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1.

Drought Hazard, definition, indices and Key Massages

1.1. Definition of Drought
Drought is undoubtedly one of the human being’s worst natural enemies (WMO,19751 ,
19862 ). Among the extreme meteorological events, drought is possibly themost slowly
developing and long existing event (extensive hazard), and probably is the leastpredictable
among the atmospheric hazards. Due to these characteristics,particularly their temporal
character, drought cannot be compared with othernatural hazards such as flood,
hurricane, tornado, lightening, hailstorm, frost, orplague of locust, which also significantly
can contribute to a nation’s annual loss due to disadvantageous natural circumstances,
Dunkel (2009)3 .
The definition of drought is itself complex; although themajority of people may consider
extreme precipitation shortageas drought, how to objectively characterize it for planningand
management is a challenging issue.
Drought used to begenerally defined as “the extreme persistence of precipitationdeficit”,
González and Valdés (2006) 4 , over a specific regionfor a specific period of time (Beran
and Rodier 1985;Correia et al. 1994). In addition to the elements of ‘persistence’of
‘substantial precipitation deficit’, ‘bounded by timeand space’, definitions have expanded
to include impacts onenvironment and society (Tsakiris and Vangelis 2004).
In all these approaches the same parameters and methods of drought identificationcan be
used (Budyko, 19525 ; Eitzinger et al., 20086 ; Ivanov, 19487 ; Koshelenko andVolevakha,
19718 ; Ped, 19759 ; Sun and Ward, 200710 ; Theophilou, 200611 ; Tsiros etal., 200612 ;
Wilhite, 200513 ),which can also be based on the same definition.
Drought has been defined verycommonly and frequently as a period of precipitation
deficiency (Wilhite, 1983)14 .It seems to be a nice definition, but nobody speaks about
drought in case of Sahara, where the weather is generally dry. But when wemention
drought, we somehow involve the agricultural product into ourconsideration, or, more
simply, the vegetation production or plant life cycle, Dunkel (2009).
Drought was defined byWMO (1992)15 as, “prolonged absence or marked deficiency
of precipitation, period of abnormally dry weather sufficiently prolongedfor the lack of
precipitation to cause a serious hydrologicalimbalance”, but that should be differentiated
from the term “Dry Seasons: period of year characterizes by almost complete absence
ofrainfall”, the term is mainly used for low latitude regions”, and from the term “Dry Spell:
period of abnormally dry weather”, Use of them should beconfined to conditions less
severe those of a drought.
That could be understood by the explanation of the different types of drought explained
by Dunkel (200816 and 2009) , “Atmospheric Drought:too high saturation deficit”,
“Meteorological Drought:a longer period of time with considerably less thanaverage
precipitation amounts”, “Agricultural Drought:available soil moisture is inadequate and
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yield is considerablyless than the average because of water shortage”, “Hydrological
Drought: refers to a period of below-normal stream- flow”, “Physiological Drought:plant
is unable to take up water in spite of the presentsufficient soil moisture”, and finally
“Socioeconomic Drought:from as supply and demand of some economic good with
elements ofmet, hydrological, and agricultural drought”.
Zargar et al (2011)17 , defined drought as “a stochastic natural hazard that is instigated
by intense andpersistent shortage of precipitation”,followingan initial meteorological
phenomenon, subsequent impacts are realized on agriculture and hydrology.
Among the naturalhazards, droughts possess certain unique features; in addition to
delayed effects, droughts vary by multiple dynamic dimensionsincluding severity and
duration, which in addition to causing a pervasive and subjective network of impacts
makesthem difficult to characterize, (Wilhite 1993)18 .
A broad definition of drought is a deficiency ofprecipitation over an extended period
of time, usuallya season or more, which results in a water shortagefor some activity,
group, or environmental sectors.However, in terms of typologies, droughts arecommonly
classified as meteorological, agricultural,hydrological, and socio-economic.
Meteorological drought is a natural event that resultsfrom climatic causes, which differ
from region toregion. Agricultural, hydrological, and socioeconomicdrought, however,
place greater emphasison the human or social aspects of drought. Theyhighlight
the interaction between the naturalcharacteristics of meteorological drought and
humanactivities that depend on precipitation to provideadequate water supplies to meet
societal andenvironmental demands.Relationships between meteorological, agricultural,
hydrological, and socio-economic drought, is shown in (figure 1).
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Most recently, the Glossary, (IPCC 2012) 19, defines drought as follows:
“A period of abnormally dry weather long enough to cause a serious hydrological
imbalance.Drought is a relative term, therefore any discussion in terms of precipitation
deficit must refer to the particular precipitation-relatedactivity that is under discussion.
For example, shortage of precipitation during the growing season impinges on crop
production orecosystem function in general (due to soil moisture drought, also
termed agricultural drought), and during the runoff and percolationseason primarily
affects water supplies (hydrological drought). Storage changes in soil moisture and
groundwater are also affected byincreases in actual evapotranspiration in addition to
reductions in precipitation. A period with an abnormal precipitation deficit isdefined as
a meteorological drought. Amega-drought is a very lengthy and pervasive drought,
lasting much longer than normal, usually a decade or more.”,figure (2), after (Erian
2012)20
In addition to type, droughts are fundamentally characterized in three dimensions: severity,
duration, and spatial distribution. Additional characteristics include: frequency, magnitude
(cumulated deficit), predictability, rate of onset, and timing. Unfortunately, usage of the
terms severity, intensity, and magnitude is not universal, and sometimes their meanings
are switched. For example, Yevjevich (1967) 21 uses the vocabulary of run-sum, runlength, and runintensity for the associated terms of severity, duration, and magnitude
used by (Dracup et al. 1980) 22 . Here, we use the widely adopted terminology of Salas
(1993) 23 :
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Duration:
Depending on the region, drought’s duration can vary between a week up to a few
years. Because of drought’s dynamic nature, a region can experience wet and dry spells
simultaneously when considering various timescales. As such, in shorter durations
the region experiences dryness or wetness, while in longer-term, it experiences the
opposite (NCDC 2010). Magnitude: The accumulated deficit of water (e.g., precipitation,
soil moisture, or runoff) below some threshold during a drought period.
Intensity:
The ratio of drought magnitude to its duration.
Severity:
Two usages are provided for drought severity: the degree of the precipitation deficit
(i.e., magnitude), or the degree of impacts resultant from the deficit (Wilhite 2004).
Geographic extent:
The areal coverage of the drought which is variable during the event. This area can
cover one or several pixels (cells), watersheds or regions.
Frequency (return period):
The frequency or return period of a drought is defined as the average time between
drought events that have a severity that is equal to or greater than a threshold.
Weather and climate phenomena reflect the interaction of dynamic and thermodynamic
processes over a very wide range of space and temporal scales. This complexity
results in highly variable atmospheric conditions, including temperatures, motions, and
precipitation, a component of which is referred to as ‘extreme events.’ Extreme events
include the passage of an intense tornado lasting minutes and the persistence of drought
conditions over decades, (IPCC 2001) 24 . The absence of precipitation as well as excess
evapo-transpiration from the soil can be climate extremes, and lead to drought, (McKee
et al., 1993) 25 .
Soil moisture drought often called agricultural drought, which refers to a deficit of (mostly
root zone) soil moisture. IPCC uses the term ‘soil moisture drought’ instead of ‘agricultural
drought,’ despite the widespread use of the latter term (e.g., Heim Jr., 2002 26 ; Wang,
2005 27 ), because soil moisture deficits have several additional effects beside those on
agro-ecosystems, most importantly on other natural or managed ecosystems (including
both forests and pastures).
Drought should not be confused with aridity, which describes the general characteristic of
an arid climate (e.g., desert). Indeed, drought is considered a recurring feature of climate
occurring in any region and is defined with respect to the average climate of the given
region (e.g., Heim Jr., 2002; Dai, 2011 28) . Nonetheless, the effects of droughts are not
affecting different regions equally (e.g.,a short-term lack of precipitation in a very humid
region may not be critical for agriculture because of the ample soil moisture supply).
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In fact for soil moisture or hydrological
droughts, the main drivers as in the
definition are reduced precipitation and/or
increased evapo- transpiration as shown
in figure (3), concerning vegetation cover
point (nature or cultivated) , the changes
in simulated soil moisture drought are
mostly driven by changes in precipitation,
with increased evapo-transpiration from
higher vapor pressure deficit which often
linked to increased temperature and
available radiation modulating some of
the changes (e.g., Burke and Brown,
2008 29 ; Sheffield and Wood, 2008 30 ;
Orlowsky and Seneviratne, 2011 31 ).

