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Abstract: Soil water excess, as well as deficit, leads to vegetation stress, i.e., photosynthesis decline, stomata closure, growth

reduction, decrease in respiration and biomass production. Therefore, vegetation response can be used as indicator of changing in soil
conditions, which corresponds to such phenomena as drought or soil waterlogging and associated natural disasters. During last 20
years, National Oceanic and Atmosphere Administration, National Environmental Satellite Data and Information Services

(NOAA/NESDIS) satellite-based vegetation health indices (VHI) were successfully used for monitoring environmentally-based

vegetation stress, including droughts, fire risk, soil saturation and other natural hazards around the world. In this study, the VHI were
applied to verify the possibility their utilization for detection landslide risk areas in Madeira Island. Vegetation condition index (VCI)
and registered precipitation were analyzed together with information on landslide occurrence in recent years.
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1. Introduction

The term “landslide” means the movement of a
mass of soil, rock or debris down a slope under the
effect of gravity force [1]. Landslides are part of the
normal geomorphological process and the most

common natural disaster in the mountain areas as well.

Although the landslides are local phenomena, they can
lead to huge direct and indirect human and economic
losses. Various studies have reviewed the economic
losses and casualties because of landslides [2-4].
Following Herath and Wang [4], during 1993-2002,
total number of people, affected by landslides, made
up 19,740 in Africa, 4,667,943 in America, 5,055,856
in Asia and 41,536 in Europe. Sidle and Ochiai [3]
provide estimation of direct and total losses in various
countries due to landslides (Table 1).

Landslides differ by material and type of movement
and their occurrence and frequency are controlled by
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various factors, which can be grouped into preparatory,
responsible for instability of the slope, and triggering,
which cause landslide occurrence [1, 5]. The
contribution of each factor into landslide occurrence
and intensity depends on environmental conditions
such as climate, internal relief, geological setting,
geomorphological evolution and processes [6, 7]. Soil
saturation by water is considered as a more usual
natural cause of landslides because it leads to slope
instability. Saturation may come because of heavy or
persistent precipitation, melting and rapid changes in
groundwater level along a slope. However, rainfalls
are identified as the primary natural factor of slope
[8, 9]. By this
antecedent persistent rainfalls play important role in

movements worldwide reason
the landslide’s initiation, even if the daily amount of
precipitation was not large [6, 10-12]. Such rains over
time might cause near-saturation state of soil and a
loss of slope stability in mountain areas. This situation
is very typical for Madeira Island, which is a
well-known tourist place, visited by more than one

million tourists each year [13]. Madeira suffers from
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Table 1  Average costs of annual landslides in various countries [4].

Country Average annual direct costs Average annual total costs
Canada $70 million
Japan $1.5 billion $4 billion
Korea $60 million -

Ttaly - $2.6-5 billion
Sweden $10-20 million

Spain $0.2 billion

Former USSR $0.5 billion

China $0.5 billion

India $1.3 billion

Nepal $19.6 million

Table 2 Daily precipitation (mm), registered by the meteorological stations No. 967 and No. 970.

No. 967 No. 970
07-01-2014 22.8 91.1
08-01-2014 36.8 255
09-01-2014 0.6 0.2
10-01-2014 0 0
11-01-2014 0 0
12-01-2014 332 12.9
13-01-2014 8.2 11.7
Total 101.6 141.4

landslides almost every year because of appropriate
environmental conditions for landslide occurrence and
well-developed urban areas and road net. Complex
orography, altitudes up to 1,862 m, prolonged and
accentuated rain season (September-May) and
significant percentage of soils with large water
retention capacity are the main natural reasons for
which

significant human and economic losses [14-16].

frequent landslides, sometimes lead to

Thus, spatial and temporal distribution of soil
moisture, which is controlled by rainfall, slope
morphology, geological characteristics and
peculiarities of 3-D soil profiles are the leading factors
causing landslides. Unfortunately, these data are not
available or difficult to get. Since antecedent rainfalls
determine soil moisture, accumulated precipitation
could be used as a criterion for evaluation of critical
conditions for landslide initiation [12, 17, 18].
However, due to a large spatial and temporal
precipitation variability and complex orography in

mountain areas, even good density of meteorological

stations (for example, in Madeira Island every station
provides spatial coverage about 50 km?®) does not
allow estimating intensity and spatial distribution of
rainfalls and potential for landslides development.
Meanwhile, vegetation response to soil water can be
an effective measure of environmental changes and
remote sensing of earth surface from operational
satellites provides spatial information in near-real time,
needed for early monitoring of landslides.

