
PFG 2015 / 1, 0055–0067 Article
Stuttgart, February 2015

© 2015 E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart, Germany www.schweizerbart.de
DOI: 10.1127/pfg/2015/0250 1432-8364/15/0250 $ 3.50

Comparison of two Statistical Methods for the
Derivation of the Fraction of Absorbed Photosynthetic
Active Radiation for Cotton

SYLVIA LEX, SARAH ASAM, FABIAN LÖW & CHRISTOPHER CONRAD, Würzburg

Keywords: FAPAR, agriculture, RapidEye, NDVI, empirical regression, percentile approach

for environmental monitoring. The FAPAR
characterizes the potential of vegetation to ab-
sorb energy (MYNENI et al. 1997) and is de-
fined as the fraction of radiation that is ab-
sorbed by the vegetation canopy in the visible

1 Introduction

Biophysical parameters like the fraction of
absorbed photosynthetic active radiation
(FAPAR) are important vegetation parameters

Summary: The fraction of absorbed photosyn-
thetic active radiation (FAPAR) is an important
input for modelling biomass increase and agri-
cultural yield and can be calculated based on op-
tical remote sensing data. In this study two re-
mote sensing based approaches to derive the
FAPAR for irrigated cotton in Fergana valley,
Uzbekistan, are tested and compared: (i) FAPAR
rescale from the normalized difference vegeta-
tion index (NDVI) (“percentile approach”), and
(ii) an empirical regression approach based on
NDVI. In the rescaling approach FAPAR was
derived by relating upper and lower percentiles
derived from the NDVI distribution of cotton
fields from the entire study area to fixed FAPAR
minima (bare soil) and maxima. NDVI was de-
rived from multi-temporal 6.5 m RapidEye data
acquired throughout 2011. For the regression ap-
proach FAPAR data was collected in situ from
cotton fields during the vegetation season. The
percentile approach delivered an RMSE of 0.10
whilst regression was only slightly better with an
RMSE of 0.07. Hence, the percentile approach
could be concluded as being a fast and easy alter-
native to field data demanding empirical regres-
sions for the derivation of FAPAR on cotton
fields.

Zusammenfassung: Vergleich zweier statistischer
Methoden zur Ableitung des Anteils absorbierter
Photosynthese wirksamer Strahlung (FAPAR) für
Baumwolle. Der Anteil absorbierter photosynthe-
sewirksamer Strahlung (FAPAR), welcher ein
wichtiger Inputparameter für die Modellierung
von Biomassezuwachs und Ernteerträgen ist,
kann aus optischen Fernerkundungsdaten abge-
leitet werden. In dieser Studie werden zwei ver-
schiedene, fernerkundungsbasierte Verfahren
zur Ableitung von FAPAR für Baumwollfelder
miteinander verglichen: (i) die direkte Ableitung
von FAPAR durch Umskalierung des Normali-
zed Difference Vegetation Index (NDVI) („Per-
zentil-Ansatz“) und (ii) eine empirische Regres-
sion von FAPAR-Feldmessungenmit demNDVI.
Bei der Umskalierung werden obere und untere
Grenzwerte der NDVI-Verteilung (Perzentile) in
Beziehung zu FAPARMinimum undMaximum-
Werten gesetzt. Die erforderlichen Geländeda-
ten wurden während der Vegetationsperiode
2011 im Ferghanatal in Usbekistan aufgenom-
men. Der NDVI wurde aus multi-temporalen
RapidEye-Daten desselben Jahres berechnet.
Die direkte Ableitung von FAPAR resultiert in
einem RMSE von 0.10, während mit der empiri-
schen Regression nur ein leicht besseres Ergeb-
nis (RMSE = 0.07) erzielt werden kann. Die Er-
gebnisse lassen auf eine gute Eignung des ver-
gleichsweise einfachen Perzentil-Ansatzes als
Alternative zu messdatenintensiven Methoden
zur Bestimmung von FAPAR auf Baumwollfel-
dern schließen.
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olution Radiometer (AVHRR) data. Percen-
tiles from occurring NDVI values indicate the
range of possible FAPAR values, e.g. in case
of numerous vegetation classes, 98% and 5%
NDVI refer to FAPARvalues of 0.95 and 0.001,
respectively (SELLERS et al. 1996). NDVI-
percentiles were calculated for each class
separately. In this global approach, the NDVI
percentiles were extracted from all available
AVHRR pixel values of one vegetation class
after correcting for varying illumination an-
gles caused by different geographical latitudes
(SELLERS et al. 1994, 1996). As SELLERS et al.
(1992) empirically found a near-linearity be-
tween the FAPAR and simple ratio (SR: ratio
between near infrared and red reflectance),
SELLERS et al. (1994) used SR for calculating
FAPAR between the extreme values (percen-
tiles) in the original formulation of their ap-
proach. However, the authors were aware that
other VIs may better suit for some vegetation
classes and soil types, as for instance shown
by CHOUDHURY (1987) who selected the NDVI
for deriving FAPAR of crops on bright soils.
Examples for the implementation of NDVI in-
stead of SR in a percentile approach are given
by OLOFSSON & EKLUNDH (2007) and OLOFS-
SON et al. (2007). The authors utilized Mod-
erate Resolution Imaging Spectroradiometer
(MODIS) NDVI for FAPAR modelling on for-
ested sites in Sweden and Denmark.
Only few studies transferred the approach