Figure 3. Simplified sketch, of processes and
drivers relevant for meteorological,
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1.2. Drought Indices
Drought characterization is essential for drought managementoperations. Using
drought indices is a pragmatic wayto assimilate large amounts of data into quantitative
informationthat can be used in applications such as drought forecasting, declaring drought
levels, contingency planning andimpact assessment.
Along with precipitation deficit, additional variables suchas evapotranspiration and
stream flow are also used to morecomprehensively characterize drought. Using different
models(e.g., water balance/hydrological models), such variablesor indicators are used in
combination to derive a drought index.Such indicators can be meteorological, agriculture,
hydrological, orwater supply-and-demand in nature. Inpractice, however, some
indicators such as precipitation, potentialevapotranspiration, and soil- and vegetationcovercharacteristics have had wider applications and influence(Tsakiris and Vangelis
2005) 32 .
Drought indices are calculated from assimilatingdrought indicators. A droughtindex
provides a comprehensive picture for drought analysisand decision-making that is more
readily useable comparedwith raw data from indicators (Hayes 2006) 33 . More than
150drought indices have been developed (Niemeyer 2008) 34 andadditional indices have
recently been proposed (Cai et al.2011 35 ; Karamouz et al. 2009 36 ; Rhee et al. 2010 37 ;
Vasiliades etal. 2011 38 ; Vicente-Serrano et al. 2010 39 ).
Operationally, using an index for drought characterizationserves the following purposes:
• drought detection and real-time monitoring (Niemeyer 2008)
• declaring the beginning or end of a drought period (Tsakiris et al. 2007) 40
• allowing drought managers to declare drought levels and instigate drought
responses measures;
• drought evaluation (Niemeyer 2008)
Commonly, drought indices are categorized based on thetype of impacts they relate
to. The taxonomy of drought indices can also bebased on the variables they relate to
(Steinemann et al. 2005) 41 or use of disciplinary data (Niemeyer 2008). Niemeyer (2008)
adds three categories tothe three popularcategories meteorological, agricultural and
hydrologicaldrought indices this are comprehensive, combined and remote-sensingbaseddrought indices. Comprehensive drought indices use a varietyof meteorological,
agricultural and hydrological variables todraw a comprehensive picture of drought. The
PalmerDrought Severity Index (PDSI) and Slandered Precipitation Evapotranspiration
Index (SPEI),are two examples of this approach.Remote-sensing-based drought indices
use informationfrom remote-sensing sensors to map the condition of theland, e.g., the
Normalized Difference Vegetation Index,NDVI, Tucker (1979) 42 . Combined (also termed
hybrid andaggregate) drought indices are derived by incorporating existingdrought
indicators and indices into a single measure. TheUS Drought Monitor (Svoboda et al.
2002) 43 is an example.
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Because of the complex definition of droughts, and the lack of soil moisture observations,
several indices have been developed to characterize (meteorological, soil moisture, and
hydrological) drought (see, e.g., Heim Jr., 2002 44 ; Dai, 2011 45 ). Some indices are based
solely on precipitation data, these include:
The Standard Precipitation Index (SPI) is a widely used index (McKee et al., 199346
Lloyd-Hughes and Saunders, 200247), is a popular meteorological drought index
that is also solely based on precipitation data. Similar to the percentof normal, SPI
compares precipitation with its multiyear average.SPI overcomes the discrepancies
resulting from using a non-standardized distribution by transforming the distributionof
the precipitation record to a normal distribution. For this, the precipitation record is
first fitted to a gamma distribution that is then transformed into a normal distribution
using an equal-probability transformation.
The mean is then set to zero and as such, values above zero indicate wet periods
and values below zero indicate dry periods. For any given drought, its score in SPI
represents how many standard deviations its cumulative precipitation deficit deviates
from the normalized average (Drought Watch 2010)48.SPI values of -0.5 to -1
correspond to mild droughts, -1 to -1.5 to moderate droughts, -1.5 to -2 to severe
droughts, and below -2 to extreme droughts. Similarly, values from 0 to 2 correspond to
mildly wet to severely wet conditions, and values above 2 to extremely wet conditions
(Lloyd-Hughes and Saunders, 2002).
SPI can be computed over several time scales (e.g., 3, 6, 12, or more months) and
thus indirectly considers effects of accumulating precipitation deficits, which are
critical for soil moisture and hydrological droughts.
The disadvantages of SPI is uses only precipitation, loosely connected to ground
conditions. Potential evapotranspiration is a valuable additional indicator (Hu and
Willson 2000; Tsakiris and Vangelis 2005; Vicente-Serrano et al. 2010). Limitations
of the precipitation data including accuracy of measurements, the number of gauging
stations and length of the record Lacks the ability to identify regions with greater
tendency to droughts;Requires knowledge of the local climatology.
The Consecutive Dry Days (CDD) index is Another index commonly used in the
analysis of climate model simulations, which considers the maximum consecutive
number of days without rain (i.e., below a given threshold, typically 1 mm day-1)
within a considered period (i.e., year in general; Frich et al., 2002 49 ; Alexander et
al., 2006 50 ; Tebaldi et al., 2006 51 ). For seasonal time frames, the CDD periods can
either be considered to be bound to the respective seasons or considered in their
entirety (across seasons) but assigned to a specific season.
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Other indices reflect both precipitation and estimates of actual or potential
evapotranspiration, in some cases also accounting for some temporal accumulation of
the persistence of the drought anomalies, these include:
The Palmer Drought Severity Index (PDSI) (Palmer, 1965 52 ), which measures the
departure of moisture balance from normal conditions using a simple water balance
model (e.g., Dai, 2011 53 ). There are still large uncertainties regarding observed globalscale trends in droughts. The AR4 reported based on analyses using PDSI that very
dry areas had more than doubled in extent since 1970 at the global scale (Trenberth
et al., 2007) 54 . This assessment was, however, largely based on the study by Dai et
al. (2004) 55 only. These trends in the PDSI proxy were found to be largely affected
by changes in temperature, not precipitation (Dai et al., 2004).
The advantage of PDSI are, the index is more comprehensive than precipitation only
indices as evapotranspiration and soil moisture are also considered, can use basic
data for calculation: precipitation and air temperature for which records for a long time
back exist, and Most effective where impacts sensitiveto soil moisture
The disadvantage of PDSI, that it uses arbitrary selection of beginning and end
intensity values and algorithmsLess transparency because of more sophisticated
computation,calibrated for US Great Plains’ conditions; limited applicability in
locationswith climatic extremes, mountainous terrain, or snow-packunless calibrated,
Variable performance across regions and time periods, Applicability to regions with
extreme climate (e.g., highly variablerainfall or runoff, mountainous areas), Handling
of snow and soil freeze, Neglecting the lag between rainfall and runoff Lag. PDSI uses
the Thornthwaite method to estimate potential evapotranspiration.Although this index
has had wide acceptance, it is stillconsidered an approximation (NDMC 2006) 56.
All Palmer Indices are hardly appropriate for droughts within withwater management
systemsas they exclude water storage, snowfall,and other supplies. They also do not
take human water balance impactssuch as irrigation into account (Steinemannet al.
2005) 57 .
On the other hand, based on soil moisture simulations with an observation-driven
land surface model for the time period 1950-2000, Sheffield and Wood (2008) 58 have
inferred trends in drought duration, intensity, and severity predominantly decreasing,
but with strong regional variation and including increases in some regions. They
concluded that there was an overall moistening trend over the considered time period,
but also a switch since the 1970s to a drying trend, globally and in many regions,
especially in high Northern latitudes. Some regional studies are consistent with the
results from Sheffield and Wood (2008), regarding, for example, less widespread
increase (or statistically insignificant changes or decreases) in some regions compared
to the study of Dai et al. (2004).
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More recently, Dai (2011) by extending the record did, however, find widespread
increases in drought both based on various versions of PDSI (for 1950-2008) and