During the last 20 years, in National Environmental
Satellite Data and Information Services of National
Administration

method  of

Oceanic and
(NOAA/NESDIS),
vegetation health indices (VHI) was developed, tested,

Atmosphere
satellite-based

validated and applied globally and regionally for
monitoring land surface changes. Vegetation health
(VH) is represented by three indices: vegetation
condition index (VCI), temperature condition index
(TCI) and VHI. VCI, TCI and VHI are a proxy for
vegetation moisture conditions, vegetation thermal

conditions and moisture-thermal VH, respectively.
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These indices were successfully used for monitoring
environmentally-based vegetation stress, including
droughts, fire risk, soil saturation and other natural
hazards around the world
(http://www.star.nesdis.noaa.gov/smed/emb/vci/VH/in
dex.php). This paper presents a new development in
the application of VH method for monitoring landslide

risk areas in Madeira Island.
2. Soil Water-Plant Relations and VHI

Excess of water in the soil, as well as a water
scarcity, leads to plants stress. Therefore, vegetation is
an excellent indicator of changing in soil conditions,
which correspond to such meteorological phenomena
as droughts, floods and associated natural disasters.

Physiological and biochemical vegetation response
to soil water deficit is well investigated: plants under
exhibit
photosynthesis decline, stomata closure, decrease in

droughts  stress growth  reduction,
respiration and biomass production [19]. Therefore,
even relatively short droughts, which coincide with
crop growing period, can lead to big losses in crop
yield later. Drought-related vegetation stress is well
detected from satellite measurements and derived
NOAA/NESDIS  VHI method has

demonstrated an excellent result in detection and

products.

monitoring droughts (drought start, end, area, intensity
and duration, drought-related losses of crop and
pasture production, wildfire risk) [20, 21]. VH indices
are based on the Normalized Difference Vegetation
Index (NDVI), brightness temperature (BT) and their
NDVI
biochemical state

climatology. reflects physiological and

of vegetation (chlorophyll,
carotenoid, water content and cell structure) which are
controlled by soil moisture. Since drought inhibits
photosynthesis in plants by closing stomata, reducing
chlorophyll contents and altering processes of
metabolism, satellite-derived vegetation stress can be
used as an indicator of soil moisture.

Vegetation stress due to waterlogging occurs when

the soil was inundated or the water table rose, so that a

part of root zone became near-saturated. Jackson [22]
notes that in nature, almost all land surfaces (even
deserts) were inundated because of rains. Moreover,
intensive and large-scale irrigation of farmland can
also increase the incidence of soil waterlogging and
water table can rise as result. Most plants cannot grow
and even can be destroyed in waterlogged soils. Plants
need oxygen for normal metabolism. Waterlogging
causes condition of hypoxia (low oxygen
concentration) in soils because water fills all the pores
low  water

and oxygen has the solubility.

Waterlogging-based plant hypoxia leads to

photosynthesis decline, stomata closure, growth

reduction, decrease in respiration and biomass
production, similar to drought stress [22, 23]. As a
result, the plants can show wilting even when covered
by water.

McFarlane and Cox [24] estimated crop losses due
to waterlogging that occurred in Western Australia
each year when rainfalls exceed 400 mm. Such
waterlogging occurs in a minimum 8% of the total
crop area (1.3 million hectares of pastures and near
500,000 ha of cultural land). On the area 250,000 ha
the yield of barley was 20%-25% reduced. According
to Hatfield [23], visible symptoms of wilting are
notable after 7-8 d of flooding, while the reduction in
photosynthetic activity is noticeable already 2 d after
waterlogging. Therefore, NDVI-based indices are
appropriate for soil water excess detection. For
detection soil water excess in Madeira Island and
investigation of potential of using, VHI method was
applied, because it has shown an excellent result for
operational monitoring of land surface conditions [20,
21, 25-28].

3. Environmental Conditions Favoring
Landslides Occurrence in Madeira Island

The Madeira Island, with a total area of 742 km®
(maximum length 58 km in East-West direction,
maximum width 23 km in North-South), has a very
rugged relief (Fig. 1). The high altitude mountains,
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separated by deep ravines, are predominated. The
highest points, Pico Ruivo (1,862 m) and Pico do
Arieiro (1,818 m), are in the central part of the island.
The high cliffs predominate in the northern coast of
Madeira; the plateau Paul da Serra (1,300-1,500 m) is
situated in the central-western part of the island [29,
30]. In spite of small size the Madeira Island has 126
hydrological basins, 94% of which have less than 25
km? in size [31].

Madeira Island soils have volcanic origin, up to 64%
of which belong to Andosols type [30, 32-34]. They
are rich in organic matter, have fine texture, high
percentage of silty clay and most of them are deeper
than 50 cm. Having high proportion of medium and
large pores, they are characterized by fast water
transport (compared to other soils), low bulk density
and large water retention capacity. As to Atterberg
limits [35], andosols have very high liquid limit, but a
low range where the soil is plastic. Thixotropy, a
special property of andosols, means that the soil can
reach the liquid limit, changing from plastic state to
liquid upon disturbance and becoming water saturated.
Therefore, since soil water content is the principal
reason determining thixotropic soil behavior [36],
landslides are easy to occur in case of prolonged and
extreme precipitation. Thus, landslides usually occur
on slopes with andosols [37].

