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of these ecosystems. Phenology has proven to
be a very suitable tool for this because it com-
prises “the study of the timing of recurring bi-
ological events, the causes of their timing with
regard to biotic and abiotic forces, and the in-
terrelation among phases of the same or dif-
ferent species” (Lieth 1974). Due to the spatial
coverage as well as financial and time relat-
ed savings, remote sensing techniques proved
to be very suitable for these kinds of analy-
ses. For example until now especially dense

1 Introduction

The characteristic feature of arid and semi-arid
ecosystems is their high temporal and spatial
variability regarding precipitation (BLümeL

2013). Therefore, they are very vulnerable to
additional climate extremes in terms of cli-
mate change (SchLeSinger et al. 1990). Hence
it is important to monitor this vegetation in re-
lation to climate to notice changes in their de-
velopment for the management and protection

Summary: This study focused on the analysis of
semi-arid natural vegetation phenology in the
Northern Negev in Israel during the two growing
seasons in 2010/2011 and 2012/2013 with different
precipitation patterns. The objective was to develop
a methodology based on vegetation indices to de-
tect the characteristic phenological cycles of three
types of vegetation, annual grasses, perennial
shrubs and biological soil crusts, with multi-tempo-
ral RapidEye data. For the first time the usage of
RapidEye’s high temporal resolution as well as its
red edge band enabled a detailed detection of this
phenology in semi-arid environments. In doing so,
the vegetation indices differed in their suitability
for the different vegetation types. One could benefit
from the Normalized Difference Vegetation Index
(NDVI) for annual plants, the Normalized Differ-
ence Red Edge Index (NDRE) for perennial plants
and the Modified Normalized Difference Vegeta-
tion Index (MNDVI) for biological soil crusts. The
spatial distribution of the vegetation is illustrated
by combining the three indices during their maxi-
mal photosynthetic activity.

Zusammenfassung: Multitemporale Analyse von
RapidEye-Daten zur Untersuchung der phänologi-
schen Entwicklung natürlicher Vegetation zweier
Vegetationsperioden in der nördlichen Negev, Isra-
el. In vorliegender Studie wurde die phänologische
Entwicklung semiarider, natürlicher Vegetation im
Norden der Wüste Negev während zwei Vegetati-
onsperioden mit sehr unterschiedlichen Nieder-
schlagsverhältnissen anhand von RapidEye-Daten
untersucht. Ziel ist die Entwicklung einer Methode
auf der Basis von Vegetationsindizes wie dem
NDVI, welche die charakteristischen phänologi-
schen Zyklen der Vegetation ermittelt: einjährige
Gräser, mehrjährige Büsche sowie biologische
Krusten. Die hohe temporale Auflösung der Rapid-
Eye-Daten sowie der RedEdge Kanal ermöglichten
zum ersten Mal eine detaillierte Erfassung der Phä-
nologie in diesem Gebiet. Die Indizes eignen sich
dabei für die Vegetationstypen unterschiedlich gut.
So konnten für mehrjährige Pflanzen der NDRE
sowie der MNDVI für biologische Krusten Infor-
mationsgewinne liefern. Die räumliche Verbrei-
tung der Vegetation wird durch die Kombination
jener Indizes, die die maximale photosynthetische
Aktivität der Vegetationstypen widerspiegeln, dar-
gestellt.
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id areas (Danin 1996). Dry conditions force
these organisms into a latent state; only when
they have some water they become physiologi-
cally active and turn green due to their pho-
tosynthetic activity (Danin 1996). Because of
this very sensitive response to moisture, Kar-
nieLi (2003) found that they are the first to be-
come physiologically active at the beginning
of the growing season when the first rainfall
occurred (Fig. 1). At this point annuals and
perennials are still dormant, because water is
only available at the soil surface. The seeds of
annual vegetation in the deeper soil layers re-
quire water to germinate, so they will not be-
come active until more precipitation is avail-
able, which occurs in the middle of the rainy
season. After the annuals fulfilled their devel-
opment and become dry organic matter, pe-
rennial plants start to become active at the end
of the growing season, when water is available
for their deeper roots.