of SELLERS et al. (1996) to high resolution data.
LOBELL et al. (2003) compared several com-
binations of VIs for wheat in agricultural ar-
eas of Mexico based on multi-temporal 30 m
Landsat data (TM and ETM+). They tested
(i) SR and (ii) NDVI using the percentile ap-
proach. With the resulting FAPAR from (i)
and (ii) they calculated the mean FAPAR of
both approaches (iii). Yield was calculated and
the best results, i.e. mostly matching regional
yield statistics, were obtained by averaging the
estimates of the FAPAR from SR and NDVI.
This study targets at the application of the

approach of SELLERS et al. (1994, 1996) to mul-
ti-temporal high spatial resolution RapidEye
data of 2011 for deriving the FAPAR in cot-
ton ecosystems of Fergana Valley in Uzbeki-
stan. In this region, area-wide approaches for
mapping vegetation parameters without or us-
ing minimum field data appear to be useful

light (400 nm – 700 nm) for photosynthesis
(MONTEITH 1972). Due to these properties,
multi-temporal FAPAR can be used for mod-
elling biomass accumulation and yield in agri-
culture (DELÉCOLLE et al. 1992).
Radiative transfer models (RTM) can

achieve very high accuracies when model-
ling FAPAR but require numerous sensor- and
site-specific input data such as illumination
and viewing geometries, leaf structure, chlo-
rophyll content or dry matter content (JAC-
QUEMOUD et al. 2009). On the basis of RTM, a
near-linear relationship between FAPAR and
remotely sensed vegetation indices (VIs) was
found (CHOUDHURY 1987, GOWARD & HUEMM-
RICH 1992) which was the fundament for sta-
tistical FAPAR modelling.
The relation between VIs and FAPAR has

been investigated for different biomes from
in situ measurements to the scale of moder-
ate resolution sensors. Linear regressions of
in situ FAPAR and normalized difference VI
(NDVI) measurements were found for grass-
land and agriculture in West Africa by FENS-
HOLT et al. (2004). CRISTIANO et al. (2010) sys-
tematically compared numerous VIs with
FAPAR measurements of two different grass
types in Argentina within the vegetation sea-
son and found green NDVI, NDVI and the op-
timized soil adjusted VI to be the best statisti-
cal estimators for FAPAR. Logarithmic cor-
relations modestly outperformed linear cor-
relations. Differences in plant architecture of
the grass types or plant stress situations influ-
enced the slope of the statistical relation be-
tween the VIs and FAPAR only negligibly. In-
creasing stress in turn negatively affected the
strength of the correlation results. Investiga-
tions of the statistical relation between FAPAR
and VIs derived from satellite data revealed a
significant influence of vegetation cover frac-
tions on FAPAR (ASRAR et al. 1992). Others
pointed at the necessity to carefully select the
appropriate VI in order to avoid impact of the
soil background colour, or to minimize errors
for different vegetation classes (e.g. CHOUD-
HURY 1987, SELLERS et al. 1994, 1996).
In the light of the almost linear relationship

