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Estimation of Vegetation Parameters from Multispectral Data
using Physical Models and Ground Control Measurements

FRANZ KuRz, Minchen, OLAF HELLWICH, Berlin & HEINRICH EBNER, Miinchen

Summary: We propose a general framework to
estimate vegetation parameters from multispect-
ral remote sensing data using physical radiative
transfer models and a moderate amount of
ground control data. This framework has been
exemplarily demonstrated for different winter
wheat fields imaged by a Daedalus ATM multi-
spectral scanner in the last two years. The main
focus lies on the variations of vegetation parame-
ters within single fields, which are used to derive
information about soil heterogeneities for preci-
sion farming. For the estimation of vegetation pa-
rameters we use physical radiative transfer mo-
dels, e. g. SAIL and PROSPECT, combined with
a linear empirical model. Results show the inver-
tibility of the models for leaf area index, chloro-
phyll content, specific dry matter, and specific wa-
ter content. A strategy for the use of ground cont-
rol data is proposed to receive high accuracies of
the estimated vegetation parameters with a mini-
mum of necessary measurements.

Zusammenfassung: Schdtzung von Vegetationspa-
rametern aus Multispektraldaten mit Hilfe physi-
kalischer Modelle und Bodenkontroll-Messungen.
In dieser Arbeit wird ein Verfahren zur Schétzung
von Vegetationsparametern aus multispektralen
Fernerkundungsdaten mit Hilfe physikalischer
Strahlungstransfer-Modelle und einer moderaten
Anzahl von Bodenkontroll-Messungen vorge-
stellt. Dieses Verfahren wurde iiber einen Zeit-
raum von zwei Jahren exemplarisch an verschie-
denen Schldgen mit Winterweizen getestet, die mit
einem Daedalus ATM Multispektralscanner auf-
genommen wurden. Von besonderem Interesse
sind hierbei die Schwankungen der Vegetations-
parameter innerhalb einzelner Schlige zur Ablei-
tung von Informationen iiber Bodenheterogenita-
ten, die im Precision Farming eine wichtige Rolle
spielen. Zur Schitzung der Vegetationsparameter
verwenden wir verschiedene physikalische Strah-
lungstransfer-Modelle, u.a. SAIL und PRO-
SPECT, in Kombination mit einem linearen em-
pirischen Modell. Die Ergebnisse zeigen, dass
durch Invertierung der verwendeten Modelle der
Blattflichenindex, der Chlorophyllgehalt, die spe-
zifische Trockenmasse und der spezifische Wasser-
gehalt zuverléssig geschitzt werden konnen. Eine
Strategie zur Verwendung von Bodenkontroll-
Messungen wurde entwickelt, bei der hohe Ge-
nauigkeiten mit einem Minimum an Messauf-
wand erreicht werden konnen.

1 Introduction

Remote sensing techniques play an impor-
tant role in precision farming by providing
continuous and contactlessly acquired data
of agricultural crops. Remote sensors image
vegetation, which is growing on different
soil types with different water availability,
substrate, impact of cultivation, and relief.

These differences influence the state of the
plants and cause heterogeneous regions
within single fields. Hence the heteroge-
neous vegetation acts as an interface be-
tween soil and remote sensing information,
because vegetation parameters describing
the state of the plants can be deduced from
remote sensing imagery.

In this context a framework for the esti-
mation of vegetation parameters from mul-
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tispectral imagery is proposed. The main fo-
cus of our approach lies on the variation of
the vegetation parameters within single
fields assuming that field borders and vege-
tation type are given. This framework ap-
plies both a physical and an empirical model
to derive the functional relationship be-
tween vegetation parameters and measured
image grey values. The physical model is
used to estimate selected vegetation parame-
ters by an inversion process, whereas the em-
pirical model fits the physical model to local
characteristics and sensor specifics.