soil moisture output from a land surface model (for 1948-2004). Hence there are still
large uncertainties with respect to global assessments of past changes in droughts.
Nonetheless, there is some agreement between studies over the different time
frames (i.e., since 1950 versus 1970) and using different drought indicators regarding
increasing drought occurrence in some regions, although other regions also indicate
opposite trends.
The Precipitation Potential Evaporation Anomaly (PPEA), based on the cumulative
difference between precipitation and potential evapotranspiration used in Burke and
Brown (2008) 59.
The Standardized Precipitation Evapotranspiration Index (SPEI), which
considers cumulated anomalies of precipitation and potential evapotranspiration
and described in (Vicente-Serrano et al. 2010) 60 . The SPEI allows comparison of
drought severity through time and space, since it can be calculated over a wide range
of climates, Keyantash and Dracup (2002) 61 indicated that drought indices must
be statistically robust and easily calculated, and have a clear and comprehensible
calculation procedure. All these requirements are met by the SPEI. However, a crucial
advantage of the SPEI over other widely used drought indices that consider the effect
of PET on drought severity is that its multi-scalar characteristics enable identification
of different drought types and impacts in the context of global warming. The SPEI
index is a standardized monthly climatic balance computed as the difference between
the cumulative precipitation and the potential evapotranspiration. This method is
recommended when the required parameters to apply the Penman-Monteith equation
are not available (Droogers& Allen 2002) 62.
In addition, some experimental studies have showed similar PET estimations by
means of the Penman-Monteith and Hargreaves methods in Spain (Martínez-Cob
2002 63 , López-Urrea et al. 2006 64 , Gavilán et al. 2008 65 , Van der linden et al. 200866
, López-Moreno et al. 2009 67). The SPEI can be calculated at the monthly scale with
time Interval = 1, or accumulated at more than one month with time Interval > 1.
Typical values are 1, 3, 6, 12 and 24 months. If the accumulated index is calculated,
the starting date of the resulting SPEI series will be lagged a number of months equal
to time Interval – 1.
NDVI (multiple) Visible red band and near infrared bands: While resolution is high
(1 km) (compared to weather stations) AVHRR covers a large land area (Ji and Peters
2003) 68 .The disadvantage of NDVI is corresponding with
• Resolution: The resolution of NDVI datasets extracted from MODIS sensor is 250
m and lacks accuracy for some applications. These include monitoring change in
riparian buffer zones and urban areas (Nagler et al. 2005) 69 ,
• Soil conditions effects: NDVI is sensitive to darker and wet soil background (Huete
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et al. 1985)70 . In wet conditions, the reflectance may not be equal in two bands and
as such, the NDVI may vary with soil moisture variations.
• Nonlinearity: Similar to other ratio-based standardized vegetation indices (SVI),
NDVI suffers from scaling and nonlinearity Saturation: In dense vegetation and (or)
multilayered canopy, where large biomass is present NDVI tends to saturate.
• Vegetation stress and moisture correlation: Vegetation stress is influenced by more
factors than moisture conditions alone. These include regional rainfall patterns and
soil type as well events such as floods, insect infestation, wildfire, etc. (Ji and Peters
2003).
At the meantime the different drought indices could be classified as meteorological,
agricultural, and hydrological drought indices, after, (Zargar et al 2011) 71 :
♦♦ Meteorological drought indices:
The development and implementation of a drought index depends on data availability
(Steinemann et al. 2005). Earlier drought indices used meteorological data readily
available from synoptic meteorological stations (Niemeyer 2008) 72 . These include
precipitation-only indices such as RAI (Van-Rooy 1965) 73 , BMDI (Bhalme and Mooley
1980) 74 , DSI (Bryant et al. 1992) 75 , NRI (Gommes and Petrassi 1994) 76, EDI (Byun
and Wilhite 1999) 77 , and DFI (González and Valdés 2006) 78 .
For reasons such as better correlation with drought impacts and accounting for
temporal trends in temperature, additional meteorological variables have been
considered. These include modifications to SPI (McKee et al. 1993) 79 , to develop
the more comprehensive RDI (Tsakiris and Vangelis 2005) 80 that incorporates
evapotranspiration resulting in better association with impacts from agricultural and
hydrological droughts. Vicente-Serrano et al.(2010) developed SPEI, which is sensitive
to long-term trends in temperature and water balance change. SPEI performs similarly
to SPI as Meteorological drought indices.
In addition to temperature and evapotranspiration, PDSI (Palmer 1965) 81 similar to
SPEI areconsider stream flow and soil moisture to give a more complete picture of the
water balance. Improvements in such indices include self-calibration capacity (Wells et
al. 2004) 82 and modifications to the evapotranspiration estimation methods replacing
the original Thornthwaite method (Thornthwaite 1948) 83 with other formulations.
♦♦ Agricultural drought indices:
Approaches to characterize agricultural drought mainly evolve around monitoring soil
water balance and the subsequent deficit in the event of a drought.
RSM (Thornthwaite and Mather 1955) 84, CMI (Palmer 1968), which is similar to PDSI
however models short-term agricultural by considering moisture deficit only in the top
of soil column (Byun and Wilhite 1999 85; Narasimhan and Srinivasan 2005 86), and
CSDI (Meyer et al. 1993) 87 originally designed for corn and its variant for soybean
(Meyer and Hubbard 1995) 88 .
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DTx (Matera et al. 2007) 89 calculates the daily transpiration deficit (DT) for x days.
DTx uses the soil moisture balance model (Zinoni and Marletto 2003) 90 with inputs
including soil, crop, and weather conditions in addition to temperature anomalies,
which affect evapotranspiration. Increased spatial and temporal resolutions were
sought in developing SMDI and ETDI (Narasimhan and Srinivasan 2005) 91 .
Remote-sensing-based vegetation indices such as NDVI(Tucker 1979) 92 , EVI (Liu and
Huete 1995) 93 , VegDRI (Brownet al. 2008) 94 , TCI (Kogan 1995) 95 , and NDWI (Gao
1996) 96 arealso used to monitor general vegetation state and health (Sivakumaret al.
2011) 97 .
♦♦ Hydrological drought indices:
This group of indices aimsat providing a comprehensive characterization of delayed
hydrologicimpacts of drought. Earlier, the sophisticated PHDI(Palmer 1965) model
considered precipitation, evapotranspiration,runoff, recharge, and soil moisture. The
PDSI family ofindices show ever lacked the snow component accumulation,which
led to the development of SWSI (Shafer and Dezman 1982) 98 , probably the most
popular of this group. Later, RDI (Weghorst 1996) 99 improved SWSI by incorporating
temperature and hence calculated a variable water demand as input.
RSDI (Stahl 2001) 100 bases its model on homogeneous drought-stricken regions
that comprise several neighboring low-flow gauging stations. RSDI first calculates the
deficiency in stream flow compared with historic values and then uses cluster analysis
to delineate the drought-stricken regions. Two later indices consider a water balance
model: GRI (Mendicino et al. 2008) 101 and Water Balance Derived Drought Index
(Vasiliades et al. 2011) 102 . The formerfocuses on groundwater resources and uses
geo-lithological conditions information in a distributed water balance model, while
the latter uses a model that artificially simulates runoff for ungagged and low-data
watersheds.
♦♦ Expanding the remote-sensing capacity:
New sensors and algorithms have constantly enabled the incorporation of improved
remotely sensed information in drought characterization. New sensors have higher
spatial resolution, a current shortcoming in drought indices products (Niemeyer
2008)103 .
Novel noise reduction algorithms and other atmosphere correction algorithms improve
the thematic accuracy of remote-sensing datasets. Remote-sensing indices are
diverse and new indices are frequently proposed. While NDVI has remained popular,
other indices such as VegDRI, VCI (Kogan 1990) 104 , TCI, and VHI (Kogan 1995)105
are currently operationally used (NDMC 2011 106 ; NOAA 2011 107 ).
Traditionally used bands include near infrared (NIR), red and short-wavelength
infrared (SWIR). The Land Surface Temperature (LST) has been used as additional
source along with NDVI to improve drought characterization accuracy (Cai et al.
2011108 Lambin and Ehrlich 1995 109 ; Prihodko and Goward 1997 110 ; Rhee et al.
2010111 ; Wan et al.2004 112 ; Wang et al. 2001 113) .
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1.3. Drought in Arab region and Mediterranean
The main key massages concerning drought in Near East and North Africa could be
presented as follows:
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•