between FAPAR and VIs, SELLERS et al. (1994,
1996) proposed a straight forward method for
global FAPAR retrieval independent from in
situ data, based on Advanced Very High Res-
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(ABDULLAEV et al. 2009). It is one of the largest
and most intensively used agricultural areas in
Uzbekistan where one third of the country’s
population lives (REDDY et al. 2012). Main
crops in this region are winter-wheat, cotton,
rice, and orchards. Vegetables like water-mel-
ons and tomatoes are also planted (CONRAD
et al. 2013). As the evaporation rate is about
1,200 mm per year, which exceeds precipita-
tion by far, irrigation of the agricultural fields
is necessary (REDDY et al. 2013).
Two locations in the Fergana valley were

selected as study sites: The Water User As-
sociation (WUA) “Akbarabad” and the WUA
“Azizbek” (see Fig. 1). In Akbarabad, cotton
is sown at a row distance of 60 cm while in
Azizbek farmers planted in 90 cm distance.
Sowing date for cotton in both study sites was
in the first half of April in 2011. Harvesting
took place between the end of September and
middle of October. All fields are characterized
by similar soils which are loamy with an aver-
age content of sand between 40 and 50%, a silt
content of 50 to 60% and a small clay fraction
between 0 and 20% (KENJABAEV et al. 2013).

for land and water management, because in-
formation on crop growth and crop yields is
rare. The percentile approach was employed
in three different experiments using literature
values and satellite data derived soil back-
ground values for calculating the FAPAR
range for the VI percentiles (NDVI and SR).
The results were compared with simple linear
regression results between field measurements
of the FAPAR and NDVI. The NDVI was se-
lected because it was identified as the best per-
forming VI for the FAPAR derivation via lin-
ear regression in a pre-study conducted in the
same study region (LEX et al. 2013). The test-
plots were located on two farms with different
cotton cultivation practises.

2 Study Area

The study area Fergana valley is located in the
eastern part of Uzbekistan in the upstream part
of the Syr Darja River. The climate is dry with
a mean precipitation ranging from 100 mm to
500 mm and a mean temperature of 13.1 °C

Fig. 1: The two study sites are located in the Fergana valley, Uzbekistan: Akbarabad (A) and Aziz-
bek (B). RapidEye data, shown in the maps on the right, is from 29.7.2011 and displayed as true
colour composite. Blue lines indicate the boundaries of test cotton fields and the in situ measure-
ments are presented with yellow dots. The background map consists of two Landsat – TM images
(only red band) from 3.6.2011 (southern part) and 22.8.2011 (northern part).
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3.2 Pre-Processing of Satellite Data

RapidEye data (TYC et al. 2005) was ac-
quired throughout the measurement campaign
(Tab. 1). In order to cover both study sites,
two different RapidEye paths were analysed
(Fig. 1). Each scene was atmospherically cor-
rected using ATCOR2 (RICHTER & SCHLAEPFER
2012) within the processing chain CATENA
that was developed at the German Aerospace
Center (DLR) (DLR 2014). Geometric correc-
tion was done with the software ERDAS Au-
tosync-Module (ERDAS 2010) with a result-
ing RMSE of below 2.2 m as described in LEX
et al. (2013).
In situ data was not compared to pixel val-

ues but to a homogeneous surrounding of
the field points. This step should account for
both, uncertainties between the geolocation of
in situ and satellite data, which may lead for
incorrect sample pairs of in situ FAPAR and
RapidEye NDVI, and the scale difference be-
tween 6.5 m RapidEye pixels and the ESUs. To
cope with the prescribed uncertainty the data
was segmented using the software eCognition
(TRIMBLE GERMANY GMBH 2010) as proposed
by FRITSCH et al. (2012). Therefore, a relatively
small scale parameter (10) and the parameters
shape and compactness (set to 0.9 each) were
used. By doing so, a sub-segmentation of the
cotton fields was achieved. For every available
RapidEye acquisition, NDVI was calculated
and spatially averaged within these sub-seg-
ments of the cotton fields.

