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Radiative Transfer Model parametrization
for simulating the reflectance of meadow vegetation

Abstract

Natural vegetation is complex and its reflectance is not easy to model. The
aim of this study was to adjust the Radiative Transfer Model parameters
for modelling the reflectance of heterogeneous meadows and evaluate
its accuracy dependent on the vegetation characteristics. PROSAIL
input parameters and reference spectra were collected during field
measurements. Two different datasets were created: in the first, the input
parameters were modelled using only field measurements; in the second,
three input parameters were adjusted to minimize the differences between
modelled and measured spectra. Reflectance was modelled using two
datasets and then verified based on field reflectance using the RMSE. The
average RMSE for the first dataset was equal to 0.1058, the second was
0.0362. The accuracy of the simulated spectra was analysed dependent
on the value of the biophysical parameters. Better results were obtained
for meadows with higher biomass value, greater LAl and lower water
content.
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Introduction

Because of environmental pollution and ecosystem changes,
plant monitoring is a very important issue. Remote sensing data
are often used in plant monitoring (Jensen 1983). This kind of method
can also be used to monitor large areas. Spectrometry analyses
the interaction between radiation and an object and uses the
measurement of radiation intensity as a function of wavelength
(Kumar et al. 2006). Each object reflects, transmits and absorbs
different quantities of radiation, so it is possible to recognize an
object and estimate its characteristics by analysing the spectrum.

Two approaches are used in canopy analysis: statistical and
modelling (Jacquemoud 1993; Kumar et al. 2006). In the statistical
approach, biophysical parameters measured during field
measurements are correlated with spectral response. Based on
the regression model the biophysical parameter is retrieved from
the image. In the second approach a physically based model is
used to represent the photon transport occurring inside leaves
and canopy. The development of the model results in a better
understanding of the light interaction with canopy and leaves.
Radiative Transfer Models (RTM) are physically based models
which describe the interactions of radiation with the atmosphere
and vegetation. Radiative Transfer Models are often applied to
vegetation modelling (Kumar et al. 2006). Adjusted models can be
used to swiftly and precisely analyse biophysical parameters of
the canopy (Jacquemoud et al. 2009; Haboudane et al. 2004). RTM are
quite rarely used to model reflectance from meadows (Jarocifiska
2012; Jarocinska 2011). However, the PROSAIL model was used
to retrieve biophysical parameters from grasslands, especially
chlorophyll, water content and Leaf Area Index (Clevers et al. 2010;
Darvishzadeh et al. 2008; Darvishzadeh et al. 2011; Zhang & Zhao 2009).
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The main objective of this study was to adjust the Radiative
Transfer Model input parameters to receive enough accuracy in
modelling the reflectance of the heterogeneous vegetation cover
of meadows in Poland to make the model inversion possible. The
second aim was to evaluate the accuracy of RTM in modelling
dependent on different vegetation characteristics (amount of
fresh biomass, value of Leaf Area Index and water content). In
this study the PROSAIL model on canopy level was applied. The
study was conducted on semi-natural meadows in Poland, which
are very diverse.

Methods
Study area

The areas analysed were Polish meadows. Human usage of
the meadows determines their proper functioning. Grasslands,
which consist of meadows and pastures, make up 10% of Poland’s
land area (Kucharski 2009). Meadows are often used for a variety of
purposes; crops from meadows, hay and green forage, are rather
low. Meadows in Poland are floristically and morphologically very
diverse. Many factors influence this ecosystem — excessive
cultivation and also abandonment degrade the environment,
which is why monitoring of these areas is very important (Kucharski
2009).

The meadows consist mainly of plants from the Poaceae,
Cyperaceae and sometimes Fabaceae families. The Poaceae
and Cyperaceae are morphologically rather similar, but can also
be diverse. In Poland there are about 160 different species of
Poaceae (Nawara 2006).The plants from the Fabaceae family have
a completely different construction.
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In the research the Srodkowopolskie Plains were analysed
in three different areas: Northen Mazovia, the Valley of Central
Vistula and Central Mazovia. All of the analysed meadows
were extensively used and located on a flat area. All analysed
meadows can be defined as diverse and have at least four
different species. The most common were: from the Poaceae
family Agrostis capillaris, Dactylis glomerata, Phleum pretense
and Poa trivialis; from the Fabaceae family Trifolium pretense
and herbs and weeds like Plantago lanceolata, Plantago maior
and Rumex acetosa.

