precisely if the mechanisms of interaction
of electromagnetic radiation with the atmo-
sphere, live and dead plant material and the
soil are well known.

The optical properties of vegetation
canopies show great spatial and temporal
variations. These variations are caused by
diurnal and seasonal changes in the physical
and chemical environment and by the biolog-
ical development of the canopy.

This short review will mainly consider
problems related to plant canopies and data
obtained by use of near surface remote sens-
ing techniques.

Sampling frequency and
spatial resolution

The potential of remote sensing in various
disciplines is limited by spatial and tempo-
ral restrictions mainly because of limitations
in current data handling systems, but also
by limitations in spatial resolution of current
techniques (Fig. 1).

Biological and agricultural applications of
remote sensing require adequate temporal
and spatial resolution. The frequency of the
temporal sampling must be high enough to
resolve the critical and indicative changes in
plant canopies and other biological systems,
which takes place over periods of a few days
or less. Thus there should be an option of
acquiring data every two or tree days even if
this high sampling frequency only is needed
during a relatively short period of time.

For applications of remote sensing carried
out on the ground or from vehicles the spatial
resolution is usually not a problem. However,
it is important to stress that the total area
sampled, perhaps by a number of subsamples,
should be large enough to represent the plant
community, crop or soil cover in question. In
crops like wheat an area of about one meter
in diameter is needed to represent the crop
correctly.
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Figure 1: The requirements of agricultural applications with respect to spatial and temporal
resolution of remote sensing systems compared with those of other users of remotely sensed
data (redrawn from Allan 1990).



Biomass and plant produc-
tion

Most green leaves strongly reflect (40-45 %)
near infrared radiation (NIR; 700 to 1300
nm). In this wavelength interval of the spec-
trum, absorptance is low (5-10 %) and the
percentage of radiation transmitted is similar
to that which is reflected. Most green leaves
strongly absorb 90 to 95 % red radiation (R;
625 to 680 nm). In the red part of the spec-
trum transmission is very low, 1 to 5 %, and
the reflection from leaves is also low 5 to 10 %.
Several authors have shown seasonal changes
in red and infrared reflectance from canopies.
Generally, as the amount of photosynthetic
tissue increases during the growing season,
the reflectance of the canopy declines in the
red region and increases in the infrared re-
gion. From these observations the amount of
photosynthetic tissue appears to be the ma-
jor factor determining infrared reflectance of
a canopy.

Several papers have demonstrated how re-
mote sensing techniques can be used to es-
timate rates of dry matter accumulation in
communities of natural plants, and in crop
stands. During the growing season of 1977
the quantity of near infrared reflection from
the vegetation in a salt marsh was used to
predict the amount of standing crop of photo-
synthetic tissue in the plant community (fig-
ure 2). The predicted values was within 10
% of the measured values obtained by use of
harvest techniques (Jensen, 1980). In addi-
tion the amount of reflected near infrared ra-
diation was found to be strongly correlated
with leaf area index of the canopy.

Later it became customary to work with
wavebands just below and just above a wave-
length of 700 nm to give a maximum discrimi-
nation between foliage, dead biomass and the
underlying soil. The Normalized Difference
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Figure 2: Relationships between predicted
and observed values of the biomass of pho-
tosynthetic tissue (o), biomass of leaves of all
species (%) and biomass of Halimione portu-
lacoides leaves (o) in a salt marsh plant com-
munity (after Jensen 1980).

Vegetation Index was adopted for biomass de-
termination NDVI= (IR - R) / (IR + R) to-
gether with the dry matter/ radiation quo-
tient, e. During vegetative growth, many
agricultural crops and some other vegetation
types have remarkably similar values of e. A
typical figure for C3 plants is 1.4 gram of
dry matter for each MJ of total solar radia-
tion intercepted (Monteith 1977). C4 species,
for example maize, seem to exhibit some-
what larger values of e. It has been demon-
strated that the Normalized Vegetation In-
dex, NDVI, shows a strong near-linear rela-
tionship to the fraction of visible radiation
intercepted by a vegetation canopy, and ap-
pears to be almost insensitive to variations in
canopy geometry. Given daily mean values of
incoming solar radiation and the fraction of
radiation intercepted by the canopy several
authors have demonstrated that remote sens-
ing can be used to estimate rates of biomass
accumulation by crop stands during vegeta-
tive growth. However, the existing models do
not give good estimates of biomass accumula-
tion early in the growing season when the leaf
area index is low and radiation reflected by



the soil surface interferes with the reflection
from the foliage. Later in the growing sea-
son during the transition from the vegetative
growth to senescence the models also loose
sensitivity because of interference from dead
plant material within the canopy, and from
the soil, of which larger and larger propor-
tions become exposed to the sensors during
senescence.