3 Data and Methods

3.1 Field Campaign

In total, nine cotton fields were selected within
the two study sites in the south-eastern part of
the valley (see Fig. 1). Four fields were located
in the WUA “Azizbek” (study site B: Fields
1, 2, 3, 4) and five in the WUA “Akbarabad”
(Study site A: Fields 5, 6, 7, 8, 9). The FAPAR
ground truth data was collected between the
beginning of June and the end of September
2011. On each field three environmental sam-
pling units (ESUs) were established with each
ESU consisting of twelve field points. Only
on field 4 two ESUs were measured. An ESU
describes a comparatively homogeneous area
with a size of 20 m × 20 m. The twelve field
points should integrate the within ESU vari-
ability of the field measurements. It has to
be noted that in the later analysis, segments
of RapidEye data were analysed, which com-
pletely covered the ESU. The total number of
field points was 312 (26 ESUs with twelve field
points each). Each field point was visited six
times during the season (Tab. 1).
At each field point the FAPAR was meas-

ured using the Ceptometer AccuPAR LP-80
(DECAGON DEVICES 2013). It is equipped with
an 80 cm long bar with 80 equally distribut-
ed sensors enabling measurements of the pho-
tosynthetic active radiation (PAR) above and
beneath the canopy. The average plant height
was measured with a folding metre stick.

Tab. 1: Acquisition timing of RapidEye data and corresponding field sampling campaigns (adapted
from LEX et al. 2013)

Site A (Akbarabad) Site B (Azizbek)

RapidEye
Acquisition

Beginning of
fieldwork

End of
fieldwork

RapidEye
acquisition

Beginning of
fieldwork

End of
fieldwork

07.06.2011 08.06.2011 15.06.2011 15.06.2011 14.06.2011 16.06.2011

24.06.2011 24.06.2011 28.06.2011 23.06.2011 25.06.2011 29.06.2011

23.07.2011 15.07.2011 23.07.2011 07.07.2011 11.07.2011 13.07.2011

29.07.2011 30.07.2011 01.08.2011 29.07.2011 21.07.2011 29.07.2011

07.08.2011 10.08.2011 16.08.2011 07.08.2011 12.08.2011 15.08.2011

31.08.2011 26.08.2011 05.09.2011 23.08.2011 24.08.2011 25.08.2011
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(SEL-4) is based on SR (NDVI) from pre-sea-
son bare soil situation.
VI analysis was conducted on a segment

level. The percentiles (VI98 and VI5) were cal-
culated over all scenes of the RapidEye time
series between the beginning of June and the
end of September. This VI-value for bare soil
in SEL-3 and SEL-4 is the mean value of all
pixels within all sub-segments on cotton fields
(section 3.2).

3.4 Empirical Regression Approach

Based on the in situ FAPAR data and the
NDVI mean values of the sample segments,
paired for corresponding acquisition dates
(see Tab. 1), a simple linear regression equa-
tion including all observations aggregated at
ESU level was established (REG). NDVI was
selected as VI because according to LEX et al.
(2013) best empirical regression results were
obtained with SAVI and NDVI. As the NDVI
is used in the percentile approach of SELLERS
et al. (1996), in this study NDVI was chosen.
To account for the fact that study sites A and
B varied in their management practices (sec-
tion 2) and for a better assessment of the sta-
bility of the regression parameters (slope and
offset) over the area, the regression approach
was also separately applied to the two study
sites (REG-A, REG-B).
A regression equation can only be estab-

lished if the residuals of the model fit are nor-
mally distributed (BAHRENBERG et al. 2010).
The Lilliefors-Test is also valid for few obser-
vations (LILLIEFORS 1967) and was selected in
this study to test the normal distribution of the
residuals.