From the remote sensing point of view it
is very difficult to discriminate photosyn-
thetically active biological soil crusts from
vital grasses and shrubs because their spec-
tral signatures resemble each other (WeBer

et al. 2008). KarnieLi et al. (1999) discovered
that phycobilin pigments in the crusts cause
a stronger reflection in the blue region of the
electromagnetic spectrum which facilitates
the discrimination. When dry, their spectral
signature resembles soil (KarnieLi et al. 1999).

The objective of this study was to develop
a methodology to detect this characteristic
natural vegetation phenology based on veg-
etation indices due to the different spectral
characteristics of the vegetation types. Time
series of RapidEye datasets with a high tem-
poral resolution were analyzed for two sea-
sons. 2010/2011 was a relatively dry season
and 2012/2013 reached nearly the annual aver-
age for the study area. The comparison of the
phenology of these seasons should reveal the
sensitive reaction of the vegetation to different
precipitation patterns.

2 Study Area

Sayaret Shaked Park, a heterogeneous land-
scape formed by loessial soils, is an area
of one km2 located in the Northern Negev

time series of NOAA AVHRR data were used
in semi-arid environments like the North-
ern Negev because of its very high temporal
resolution (SchmiDt & KarnieLi 2000, Wang

& tenhunen 2004). Contrarily, Landsat data
would provide more spatial details due to its
better spatial resolution but is limited con-
cerning phenological analyses in very sen-
sitive ecosystems in arid regions because of
its coarser temporal resolution (eLmore et al.
2000). Consequently, a combination of high
temporal and spatial resolution data is need-
ed to detect important phenological events as
well as changes in the spatial distribution of
vegetation especially in heterogeneous land-
scapes like the Northern Negev. With the de-
velopment of multi-sensor satellite systems
such as RapidEye, the temporal resolution of
high spatial resolution optical sensors has in-
creased remarkably. Therefore, multi-tempo-
ral RapidEye data has been successfully ap-
plied to classify vegetation units or different
plant parameter (SchuSter et al. 2012).

The Northern Negev is characterized by
sparse natural vegetation cover that consists
of annual grasses, perennial shrubs and bio-
logical soil crusts (KarnieLi 2003). KarnieLi

(2003) described that each of these vegetation
types exhibit their own typical phenology in
relation to precipitation (Fig. 1). In the follow-
ing these different phenologies are referred to
as phenological cycles. In contrast to shrubs
and grasses, biological soil crusts consist of
cyanobacteria, algae, mosses, fungi and li-
chens (Danin 1996). These microphytes are
typically representative in arid and semi-ar-

Fig. 1: Phenology of different vegetation types
during the growing season in the Negev, Israel
(after Karnieli 2003).



Stefanie Elste et al., Multi-temporal Analysis of RapidEye Data 119

time series of RapidEye data were required.
Hence, images were ordered every 10 days,
but due to meteorological and technical con-
ditions the scenes were sometimes limited.
Finally, as shown in Fig. 2, for the season
2010/2011 nine and for 2012/2013 thirteen
cloud-free images were used.

Preprocessing of the data included ortho-
rectification of Level 1B data and an atmo-
spheric correction with ATCOR® 2 of every
image (richter & SchLäpfer 2012). Further-
more, the geometric correction of the data
was improved by additional co-registration
because the spatial location of the scenes was
partly inaccurate. This is caused by the small
number of ground control points which var-
ies from region to region and influences the
spatial accuracy (BLacKBriDge 2013). In addi-
tion to the satellite images, daily precipitation
data for the two seasons was available from
the Ben-Gurion University weather station.
During a field campaign in spring 2013 dif-
ferent kinds of reference data were gathered
from various test sites, which were selected
separately for areas with predominantly cov-
erage of annual grasses, perennial bushes and
biological soil crusts. The data contained pho-
tos of vegetation coverage during the growing
season, field mapping for the vegetation index
(VI) analysis and GPS data, which served as
reference pixel for each type of vegetation.