Interference
from soil, dead and senes-
cent plant material

The reflectance of plant canopies depends on
the amount of senescent and dead plant ma-
terial, and on the percentage of ground cover
as well as on the optical properties of the dead
biomass and the soil background.

The effect of the soil background can
clearly be seen up to a leaf area index of ap-
proximately 3, which corresponds to nearly
complete canopy cover. At LAI values be-
tween 3 and 5 the near-infrared reflectance
becomes increasingly saturated and the inter-
ference from the soil can be neglected. The
reflectance from the soil background depends
strongly on the moisture contents in the up-
per few millimetres of the soil profile (fig. 3),
and the reflectance is inversely related to the
moisture content of the soil. The reflectance
from dead biomass also strongly depends on
the water content, and the reflectance is in-
versely related to the moisture content of the
dead biomass (figure 4).

In two natural plant communities (1o,
& Il in dead biomass) differing in the
amount of dead plant biomass interfering
with the NIR and R reflectance from the
canopy, several normalisation indices (NIR
blue™!, NIR red~!, VI, PI and NIR,;,) were
tested.  Positive relations between these

indices and total live biomass and green
biomass were observed, with values between
0.69 and 0.96. Inverse relations of an asymp-
totic nature were observed between dead
biomass as a percentage of total biomass and
of green biomass, with values between 0.90
and 0.91 (Lorenzen and Jensen 1983). A
model discriminating live and dead above-
ground biomass was developed to improve
correlations between canopy reflectance and
biomass variables. On the condition that the
influence of NIR.qq on total NIR reflectance
decreased as a proportion of dead biomass the
following equation was developed

NIRyio = NIRtor — NIRior{d[a(NIR:otred™") 1)

Normalizing the total NIR reflectance from
the two different plant canopies with this
equation the correlation in community I was
unchanged, but the normalization nearly
doubled the correlation coefficient between
biomass and reflection in community II.

Crop diseases

Already in the 1920s remote sensing tech-
niques were proposed as tools to forecast
the dispersal of various diseases in crops
(Taubenhous et al. 1929). Later Colwell
(1956) among others described applications
of aerial photography and false colour in-
frared films for detection and assessment of
crop diseases. Attempts have also been made
to use multispectral sensors and satellite im-
ages in detection of diseased crops (Kane-
masu et al., 1974). However, detection and
identification of crop diseases by use of spec-
tral images seems very difficult because var-
ious diseases show several and similar symp-
toms. Powdery mildew is a very serious
crop disease causing severe yield reduction in
many important crops. Cereal mildew can
now more or less be controlled by the use
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Figure 3: Reflectance spectra of a silty loam soil for different moisture contents (redrawn
from Bowes and Hanks, 1965).
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Figure 4: Diagram representing changes in plant canopy reflectance during growth and
senescence (redrawn after Guyot 1989).
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of fungicides, but especially in western Eu-
rope there is a growing environmental con-
cern about the rather heavy use of chemi-
cals for crop protection. Attempts have been
made to develop methods for early warning of
mildew infections, and to determine the opti-
mal time for spraying crops to achieve the
necessary yield protection using less fungi-
cides.

Changes in spectral properties induced in
barley were studied to identify the most im-
portant spectral regions, in the 400-1100 nm
spectrum, to infected barley leaves (Lorenzen
and Jensen 1989). Five spring barley lines
were grown in a greenhouse and inoculated
with powdery mildew. Three of the lines were
highly susceptible to mildew and two lines
were resistant (figure 5). During a 20-day
period the spectral images of the leaves were
recorded and related to infection, chlorophyll
and water content of the leaves. The results
from the experiment can be summarized as
follows:

1. The spectral reflectance of control leaves
and inoculated resistant leaves was very
similar throughout the experimental pe-

riod.