Radiative Transfer Model

Canopy can be described as a homogeneous layer or layers
consisting of leaves and the spaces between them in the model
(Jacquemoud & Baret 1990; Kumar et al. 2006). Radiative Transfer
Models are algorithms which vary according to input and output
parameters, level of the analysis, types of plants and other
modifications. The models are used on two levels: single leaf and
whole canopy.

In this study the PROSAIL model was used to simulate
reflectance on the canopy level (Jacquemoud et al. 2009). The
PROSAIL model is a combination of the PROSPECT and SAIL
models. The PROSPECT model describes multidirectional
reflectance and diffusion on the leaf level (Jacquemoud & Baret
1990). It is often employed with other models that describe the
whole canopy. The input parameters for the PROSPECT-5
model are: chlorophyll and carotenoid content, Equivalent Water
Thickness and dry matter content, as well as the leaf structure
parameter which describes the leaf structure and complexity
(Feret et al. 2008).

The second model is the canopy reflectance model SAIL
(Scattering by Arbitrarily Inclined Leaves) (Verhoef 1984; Verhoef et al.
2007). It simulates the top of the canopy’s bidirectional reflectance
and describes the canopy structure in a fairly simple way. In this
analysis the 4-SAIL model will be used. This version has a few
input parameters that describe plants and soil: spectrometric
data — reflectance and transmittance from leaves (the output
parameters from the PROSPECT model), biophysical canopy
parameters (Leaf Area Index, brown pigment content, mean
leaf inclination angle), soil brightness parameter, reflectance
geometry (Solar zenith angle, observer zenith angle, relative
azimuth angle), ratio of diffusion to total incident radiation and two
hot spot size parameters. The SAIL model is often combined with
the model for leaf level — the PROSAIL model. The PROSPECT
and SAIL models are rarely used to meadows, because this kind
of ecosystem is normally rather heterogeneous and modelling
is quite difficult; however, these models were used to simulate
spectral reflectance in different kinds of meadows (Clevers et al.
2010; Darvishzadeh et al. 2008; Darvishzadeh et al. 2011; Zhang & Zhao
2009; Jarocinska 2012).

The Radiative Transfer Models are generally more efficient
for homogeneous ecosystems with a uniform structure. When the
canopy is built of plants with a different structure, like plants from
the Poaceae, Cyperaceae and Fabaceae families, the simulation
may be less accurate.

Field measurements and data analysis

The field measurements to model PROSAIL were conducted
on the Srodkowopolskie Plains in 50 test polygons in July and
August 2010. In each polygon biophysical parameters and
information used to calculate input data for the PROSAIL model
were collected: the chlorophyll content (using chlorometer CCM-
200); fresh biomass in grams cut from 1 m? Leaf Area Index
(using the LAl Plant Canopy Analyser); average plant height
in meters; average leaf length in centimetres; date and time of
measurement and coordinates average. The dry matter content

in % and leaf angle in degrees were estimated visually. In
addition, spectral reflectance was collected using FieldSpec3 FR.

Subsequently the measurements were used to calculate input
parameters for each polygon separately. Chlorophyll content
in ug/cm? was calculated using the Chlorophyll Content Index
and Leaf Area Index. Carotenoid content was estimated using
chlorophyll content (Car=Ca/5). Brown pigment content was
recalculated using dry matter content in %. Dry matter and water
content were calculated using Leaf Area Index and the fresh
biomass, which was weighed, dried and weighed again. One of
the hot spot size parameters was calculated using average leaf
length and canopy height. Average Leaf Angle and Leaf Area
Index were measured directly during the field measurements.
Solar zenith angle was estimated using coordinates, time and
date of measurements.