3.5 Validation and Comparison

Three quantitative assessment measures were
applied for validating and comparing the
quality of all experiments. This comparison
between the results in turn enabled the iden-
tification of the most accurate approach and
the evaluation of the quality difference when
using the simplified percentile approach in-
stead of a field work intensive regression.

3.3 Percentile Approach

For the derivation of the FAPAR the formula
proposed by SELLERS et al. (1996) was utilized
in this study (1):

98 max min

98 5

min

( ) ( )iVI VI FAPAR FAPARFAPAR
VI VI

FAPAR

− ∗ −
=

−
+ (1)

where FAPARmax (FAPARmin) refers to the
maximum (minimum) possible FAPAR value
of one class within the entire study area, VI98
(VI5) corresponds with VI-values of the 98%
(5%) percentile and VIi is the actual VI-value
at pixel i. In their global approach SELLERS et
al. (1996) suggested for vegetation classes that
the FAPAR values of 0.950 (FAPARmax) and
0.001 (FAPARmin) denote the VI98 and VI5, re-
spectively.
For the RapidEye data in the Fergana Val-

ley four variants of the original percentile ap-
proach were implemented using two different
VIs and one alternative for the VI5 percentile.
First, the VIs were varied and (1) was imple-
mented for cotton with the aforementioned
propositions for the FAPAR extremes and VI
percentiles. Here, simple ratio (SR, (2)) and
the NDVI (3) were selected for implement-
ing the FAPAR retrieval (SR: SEL-1, NDVI:
SEL-2).

NIRSR
RED

= (2)

NIR REDNDVI
NIR RED

−=
+

(3)

Second, VI5 was substituted with the VI
value of bare soil. This step was based on the
assumption that taking into account only sat-
ellite measurements during the vegetation pe-
riod within a comparatively small geograph-
ic region will underestimate FAPAR in early
crop stages. In such cases, when all satellite
data show crop cover, the 5% percentile of VI
data could already reflect vegetation activity
and in consequence FAPAR higher than 0.001,
which was set in SEL-1 and SEL-2. Therefore,
one additional RapidEye acquisition from
8.4.2011 was analysed. Accordingly, SEL-3
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ly in study site B than in study site A (Ak-
barabad) (Fig. 2a). Later, in time steps 3 to 6
(7.7.2011/23.7.2011, 29.7.2011, 7.8.2011, and
23.8.2011/31.8.2011), the boxplots of the fields
in Azizbek (B) remained on a significant lower
FAPAR level than in Akbarabad (A).
Plant heights developed similar to the

FAPAR within the season (Fig. 2b). Plants on
the study site A were permanently higher (av-
erage of 76 cm) than those on the study site
B (average of 63 cm). Both, FAPAR and plant
height indicate a comparatively high vegeta-
tion cover in site A. The latter can be substan-
tiated by taking into account the differences
in cotton cultivation practises. Farmers in the
study site B grow cotton with a row distance
of 90 cm, whilst fields in the study site A were
organized in rows with distances of 60 cm
(section 2).
Varying vegetation heights within neigh-

boured observations indicate a more hetero-
geneous structure of the vegetation canopy.
The latter is influencing the scattering of light
as described by MYNENI & WILLIAMS (1994).
Accordingly, the distribution of FAPAR cor-
responded with the deviation of plant height
measurements on both observation sites. For
most field observation periods, FAPAR and
plant height boxes show narrow distribution
between the upper and lower box boundaries
in study site B. In contrast, variability of both
variables was closer to the observed mean val-
ues in the study site A.

The root-mean-square error (RMSE, (4)) re-
turns an average absolute deviation:

2

1

1 n

i
i

RMSE
n =

= ∈∑ (4),

where n is the number of FAPAR measure-
ments and ∈ is the deviation between mod-
el result and the respective in situ data. The
mean direction of deviation is given by the
BIAS (5):

1

1 n

i
i

BIAS
n =

= ∈∑ (5).