Due to their simple and robust application,
vegetation indices, which proved to be very
suitable for remote sensing of vegetation, were
chosen for the multi-temporal analysis (chu-

with center coordinates of 31°16’11’’ N and
34°39’10’’ E in Israel. The annual mean pre-
cipitation is 200 mm and mainly concentrates
between November and April and constitutes
semi-arid climatic conditions (KarnieLi et al.
2002). During this rainy period, later referred
to as growing season, vegetation get photo-
synthetically active due to better moisture
conditions (cLimate Service center 2.0 2014).
The climatic and topographic conditions lead
to a heterogeneous mosaic of perennial shrubs
(e.g. Noaea mucronata, Thymelea hirsute), an-
nual grasses (e.g. Stipa capensis, Avena bar-
bata) and biological soil crusts which consist
mostly of cyanobacteria (Burgheimer et al.
2006). While shrubs and grasses settle pre-
dominantly on sinks and slopes, the crusts
cover the whole soil surface (Burgheimer et
al. 2006), which leads to a lot of transition
zones. One part of the park is closed off to
livestock grazing since 1987 (KarnieLi et al.
2002) and represents a research area of the
Long Term Ecological Research Programme
(LTER) and the Experimentation in Ecosys-
tem Research Programme (ExpeER). There-
fore, it is possible to study the natural vegeta-
tion in a small undisturbed ecosystem. Never-
theless, very dry consecutive years led to the
death of numerous perennial shrubs recently,
which partly destabilizes the ecosystem (Sher

et al. 2012).

3 Data and Methodology

To cope with the sparseness and heterogene-
ity of the vegetation cover in Shaked Park,
RapidEye data was chosen for the multi-tem-
poral analysis because it combines high tem-
poral with high spatial resolution. The five
identical earth observation satellites located
in a sun-synchronous orbit in approx. 630 km
height record information in five multispectral
bands with a temporal resolution of 1 to 5.5
days and a spatial resolution of 6.5 m (BLacK-
BriDge 2013). Designed predominantly for
agriculture and forestry, RapidEye provides
additional information for vegetation applica-
tions by the red edge channel from 690 nm –
730 nm (BLacKBriDge 2013) (Tab. 1).

To characterize the seasonal phenology of
the three vegetation types, temporal dense

Tab. 1: Spectral band widths of the RapidEye
sensor.

Multispectral bands Band widths

Blue 440 nm – 510 nm

Green 520 nm – 590 nm

Red 630 nm – 685 nm

Red Edge 690 nm – 730 nm

NIR 760 nm – 850 nm
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erence pixels were averaged and visualized as
VI curves and analyzed in relation to precipi-
tation. These temporal profiles proved to be a
very useful tool in phenological research with
remote sensing data (förSter et al. 2012, raS-
muSSen 1997, oDenWeLLer & JohnSon 1984,
JuStice et al. 1985). Knowledge-based, ac-
cordingly to Fig. 1, the slopes and local maxi-
ma – as indicators of photosynthetic activity –
in the graphs were assigned to the phenologi-
cal cycles of the vegetation types. During this
process it was investigated which VI shows
the best result to characterize the phenology
of each vegetation type. Finally, the index im-
ages with the maximal photosynthetic activity
for each type of vegetation were chosen and
combined in a false colour composite to illus-
trate their spatial distribution.

4 Results

This section shows the results of the multi-
temporal analyses. We determined the typical
phenological cycles for the two growing sea-
sons 2010/2011 and 2012/2013 with multi-tem-
poral remote sensing data as a function of time
and precipitation. A dotted line between each
index value shall help to interpret the graphs
in Figs. 3 and 4.

vieco & huete 2010). The NDVI (1) (rouSe et
al. 1974) was selected as the basic VI since up
to now it is proved as suitable tool for vegeta-
tion analysis in numerous studies (pettoreLLi

2013). To test whether the red edge band pro-
vides additional information for this study, the
NDRE was used (2), where the NIR band of
the NDVI formula is replaced by the red edge
band (BarneS et al. 2000). The red edge spec-
tral region is also very sensitive for mapping
stressed vegetation (eiteL et al. 2011). Fur-
thermore, the specific spectral features of bio-
logical soil crusts lead to the application of the
MNDVI (3), where the blue band is integrated
in the original NDVI formula (SimS & gamon

2002).