The archipelago of Madeira (except for high areas
with lower temperatures) is located in the subtropical
region, with a mild climate in winter and summer.
There are 14 meteorological stations, distributed
mostly on the cost of Madeira (Fig. 1). During the
winter months, low air pressure systems, crossing the
Atlantic down to the latitudes of Madeira, are the main
reason for abundant rainfalls. The high altitude
topography favors the occurrence of excessive
precipitations, making some areas of Madeira Island
very wet. However, summer rainfalls are much lower
than the rest of the year. Another important climate
feature is a considerable decrease in precipitation from
north to south, especially in summer (Fig. 2). In spite
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of good density of meteorological station, their

number is not sufficient to characterize precipitation

distribution, because of Madeira’s complex
geographic features.

Summarizing, due to complex orography,
prolonged, excessive winter rains and a large

percentage of andosols soils, Madeira Island has
frequent landslides. Taking into account peculiarities
of orography, soils, climate, weather and large number
of hydrological basins, detection of potential landslide
monitoring  land
of Madeira with the
appropriate high spatial resolution. Therefore, in this

areas requires surface and

environmental conditions
study it was applied the method, which is able to
detect temporarily waterlogged areas, which, along
with complex orography and clay soils, become an
indicator of landslide risk areas.

4. Data

Two data types (satellite and ground) were used in
this research. Satellite data were represented by
radiance measured using advance very high
resolution radiometer (AVHRR) on National Oceanic
(NOAA)

polar-orbiting operational environmental satellites.

and  Atmospheric =~ Administration
The AVHRR provides observations in five spectral
bands or channels: (i) 0.58-0.68 um (Chl or visible
(VIS)), (ii) 0.725-1.10 pm (Ch2 or near infrared
(NIR)), (iii) 3.55-3.93 um (Ch3 or mid-IR), (iv)
10.3-11.3 pm (Ch4, 1IR), and (v) 11.5-12.5 pm (ChS,
IR). These measurements are collected for each pixel
(area 4 km x 4 km) for the entire world. The VH
method is using calibrated channels 1, 2 and 4 to
calculate the NDVI (NDVI = (Ch2 — Chl)/(Ch2 +
Chl)) and BT (BT from Ch4) [38, 39]. NDVI
quantifies vegetation greenness and BT quantifies
radiating temperature in each pixel. Weekly
composited NDVI and BT, from NOAA
polar-orbiting operational satellites, are available
from 1981.

Landslides data were collected by University of



Monitoring Landslides Conditions in Madeira Island Using NOAA Operational Satellites

17°10W 17°0W
L Il

211

16°50'W 16°40'W
| Il

(@
956

32°50'N
1

32°40'N
1

5
C—Jkm

(m.a.s.l)
>1,600
1,401- 1,600
1,201- 1,400
1,001- 1,200
801 -1,000
601-800 ||
401 - 600
201 -400
101 - 200
0-100

978

32°50'N

T
32°40'N

T
17°10'W

PORTO MONIZ

T
16°50'W 18°40'W

(Rodrigues, 2002)

ANDOSOLS (AN)

Fig. 1 Relief of Madeira Island and location of weather stations (a); andosols distribution on Madeira Island (b) [31].

Madeira for the period 2010-2012 and published in
Technical Report [40] of Portuguese Meteorological
Service. These data were collected for the 2010-2012
period. Additionally, national newspapers were used
as the sources for identification of more recent
landslide occurrence in Madeira Island between 2013
and 2014.

5. VH Method

The changes in land surface from satellites were
traditionally described by means of NDVI and BT.
VHI were developed from calibrated weekly NDVI
and BT. The algorithm includes (a) complete
elimination of low and high frequency noise from
NDVI and BT time series, (b) approximation of their
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annual cycle, (c) calculation of multi-year aggregated and BT from their climatology for each 4-km? land
values (called climatology) of NDVI and BT and (d) pixel. The VH indices were called as NDVI-based
calculation of a departure of no noise weekly NDVI VCI, BT-based TCI and VHI, which combined VCI
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and TCI (Egs. (1-3)). VCI, TCI and VHI serve as
proxy for moisture, thermal and total health conditions,

respectively [38, 41].

VCI =100 x (sNDVI —sNDVImin ) x
ijkl ijki ikl

(sNDVImax —sNDVImin )" (1)
ikl ikl
TCI =100 % (sBTmax —sBT )x
ijkd ikl ijkl
(sBTmax —sBTmin )" 2
ikl ikl
VHI =axVCI +(1-a)xTCI 3)
ijki ijkd ijkd

where sNDVI, sBT are smoothed (without high
frequency noise) weekly NDVI and BT; sNDVImax,
sNDVImin, sBTmax and sBTmin are smoothed
multi-year (1981-1993, 1995-2015) weekly absolute
maximum (max) and absolute minimum (min) NDVI
and BT (called climatology); i—week number in the
annual cycle (i changes from 1 to 52), j—year, k—raw
number in a global file starting from the North
(75.024°), —column number in a global file starting
from the West (-180°).