Other parameters were ascertained or estimated based
on the literature. The structural parameter N was estimated
empirically, using literature (Damarez & Gastellu-Etchegorry 2000;
Ceccato et al. 2001; Darvishzadeh et al. 2008; Clevers et al. 2010). The soil
brightness parameter was fixed as 1, ratio of diffusion to total
incident radiation as 70% and second hot spot size parameter as
1 (http://teledetection.ipgp.jussieu.fr/prosail/; Verhoef & Bach 2007;
Darvishzadeh et al. 2008). The observer zenith angle and Azimuth
observer angle were fixed, because the spectrometer was in the
same place for each measurement.

For each polygon input parameters for the PROSAIL model
were calculated. Two datasets were created for each polygon. In
the first one (PROSAIL-1), all input parameters were calculated
using field measurements and the aforementioned methods. This
dataset was analysed in previous studies (Jarocifiska 2012). Because
of large errors in modelling (especially in the chlorophyll and water
absorption regions) a second dataset was created using the same
parameters as in the first, except the pigments (carotenoid and
chlorophyll) and water content, which were adjusted. Moreover, itis
intended to use these data to obtain information about the biomass
(LAl or dry biomass content). The maximum and minimum values
for chlorophyll and water content and the range between values
were fixed based on the field measurements. Carotenoid content
was calculated using the same procedure as for the first dataset.
For each polygon reflectance was calculated (for the whole range
from 0.4 to 2.5 pm) using different combinations of pigments and
water content. The best combination of input parameters was
manually chosen based on the smallest error compared to the
field measurements.

The spectral reflectance obtained from the model based on
the two datasets was compared with field measurements. Based
on the calculated Root Mean Square Error the simulation was
verified. The RMSE values were calculated for the whole range
0.4-2.5 ym and for specific ranges related to the regions where
the four main biophysical parameters have a big influence on
reflectance: chlorophyll (0.4-0.8 pm), carotenoids (0.4-0.6 pum),
dry matter (0.8-1.5 pym) and water content (1.5-2.5 ym).

Finally, the accuracy of the simulated spectra was analysed
dependent on the value of three different biophysical parameters
(Leaf Area Index, fresh biomass content and water content).
These parameters are associated with the yield obtained from
the meadows. The three values were also correlated with each
other using Spearman’s rank correlation test. Based on the
value of the biophysical parameters the polygons were divided
into three groups. In each group the average RMSE value
was calculated for the whole range 0.4-2.5 ym and for the
aforementioned specific ranges. The statistical significance of
the RMSE difference between groups was analysed using the
Kruskal-Wallis test.

A similar procedure was performed using combined
information from two biophysical parameters: (1) water content
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Figure 1. RMSE value for meadows with different Leaf Area Index values (LAl value between 0 and 2, from 2.01 to 4 and above 4),
calculated using two datasets: PROSAIL-1 and PROSAIL-2
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Figure 2. RMSE value for meadows with different amounts of fresh biomass (amount of fresh biomass less than 0.75 kg/1m?, from
0.76 to 1.5 kg/1m? and above 1.5 kg/1m?), calculated using two datasets: PROSAIL-1 and PROSAIL-2

and LA, (2) water content and fresh biomass and (3) LAl and
fresh biomass. The polygons for each parameter combination
were divided into four groups: higher values for both parameters
(one case), lower values for one parameter and higher for the
other (two cases) and lower values for both parameters (one
case). The LAl polygons were divided based on values below
and above 3; for fresh biomass, below and above 1 kg/1m?; for
water content, below and above 70%. The significance of the
differences between RMSE values for each group was tested
using the Kruskal-Wallis test for the whole range 0.4-2.5 pm and
for specific ranges.