In presently dry regions, drought frequency will likely increase by the end of the 21st
century under RCP8.5, (medium confidence), IPCC (2014) 114 .

•

Compounded stress on water resources facing significant strain from overexploitation
and degradation at present and increased demand in the future, with drought stress
exacerbated in drought-prone regions of Africa (high confidence) , IPCC (2014).

•

A number of studies project large increases in water stress, groundwater supplies,
and drought in a number of regions with greater than 4°C warming, and decreases in
others, generally placing already arid regions at greater water stress, IPCC (2014).

•

There is no evidence that surface water and groundwater drought frequency has
changed over the last few decades, although impacts of drought have increased
mostly due to increased water demand, IPCC (2014).

•

River discharge also influences the response of river temperatures to increases of air
temperature, Globally averaged, air temperature increases of 2°C, 4°C, and 6°C are
estimated to lead to increases of annual mean river temperatures of 1.3°C, 2.6°C,
and 3.8°C, respectively (van Vliet et al., 2011) 115 . Discharge decreases of 20% and
40% are computed to result in additional increases of river water temperature of 0.3°
C and 0.8°C on average (van Vliet et al., 2011). rivers will experience drought more
frequently in the future, freshwater-dependent biota will suffer not only directly by
changed flow conditions but also by drought-induced river temperature increases.

•

Regional to global-scale projected decreases in soil moisture and increased risk
of agricultural drought are likely in presently dry regions, and are projected with
medium confidence by the end of this century under the RCP8.5 scenario. But Low
confidence in a global-scale observed trend in drought or dryness (lack of rainfall),
IPCC (2014).

•

Increased tree mortality and associated forest dieback is projected to occur in many
regions over the 21st century, due to increased temperatures and drought (medium
confidence), IPCC (2014). Reduced crop productivity associated with heat and
drought stress, with strong adverse effects on regional, national, and household
livelihood and food security (high confidence)

•

In Africa and Near East extreme weather and climate events including droughts have
significant impacts on Increased risk of drought-related water and food shortage
causing malnutrition (high confidence), IPCC (2014), economic sectors, natural
resources, ecosystems, livelihoods, and human health.Median yield changes (%)
for major crop types in a 4°C world relative to the 1980–2010 baselines, figure (4),
(Rosenzweig et al. 2013) 116 .
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Figure 4.Median yield changes (%) for major crop types in a 4°C world relative to
the 1980–2010
•

Risk of food insecurity and the breakdown of food systems linked to warming,
drought, flooding, and precipitation variability and extremes, particularly for poorer
populations in urban and rural settings, IPCC (2014).

•

In the Mediterranean region, higher fire risk, longer fire season, and more frequent
large, severe fires are expected as a result of increasing heat waves in combination
with drought (Duguy et al., 2013) 117 .

•

The health of human populations is sensitive to shifts in weather patterns and other
aspects of climate change (very high confidence). These effects occur directly, due to
changes in temperature and precipitation and in the occurrence of heat waves, and
droughts. Health may be damaged indirectly by climate change-related ecological
disruptions, such as crop failures or shifting patterns of disease vectors, or by
social responses to climate change, such as displacement of populations following
prolonged drought, IPCC (2014).

•

The elderly face disproportional physical harm and death from heat stress and
droughts.

•

The types of hydrologic changes reported included effects on snow, ice, and frozen
ground; the number and size of glacial lakes; increased runoff and earlier spring
peak discharge in thermal structure and water quality of rivers and lakes; and more
intense drought in some regions, IPCC (2014).

•

Historical droughts (last 1000 years) have been more severe than those observed
since 1900. Global-scale trends in drought or dryness since 1950 have low confidence
due to lack of direct observations, methodological uncertainties, and geographical
inconsistencies; hence confidence levels in global drought trends since the 1970s
as reported in AR4 are overstated. Regional trends are found: the frequency and
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intensity of drought has increased in the Mediterranean and West Africa. Decreases
in soil moisture with increased risk of agricultural drought are projected in presently
dry regions. Regions where droughts are projected to become longer and more
frequent include the Mediterranean IPCC (2014).
Coherent shifts in drought regimes are expected with changing global circulation patterns
provides regional and continental-scale assessments of observed trends in dryness
based on different indices. More details concerned with continent could be reviewed in
brief after IPCC (2012), as follows:
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•

Much more severe and longer droughts occurred in the past centuries with
widespread ecological, political, and socioeconomic consequences. Overall, these
studies confirm that in the last millennium several extreme droughts have occurred
(Breda and Badeau, 2008 118 ; Kallis, 2008 119 ; Büntgen et al., 2010 120 ).

•

In Mediterranean region, there is medium confidenceregarding increases in dryness
based on some indices in the Southern part of the continent, Dai et al. (2004)121 found
an increase in dryness for most of the European continent based on PDSI, LloydHughes and Saunders (2002) 122 and van der Schrier et al. (2006)123 concluded,
that statistically significant changes were observed in extreme and moderate
drought conditions in Mediterranean region. Sheffield and Wood (2008a) also found
contrasting dryness trends in Europe, with increases in the Southern and eastern
part of the continent. Beniston (2009) 124 reported a strong increase in warm-dry
conditions over all central-Southern Europe.

•

Trends of decreasing precipitation and discharge are consistent with increasing
salinity in the Mediterranean Sea, indicating a trend toward freshwater deficits
(Mariotti et al., 2008) , but this could also be partly caused by increased human
water use. In France, an analysis based on a variation of the PDSI model also
reported a significant increasing trend in drought conditions, in particular from the
1990s onward (Corti et al., 2009) 126 .