NIR REDNDVI
NIR RED

−=
+

(1)

+
Red Edge REDNDRE
Red Edge RED

−= (2)

2
NIR REDMNDVI

NIR RED BLUE
−=

+ −
(3)

After preprocessing, each VI was calculat-
ed for every reference pixel of the test sites.
For each vegetation type the values of the ref-

Fig. 2: Acquisition dates of RapidEye data in relation to precipitation.
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of the 19th January was acquired briefly after
rainfall occurred (Fig. 2). Consequently, this
scene is very suitable to discriminate the phe-
nological cycle of the crusts from the annu-
al vegetation phenological cycle which starts
about one month later than the cycle of the soil
crusts. Since this increase cannot be found in
the NDVI curve, it indicates a benefit of the
additional blue spectral band of the MNDVI
to detect the physiological activity of the soil
crusts. After this increase it also reaches its
maximum in March and declines until May,
similar to the NDVI of the annuals. This sup-
ports the assumption of the peak of the phe-
nological cycle of the annuals during March
2011, because annuals appear on these sites
too and cover the spectral signal of the crusts
due to their more intensive coverage at this
time.

Noticeably there is no further increase of
these two indices at the end of the growing
season and therefore no sign of the activity of
perennial plants. In contrast to that, there is a
slight increase in the curve of the NDRE for
areas with predominantly perennial vegeta-
tion cover from the beginning until the middle
of May with a clearer decrease at the end of
July. Unfortunately there is no RapidEye im-
age in June which could confirm this assump-
tion. Even though this is just a slight indica-
tion of the phenological cycle of the perenni-
als it is an important sign of their activity in
regards to this very dry year and the plant’s

4.1 Vegetation Period 2010/2011

Multi-temporal index profiles for the grow-
ing season 2010/2011 are illustrated in Fig. 3.
Based on our research it is observed that
crusts got photosynthetically active relative-
ly late, because significant rainfall did not
occur until the end of December. Therefore,
the growing season started in late December
and ended in July. The NDVI of annual plants
stayed constant from December until the mid-
dle of January although considerably rainfall
occurred during December and the beginning
of January. Subsequently it increases rapid-
ly to its peak from February until March be-
cause the red portion of the electromagnetic
spectrum declines and the NIR increases due
to the photosynthetic activity. Afterwards, the
NDVI declines to the level at the beginning in
May and June as a result of reduction of pho-
tosynthetic activity which leads to a relatively
stronger reflectance in the red spectral region.
Based on the explanations to Fig. 1 a peak of
photosynthetic activity in the middle of the
growing season suggests the phenological cy-
cle of annual vegetation.

At the beginning of the growing season the
MNDVI shows a different behaviour in com-
parison to the NDVI of the annuals, because
it increases to the middle of January when
the NDVI stood constant. This is an impor-
tant indication of the photosynthetic activity
of the crusts, because the RapidEye image

Fig. 3: Multi-temporal index profiles of the growing season 2010/2011.
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cycles and the growing season in general in
comparison to 2010/2011. Accordingly to the
previous period, the multi-temporal profiles
of the three VI are illustrated in relation to
precipitation in Fig. 4. As consequence of the
different precipitation pattern the vegetation
types are active from November until May. In
this figure relatively similar courses of the in-
dex profiles with slight differences can be rec-
ognized.