This technique has been exemplarily tes-
ted for several sites with winter wheat ima-
ged by a Daedalus ATM multispectral scan-
ner from DLR (German Aerospace Center).
Results show the attained accuracies for the
estimated vegetation parameters with re-
spect to the amount of ground control
points.

2 Related Work

The estimation of vegetation parameters
using physical models is based on the des-
cription of radiative transfer in the canopy
by means of an analytical reflectance model.
In the last 30 years, various models descri-
bing radiative transfer in canopy, soil and
leaves have been published. These models
provide the relationship between the radia-
tion incoming from the sun and — according
to the bidirectional reflectance distribution
function (BRDF) — to the observer scattered
radiation. Inputs of these models are the
structural and spectral parameters of the ve-
getation/soil medium. Models describing
the complete vegetation/soil medium are
called canopy transfer models, e. g. the SAIL
model (VERHOEF 1984), the Nilson-Kuusk
canopy reflectance model (N1LsON & Kuusk
1989), and the LCM2 model (GANAPOL et
al. 1999). In these models, the leaves are con-
sidered as the only components of the ve-
getation canopy characterised by their re-
flectance and transmittance. The spectral
properties of the leaves are mainly influen-
ced by the chemical consistency of the lea-

ves, which can be modelled by so called leaf’
optical physical models, e.g. PROSPECT
(JacQueMouD & BARET 1990), LEAFMOD
(GanaroL et al. 1998), and SLOPE (MAIER
2000).

Generally, these models were set up in the
forward mode. This means output parame-
ters are the reflectance on top of the canopy
for given parameters of the vegetation/soil
medium. The solution of the resulting inver-
se problem was subject of many investiga-
tions during the last years. Depending on
the applied sensors two main methods can
be distinguished, inversion with multidirec-
tional and with multispectral data. Indepen-
dent of the method the inversion of the phy-
sical model was conducted using different
mathematical algorithms such as look up
table (KNYAZIKHIN et al. 1998), iterative op-
timisation (JACQUEMOUD et al. 1995), and
neural networks (BUELGASIM et al. 1998).
These algorithms adjust the model input pa-
rameters in such a way that the model-pre-
dicted values closely match the measured va-
lues. A comparison of these methods (PRAG-
NERE et al. 1999) gives slight advantages to
the neural networks technique that is most
robust for different sensors and canopy ty-
pes. Up to now the inversion studies are per-
formed with simulated reflectance or field
spectrometer measurements. In practical
applications with airborne or space-borne
sensor data, a variety of empirical tools,
such as vegetation indices and spectral mix-
ture models, are widely used to derive bio-
physical parameters of the vegetation. Our
approach combines strict inversion of phy-
sical models with empirical elements to esti-
mate biophysical parameters from airborne
sensor data. In previous work (Kurz &
HeLLwicH 2000), we describe our inversion
method, the investigation of invertibility
and the selection of relevant biophysical pa-
rameters in more detail. We chose four pa-
rameters for a partial inversion of the ap-
plied physical models: leaf area index, chlo-
rophyll content, specific dry matter, and spe-
cific water content. The inversion was con-
ducted using simulated annealing followed
by a least squares adjustment.
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3 Methodology
3.1 Overview

Modelling of radiative transfer is usually es-
tablished in the forward direction, i.e. the
model follows the way of the photons from
the sun to the observer to calculate sensor
grey values given some information about
the surface and atmosphere. The reverse di-
rection is also referred to as model inversion
with given sensor grey values to derive in-
formation about the surface and atmosphe-
re.

Fig.1 shows the combination of several
physical and a linear empirical model in the
forward and reverse mode. The model in-
put is divided into constant and variable
parameters. The variable parameters, leaf
area index, chlorophyll content, specific
dry matter and specific water content, are
part of the input parameters as well as the

target parameters of the model inversion.
These parameters are chosen because they
show the highest variability within single
fields, whereas the other input parameters,
e. g. the soil reflectance or the leaf angle dis-
tribution, are assumed to be known and
constant. Output parameters of the physical
models are sensor grey values g7, .4 that
have to be fitted to grey values g7, actually
occurring at the test site. We use a linear
empirical model to attain fitted model-pre-
dicted grey values g’ .-

During the model inversion variable pa-
rameters are calculated given the measured
grey values. The model inversion is conduc-
ted by a least-squares adjustment in combi-
nation with simulated annealing.