•

The exceptional 2003 summer heat wave on the European continent was also
associated with a major soil moisture drought, as could be inferred from satellite
measurements (Andersen etal., 2005) 127, model simulations (Fischer et al.,
2007a128,b 129 ), and impacts on ecosystems (Ciais et al., 2005 130 ; Reichstein etal.,
2007) 131.
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The variety of drought indicesreflects a fundamental lack of universal definition
andconcepts, and different operational requirement. In additionto the variability in the
types and applications of droughts
Recent and potential future increases in global temperatures are likely to be associated
with impacts on the hydrologic cycle, including changes to precipitation and increases
in extreme events such as droughts, (Sheffield and Wood 2008) 132 . Droughts are the
world’s costliest natural disasters, causing an average $6–$8 billion in global damages
annually and collectively affecting more people than any other form of natural disaster,
(Wilhite 2000) 133 . Given the consequences and pervasiveness of drought, it is important to
assess drought severity, but the precise quantification of drought is a difficult geophysical
endeavor. Numerous specialized indices have been proposed to do this; for an extensive
listing of available indices, the reader is referred to WMO (1975) 134 and Heim (2000) 135 .
The study carried out by Sheffield and Wood 2008, to analyze changes in drought
occurrence using soil moisture data, under the future projections, showed decreases in
soil moisture globally for all scenarios with a corresponding doubling of the spatial extent
of severe soil moisture deficits and frequency of droughts from the mid-twentieth century
to the end of the twenty-first. Long-term droughts become three times more common.
Regionally, the Mediterranean, west African, central Asian and central American regions
show large increases most notably for long-term frequencies as do mid-latitude North
American regions but with larger variation between scenarios.
The study conducted by Burke and Brown, (2007) 136 using different indices related
to moisture (Palmer drought severity index PDSI, and soil moisture anomaly SMA),
shows increases in the proportion of the overall increase in areas affected by drought.
The study also showed that all indices that include some measure of the atmospheric
demand for moisture (PPEA, PDSI, and SMA) show increases in the proportion of the
global land surface in drought ranging from an additional 5%–45%. SPI, based solely on
precipitation, shows much smaller global changes ranging from 5% less to 10% more of
the land surface.
In addition to the overall increase in area affected by drought, the area in more severe
drought increases much more than the area in less severe drought. This could have
serious consequences as the impact of drought on socioeconomics increases with the
severity of drought. They added that regionally, there is a very large range in the sign and
magnitude of drought changes. The only regions where there is a consistent increase in
drought across all indices and ensembles are those where the annual average precipitation
decreases as found for the Mediterranean, Amazonia, and Southern Africa.
In other regions the sign and magnitude of the change in drought is dependent on index
definition and ensemble member. The impact of change in drought will be felt at the
regional scale. Therefore, in order to perform optimum impact assessments of changes
in drought, regional studies are required using locally appropriate drought indices. For
example, a soil-moisture-based drought index on a daily basis over the growing season
will be most relevant for studying the impacts in agriculture.
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Regional climate simulations highlight the Mediterranean region as being affected by more
severe droughts, consistent with available global projections; Giorgi, (2006) 137 , calculated
the Regional Climate Change Index RCCI using wet season (WS) and dry season (DS) as
defined by Giorgi and Bi, (2005) 138 , temperature and precipitation over 26 land regions
of the world, as shown in figure (5), and out of 20 global model simulations the RCCI for
the different regions showed that the most prominent Hot-Spots emerging from the RCCI
analysis are the Mediterranean and North Eastern Europe (NEE) regions, Mediterranean
was identified as the most prominent Hot-Spots emerging from the Regional Climate
Change Index RCCI analysis, a large decrease in mean precipitation and an increase in
precipitation variability during the dry (warm) season, which makes the Mediterranean
one of the most responsive regions to global change; (Giorgi 2006).
the analysis presented here identifies the Mediterranean and Northeastern Europe regions
as the most prominent climate response Hot-Spots, followed by high latitude Northern
hemisphere regions and Central America. The latter appears to be the primary Hot-Spot
in the tropics, immediately followed by Southern Equatorial Africa and Southeast Asia.
Other prominent mid-latitude Hot-Spot regions are Eastern North America and Central
Asia.

Figure 5. Regional Climate Change Index RCCI
Simulated precipitation regimes depict a globally drier Mediterranean in 2030–2060, with
a 10–20% drop in annual rainfall, a drier Mediterranean in 2031– 2060 translates into
about 1 week of additional dry days along the coast and in the already dry southeast
basin; Over land areas in the Northern part, up to and over 3 weeks of additional dry
days; thus, if the effects of ozone are to be included in an assessment of crop yields in the
Mediterranean under a future climate scenario, the results are likely to be greater yield
reductions; (figure 6), (Giannakopoulos et al, 2009 and Dai, 2010 ).
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Figure 6. Mean annual scPDSI pm for years (a) 1950–
1959, (b) 1975–1984, (c)
2000–2009, (d) 2030–2039,
(e) 2060–2069, and (f) 2090–
2099 calculated using the
22-model
ensemble-mean
surface
air
temperature,
precipitation, humidity, net
radiation, and wind speed used
in the IPCC AR4 from the 20th
century and SRES A1B 21st
century simulations.128 Red
to pink areas are extremely dry
(severe drought) conditions
while blue colors indicate wet
areas relative to the 1950–
.1979 mean
Mariotti et al., (2008), described the Southern Europe-Mediterranean region as a wellknown region for its pleasant climate that has favored the rise of past great civilizations.
People have learned to deal with an almost total lack of rainfall during the summer months,
but water is still one of the most vulnerable aspects of life in the region, now supporting
an increased local population.
Under a suite of global climate change scenarios, the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC-AR4 hereafter; (IPCC 2007)139)
projects major changes in the Mediterranean region, in particular as a ‘Hot Spot’ in
hydrological change with significant impacts on both mean precipitation and variability
(Gibelin and Deque 2003 140 , Giorgi 2006 141 , Ulbrich et al 2006 142 , Giorgi and Lionello
2008 143 , Sheffield and Wood 2008 144 ).
In fact Mediterranean countries are experiencing an increased drought frequency, intensity
and duration that have resulted in increased drought losses and impacts on agricultural
production, rural livelihoods, migration, urban, economic sectors and ecosystem decline.
Mariotti et al., (2008) 145 , the CMIP3 model simulations show a progressive decrease
in rainfall in the Mediterranean region that has been on-going during the 20th century
(−0.007 mm/d per decade; see table 2S (available at stacks.iop.org/ERL/3/044001) for a
summary of all trends) and accelerates around the turn of the 21st century, followed by
rapid drying from 2020 and onwards (figure 1; −0.02 mm/d per decade).
The projected changes will cause Mediterranean land regions to become gradually more
arid, with roughly 15% less precipitation in 2070–2099 compared to 1950–2000, and an
8% decrease already by 2020–2049.
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The amplitude of the mean change foreseen by 2020–2049 (about 0.1 mm/d) is comparable
to that of the driest spells experienced by the region during the 20th century, (figures 7 a,
b). CMIP3 simulations for the 20th century suggest that the Mediterranean region has a
tendency toward drier and warmer conditions.
All datasets, winter season precipitation shows a major downward deviation over the
period 1960–2004 (−0.09±0.02 mm/d per decade), with inter-decadal variations, a
decrease during the period mid-1960s to early-1990s and an increase after that while dry
season showed negative trends over the period 1950–2000 have also been observed
in relation to a blocking-like pattern deflecting storms away from much of western and
Southern Europe (Pal et al 2004).