As seen in the previous season 2010/2011,
the different behaviour of the NDVI of the an-
nuals and the MNDVI of the crusts at the be-
ginning of the growing season is repeating but
occurs earlier. The NDVI stays constant from
the middle of October until the middle of No-
vember although significant rainfall occurred
just two days before the RapidEye image in
November was recorded. In the meantime the
MNDVI of the crusts increases due to the sen-
sitive reaction of these organisms to moisture.
Again the combined analysis of these two in-
dices proved to be suitable to discriminate the
beginning of the phenological cycle of the bi-
ological soil crusts from the annual grasses.
The MNDVI further increases from that point
until the 17th January. Three days after this
RapidEye image was taken, the MNDVI de-
clines due to the missing precipitation which
leads to a decline of the photosynthetic activ-
ity of the crusts. This would not be the case
if the annuals were already active so that this

partly critical health status due to the drought
from 2008 until 2010 (Sher et al. 2012). Fur-
thermore, the fact that only the NDRE shows
the indication of this cycle it can be reasoned
that the red edge channel contributes to an im-
proved detection of their photosynthetic activ-
ity in Shaked Park.

In summary the phenological cycles for bi-
ological soil crusts and annuals of the grow-
ing season 2010/2011 could be detected com-
pletely with the datasets. The phenological
cycle of the annuals from the middle of Janu-
ary until May with a peak from February until
March could be determined completely while
the crust cycle started at the end of Decem-
ber, due to the precipitation, with a peak in the
middle of January. Contrarily to the annuals,
a clear end of the cycle of crusts could not be
determined because the MNDVI does not de-
cline before the annuals started to germinate.
The start and end of the phenological cycle of
the perennials was more complicated to de-
termine because their scarce distribution and
critical health status led to a very low signal of
photosynthetic activity in this very dry year.

4.2 Vegetation Period 2012/2013

The phenological cycles for natural vegetation
during the growing season 2012/2013 differ
in the timing as well as in the duration of the

Fig. 4: Multi-temporal index profiles of the growing season 2012/2013.
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explanation for that is the early beginning of
the precipitation season that leads to a stron-
ger signal of the photosynthetic activity of the
biological soil crusts which superimposed that
of the annuals so that the NDVI increases at
that early stage of this season.

Similar to the previous season (2010/2011)
the phenological cycle of perennial vegeta-
tion cannot be extracted from the multi-tem-
poral profiles of the NDVI and MNDVI but is
shown more clearly in the NDRE profile. At
the end of the growing season the NDRE falls
not directly after the decline since the peak of
the annuals in March. From the end of March
until the beginning of April it stays almost
constant before it declines until May which is
again an indication of the activity of perennial
plants.

All in all the existent RapidEye images al-
lowed the complete detection of the pheno-

point of time represents the end of the pheno-
logical cycle of the crusts. After this decline
the MNDVI reaches its peak in March before
it declines until May due to the photosynthetic
activity of the annuals which superimpose the
signal of the crusts because of their dense cov-
erage at this point of time.

In contrast to that, the NDVI of the annuals
starts to increase continuously from the mid-
dle of November to February where it reaches
its maximum until March before it declines
at the end of April almost to the base level.
Consequently, it does not decline in January
like the MNDVI. This is a clear sign of the
photosynthetic activity of the annuals at that
time. However, it is not definitely clear when
the phenological cycle of the annuals starts
because the NDVI increases already from the
beginning of the growing season 2010/2011
which is unusual for these plants. A potential

Fig. 5: False colour composite of index images of RapidEye data which show the maximal photo-
synthetic activity of each vegetation type in Shaked Park.
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June 2011 and December 2012 led to incom-
plete phenological cycles without maxima.
Also every other index feature just shows the
photosynthetic activity of the vegetation types
at a specific point of time. For example, the
start of the phenological cycle of the biolog-
ical soil crusts in November 2012 cannot be
fixed to that point because significant rainfall
events were recorded in the middle of October
which would cause the crusts to become ac-
tive. So probably the MNDVI would be low-
er than in the end of October, but there was
no scene available that was acquired earlier.
Consequently, the time lag between rainfall
events and the acquisition dates of the satel-
lite images are also essential to describe the
phenological cycles in detail especially for the
sensitive reaction to moisture of the biological
soil crusts.
The comparison of temporal profiles of the