The coefficient of determination (R2) was
employed for estimating the strength of the
statistical correlation between the model out-
put and the field measurements.

4 Results and Discussion

4.1 Analyses of in situ Data

The temporal development of the FAPAR var-
ied between all cotton fields during the en-
tire vegetation period. However, the most re-
markable discrimination was found between
the temporal development of the fields in the
study sites A and B (Akbarabad, Azizbek).
Already in time step 2 (Site A: 23.6.2011, Site
B: 24.6.2011) FAPAR increases more slow-

Fig. 2: a) Seasonal development of FAPAR b) development of plant heights for study sites A (Ak-
barabad, in blue colour) and B (Azizbek, in cyan colour); the box plots show the distribution of
FAPAR and plant height values for each time step for both study sites A and B. The bar within the
box is the median, the edges of the box show the interquartile range and the edges of the whiskers
represent the minimum and maximum values. All values that are higher than 1.5 interquartile
range are plotted as dots (FAPAR = fraction of absorbed photosynthetic active radiation).



Sylvia Lex et al., Comparison of two Statistical Methods 61

The validation measures of SEL-2 (RMSE:
0.1, R²: 0.87) exceeded that of SEL-1. Howev-
er, the BIAS of 4.29% indicates a small over-
estimation of the model SEL-2 which can be
assigned to high FAPAR levels (Fig. 3, red
dots). These overestimations could be correct-
ed by adjustment of the NDVI-percentiles, e.g.
utilizing maximal field measurements of the
FAPAR could be envisaged. The latter would
go beyond the scope of this study, in which
the percentile approach was tested as a variant
for the FAPAR derivation without field meas-
urements. The results of SEL-2 comply with
observations of OLOFSSON & EKLUNDH (2007)
who observed RMSE values between 0.03 and
0.67 using the percentile approach with NDVI
for the FAPAR estimations for Scandinavian
forest classes.

4.2 Percentile Approach

Fig. 3a compares the in situ measured FAPAR
with the results from the percentile approach
experiments SEL-1 and SEL-2. For VI98 a
NDVI value of 0.84 was received and VI5 was
found to be 0.14.
The FAPAR values, calculated based on

SR (SEL-1), were lowest and fit the in situ
data with a RMSE of 0.281 (R2 = 0.72, BIAS
= -39%, Tab. 2). SR was less sensitive to low
FAPAR ranges, which led to an underestima-
tion of in situ measurements (see blue dots in
Fig. 4). The result queries the presumption of a
linear relation between the SR and the FAPAR
for cotton ecosystems in the study region.
The scatterplot between the FAPAR meas-

ured in situ and the FAPAR derived from the
NDVI (SEL-2) shows a clear linear relation.

Fig. 3: a) Results of the percentile approach in contrast to the field measurements: with the SR
(SEL-1, blue dots) and the NDVI (SEL-2, red dots); b) Results of the percentile approach in contrast
to the field measurements: with the SR (SEL-3, blue dots) and NDVI (SEL-4, red dots).

Tab. 2: Assessment of the percentile approach (SEL-1 to SEL-4) based on BIAS, RMSE, and R2.

Method BIAS
(in %)