Figure. 7 Mediterranean water cycle anomalies over the period 1900–2100 relative to 1950–
2000. Area-averaged evaporation (brown), precipitation (blue) and precipitation minus
evaporation (black; P − E) are based on an average of CMIP3 model, after .Mariotti et al.,
2008
These tendencies are supported by observational evidence of century-long negative
trends in regionally averaged precipitation, PDSI and discharge from numerous rivers;
and are consistent with reported increases in Mediterranean sea water salinity, (figure.8).
The study reflected that By 2070–2099, that precipitation is projected to decrease
throughout the year and particularly during the dry season about −10% and 23% for the
wet and dry seasons, respectively. In contrast, most of the land evaporation decrease
occurs during the summer dry season (−12%) when land surface aridity will be greatest.
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Figure 8 Mediterranean water
cycle changes observed during
the 20th century relative to the
period 1950–2000. Area-averaged
annual
mean
precipitation
anomalies (six years running
means) from various datasets
(panel a; mm/d) and PDSI (panel
b; au); discharge anomalies (units
are % of climatology) for various
Mediterranean rivers (panel c).
Due to data availability, discharge
anomalies are relative to the
1960–1980 period.
The combination of these changes results in a decrease in effective land precipitation
that is similar during the wet and dry seasons (about 20%). Over the sea, freshwater
deficit will increase throughout the year and particularly during the wet season (29%)
when evaporation increase will be at a maximum (about 7%). The pattern of maximum
precipitation changes has a general South to North migration going from winter into
summer, following the climatological seasonal cycle of precipitation (figure 9)
Figure 9. Mediterranean
water cycle changes by
2070–2099 compared to
1950–2000 for the ‘wet’ and
‘dry’ seasons. Precipitation
(a) and (b), evaporation (c)
and (d), and precipitation
minus evaporation (e) and
(f). Anomalies are based on
an average of CMIP3 model
runs. For all, units are mm/d.
The box broadly depicts the
Mediterranean region.
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2.

Drought Monitoring inCAPWATER

Drought is an insidious, slow-onset natural hazard that produces a complex web
of impactsthat ripple through many sectors of the economy. These impacts may be
experienced welloutside the affected region, extending even to the global scale.
The complexity of impactsis largely caused by the dependence of so many sectors on water
for producing goods andproviding services. Another complicatingfactor in characterizing
drought impacts is that they vary on both a spatial andtemporal scale.
A drought event today may beof similar intensity and duration as a historical drought event,
but the impacts will likelydiffer markedly because of changes in societal characteristics.
Thus, the impacts that occurfrom drought are the result of interplay between a natural
event (precipitation deficienciesbecause of natural climatic variability) and the demand
placed on water and other naturalresources by human-use systems.
As vulnerability to drought increases because of mounting pressure onwater and other
natural resources, it is clear that the scientific community faces a significantchallenge to
produce more timely and more comprehensive assessments of impacts.
It is oftensaid that drought is the most complex of all natural hazards, and more people
are affectedby it than any other hazard.
Still, few studies have endeavored to identify the complexity ofthese impacts at the local,
regional, or national scale, and databases to document impactsand track trends by region
or sector are virtually nonexistent.
As nations strive to improvetheir level of drought preparedness through the creation of
improved early warning systemsand the adoption of drought policies and response and
mitigation plans, it is imperative forscientists and policy makers to document to what
degree these investments are diminishingeconomic, social, and environmental losses in
order to justify future investments in droughtmitigation and planning.
Drought monitoring is a high priority for Arab states. Preparedness for drought forms an
important part of national environmental policies. At present, as all countries of the region,
Lebanon, Jordan, Tunisia and Morocco have limited institutional and technical capacity
to prepare for a drought and to mitigate its impacts. This is due to insufficient readily
available Information on drought onset and development for agencies and for the general
public. That is why CAPWATER project aimed at improving countries capabilities.
Theimplementation of a drought monitoring systems in CAPWATER is based on the
development of a methodology to calculate, analyze the drought indicators “Concept
of Composite Drought Index (CDI)” by using NDVI, Precipitation SPI, Eta, SPEI, Soil
Moisture anomaly and other Climate and Environmental Parameters at the national and
local level for the prediction and monitoring of drought.
Most of used systems focused on crop stresses by drought, but the question of the efficient
and capability of the used systems could be assessed as follows:
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2.1. Assessing Drought Monitoring in Lebanon
The recent occurrence of prolonged drought conditions in Lebanon has emphasized the
need for adequate monitoring tools of drought events, the used drought indices
•

Standard precipitation index (SPI) has been used as conventional drought index
based on ground measurements. The SPI point calculation software was used
to calculate from metrological stations data, then DCE (drought calculation and
evaluation) software was used for Raster calculation and mapping, and

•

Satellite drought indices based on remote sensed data (e.g. NDVI, VCI, TCI, VHI).

The main result produced by NCRS is based on remote sensing using MODIS data, the
used flow chart is presented as in figure (10), and examples of VCI, TCI and VHI results
are shown as in (figures 11, 12,13 and 14).

Figure 10.The Flowchart for
calculating VHI

Figure 11. VegetationHealthy Index
(VHI) classes in Lebanon, 2014
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Figure 12.
Vegetation
Condition Index

Figure 13.
Temperature
Condition Index
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Figure 14.
Vegetation Healthy
Index
In assessing NCRS drought monitoring approach we could conclude the following:
•

The use of Remote sensing for drought monitoring for early warning is very strong
tool, but at the meantime require on-line source for providing daily data,.

•

Measuring drought hazard didn’t include its intensity, frequent, and consecutive
duration in the different cycles,

•

Agriculture depends on agriculture seasons and related to the length of the agriculture
season (winter season in case of Lebanon that falls under Mediterranean climate),
that was not reflected on the results.

•

The study reflected more Soil Moisture (agriculture drought) but didn’t make much
in interpreting the outcomes of the study or identify the expose vegetation cover.
Accordingly the monthly precipitation distribution during different months of the
agriculture seasons in rainfed croplands and rangelands which is important to
understand the impact was not considered.

•

Identifying the high variability of the region which is part of the complexity of drought
was not considered.

•

Although by “Definition” drought since the special IPCC extreme events report on
2012, should include “Evapotranspiration” as part of the assessment that was not
considered.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

23

2.2. Assessing Drought Monitoring in Jordan
The goal of drought monitoring component was to develop early warning indicators using
Global MOD13Q1 data “MODIS/TERRA VEGEGTATION INDICES 16-DAY L3 GLOBAL
250 m SIN GRID V005” are provided every 16 days at 250-meter spatial resolution as
a gridded level-3 product in the Sinusoidal projection. The data used covers the season
2013/2014, as vegetation monitoring and the study target was aiming at using several
indicators including:
•
•
•
•
•
•
•

Standardized vegetation index,
Vegetation condition index VCI,
Temperature condition index TCI,
Vegetation health index VHI,
Vegetation drought index,
Water stress vegetation index"
With the support of daily ALEXI ET maps provided by NASA, as well as the integration
of the TRMM satellite precipitation.

NCARE presented its share of the ongoing research in drought monitoring particularly
for the Northeast Jordan (Mafraq study area), the location map and the detailed map of
cropland area are shown in (figure 15).