No changes in spectral reflectance from
inoculated leaves were evident within the
first 3 days after the inoculation.

Six days after inoculation, the suscepti-
ble lines showed significantly higher re-
flectance in the visible wavelenght re-
gion.

Ten days after inoculation, the suscepti-
ble lines showed significantly higher re-
flectance throughout the spectrum from
400 to 1100 nm as compared to control
plants.

The difference in near infrared re-
flectance between control and infected

plants were small and occurred several
days later than changes in the visible re-
gion of the spectrum.

The difference in reflectance of blue and
red wavebands between control and in-
oculated plants were highly correlated
to the chlorophyll content of infected
leaves.

6.

The fact that no changes in the spectral re-
flectance from inoculated leaves were evident
within the first three days after inoculation
sets narrow limits to possible early warning
systems based on spectral images of leaves in
the 400 to 1100 nm waveband region.

It is surprising that significant changes in
spectral reflectance of single leaves infected
with mildew occur earlier in the visible region
of the spectrum than in the infrared part of
the spectrum. This observation makes pos-
sible early warning systems even more diffi-
cult because of the very weak reflectance from
plant leaves in the visible part of the spec-
trum.

Nutrient and water status

There have only been a few attempts to asses
the nitrogen status of plants using reflectance
measurements (Plummer, 1988; Jensen et al.
1990). Different wavelengths have been pro-
posed, but only low correlations have been
found between the spectral reflectance and
total plant nitrogen content. In spite of the
poor direct relationship between reflectance
and plant nitrogen, it may be possible to
use reflectance measurements, since nitrogen
availability has a profound effect on the leaf
expansion rate and on the final leaf size of
crops. Nitrogen fertilizers also increases the
number of leaves per plant in crops. These
higher numbers of leaves are due to increased
branching or tiller survival and are not the

12
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from Lorenzen and Jensen 1989).
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result of an increase in the rate of unfold-
ing of leaves, which is controlled entirely by
air and soil temperature. Other mineral nu-
trients can influence leaf expansion, but un-
der intensive agriculture, where phosphorus,
potassium and trace elements are maintained
at optimal levels by fertilizer application, ni-
trogen is the most important nutrient con-
trolling canopy development.

In a field experiment with barley grown at
different nitrogen treatment levels the per-
centage nitrogen content of the crop was neg-
atively correlated with the biomass accumu-
lation, and the nitrogen content declined in
an exponential manner. However, at any
given chronological age the total plant ni-
trogen content and the accumulated biomass
was strongly correlated in a curvilinear man-
ner (figure 6). Thus on each sampling oc-
casion the NIR and NIR/red reflectance was
closely related to percentage of total plant ni-
trogen in a curvilinear manner similar to the
relationship between accumulated biomass
and percentage plant nitrogen. To create
a model assessing percentage plant nitrogen
by reflectance measurements, sequential in-
formation about reflectance and chronologi-
cal age of the plants is needed. However, the
chronological age is not the optimal way of
describing the crop development in a biomass
model, because the overall plant nitrogen sta-
tus has a significant influence on the number
of leaves and on the final leaf size in crops.

Data reduction and analy-
sis

Enormous amounts of data are generated by
instrumentations on satellites and near sur-
face platforms, but only a small fraction is
subsequently used. In general a dispropor-
tionate amount of energy seems to have been
used on the data-collecting end of remote

sensing and far too little effort is put into
data analysis and into development of new
hypotheses.

Unlike measurements from satellites data
from near surface platforms in most cases
have been intensively validated by ”ground
truth” data.

The traditional vegetation indices used for
data reduction are all functionally equva-
lent, and in a helthy green vegetation there
are well established correlatiions between
biomass and these vegetation indices. But
when chlorosis occurs in stressed or seness-
ing vegetation these indices confound biomass
variation with vegetation colour, and the lim-
itations of these indices are clearly shown.
Accurate monitoring and interpretation of
vegetation stress by use of remote sensing
techniques will require development of new
methods or indices able to destinguis and
quantify the different stresses.