Since the absolute maximum and minimum reflect
the lowest and the highest values of NDVI and BT
during the 35-year observation period, they
characterize the extreme thresholds of weekly NDVI
and BT fluctuations due to weather variation for each
week during 35 years period (and from year to year).
The weekly max-min envelops, outlining these
thresholds in the annual cycle, permitting one to
estimate if a particular week and year NDVI and BT
are closer to minimum (the lowest greenness (Eq. (1))
and the highest BT (Eq. (2)), indicating vegetation
stress, or NDVI and BT are closer to maximum (the
highest greenness and lowest BT), indicating healthy
vegetation conditions. The VCI, TCI and VHI
change from zero quantifying extreme vegetation
stress to 100, indicating optimal condition [42].
Comparison of these indices with crop yield showed
that from the level of 40 down to zero, the yield
starts to decrease below long-term mean [21]. These
indices have been used globally since the 2000s
because they portray accurately VH conditions. They
are user-friendly and also were validated in 29
environmental-related

countries for various

applications [26, 28, 43-45]. For users outside of
NOAA, VH indices (global, continental, country and
first order administrative regions) are available
weekly in real-time and historically (1981-2017) on
the NOAA web
http://www.star.nesdis.noaa.gov/smcd/emb/vci/VH/i

portal:

ndex.php.

6. VH as Characteristics of the Landslides
Conditions

Since Madeira Island has relatively small area, for a
coarse estimation we have analyzed the dynamic of
the island-averaged VCI, TCI and VHI values along
with collected landslide occurrences and cumulative
precipitation. During June 2010-December 2013, there
were four episodes of landslides activity in Madeira.
These periods of landslide activity are shown in
Fig. 3a (red bars with numbers). The damages were
described by Lopes et al. [40] as: (1) inundations,
alluviums,  turbulent  fluvial  dynamics in
October-November 2010; (2) rock falls in May 2011;
(3) landslides, inundations, falling trees, wounded
people in October-November 2012; (4) rock falls,
inundations, landslides, debris flows, falling trees in
November 2013. It is easy to see that these episodes
(Fig. 3a) coincide with periods of heavy precipitation
(Fig. 3b).

Joint analysis shows, that VCI values were below
40 for all four cases of landslide activities, indicating
vegetation stress due to soil saturation from persistent
rainfalls, and TCI values were above 50, indicating
absence of thermal stress. Thus, even coarse analysis
of joint dynamic of VHI, accumulated precipitation
and landslide occurrence have demonstrated clear
connection between landslides activity and low values
of VCI, which together with moderate or high values
of TCI and large quantity of total precipitation
correspond to conditions of soil water excess.

To wverify possibility to use VCl-indices for
detection of landslide risk areas in Madeira Island,
VCI maps were analyzed together with information
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Fig. 3 Dynamic of mean of Madeira vegetation health indices (VHI) and four periods of landslides activity (a); mean of
Madeira monthly precipitation during July 2010-December 2013 (b).

about the recent landslides.

Fig. 4 presents the map of VCI in the 45th week of
2012 (period 4.11.2012-10.11.2012) as well as the
locations of the landslides which happened in Madeira
5-6, 2012. Landslides
Seixal—several landslides, house, dragged by water;

on November events:

Sdo Vicente—several landslides, flooded houses, cars,

dragged by water; Faial—floods, landslides [46, 47].
Fig. 5 presents the map of VCI for period

26.11.2013-02.12.2013 with  landslide

location, which occurred on November 29, 2013 in

together

Porto da Cruz (Machico). In this case intense rainfalls
caused various landslides and the overflow of several
rivers, which blocked traffic on regional and local
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roads and destroyed some parts of them. Also, there
were flooded buildings; one house was totally and six
houses were partially destroyed; the population was
insulated, some people and cars were dragged by
water flows. The local authorities estimated the
situation not far from catastrophe [48].

Fig. 6 presents the map of VCI for second week
2014 (period 8.01.2014-14.01.2014), as well as the
locations of two first landslides of 2014, which
happened during this week. Landslides were not
strong in both cases and resulted in some material
damages, road cuttings and cleaning works [49, 50].

It is very interesting that for all landslide cases in
Figs. 4-6 the areas with low VCI values, indicating
vegetation stress due to water surplus, were
persistently observed in the locations of landslides
activity, at least, during few weeks before landslide
occurrence (Fig. 7). In plain areas the soil saturation

depends on amount of precipitation, capacity of soil

172100 17°0'W
| |
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infiltration and evapotraspiration. Capacity of soil
infiltration depends on the soil moisture content.
Increasing in soil moisture content leads to reducing
soil capacity of infiltration. In the mountain areas the
saturation occurs by different way because of drain
and runoff down the slope. So, in mountain areas soil
saturation needs more time.