Results

The results obtained from the analysis show that the
PROSAIL model can be used to simulate reflectance from
diverse meadows, but after the recalculation of pigment and

water content the errors are smaller. The average RMSE for the
first dataset was equal to 0.1058; for the second, where the data
were corrected, 0.0362. The biggest errors in the first dataset
for PROSAIL-1 were observed in the middle infrared (0.1230);
for the second (PROSAIL-2), in near infrared (0.0519). Generally
smaller errors were noticed in visible light compared to infrared.
This can be related to the fact that many factors influence
reflectance in infrared. Also, reflectance values for vegetation in
visible light are much smaller than in infrared. The modifications
to the PROSAIL-2 dataset make the spectrum more accurate,
and the variations of RMSE values in the second dataset were
also much smaller than in the first one.

The values of water content, LAl and fresh biomass
amount were not normally distributed, so the autocorrelation of
parameters was performed using Spearman’s rank correlation
coefficient (N=50). The strongest correlation was observed



MISCELLANEA GEOGRAPHICA — REGIONAL STUDIES ON DEVELOPMENT

Vol. 18 « No. 2 * 2014 « pp. 5-9 * ISSN: 2084-6118 « DOI: 10.2478/mgrsd-2014-0001

0,20

m0.4-25pum

00.4-0.6 ym

RMSE value

m0.4-0.8 ym
20.8-1.5 ym

E1.5-25 pum

70.1-80%
PROSAIL-1

70.1-0%
PROSAIL-2

Data set and different water content

Figure 3. RMSE value for meadows with different water content (below 70% water content, from 70.1% to 80% and above 80%),
calculated using two datasets: PROSAIL-1 and PROSAIL-2

between fresh biomass and LAl (R=0.75; p < 0.001). Smaller
correlations were found between LAl and water content
(R=-0.51; p < 0.001) and biomass and water content (R=-0.36,
p <0.005). The three biophysical variables are quite close related
to each other, especially fresh biomass and LAL.

The accuracy of the simulated spectra was analysed
dependent on the value of the three different biophysical
parameters and the combination of the parameters.

Firstly the RMSE values dependent on the Leaf Area Index
were analysed (Figure 1). The values of RMSE for the first dataset
were higher for lower LAI values; the differences in errors were
also quite big. The differences in RMSE values were significant
for the whole range 0.4-2.5 pm and in infrared (p < 0.005). For
the second dataset (PROSAIL-2), where the data had been
corrected, the RMSE values were much smaller. Only in middle
infrared the same statistically significant (p < 0.005) difference in
RMSE as for PROSAIL-1 was noticed.

Similar results were observed for fresh biomass: for a
large biomass quantity the RMSE value decreases (Figure 2).
For the first dataset (PROSAIL-1) the differences were quite
big and statistically significant for the whole range 0.4-2.5 ym
(p<0.005),aswellasinnearinfrared (p<0.005)and middle infrared
(p =£0.006). For the second dataset (PROSAIL-2) the differences
in error value were smaller and not significant only in one range
— near infrared; for all others the differences were statistically
significant (for 0.4-2.5 ym — p < 0.022; for 0.4-0.6 ym — p < 0.016;
for 0.4-0.8 ym — p < 0.016 and for 1.5-2.5 ym — p < 0.028).

A different relationship was noticed for water content. For first
dataset PROSAI-1, for higher water content the values of RMSE
are bigger (Figure 3). The differences were statistically significant
in the range 0.4-2.5 ym and middle infrared range (p < 0.005).
The differences in errors for the PROSAIL-2 dataset are much
smaller and statistically not significant (for 0.4-2.5 um — p < 0.546;
for 0.4-0.6 ym — p < 0.99; for 0.4-0.8 ym — p < 0.958; 0.8-1.5 ym
—p<0.481 and for 1.5-2.5 pym — p < 0.731).