RMSE R² Number of
observations

SEL-1 -39.646 0.281 0.7227219 148

SEL-2 4.293 0.098 0.8741476 148

SEL-3 -39.865 0.283 0.7227219 148

SEL-4 3.612 0.099 0.8741476 148

SEL-2-A* 7.954 0.116 0.8001162 86

SEL-2-B* -3.125 0.064 0.8903632 62

*A and B refer to the respective study sites.
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of VI5 for SEL-2 and SEL-4, is not presented
here as the resulting FAPAR was very close
to that from SEL-2. The scatterplots between
the FAPAR, derived by the NDVI-percentiles,
and field measurements (Fig. 4) show a high-
er deviation from the theoretically perfect re-
sult (diagonal line) for the study site A than for
the study site B. Accordingly, the RMSEs of
0.06 and 0.12 approve a slightly higher perfor-
mance of the SEL-2 model in Azizbek (study
site B) than in Akbarabad (study site A). These
differences might be explained by the grow-
ing conditions differing between the study
sites as described in section 4.1. In the study
site A the cotton plants are higher than those
in the study site B. A taller plant drops more
shadow than a smaller plant, especially dur-
ing hours that are deviating from noon, when
lower sun elevation occurs. Additionally, the
plant heights observed in study site A within
one time step show higher variability than in
study site B. As a result shadow lengths are
not constant. In case of small row distances as
recorded in the study site A, the shadow drop-
ping of one cotton row might fall into the next
row. Accordingly, uncertainties of the FAPAR
measurements in situ, as well as the satellite
derived NDVI are higher than in the study site
B, which in total confirms findings of TEWOLDE
et al. (2005). However, the high precision lev-
el of both study sites indicate the stability of
the percentile approach to derive the FAPAR
of cotton under different cultivation practices.

The experiments SEL-3 and SEL-4 re-
turned validation measures which are almost
the same as those of SEL-1 and SEL-2, respec-
tively (Fig. 3b, Tab. 2). The lower percentile
boundary (VI5) used in SEL-1 and SEL-2 was
with a NDVI value of 0.14 (SR value of 1.33)
very similar to the soil VI approach (SEL-3
and SEL-4), which revealed a NDVI value of
0.15 (SR-value of 1.35) for VI5. The VI values
composing VI5 in SEL-1 and SEL-2 originated
all from the RapidEye observations in June
(7.6.2011). Distinguishing between NDVI ac-
quired in June and April (8.4.2011) led to neg-
ligible differences, which could be confirmed
by visual inspection. The results show that the
percentile approach can be easily applied to
multi-temporal remote sensing data if suffi-
cient NDVI values represent soil conditions.
In this study, despite including only data af-
ter sowing, soil representing NDVI values
were suffered due to the presence of one time
step in initial growing phases. However, SEL-
4 presented a feasible variant for the FAPAR
derivation in case of absent early season data
characterized by a very low vegetation cover.
The performance of the percentile approach

was further analyzed separately for the study
sites A and B. Only SEL-2 is presented as this
analysis revealed the lowest absolute numeri-
cal deviation between model results and in
situ measurements expressed by the RMSE
(Tab. 2). SEL-4, which delivered nearly the
same results as SEL-2, due to the similar value

Fig. 4: Percentile approach with NDVI (SEL-2) in the study sites Akbarabad (left) and Azizbek
(right).
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egal, also based on MODIS NDVI (FENSHOLT
et al. 2004).
Similar statistical relations were found for

the two study sites, however, the results varied
slightly. The coefficient of determination for
study site B (REG-B) was with a value of 0.89
higher than for study site A (REG-A), where
R2 was 0.80. Also RMSE (0.05) of REG-B, i.e.
the total deviation between statistically de-
rived FAPAR and in situ measurements was
lower than of REG-A (0.08).
The same reasons as stated for the percen-

tile approach, i.e. high variability of plant
heights and a resulting inhomogeneity in site
A, can explain these differences between the
results among the study sites. The scattering
of the value pairs from the FAPAR in situ data
and the NDVI around the regression line for
each study site is given in Fig. 5. The same
patterns as for the percentile approach can be
discovered.
In Azizbek (study site B) the FAPAR in situ

data ranged from 0.17 to 0.79 while in Ak-
barabad (study site A) the data range was be-
tween 0.18 and 0.96. During the entire season
the FAPAR-values of study site B- remained