Figure 15 Location map of study area and detailed cropland
Mafraq governorate is located to the north-east of Amman capital of Jordan. The climate
is characterized by dry hot summers and cold dry winters. The Mean Annual Maximum air
temperature is 23.9 ºC and the Mean Annual Minimum air temperature is 9.3 ºC with an
average total annual precipitation of 161.3 mm (Source: Jordan Climatological Handbook
2000 – Meteorological Department).
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Overlaying the crop map on NDVI images was used to join information from both sources.
The analysis involved two approaches:
♦ Grouping crop types into three groups: trees, field crops and vegetables (figure 16).
♦ Selecting areas covered by similar group type with minimum area more or equal to
50000 meter square. This resembles at least 90% coverage of same group in one
pixel of 250 m.
•
•
•

Pixels that match the above characteristics were used as area of interest "AOI".
The mean of these sampled pixels were used in NDVI growth profile analysis of
different groups.
Detailed information about each group, areas, and number of pixels analyzed can
be found in (figure 17).

Figure 16CropMapGroupedinto 3 Groups

Figure 17: Group Maps and pixels
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The long term statistical NDVI show that the study area is characterized by low to medium
vegetation were tree areas (group1) showing the highest NDVI values (Olive trees
-permanent vegetation).
The long term seasonal growth pattern was studied using the mean 16-day image for the
time series 2000-2013. The output show relatively high NDVI values in different areas
and in different periods, due to the large cover with olive trees (permanent vegetation)
that irrigated during summer time using ground water, and the use of ground water for
irrigation for field crops is common especially in summer time, during the period from
December to April the NDVI patterns reflect the rainfed agriculture.
Analyses of the season 2013/2014 growth pattern deviation from the mean show the
periods were vegetation growth was above or below average, that could be summarized
as follows:
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•

During summer period irrigated areas (using ground water) clearly have deviation
values above the mean. Variation of the vegetation cover (plus and minus) during
the period from "May to November" could be attributed to irrigation scheduling and
agricultural practices,

•

During the rainy season the deviation was below average, especially the rainfed
areas are affected by rainfall shortages during the period from January to March. The
change in vegetation during December is related with the low temperature and snow
that affected the country in the second week of December, the high rainfall (snow)
amount that came in December had good impact on increasing vegetation during
the second half of January but Heavy rainfall received in the second week of March
impact is obvious in increasing the NDVI values during the following period of March
22 to April 6th.

•

The use of Vegetation Condition Index (VCI), is another simple indicator that shows low
VCI values in most of the study area, all over the season indicating drought conditions.
More drought conditions are obvious during the period from February to April.

•

Detailed investigation show that most of the low values <30 are in the uncultivated
"rangeland areas" indicating drought conditions. Meanwhile the cultivated/ irrigated
areas were not affected by drought.
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In conclusion:
This used method gives simple indicator about crop stress by drought; the drought is not
directly measured but indicated by vegetation density in different seasons.
At themeantime the used method showed the importance of the supplementary irrigation
using ground water, which eliminated the impact of drought on irrigated vegetation, but
was very clearly reflected in rangeland areas.
The study needs in the future toanswerquestions that reflect the drought economic and
environment impacts:
•

Measuring rainfall, temperature as well as potential evapotranspiration variability and
their correlations with the crops water requirements, between and within studied years
and seasons, and

•

Agriculture sustainability with increased cost of used energy for pumping ground water.

•

The level of severity of land degradation in Rangelands.

•

The scenarios that are related to social vulnerability under the increased biophysical
climate change and drought stress.

2.3. Assessing Drought Monitoring in Tunisia
The Drought Component of LDAS project could be summarized as follows:
•

Provide reliable and easily exploitable information characterizing spatial and temporal
extension of drought (duration, intensity, scale, etc.) and drought impact Three principal
components are to be considered: a surveillance and early warning system, a risk
evaluation system and mitigation/adaptation system (Wilhite and Svoboda, 2000).

•

Development and calculation of Vegetation monitoring indicators (standardized
vegetation index, vegetation condition index, temperature condition index, vegetation
health index, vegetation drought index, water stress vegetation index) with the following
specifications: 1 km spatial resolution; 10-day synthesis temporal resolution; monthly
and 10-day product frequency; raster (Tiff, img) format at national scale; input data:
AVHRR data used since 1999 and other sources to be explored: MODIS, Spot VGT.

•

Soil moisture prediction using radiometric signal changes of terriestrial surface
temperature.
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The mean data used for implementing the project drought component were:
a. MODIS Terra and Aqua Normalized Difference Vegetation Index (NDVI) and Land
surface temperature (LST) products 250 m and 500 m resolution for the period of
2000–2014,
b. The Tropical Rainfall Measuring Mission (TRMM) monthly rainfall data for the period
of 2000–2014, and
c. The global digital elevation model (DEM) with a horizontal grid spacing of 30 arc
seconds (GTOPO30)
d. The MODIS Terra and Aqua Land Cover provided every year at 500-meter spatial
resolution as a gridded level-3 product (MCD12Q1, collection v051 ) for the period
of 2001- 2012 were acquired from the Land Processes Distributed Active Archive
Center (LP DAAC). The International Geosphere Biosphere Programme (IGBP),
which identifies 17 land cover classes (11 natural vegetation classes, 3 developed
and mosaicked land classes, and 3 non-vegetated land classes).
A time series analysis of
the vegetation response
using the normalized
difference
vegetation
index (NDVI), in relation
with
the
temporal
distribution of precipitation
and
land
surface
temperature stratified by
land cover classes and
elevation levels datasets
has been carried out
in order to detect the
presence of statistically
significant trends in time
series of different climatic
variable and vegetation indices; analyze the temporal dynamic of vegetation in terms of
Figure 18 Time series analysis of vegetation response
biomass in areas affected
by persistent drought
phenomena; and analyze the relationship between the vegetation evolution and climatic
variables (precipitation, temperature), (Figure 18).
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Correlation analysis: Correlation analysis between NDVI, precipitation and land surface
temperature standardized anomaly through using three types of correlations coefficients:
Pearson correlation, Kendall rank correlation and Spearman, (Figure 19).

Figure 19 NDVI, ST and Precipitation, ST correlation analysis for different
vegetation Land Use

Clustering analysis: Clustered analysis of NDVI standardized anomaly for Medenine
department stratified by elevation and land cover, (Figure 20).

Figure 20 Relationship between NDVI, Precipitation and Land Surface
temperature in rainfed croplands
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Spatial comparisons: For each year the standardized anomaly values of the NDVI,
precipitation and land surface temperature were averaged through crop year (September
to August), visually examined and compared the relationship between them particularly in
dry and wet condition,(Figure 21).

Figure 21 NDVI, precipitation and land surface temperature averaged in two
different years (2001- 2004) through crop year (September to August),
The results reflected the following:
•

A high variability of rainfall in Tunisia, the response of vegetation to climate variability
depending on the type of cover and altitude.

•

The period (2001-2002) is the largest deficit during the 2000-2014 observation
periods.

•

Synchronization between the temporal evolution of NDVI and those of the precipitation
particularly during the dry and wet periods, andAn inverse relationship was recorded
between NDVI and surface temperature ST expressing both the influence of soil
coverage by vegetation and water stress of plants during dry periods, vegetation
water stress can justify their use as appropriate indicators for monitoring and
management of drought in Tunisia.

•

Some aspects require further consideration such as:
♦ Quantification of threshold values of NDVI, Rainfall and ST from remote sensing
data likely to announce levels of drought risk to be used for the establishment of
a monitoring system to drought.
♦ The identification of most areas vulnerable to drought for better decision support.