In the future, imaging spectrometers will
measure the reflected radiance in several hun-
dred narrow wavebands. The potential in-
formation contained in these high resolution
spectrais very high, but the realisation of this
potential is not an easy task because of the
volume of data involved.

Smoothing and filtering of the high reso-
lution data are required in order to resolve
the finer spectral features, but a variety of
smoothing and curvefitting techniques are
commersially available today.

Similary, differentiation is an well estab-
lished technique in analytical chemistry used
to resolve the components of a spectrum and
to reduce the effects of background spectral
interference. Differentiation is the basis for
studies of the red-edge which should be ex-
plored systematically in more details in the
future together with for firts derivity peaks
at 1050, 1150, 1300 and 2300 nm which ap-
pear promising especially in relation to leaf
water content.

14
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Figure 6: (a) Relationships between biomass and percentage nitrogen content of crops during
the growing season. (b) Relationship between the NIR reflectance factor and percentage
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reflectance factor and percentage nitrogen content of crops during the growing season. (o)
data collected from 0 N plots; (e) data collected from 50 kg N/ha plots; (x) data collected
from 100 kg N/ha plots; (W) data collected from 150 kg N/ha plots (redrawn from Jensen et
al, 1990).
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Remote sensing in man-
agement

In a world where combiners are equipped
with yieldmonitors and Global Positioning
Systems an attractive possibility is to offer
the remote sensing technology to farmers. In
an agricultural environment where there are
increasing economic and legal constraints on
the use of fertilizers and chemicals for crop
protection, a tractor-mounted system to diag-
nose changes in foliage density and crop con-
dition caused by diseases, or nutrient stress
has considerable advantages. Dynamic detec-
tion of crop condition may allow immediate
treatments in a differentiated manner, result-
ing in a much more effective use of fertiliz-
ers and chemicals, with significant benefit to
both the farmer and the environment.

In the future "ultra low sensor platforms”
such as tractors and combiners will make the
full range of sensors and monitoring tech-
niques available to solve the practical every-
day problems of farmers and forrest man-
agers.

Standardisation of meth-
ods and calibration of sen-
sors

In the future we have to confront the prob-
lems of calibration of sensors over time, stan-
dardisation of methods and intercalibration
of methods and sensors used for common pur-
poses in collaborative projects.

It is a serious draw back for the advance-
ment of remote sensing techniques that most
of the remotely sensed information up to
now have been collected with uncalibrated
sensors only referring to internal unspecified
or weakly defined standards, which in most
cases makes it impossible to compare data

obtained from two instruments or to compare
the results from two different experiments. In
the future tremendous amounts of work can
be saved by standardization and intercalibra-
tion of both equipment and methods.

Concluding remarks

Several projects have demonstrated how re-
mote sensing can be used to estimate rate of
dry matter accumulation in plant communi-
ties and crops, but unfortunately this possi-
bility is not yet widely used for practical pur-
poses. Asin many other cases it seems unrea-
sonably difficult to make the transition from
the research level to practical use of knowl-
edge.

Radiometric estimation of the nitrogen
content in barley has been demonstrated in a
research project with crops grown in the field
at different nitrogen levels, but the technique
is not yet ready for practical use.

The development of diagnostic and early
warning systems for crop diseases has not yet
been successful, but work in this field of re-
search should be intensified because of the
very large economical and environmental po-
tential in this area.

Reliable remote sensing techniques for
grain yield prediction is not yet available, but
may be within reach in a few years.

Thie use of radiation thermometers to mea-
sure the radiative temperature of soils and
crops, and to assess rates of evaporations
from crops have proven very difficult un-
der temperate cloudy conditions with random
fluctuations of solar radiation.

In a rapid developing field of research and
technology it is dangerous to lecture about
what may and may not be possible in the near
future. Remote sensing is a rapid developing
field of research, and the continuing devel-
opment of sensor and computer technology

16



makes it almost impossible to predict what
remote sensing may be able to do for envi-
ronmental science and technology in another
10 to 15 years.