Very similar results were acquired using the combination of
two parameters: (1) water content and LA, (2) water content and
fresh biomass and (3) LAl and fresh biomass. For the differences

in groups using the combination of parameters water content-
LAl and LAl-fresh biomass, the statistical significance of the
differences in different ranges was similar. The differences were
statistically significant for the PROSAIL-1 dataset for the whole
analysed range 0.4-2.5 ym (p < 0.005 for both combinations),
as well as near (p < 0.005 for both combinations) and middle
infrared (p < 0.005 for both combinations). For the PROSAIL-2
dataset the differences were statistically significant for
0.4-2.5 pym (p < 0.03 for both combinations) and middle infrared
(p < 0.005 for water content and LAl and p < 0.007 for water
content and fresh biomass). Quite similar results were also
observed for the combination of fresh biomass and LAI. The
differences were statistically significant for the PROSAIL-1
dataset for the whole analysed range 0.4-2.5 ym, and near and
middle infrared (p < 0.005 for each range). For the PROSAIL-2
dataset the differences were statistically significance in the
ranges: 0.4-2.5 ym (p < 0.025), 0.4-0.6 ym (p < 0.036) and 0.4-
2.5 uym (p < 0.005).

Conclusions

Generally, the PROSAIL radiative transfer model can be
used to simulate the spectral reflectance of vegetation on
heterogeneous meadows. In the future, the model can be used
to estimate biophysical parameters (dry matter content or Leaf
Area Index), with the proposed adjustment. Meadows are very
complex environments and some of the parameters should be
recalculated. The proposed correction of the input parameters
improves the modelling results.

The correctness of the spectrum is dependent on the value of
biophysical variables. Better results were obtained on meadows
with a higher biomass value, bigger LAl and lower water content.
The proposed corrections of pigment and water content make
the modelling results less sensitive to the changes of a single
biophysical parameter, but not less sensitive to the combination
of two biophysical parameters. For fresh biomass and LAl the
differences in errors are statistically significant.

The RMSE values were slightly higher than in other studies
(Darvishzadeh et al. 2011; Zhang & Zhao 2009). However, the meadows



analysed were very diverse. The errors in the second dataset
(PROSAIL-2) were admissible. The errors might be related
to the field measurements (some parameters were estimated
visually and errors can also be caused by the inaccuracy of the
instruments). Additionally, the PROSAIL model is dedicated for
average vegetation, whereas the analysed meadows were very
diverse in terms of plants and structure.

In conclusion, the results of these datasets can be used in
further analysis, for instance, a model inversion to estimate the
value of biomass, LAI or dry matter content.

References

MISCELLANEA GEOGRAPHICA — REGIONAL STUDIES ON DEVELOPMENT

Vol. 18 » No. 2 « 2014 « pp. 5-9 * ISSN: 2084-6118 « DOI: 10.2478/mgrsd-2014-0001

Acknowledgements

The thesis was co-funded by the European Social Fund and the
state budget in the Integrated Operational Programme for Regional
Development, 2.6 “Regional innovation strategies and transfer of
knowledge” and the Mazowieckie Voivodship project “Mazowieckie
doctoral scholarship”, and was subsidised by the Human Capital
Operational Programme, co-financed by the European Union
within the European Social Fund through the Project “The Modern
University — a comprehensive support program for doctoral
students and teaching staff of the University of Warsaw”.

Ceccato, P, Flasse, S, Tarantola, S, Jacquemoud, S & Grégorie,
JM 2001, ‘Detecing vegetation leaf water content using
reflectance on the optical domain’, Remote Sensing of
Environment, vol. 77, pp. 22-33.

Clevers, JGPW, Kooistra, L & Schaepman, ME 2010, ‘Estimating
canopy water content using hyperspectral remote sensing
data’, International Journal of Applied Earth Observation
and Geoinformation, vol. 12, pp. 119-125.

Damarez, V & Gastellu-Etchegorry, JP 2000, ‘A modeling
approach for studying forest chlorophyll content’, Remote
Sensing of Environment, vol. 71, pp. 226—-238.

Darvishzadeh R, Skidmore, A, Schlerf, M & Atzberger, C 2008,
‘Inversion of a radiative transfer model for estimating
vegetation LAl and chlorophyll in heterogeneous grassland’,
Remote Sensing of Environment, vol. 112, pp. 2592—-2604.

Darvishzadeh, R, Atzberger, C, Skidmore, A & Schlerf, M
2011, ‘Mapping grassland leaf area index with airborne
hyperspectral imagery: A comparison study of statistical
approaches and inversion of radiative transfer models’,
ISPRS Journal of Photogrammetry and Remote Sensing,
vol. 66, no. 6, pp. 894—906.