Two meteorological stations of Portuguese
meteorological service (967 and 965) are situated near
the landslide occurrence (white squares in Fig. 6), so
it was possible to join registered precipitation for
analysis (Fig. 8). As seen in both diagrams of Fig. 8,
the 2013-2014 rain season started at the end of
August (it was rainy almost every week since that
time). During end of August 2013-January 2014
amount of accumulated precipitation made up: 662.8
mm—for station 965 and 521.6 mm—for station 967.
VCI had showed low values in the northern part of

Madeira Island already in October 2013. Therefore,
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October, November and December 2013 were marked
with some landslides and rock falls [51-53].

The heaviest landslide took place on November 29,
2013. Meteorological station 965 had registered 54.6
mm on November 28 and 105.3 mm on November 29.
Heavy rains disturbed near saturated soils and
triggered landslide activity.

Landslide event on January 8, 2014: closest to
landslide occurrence meteorological station 965 had

registered total precipitation 15.6 mm on January 7

and 32.7 mm on January 8, respectively. Strong winds,
moderate and intense rains triggered a landslide,
which, fortunately, was not strong.

Landslide event on January 12, 2014: intense rains
in the mountains, up from the landslide location
(meteorological station 970, Fig. 1a), few days before
that day and moderate rains near landslide location led
to the land and rock fall (Table 2).

In winter 2015-2016, there were not landslide
cases in Madeira Island, which is a rare case. This fact is
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Fig. 8 Daily precipitation (2013-2014).

confirmed by VCI dynamic: during the 2015-2016
rain season the VCI did not show persistent areas of
low values, which indicates excessive soil water
vegetation stress (Appendix).

This situation was analyzed. Fig. 9 represents
weekly total precipitation, which was registered by
meteorological stations, across Madeira Island from
north to south and from east to west (Fig. 1a). As can

be seen, the rainy season began in September with the

total precipitation close to climatological norm. But
October

precipitation

was  surprising:  observed  monthly

exceeded  climatological ~ norm
considerably for the most meteorological stations (Fig.
10). Moreover, during one week of October
(15.10.2015-21.10.2015, 42)

meteorological stations have registered the amount of

week some

precipitation, which exceeded monthly climatological

norm of December (which is the rainiest month). Thus,
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during this week meteorological station 973 (Peak
Arieiro) registered 478.6 mm; station 975 registered
312.6 mm. Both stations are situated in the mountains.
Complex topography and heavy precipitation during
week 42, 2015 should result in floods and landslides,
however, this did not happen. It could be explained
with the fact that huge amount precipitation fell in
October, when the soil was dry after summer months.
And accumulated precipitation of September and first
half of October was not enough to saturate soil, which
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is the main “preparatory condition” for landslide
occurrence in Madeira. As seen in Fig. 10, November,
December and January rainfall was much below
climatological norms and was not sufficient to create
conditions for landslides activity.

During 2016-2017 rain season there were not
landslide cases also. Analysis of satellite data has
shown that there were no persistent areas with low
VCI values, corresponding to vegetation stress due to

soil water excess.
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Relative monthly precipitation (2015-2016)

350.00%
300.00%
250.00%
200.00%
150.00% -——|
100.00% -+

50.00% |— —’—r

0.00% , , - J , m

8 9 10 11 12 1 2
month
O station 970 mstation 975 mstation 973

250.00% Relative monthly precipitation (2015-2016)
200.00%
150.00% -
100.00% —

50.00% | I

DDD% | _L T i

8 9 10 1 12 1 2
month
I station 965 mstation 973 m station 522

Fig. 10 Relative monthly precipitation (2015-2016).
7. Conclusions

Rain-induced landslides are one of the most common
types of natural disasters. Antecedent persistent rainfalls
are the preparatory factor for such kind of landslides,
because they may lead to near-saturation soil state and
instability of the slope in mountain areas. By this reason,
evaluation of critical conditions for landslide initiation
with accumulated precipitation is one of the common
approaches to landslides risk detection. However, the
density of meteorological stations is never enough and

meteorological observations are limited compared to

satellite. Near-saturation state of the soil leads to plant
hypoxia, alters plants physiological processes and
metabolism and leads to vegetation stress similar to
drought stress. So as VHI-method shows good results
for detection drought stress, this approach was applied
for detection of near-saturated areas in Madeira Island
and VCI was tested an indicator of landslide risk
areas.

Rain-induced landslides occur in Madeira Island
because of peculiarities of the climate (accentuated
rain period), soils (large percentage of andosols),

mountainous and rugged relief. The study showed that
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for the period June 2010-December 2013 conditions
of vegetation stress due to the water surplus coincided
with the periods of landslides activities. Positions of
landslides during 2012-2014 rain seasons coincided
with areas of persistent low VCI values, which reflect
vegetation stress due to soil water excess. Persistence
of low VCI values is necessary conditions, because in
mountain area soil water surplus can drain and flow
down the slope. Thus, the soil needs more time to be
saturated with water. It was shown that during
2015-2016 rain season there were not areas with
persistent low VCI values as well as landslide
occurrence in Madeira Island. At the same time the
predominant soils of Madeira are andosols, which
possess special property tixotrophy, which can lead to
soil

the slope instability in certain conditions.