In the following chapter a more detailed
description of the applied physical and em-
pirical models with all input parameters is
given.

Empirical :
Output nrrllf())ldr;(ia Illgzlézl Input parameters
Leaf area index
SAIL E)
5]
- IS Chlorophyll
Model : : g content
predicted Linear fitting s
sensor grey torealdata | g/ | PROSPECT g2
values <« using phys-mod «— ...g Spec. dry matter
A measurements <« 5
Eomatel at ground > Spec. water
control points SOLSPEC content
(GCP) ”
Sensor % g
=
! model O g
Measured ) i del
sensor grey . Inversion o t' e mode '
values - (simulated annealing and least- - Variable parameters
g’ squares adjustment)

Fig.1: Overview of the applied physical and empirical models in the forward (upper part) and

reverse (lower part) direction.
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3.2 Physical and Empirical Models
3.2.1 The SAIL model

The SAIL model (VERHOEF 1984) calculates
the directional reflectance on top of the can-
opy as a function of structural and spectral
properties of the vegetation/soil medium. A
functional relation between vegetation- and
soil parameters and directional reflectance
p* can be sketched by

p* = SAIL (LAI, LAD, p}, 1}, p,
SKYL', a, z, z,, )

The vegetation canopy is considered as a
homogeneous layer characterised by leaf
areaindex LAI, leaf angle distribution LAD,
as well as reflectance p;/ and transmittance
7} of the leaves. Other input parameters of
the SAIL model are soil reflectance p?, dif-
fuse percentage SKYL” of the incoming ra-
diation, azimuth angle a of the observer with
respect to the azimuth angle of the sun, zen-
ith angle z of the observer, and zenith angle
z,,, of the sun.

sun

3.2.2 The PROSPECT model

The PROSPECT model (JACQUEMOUD &
BARET 1990) provides hemispherical reflec-
tance p;} and hemispherical transmittance 7}
of fresh leaves over the whole solar domain
given only four parameters

(p}, t/) = PROSPECT (chl,, ¢,, c,. N) (2)

me

The variables are the content of chloro-
phyll a and b chl,, the specific dry matter
¢,,» the specific water content c,,, and a struc-
ture parameter N. The reflectance and trans-
mittance of leaves calculated with the PRO-
SPECT model are used as input parameters
for the SAIL model.

3.2.3 The SOLSPEC Model

A simple solar spectral model is used to
transform the directional reflectance on top
of canopy to spectral band radiances L at
the sensor. The SOLSPEC solar spectral
model (BIRD 1984) calculates direct normal
E},.., and diffuse irradiances EJ,,, at tilted

direct

surfaces as well as the diffuse percentage
SKYL" of the incoming radiation, which is
an input parameter of the SA/L model. In-
put to SOLSPEC includes date, time and
position, the surface orientation, the tempe-
rature, the amount of precipitable water va-
pour, ozone, and the surface air pressure.
Ejeerr Elser SKYLY) =

direct>

SOLSPEC (date, time, K) 3)

No further atmospheric corrections are
applied. Given the total incoming radiation
E:. + Ej,mV, and the directional reflectance
of the vegetation canopy p”, the spectral
band radiances L* at the sensor can be cal-

culated.

; 2 .
(E z?l)f/ime + E (lire('t)p "
T

L= @)

3.2.4 Sensor Model

A sensor model is applied to transform the
continuous spectral band radiances L* at the
sensor into band specific grey values
Zinysmoa- First the spectral sensitivities of the
sensor bands are taken into account to cal-
culate representative spectral radiances for
each band. Then with given calibration con-
stants of the sensor and the representative
spectral band radiances grey values g/ o
can be calculated.