different vegetation indices demonstrated the
NDVI as the most suitable index for detect-
ing the phenological cycle of annual vegeta-
tion because it presented the maximum pho-
tosynthetic activity most clearly. Every inves-
tigated VI, i.e. NDRE, MNDVI, and NDVI,
shows this maximum because all computation
methods are an enhancement of the NDVI.
Furthermore the MNDVI proved to be most
suitable to determine the physiological activ-
ity of the biological soil crusts because it ex-
perienced the fastest reaction to precipitation
at the beginning of the growing season. This
is probably due to the phycobilin pigments
whose stronger reflection in the blue spectral
region could be registered much better by in-
corporating the blue band. The phenological
cycle of perennial vegetation could only be de-
tected by using the NDRE which confirms the
generation of additional information through
the red edge band. Other studies which evalu-
ated the benefit of the red edge channel dis-
covered an improvement of classification ac-
curacies by using the NDRE, too (SchuSter

et al. 2012). SchuSter et al. (2012) stated the
higher sensitivity of the red edge band for veg-
etation adapted to dry climate conditions. One
reason could also be the higher sensitivity of
this spectral region for stressed vegetation,
which could also be confirmed with RapidEye
data for woody vegetation (eiteL et al. 2011).
All in all one single index could not always

logical cycle of the crusts which lasts from
November until January except of their maxi-
mum because no RapidEye images were avail-
able in December. The peak and end of the cy-
cle of the annuals could be determined, too.
In contrast to that, uncertainty exists for its
beginning. The perennials were active from
March until April.

For the season 2012/2013, the spatial dis-
tribution of natural vegetation in Shaked Park
is illustrated with a false colour composite
(Fig. 5). For this composite the three indices
which show the maximal photosynthetic ac-
tivity of the different vegetation types were
combined. The red channel represents the
MNDVI for crusts at the middle of January,
the green represents the NDVI for annuals at
the end of February and the blue represents the
NDRE for perennials at the beginning of April
(Fig. 5). Because there are predominantly ar-
eas with different portions of annuals, peren-
nials and crusts, the colours in this image rep-
resent a mixture of red, green and blue. Obvi-
ously, annuals (green colours) and perennials
(cyan-green colours) concentrate on sinks and
slopes due to the better water availability. In
contrast, biological soil crusts (dark purple-
brown colours) are broadly distributed in the
park due to their excellent adaptation to semi-
arid conditions.

5 Discussion

For the first time the typical natural vegeta-
tion phenology in the Northern Negev could
be detected by high resolution RapidEye data-
sets. RapidEye images proved to be very suit-
able for the multi-temporal analysis because
its high temporal resolution was helpful to de-
termine the phenological cycles in detail. A
robust methodology based on a combination
of different vegetation indices could be devel-
oped which was applied successfully to two
seasons with different precipitation patterns.
The results correspond very well with those
of other studies of this region (KarnieLi 2003,
KarnieLi et al. 2002) and could be verified by
field data.

Nevertheless, the results depend strongly
on the availability of satellite data. So miss-
ing scenes in time periods of one month in
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growing seasons showed the shifting of phe-
nological events due to the different precipita-
tion patterns which emphasizes their role as
important indicators of climate change and
ecosystem stability in a very vulnerable semi-
arid environment. RapidEye datasets proved
to be very suitable for the multi-temporal anal-
ysis of phenological analyses in semi-arid en-
vironments especially with regards to its high
temporal resolution and the gain of additional
information with the NDRE provided by the
red edge band. The time-series allowed the
detection of natural vegetation phenology af-
ter the scheme of (Fig. 1) in both seasons, but
uncertainties exist for perennial shrubs due to
their scattered distribution and critical health
status. Also the transition between the start
and end of the phenological cycles is highly
variable because of their spatial overlap. Fu-
ture work will aim on the adaption of the ap-
proach to other sensors like WorldView-2 with
a better spatial resolution of 2 m which can
improve the detection of the perennial shrubs.
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