Therefore, future researches should extend this
approach to other regions of landslides, with different
soils and natural conditions. The biggest problem is
the rain-induced landslide data for long period, which
could allow realizing statistical analysis.

Proposed method for detection of rain-induced
landslide risk areas does not need special equipment.
Nowadays satellite observations, as well as
satellite-derived products, are available and free for
any kind of users. Considering the fact that landslides
are the reason of big human and economical losses
and the

widespread, the new approach, represented in this

rain-induced landslides are the most
paper, could be useful in the development of potential
landslides maps and for elaboration of early warning

system.
Acknowledgments

The authors are thankful to their colleague Alvaro
Silva for GIS-assistance in the maps providing.

References

[1] Cruden, D. M. 1991. “A Simple Definition of a
Landslide.” Bulletin of the International Association of
Engineering Geology 43: 27-9.

[2] Yashar, A., Asadallah, N., and Ali, Y. 2013. “Landslide

[3]

[5]

Process and Impacts: A Proposed Classification Method.”
Catena 104: 219-32.

Sidle, R. C., and Ochiai, H. 2006. Landslides: Processes,
Prediction, and Land Use. Water Resources Monograph,
18, American Geophysical Union, Washington, DC.
Herath, S., and Wang, Y. 2009. “Case Studies and
National Experiences.” In Landslides—Disaster Risk
Reduction, edited by Sassa, K., and Canuti, P. Berlin
Heidelberg: Springer Verlag, 475-97.

Popescu, M. E. 1994. “A Suggested Method for
Reporting Landslide Causes.” Bulletin of the
International Association of Engineering Geology 50:
71-4.

Zezere, J. L., Ferreira, A. B., and Rodrigues, M. L. 1999.
“The Role of Conditioning and Triggering Factors in the
Occurrence of Landslides: A Case Study in the Area
North of Lisbon (Portugal).” Geomorphology 30: 133-46.
Cruden, D. M., and Varnes, D. J. 2007. “Landslide Types
and Processes.” In Landslides: Investigation and
Mitigation, edited by Turner, A. K., and Shuster, R. L.,
36-75.

Alcantara-Ayala, 1., and Andrew, S., eds. 2010.
Geomorphological Hazards and Disaster Prevention.
Cambridge: Cambridge University Press, 291. Accessed
March 15, 2019.
https://www.cambridge.org/core/books/geomorphological
-hazards-and-disaster-prevention/AFAAE25C28BAB742
3F9BE9B3E6BAE3ED.

Highland, L., and Bobrowsky, P. 2008. The Landslide
Handbook: A Guide to Understanding Landslides,
Circular 1325. U.S. Geological Survey, 147.

Wieczorek, G. F. 1987. “Effect of Rainfall Intensity and
Duration on Debris Flows in Central Santa Cruz
Mountains, California.” In Process, Recognition, and
Mitigation, Reviews in Engineering Geology, edited by
Costa, J. E., and Wieczorek, G. F. Boulder: Geological
Society of America, 63-79.

Van Asch, T. W. J., Buma, J., and Van Beek, L. P. H.
1999. “A View on Some Hydrological Triggering
Systems in Landslides.” Geomorphology 30: 25-32.
Zézere, J. L., Vaz, T., Pereira, S., Oliveira, S. C.,
Marques, R., and Garcia, R. A. C. 2015. “Rainfall
Thresholds for Landslide Activity in Portugal: A State of
the Art.” Environ Earth Sci. 73: 2917-36.

Alves, E., Vieira, P., and Nobrega, S. 2016. Tourism
Statistics of the Autonomous Region of Madeira.
Provisional Results. Funchal: Direcdo Regional de
Estatistica da Madeira. Accessed March 15, 2019.
https://estatistica.madeira.gov.pt. (in Portuguese)

Alves, E., Vieira, P., Gouveia, A., and Teixira, M. 2015.
Madeira, in Numbers. Funchal: Direcdo Regional de
Estatistica da Madeira. (in Portuguese)

Nguyen, H. T., Wiatr, T., Fernandez-Steeger, T. M.,



222

[16]

[17]

[22]

(23]

(24]

[25]

Monitoring Landslides Conditions in Madeira Island Using NOAA Operational Satellites

Reicherter, K., Rodrigues, D. M. M., and Azzam, R. 2012.
“Landslide Hazard and Cascading Effects Following the
Extreme Rainfall Event on Madeira Island (February
2010).” Natural Hazard 65 (1): 635-52.