3.2.5 Empirical Model

As mentioned above the grey values g_;;‘hys_mod
have to be fitted to the grey values g;..,. ac-
tually occurring at the investigated test site
using simple parameters such as offset a* and
scale b* for each sensor band. These para-
meters are assumed to be constant for each
dataset. This linear fitting is necessary due
to simplifications made in the physical mo-
dels and uncertainty of constant model pa-
rameters.

The model-predicted sensor grey values
gl qa are calculated by linear transform-
ation of the grey values g/, moq USIN

gimdel = al + b géhys-mnd (5)
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Fig. 1 illustrates the calculation of the mo-
del-predicted sensor grey values g’ ., from
input parameters using the described physi-
cal and empirical models.

3.3 Inversion Process

During the inversion process an optimal set
of variable input parameters is estimated
from the given grey values by non-linear and
linear optimisation methods for each pixel
(v. Fig. 1). In our approach the inversion of
the applied models was conducted by the
global optimisation method simulated an-
nealing (HELLWICH 1999) followed by a con-
ventional least-squares adjustment using a
Gauss-Markov model (MIKHAIL 1976) with
weighted observations. There is a redundan-
cy of five for each pixel with the measured
grey values g/, in nine spectral bands as
observations and four unknown vegetation
parameters, LAIL chl,, c,, and c,. In addi-
tion the offset a* and scale b* are introduced
as unknown parameters as well as observa-
tions. The introduction of pseudo observa-
tions a* = 0 and b* =1 with low weights
supports the inversion process. The pseudo
observations decrease the influence of weak
ground control points and reduce ambigui-
ties.

The empirical parameters a* and b*
should be estimated once for each dataset,
which leads to 2 x 9 additional unknown
parameters for a single dataset. The ground
truth parameters measured on the selected
ground control points are also introduced
as observations being uncertain to a degree
corresponding to the acquisition method.
All other input parameters are assumed to
be known and constant in the inversion pro-
cess. Now the unknown empirical parame-
ters and the vegetation parameters for each
pixel can be estimated in a simultaneous
least-squares adjustment. For this approxi-
mate values for the unknown vegetation pa-
rameters are necessary. First approximate
values for the offset and scale parameters
can be estimated through linear regression
with the grey values gghys_mod and measured
grey values g/ of at least two ground cont-
rol points. Then approximate values for the

unknown vegetation parameters are estima-

ted using simulated annealing. As an alter-

native standard values of the unknowns may
be used as approximate values.

The poor robustness of the inversion pro-
cess is the main problem. The inversion fails,
if vegetation parameters leave the definition
range or the maximum number of iterations
is reached. To improve the accuracy and ro-
bustness some enhancements have been im-
plemented.

e Pixels not representing the main crop, e. g.
tracks of agricultural machines and weed,
are eliminated from the estimation pro-
cess. For the extraction of these disturban-
ces some classification methods have been
suggested (Kurz et al. 2000).

e Robustness and accuracy are improved by
averaging grey values of neighbouring pi-
xels belonging to homogenous areas.

e To restrain the vegetation parameters in-
side the definition range a penalty techni-
que was applied during simulated annea-
ling. If vegetation parameters leave the de-
finition range during the least squares ad-
justment the parameters are set back to
values at the edge of the definition range.
If this procedure is not successful, the cor-
responding point will finally be elimin-
ated.

4 Results
4.1 Database

The investigations were conducted under
the umbrella of the Forschungsverbund
Agrardkosysteme Miinchen (FAM, Research
Network Agricultural Ecological Systems
Munich), which is presently using the Da-
edalus multispectral scanner as standard re-
mote sensing instrument. For the 1.5 km’
FAM-test sites in north of Munich, Daeda-
lus multispectral scanner data and colour-
infrared aerial photography were acquired.
Flight dates were 28 June 2000 and 27 June
2001, when winter wheat changes to matu-
rity. The Daedalus multispectral scanner op-
erates in /1 spectral bands of the VIS, NIR,
SWIR and TIR spectra. Nine of these chan-
nels are used in the inversion process. The
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ground pixel size amounted to /.33 m. The
Daedalus image data were geocoded by
matching with ortho imagery with a ground
pixel size of 0.06 m. The influences of the
wide scan angle (RICHTER 1992) on the ra-
diometry of the Daedalus scanner were cor-
rected by DLR.