4.3 Simple Linear Regression

The Lilliefors test for normal distribution of
the residuals, which is the precondition for
empirical regressions, delivered a p-value of
0.8753 for the regression approach applied to
the entire set of field samples and NDVI val-
ues (REG). Accordingly, the hypothesis of
normal distribution cannot be rejected as the
p-value exceeded 0.05. Also for the separate
analysis of the two study sites, the Lilliefors
test showed a normal distribution of the resid-
uals (p = 0.5796 for REG-A and p = 0.2006
for REG-B).
The statistical analysis of the entire data-

set (REG) achieved an RMSE of 0.07 and R2
of 0.87 (Tab. 3). According to the statistical
nature of high correlation coefficients BIAS
was negligible (<< 0.01%). Previous studies
achieved similar RMSE values for FAPAR
derivation using linear regression, e.g. 0.086
in an agricultural landscape in Spain based
on Landsat NDVI (RIDAO et al. 1998), or R2 of
0.61 in a steppe landscape in South America
modelled with MODIS NDVI (CRISTIANO et al.
2010) and 0.86 – 0.96 in the savannah in Sen-

Tab. 3: Assessment of the simple linear regression (REG, REG-A, REG-B) based on BIAS, RMSE,
and R2.

Method BIAS (in %) RMSE R2 Number of
observations

REG 0.0001 0.07 0.87 148

REG-A1) -0.0006 0.08 0.80 86

REG-B1) -0.0001 0.05 0.89 62

1) A and B refer to the respective study sites.

Fig. 5: Scatter plots of the in situ FAPAR and the NDVI, as well as regression lines for the study
sites (Akbarabad, REG-A and Azizbek, REG-B) and both sites (REG).
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4.4 Comparison of the Approaches

A comparison of RMSE and BIAS indicates
only minor quantitative deviations between
the optimal percentile approach SEL-2 (and
SEL-4) and the simple empirical regression
(REG). Of course, REG matches the dataset
exactly to field data, but it is noteworthy that
no field data has been used for the derivation
of FAPAR in the percentile approaches. Even
in SEL-4 (inclusion of a period when fields are
completely free of vegetation) only satellite
datasets were utilized.
Multi-temporal FAPAR maps received

from SEL-2 and REG within study site B are
shown in Fig. 6. In the first periods (15.6.2011
and 6.7.2011) no differences in the colour lev-
els occurred. Moderately higher values for
FAPAR derived from the percentile approach
are visible in the late season situation (right
part of Fig. 6, 23.8.2011), which can be attrib-
uted to the aforementioned overestimations
of FAPAR in case of high vegetation cov-
er (section 4.1). However, the comparison of
the maps shows the same spatial patterns of

below the FAPAR-level of study site A (see
Fig. 2a). Even though value ranges differed be-
tween the two study sites, similar regression
equations were derived for all datasets (Tab. 4
and Fig. 5). As stated above, the management
can have an influence on the crop growth.
However, the similarity of the slopes received
from the regression demonstrate a negligible
influence of the two cultivation practices (cot-
ton row distances) observed in this study on
the quality of the linear relationship between
NDVI and FAPAR.

Tab. 4: Regression equations (simple linear re-
gression).

Method Regression equations

REG FAPAR = -0.01300 + 1.00965 *
NDVI1)

REG-A2) FAPAR = -0.00026 + 0.99297 *
NDVI

REG-B2) FAPAR = -0.02145 + 1.02324 *
NDVI

1) Adopted from LEX et al. (2013)
2) A and B refer to the respective study sites.

Fig. 6: FAPAR of cotton fields received from the experiments SEL-2 (upper part) and REG (lower
part) in study site B, Azizbek, for the time steps 15.06.2011, 7.7.2011 and 23.8.2011, representing
the early, mid, and late season situations of the vegetation period. On the fields with a blue outline
in situ data were collected.
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RapidEye scenes were acquired in both the in-
itial and the main vegetative phase of the veg-
etation period, when quasi non-vegetated soil
cover and most dense vegetation cover was
measured by the NDVI, respectively. Another
issue to be considered is that this study was
conducted in the Fergana Valley, hence con-
clusions from this study might not necessar-
ily apply to other cotton ecosystems e.g. with
other climatic conditions or environmental or
management settings (soils, field sizes, culti-
vation practises). Thus, the presented study
has a more explorative character in terms of
transferability but it can be concluded as an
encouraging approach for accurate FAPAR
modelling without in situ data, which can be
subsequently used for crop yield estimations
of cotton.
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