SRES. 2010. Madeira Island Alluvial Risk Assessment
Study. Base Report, Regional Secretariat of Social
Equipment of the Autonomous Region of Madeira,
Funchal. (in Portuguese)
Chleborad, A. 2003.
Precipitation Threshold for Anticipating the Occurrence
of Landslides in the Seatle, Washington, Area.” U.S.
Geological Survey, Open-File Report 03-463 Department
of Interior. Accessed March 15, 2019.
http://pubs.usgs.gov/0f/2003/0fr-03-463/0fr-03-0463.html.
Cardinali, M., Galli, M., Guzzetti, F., Ardizzone, F.,
Reichenbach, P., and Bartoccini, P. 2006. “Rainfall
Induced Landslides in December 2004 in Southwestern
Umbria.” Central System Science 6: 237-60.

Brouwer, C., Goffeau, A., and Heibloem, M. 1985.
Irrigation Water Management: Training Manual No.
1—Introduction to Irrigation, FAO—Food
Agriculture Organization of the United Nations.
Kogan, F. 2010. “Agricultural, Water, and Health-Related
Satellite Products from NESDIS-STAR, NOAA/NESDIS
Satellite
Accessed September
https://slideplayer.com/slide/6011087/.
Kogan, F. 2014. “Drought.” National Oceanic and
(NOAA),
Environmental Satellite Data and Information Services
(NESDIS) and Center for Satellite Applications and
Research  (STAR). Accessed March 15, 2019.
http://www.eumetrain.org/data/3/334/334.pdf.

Jackson, M. B. 2019. “The Impact of Flooding Stress on
Plants and Crops.” University of Bristol and University of
Utrecht. September 17, 2019.
http://www.plantstress.com/articles/waterlogging_i/water

“Preliminary Evaluation of

and

and Research.”
17, 2019.

Center for Applications

Atmospheric ~ Administration National

Accessed

log_i.htm.

Hatfield, J. L. 1997. “Chapter 3. Plant-Water Interactions.”
In Plants for Environmental Studies. Boca Raton: CRC
Press, 81-104.

McFarlane, D. J., and Cox, J. W. 1992. “Management of
Excess Water on Duplex Soils.” Australian Journal of
Experimental Agriculture 32: 857-64.

Kogan, F., Gitelson, A., Zakarin, E., Spivak, L., and
Lebed, L. 2003. “AVHRR-Based Spectral Vegetation
Index for Quantitative Assessment of Vegetation State
and  Productivity:  Calibration and Validation.”
Photogrammetric Engineering & Remote Sensing 69 (8):
899-906.

Bhuiyan, C., Singh, R. P., and Kogan, F. N. 2006.
“Monitoring Drought Dynamics in the Aravalli Region

[28]

[30]

[31]

[33]

[34]

(India) Using Different Indices Based on Ground and
Remote Sensing Data.” International Journal of Applied
Earth Observation and Geoinformation 8: 289-302.
Singh, R. P., Roy, S., and Kogan, F. N. 2003. “Vegetation
and Temperature Condition Indices from
NOAA-AVHRRA Data for Drought Monitoring over
India.” Int. J. Remote Sens. 24 (22): 4393-402.

Liu, W. T., and Kogan, F. 2010. “Monitoring Brazilian
Soybean Production Using NOAA/AVHRR Based
Vegetation Condition Indices.” International Journal of
Remote Sensing 23 (6): 1161-79.

Valente, M. A., Miranda Pedro, M. A., Coelho, F., Tomé,
A., and Brito de Azevedo, E. O. 2006. “Clima
Observation.” In Detailed Study on the Climate of the
Madeira Archipelago, Production of Climate Mapping,
Construction of Future Climate Scenarios and
Conducting Impact Studies and Climate Change
Adaptation Measures in Various Activity Sectors.
Funchal: Madeira Regional Environment Directorate,
12-23. (in Portuguese)

Teixeira Hugo, M. M. 2010. “Hydraulic, Hydrological
and Solid Transport Characterization of the Event of
February 20, 2010 in Ribeira de Sdo Jodo—Madeira

Island.” M.Sc. thesis, University of Madeira. (in
Portuguese)
Ramos, C. 2013. “Fluvial Dynamics and Territory

Management.” Lisbon University. Accessed September
17, 2019.
http://www.apambiente.pt/_zdata/DPCA/AsQuartasAs17
naAPA/APAasQuartas20131106_CatarinaRamos.pdf. (in
Portuguese)

Pinto Ricardo, R., Silva Caimara, E. M., and Melo
1992. “Soil Chart of Madeira Island.”
Tropical Scientific Investigation Institute and Regional

Ferreira, M.

Secretariat of Economics (Madeira), Lisbon. (in
Portuguese)
Ruben, A. 2010. “Soils of the Autonomous Region of

Madeira.” Lesson 2.1 of Biological Agriculture Course,
University of Madeira, Funchal. (in Portuguese)
Rodrigues, M. 2002. “Notes from the Soil Discipline of
RAM of the Pos-Graduation in Biological Agriculture.”
University of Madeira, Funchal. (in Portuguese)

Thomas, B. 2006. “Atterberg Limits.” In Encyclopedia of
Soil Science, vol. 1, edited by Lal, R. London: Taylor &
Francis, 135-8.