At several fields with winter wheat ran-
domly distributed measurement sites were
selected each year. At these sites as many
as possible input parameters of the applied
physical models were measured, such as to-
tal dry matter and total water content of
samples, leaf area index and mean leaf angle.
The wet samples corresponding to an
0.25 m?* area were weighed, oven dried and
weighed again to assess total dry matter and
total water content. Leaf area index and
mean leaf angle were measured with the Li-
cor LAI-2000 analyser. Combining leaf area
index with total dry and wet matter, specific
dry matter and specific water content are de-
rived. From the mean leaf angle and a shape
parameter the leaf angle distribution LAD

is derived based on an ellipsoidal distribu-
tion. Using the Licor LAI-2000, ears, stems
and leaves of winter wheat plants cannot be
separated for the assessment of leaf area in-
dex and mean leaf angle. Thus, all measure-
ments are made without separation of dif-
ferent plant components. The chlorophyll
content has been estimated qualitatively
considering the visual appearance of the
leaves. Most measurements are repeated to
assess accuracy properties.

4.2 Estimation of vegetation
parameters at the test sites

The estimation of vegetation parameters
was conducted using the described models
and Daedalus multispectral scanner data.
The measurement sites within the fields are
arbitrarily divided in ground control points
and validation points.

The ground truth measurements at the
ground control points are an essential part
of our model, whereas the measurements at

X Ground control paints
(O Validation points
b Mass points

Daedalus Channel 3

Leaf area index

435

Fig.2: Data acquisition with Daedalus ATM scanner and ground truth measurements on June 28"
2000. Regions with disturbed vegetation are masked out. In this example three ground control
points are selected for model inversion. The estimation has been conducted at validation and
mass points to create maps of vegetation parameters (for example leaf area index on the right).
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the validation points are used to prove the
accuracy of the inversion process. No mea-
surements are made at mass points, which
are used to estimate unknown vegetation
parameters at any position within the field.
To reduce computing time mass points are
chosen in a grid of 10 x 10 pixels. Fig. 2 il-
lustrates the distribution of the different ty-
pes of points. In this special case three
ground control points are chosen. Disturbed
pixels and pixels near the wheel tracks have
been eliminated. Thus, mass points lying on
the eliminated pixels have been excluded
from the inversion process. The Daedalus
multispectral scanner data have been smoo-
thed with a mean filter of mask size 5 x 5.
Approximate values for the vegetation pa-
rameters at mass points are estimated using
simulated annealing. After the least-squares
adjustment the resulting maps of vegetation
parameters are calculated by interpolating
between the estimated vegetation pa-
rameters.

4.3 Accuracies

Our goal is to derive a strategy for the use
of ground control points. From a practical
view the number of necessary ground cont-
rol points should be low to reduce required
ground truth measurements. On the other
hand the robustness of the inversion process
and attained accuracies of the estimated ve-

3 Ground control points

getation parameters should be high. In
Fig. 3 two kinds of accuracies of the estima-
ted leaf area index for two combinations of
ground control points are illustrated. The
theoretical standard deviation, which is der-
ived from the least-squares adjustment, cor-
responds quite well with the empirical devia-
tion at the validation points with a tendency
of higher empirical deviations for both com-
binations. The empirical deviation is the dif-
ference between measured and estimated ve-
getation parameters.