Feret, J, Frencois, C, Asner, GP, Gitelson, AA, Martin, RE,
Bidel, LPR, Ustin, S, le Maire, G & Jacquemoud, S 2008,
‘PROSPECT-4 and 5: Advances in the leaf optical properties
model separating photosynthetic pigments’, Remote
Sensing of Environment, vol. 112, pp. 3030-3043.

Haboudane, D, Miller, JR, Pattey, E, Zarco-Tejada, P & Strachan,
IB 2004, ‘Hyperspectral vegetation indices and novel
algorithms for predicting green LAl for crop canopies:
Modeling and validation in the context of precision
agriculture’, Remote Sensing of Environment, vol 90,
pp. 337-352.

Jacquemoud, S & Baret, F 1990, ‘PROSPECT: A model of leaf
optical properties spectra’, Remote sensing of environment,
vol. 34, pp. 75-91.

Jacquemoud, S 1993, ‘Inversion of the PROSPECT+SAIL
canopy reflectance model from AVIRIS equvalent spectra:
Theoretical study’, Remote sensing of environment, vol. 44,
pp. 281-292.

Jacquemoud, S, Verhoef, W, Baret, F, Bacour, C, Zarco-
Tejada, PJ, Asner, GP, Frangois, H & Ustin, SL 2009,

‘PROSPECT+SAIL models: A review of use for vegetation
characterization’, Remote sensing of environment, vol. 113,
pp. 56—66.

Jarocinska, A 2011, ‘The comparison of the spectrum modelling
of different kinds of meadows’ in Proceedings of 318 EARSeL
Symosium, Prague, 30 May — 2 June 2011, Remote sensing
and geoinformation not only for scientific cooperation, ed L
Halounova, pp. 144-151.

Jarocinska, A 2012, ‘Ocena skutecznosci modeli transferu
promieniowania w badaniach stanu roslinnosci gk,
Teledetekcja Srodowiska, vol. 48.

Jensen, JR, 1983, ‘Biophysical remote sensing — Review Article’,
Annals of the asssociations of American geographers,
vol. 73, pp. 111-132.

Kucharski, L 2009, Trwate uzytki zielone w programie
rolnosrodowiskowym, Biblioteczka Programu
Rolno$rodowiskowego 2007-2013. Ministerstwo Rolnictwa
i Rozwoju Wsi, Warsaw.

Kumar, L, Schmidt, K, Dury, S & Skidmore, A 2006, ‘Imaging
spectrometry and vegetation science’ in Imaging
Spectrometry. Basic principles and Prospective Applications,
eds FD van der Meer & S M de Jong’, Springer, pp. 111-155.

Nawara, Z 2006, Ro$liny fgkowe, Publisher MULTICO, Warsaw.

PROSPECT+SAIL=PROSAIL, 2013. Available from: <http://
teledetection.ipgp.jussieu.fr/prosail/>. [28 November 2013]

Verhoef, W & Bach, H 2007, ‘Coupled soil-leaf-conopy and
atmosphere radiative transfer modeling to simulate
hyperspectral multi-angular surface reflectance and TOA
radiance data’, Remote Sensing of Environment, vol. 109,
pp. 166-182.

Verhoef, W 1984, ‘Light scattering by leaf layers with application
to canopy reflectance modeling: The SAIL model’, Remote
Sensing of Environment, vol. 16, pp. 125-141.

Verhoef, W, Jia, L, Xiao, Q & Su, Z 2007, ‘Unified Optical-Thermal
Four-Stream Radiative Transfer Theory for Homogeneous
Vegetation Canopies’, IEEE Transactions on geoscience
and remote sensing, vol. 45, pp. 1808-1822.

Zhang, N & Zhao, Y 2009, ‘Estimating leaf area index by inversion
of reflectance model for semiarid natural grasslands’,
Science in China Series D: Earth Sciences, vol. 52, no. 1,
pp. 66-84.