In global ecology remote sensing the key is-
sue is to identify and monitor physical, chem-
ical and biological changes caused by indus-
trial practices.

In agricultural remote sensing it is ex-
tremely important to identify and then to
minimize damage to the environment caused
by current agricultural practices, and to in-
crease the quality and quantity of food pro-
duction.

References

Allan, J.A. 1990. Sensors. platforms and
applications; acquiring and managing re-
motely sensed data. In: Applications
of Remote Sensing in Agriculture, (eds.)
M.D. Steven and J.A. Clark, pp. 3-18,

Butterworths, London.

Bowers, S5.S. and Hanks, R.J. 1965. Reflec-
~tion of radiant energy from soils. Soil
Science, 100, 130-38.

Colwell, R.N. 1956. Determining the preva-
lence of certain cereal crop diseases by
means of aerial photography. Hilgardia,
26, 223-286.

Guyot, G. 1989. Les signatures spectrales
des surface naturelles. Télédétection
Satellitaire, 5, Caen.

Jensen, A. 1980. Seasonal changes in near
infrared reflectance ratio and standing
crop biomass in a salt marsh community
dominated by Halimione portulacoides
(L.) Aellen. New Phytologist, 86, 57-67.

Kanemasu, E.T., Niblett, C.L., Manges, H.,
Lenhert, D., and Newman, M.A. 1974.

17

Wheat: its growth and disease severity
as deduced from ERTS-1. Remote Sens-
ing of Environment, 3, 255-260.

Lorenzen, B. and Jensen, A. 1988. Re-
flectance of blue, green red and near in-
frared radiation from wetland vegetation
used in a model discriminating live and

dead above ground biomass. New Phy-
tologist, 108, 345-355.

Lorenzen, B. and Jensen, A. 1989. Changes
in Leaf Spectral Properties Induced in
Barley by Cereal Powdery Mildew. Re-
mote sensing of environment 27, 201-209.

Monteith, J.L. 1977. Climate and efficiency
of crop production in Britain. Philosofi-
cal Transactions of the Royal Society of
London, Series B, 281, 277-94.

Toubenhous, J.J., FEzekiell W.N., and
Neblette, C.B. 1929. Airplane photog-
raphy in the study of cotton root rot.
Phytopathology, 19, 1025-1029.






A spectral reflectance index as indicator for crop

growth and
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Summary

The reflectance in a near infrared band (NIR)
and in a photosynthetically active band (PR)
was followed intensively in spring barley, win-
ter wheat, spring rape and perennial ryegrass
during the 1986 growing season and in spring
barley during the 1988 and 1990 growing sea-
sons. A vegetation index was formed as the
ratio between NIR and PR.

It is demonstrated that NIR/PR during the
central four hours of the day was insensitive
to changing solar elevation and largely in-
dependent of soil surface wetness and cloud
cover, responding almost entirely to varying
green crop cover. In barley, though, some mi-
nor dependence on soil surface wetness was
found at sparse crop cover and a systematic
dependence on cloud cover was found within
a three week period after earing. Close cor-
relations were found in barley during vege-
tative growth stages between NIR/PR and
green leaf area index and between NIR/PR
and intercepted photosynthetically active ra-
diation.

2%

Introduction

An important goal of agricultural remote
sensing research is to spectrally estimate crop
variables related to crop conditions which can
subsequently be applied to evapotranspira-
tion and crop growth models. Alternatively,
spectral reflectance indices may be used di-
rectly in such models or simply as easily de-
rived indicators of crop conditions which can
support information about the crop obtained
by more traditional means. However, the sen-
sitivity of spectral reflectance measurements
for crop evaluation depends entirely on the
efficiency by which spectral responses due to
vegetation changes can be separated from re-
sponses attributable to atmospheric condi-
tions and to soil background.

Several spectral vegetation indices have
been developed with the aim of minimizing
the effect of irrelevant factors while enhanc-
ing certain aspects of the vegetation signal.
Perry and Lautenschlager (1984) summarize
and give references to the origin, derivation
and motivation for some four dozen of such
formula. One general class of indices com-
prise ratios of two or more band variables
(Tucker, 1979) of which the near infrared to
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