Fig.4 shows the relation between the
number of ground control points and the
empirical or theoretical accuracies of the ve-
getation parameters. For this purpose the
theoretical and empirical accuracies at the
validation points are estimated for different
combinations of ground control points. Us-
ing the accuracies at the validation points
the RMSE (root mean square error) for each
vegetation parameter expressed in percent
of the mean value has been calculated. The
results show that the RMSE of the vegeta-
tion parameters are more or less indepen-
dent of the number of ground control
points. The inversion fails completely, if no
ground control points are used, i.e. most
vegetation parameters leave the definition
range.

Note, that the accuracies and robustness
of the inversion depend on quality of the
measurements at ground control points and

Empirical
deviation

Theoretical

05 standard deviation

Ground control point

1 Ground control point

Fig.3: Maps of leaf area index estimated with Daedalus scanner data of June 27" 2001. For two
combinations of different ground control points the empirical deviations and the theoretical standard
deviations of the leaf area index at the validation points are calculated.
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Fig.4: Relation between the number of ground control points and the accuracies of the estimated
vegetation parameters for two campaigns in the years 2000/2001.

spectral distribution of these points. For
practical applications the ground control
points have to be selected before or during
the data acquisition and should ideally cover
the whole range of grey values in each band.
Unfortunately, the selection can be based
only on the visual appearance of the fields
unless there are multispectral data available
before or during the data acquisition. Thus
the selection of ground control points is ba-
sed only on the visual bands independent
of the grey values of these points in all other
bands.

Generally spoken, the robustness of the
inversion process can be increased by using
more than one ground control point. In this
case the ground control points should be
spectrally well distributed in their visual ap-
pearance. Using only one ground control
point, accuracies and robustness may be
poor,if the grey values of the ground control
point lie at one end of the value range in
the visible bands. For acceptable accuracies
the ground control point should lie near the
centers of the grey value range.

4.4 Influence of constant model
parameters

During the inversion process the constant
model parameters have to be set to realistic

values, which are partly difficult to determi-
ne. Uncertainties of constant model par-
ameters influence the inversion process and
can be attenuated through the empirical fit-
ting of the physical models. Our goal is to
investigate which constant parameters can
be set to any values within the definition ran-
ge and which should be adjusted to the ac-
tual situation. Thus, the accuracies of the
vegetation parameters are computed as a
function of constant parameters, which vary
within their definition range. Results show
that only three constant parameters influen-
ce the accuracies of the vegetation parame-
ters and should be adjusted to the investi-
gated vegetation type and soil: the structure
parameter N, the leaf angle distribution
LAD, and the soil reflectance p?. All other
constant parameters can be set to any va-
lues, because a variation of these parameters
only slightly influences the accuracies.

5 Summary

A new semi-empirical technique for the esti-
mation of vegetation parameters from mul-
tispectral image data was proposed and tes-
ted with real data. By inverting physical ra-
diative transfer models in combination with
an empirical model agriculturally relevant
vegetation parameters can be estimated gi-
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ven the grey value vector of the Daedalus
scanner imagery. The inversion of models
was conducted by a least squares adjustment
in combination with simulated annealing.
Four vegetation parameters leaf area index,
chlorophyll content, specific dry matter, and
specific water content have been selected for
the inversion process.

Ground control points are a necessary
part of our inversion process and are used
for a linear fitting of model-predicted grey
values to measured grey values. The goal is
to use a minimum of ground control points
to receive acceptable accuracies for the esti-
mated vegetation parameters. Results show
that by using at least one ground control
point the accuracies are more or less inde-
pendent of the number of ground control
points. Using more than one point increases
the robustness of the inversion process. In
this case the grey values at ground control
points should cover the whole range of grey
values in the visible bands. If only one
ground control point is used this point
should lie near the center of the grey values
range for acceptable accuracies and robust-
ness.

The influence of constant input parame-
ters of the physical models on the accuracies
has been investigated. Only three input pa-
rameters influence the accuracies, the soil re-
flectance, the leaf angle distribution and the
structure parameter. The three constant pa-
rameters should be adjusted to the actual
vegetation type and soil at the investigated
sites. All other constant parameters can be
set to any values within the definition range.
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