Mitchell, J. K. 2001. “The Fabric of Natural Clays and Its
Relation to Engineering Properties.” In Selected
Geotechnical Papers of James K. Mitchell, Civil
Engineering Classics, edited by Idriss, I. M. New York:
ASCE Geo-Institute, 934.

Chesworth, W., ed. 2008. Encyclopedia of Soil Science.
Springer, Netherlands.



[41]

[42]

[44]

[45]

[46]

[47]

Monitoring Landslides Conditions in Madeira Island Using NOAA Operational Satellites

Kogan, F. 1997. “Global Drought Watch from Space.”
Bulletin American Meteorological Society 78: 621-36.
Kogan, F. 2006. “Early Detection & Monitoring North
America Drought from Space.” Accessed September 17,
2019. https://slideplayer.com/slide/9041062/.

Lopes, M. J., Rio, J., Coelho, S., and Diogo, D. Episodes
of Heavy Precipitation in Madeira. DivMV, Technical
Report 12/2013, July 2013, Lisbon, Portuguese Institute
for the Ocean and Atmosphere. (in Portuguese)

Kogan, F. N. 1990. “Remote-Sensing of Weather Impacts
on Vegetation in Nonhomogeneous Areas.” International
Journal of Remote Sensing 11 (8): 1405-19.

Kogan, F. 2001. “Operational Space Technology for
Global Vegetation Assessments.” Bulletin American
Meteorological Society 82: 1949-64.
Dabrowska-Zielinska, K., Kogan, F., Ciolkosz, A.,
Gruszczynska, M., and Kowalik, W. 2002. “Modeliing of
Crop Growth Conditions and Crop Yield in Poland Using
AVHRR-Based Indices.” International Journal of
Remote Sensing 23 (6): 1109-23.

Rahman, A., Kogan, F., Roytman, L., Goldberg, M., and
Guo, W. 2010. “Modeling and Prediction of Malaria
Vector Distribution in Bangladesh from Remote Sensing
Data.” Int. J. Rem. Sens. 30: 1233-51.

Salazar, L., Kogan, F., and Roytman, L. 2007. “Use of
Remote Sensing Data for Estimation of Winter Wheat
Yield in the United States.” International Journal of
Remote Sensing 28: 3795-811.

Expresso. 2012. “Madeira Was on Orange Alert until 9
am Today. Bad Weather Caused a Dragging of a House
due To Heavy Rain.” Accessed September 17, 2019.
http://expresso.sapo.pt/actualidade/derrocadas-na-madeir
a-arrastam-uma-casa=f764473. (in Portuguese)

AEIOU. 2012. “Landslides in Madeira Make Five

[48]

[49]

[50]

[52]

[53]

223

Wounded and Drag Habitation.” Accessed September 17,
2019.
provocou-varias-derrocadas-e-arrastou-uma-casa-na-mad
eira. (in Portuguese)

Sol. 2013. “Bad Weather/Madeira: Heavy Rain Makes
Roads Impassable.” Accessed September 17, 2019.
http://www.sol.pt/noticia/93639. (in Portuguese)

Diario de Noticias. 2014. “Landslide Reachs Sdo Jorge
2019.
http://www.dnoticias.pt/actualidade/madeira/424811-derr
ocada-atinge-edificio-da-casa-do-povo-e-centro-de-saude
-de-sao-jorge. (in Portuguese)

Diario de Noticias. 2014. “Landslide Cuts Connection
between Ponta Delgada and Sdo Vicente.” Accessed
September 17, 2019.
http://www.dnoticias.pt/hemeroteca/425417-derrocada-co
rta-ligacao-entre-ponta-delgada-e-sao-vicente-HMDN425
417. (in Portuguese)

http://www.aeiou.pt/quiosque/forte-chuva-

People’s House.” Accessed September 17,

Publico. 2013. “Bad Weather in Madeira Maid One
Death and Caused Several Material Damages.” Accessed
September 17, 2019.
http://www.publico.pt/local/noticia/forte-ondulacao-prov
oca-estragos-na-costa-sul-da-madeira-1615820. (in
Portuguese)

Jornal de Noticias. 2013. “Several Roads Closed or

Conditioned in Madeira.” Accessed September 17, 2019.
http://www .jn.pt/sociedade/interior/varias-estradas-encerr
adas-ou-condicionadas-na-madeira-3581511.html?id=358
1511. (in Portuguese)

Renascenga. 2012. “Bad Weather in Madeira Causes
Landslides and Cuts Roads.” Accessed September 17,
2019. http://rr.sapo.pt/informacao_detalhe.aspx?fid=25&
did=86774. (in Portuguese)



224

Monitoring Landslides Conditions in Madeira Island Using NOAA Operational Satellites

Appendix: VCI dynamic in 2015-2016 rain season.
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