•

30

The identification of high potential of the NDVI for the characterization and detection
of drought impacts on vegetation particularly in arid and semiarid regions of Tunisia,
offers new possibilities to implement a decision support system for long term
monitoring of climate change at different spatial and temporal scales.
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In conclusion:
•

The first defined objectives to develop a prototype remote sensing based platform
for monitoring and characterizing the vegetation response to climate variability have
been done using NDVI the most direct simple indicator about crop stress by drought,
the drought is not directly measured but indicated by vegetation density in different
seasons.
The NDVI correlation with both rainfall and surface temperature is obvious, as
explained by The inter-annual fluctuations of rainfall are not uniform throughout
the region. In the driest areas the contrast between years in the areas bounded by
the 200 mm and 500 mm isohyets. Rainfall threshold exists, above which NDVI is
insensitive to rainfall fluctuations; this threshold appears to lie at approx. 1000 to
1100 mm/annually or 200 mm / monthly (Malo and Nicholson, 1990 146 ; Nicholson
and Davenport 1990 147 ). NDVI values are highly correlated with multi-month rainfall
as rainfall effects on Vegetation in cumulative, results found that there is a good
spatial agreement between NDVI and rainfall (Nicholson, et al. 1990)148, as the
spatial distribution of the vegetation cover is strongly related to climatic conditions
(Richard et al.,1998) 149 .
The correlation coefficients of NDVI-rainfall exhibit a clear structure in terms of
spatial distribution in semi-arid area of Great Plain, USA (Wang et al., 2003150) and
China (Liu et al., 2010151). Further, it was reported that change in NDVI values can
be affected by the amount and timing of rainfall, (Schultz,et al., 1995)152 . Nicholson
(1990)153 demonstrates that a linear relationship between NDVI and rainfall as long
as the rainfall does not exceed approximately 500 mm/year or 50-100 mm/month.
Above these limits a “saturation” response occurs and NDVI increases the amount
of rainfall only very slowly.
The study after Erian et al (2012)154 , showed the result of five equations were used to
describe the relation between the studied variables, namely: a) Straight line passing
through the origin, b) Straight line with slope and intercept, c) Exponential passing
through the origin, d) Second order polynomial with intercept, and e) Second order
polynomial without intercept.The study covered croplands and rangelands.

1. The Straight line passing through the origin equation:
NDVI = 0.0009 * Rain
(R2=0.3481)
Has the lowest coefficient of determination (R2=0.3481). However, its behavior is correct
where NDVI increases linearly with increasing rain, starting from NDVI = 0 ant zero rain.
2. A higher coefficient of determination was obtained (R² = 0.6139) in the straight line
with slope and intercept equation:
NDVI = 0.0006 * Rain + 0.1932
(R² = 0.6139)
The equation has the correct behavior where NDVI increases linearly with increasing rain.
However, the intercept (0.1932) value at zero rain is not acceptable.
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3. The exponential equation:
NDVI = 0.0151 Rain 0.555
(R² = 0.6155)
Has a higher coefficient of determination (R² = 0.6155) and correct behavior too
4. The Second order polynomial with intercept has two drawbacks namely the intercept
and decreasing NDVI values with increasing the rain in the high rain range. However,
the coefficient of determination is high.
NDVI = -5E-07 Rain 2 + 0.0011 Rain + 0.0878
(R² = 0.6857)
Good positive correlation was obtained between the two parameters.
The correlation coefficient ranged between 0.59 and 0.83 (determination coefficient
between 0.34 and 0.69). The Second order polynomial without intercept has one withdraw
only which is the decreasing NDVI values with increasing the rain in the high rain range
The previous analysis of the relation between NDVI and rain puts the exponential equation
(Eq. 3) as the best candidate describing the relationship. Equation 3 shows high slope
of the curve at low rain and decreasing slope with increasing precipitation by divided the
whole range of precipitation in 4 parts, we notice decreasing the slope with increasing the
precipitation very clearly.
The decrease of slope of NDVI vs. rain with increasing rain opens suggests the existence
of Rainfall threshold, above which NDVI is insensitive to rainfall fluctuations; this threshold
appears to lie at rainfall of 691.99 mm which is smaller than the value (approx. 1000 to
1100 mm/annually) suggested by Malo and Nicholson, (1990); Nicholson and, Davenport
(1990). The value of the break point was obtained using SegReg program.
♦ The second objective to identify the vulnerable areas and to develop an early
warning toolswas not fulfilled
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2.4. Assessing Drought Monitoring in Morocco
The main objectives of the drought studyis to build a system for drought monitoring is to
development a methodologythat is based on analysis drought indicators at national scale,
the used data are: a) precipitations using Climate Hazards Group InfraRed Precipitation
with Station data CHIRPS to calculate SPI, as shown in figure (22);b) Soil moisture
calculated from MODIS Day-Night LST Difference, as shown in figure (23); c) Vegetation
index after Famine Early Warning System Network FEWSNET, as shown in figure (24);
and d)Evapotranspirationafter FEWSNET, as shown in (figure 25). Few examples of used
data are shown in (figure 26).

Figure 22 Mean January CHIRPS
Precipitations

Figure 23 Calculated Soil Moisture SM
Proxy

Figure 24 Vegetation index

Figure 25 Evapotranspiration

The Composite Drought Index CDI was then created using the flowchart as shown in
figure (26), the obtained CDIis presented in (figure 27). The CDI is classified in Percentiles
as follows:
D1, Moderate Drought (10%-20% once per 5 to 10 years), D2, Severe Drought: (5%10%once per 10 to 20 years), D3, Extreme Drought (2%-5%once per 20 to 50 years) and
D4, Exceptional Drought (less than 2% once per 50+ years). Examples of the CDI results
are shown (figure 28).
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Figure 26 Examples of Used Data

Figure 27.CDI Flowchart
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Figure 28 CDI example of study area

Figure 29 CDI in different seasons

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

35

Conclusion
The specific selected data inputs are using several criteria to develop CDI with a flexible
framework that can be adapted to include additional or new data inputs, if necessary,
as they become available in the future. But at the meantime the CDI is depending on
weighting the different data inputs against each other and the weight is based on personal
opinions. Modeling the used parameter is the only way to build the CDI system.
At the meantime the system is still in need for development as the balance between used
data is not exist,
•

The term soil moisture is usually calculated as a water balance between precipitation
and potential evapotranspiration, while in the used method the precipitation was
calculated as SPI and Evapotranspiration was used as separate elements.

•

On the other hand soil moisture was calculated from strange equation that has
no reference as it show the daily temperature variability (MODIS Day-Night LST
Difference).

2.5. Overall conclusion
The used approaches are summarized as in table (1), and as discussed above the mean
common limitations could be as follows:
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•

The use of metrological data and remote sensing for monitoring drought and for
building drought early warning systems is essential and remote sensing could be
considered a very strong tool, but at the meantime all discussed approaches still
requires butter utilization of the used data and on-line source for providing daily data,

•

Monitoring drought hazard included in different waysmonthly droughtintensity but
both drought frequencyand drought consecutive duration are anydrought monitored
systems and drought seasonal and long term cyclesare not part of all discussed
systems, Agriculture depends on agriculture seasons and related to the length of
the agriculture season (winter season in all cases as they part of Mediterranean
climate),the seasonal drought was not reflected on the results.

•

The studiesconcentrated more on vegetation and drought stress (agriculture
drought) but didn’t make much in interpreting the outcomes or identifying the exposed
vegetation cover. Or come with quantitative outcomes.

•

Identifying the high variability of the region which is part of the complexity of drought
was not considered.

•

Accordingly the monthly variability on precipitation and temperature distribution during
the different agriculture months in rainfed croplands and rangelands is not clearly
discussed, and drought impact on the different vegetation land use types was not
clearly disscussed.

•

Although by “Definition” drought since the special IPCC extreme events report on
2012 and 2014 should include “Evapotranspiration” as part of the assessment that
was not considered in most of the approaches.
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Table 1 The Comparison Between used Systems for Monitoring Drought
Lebanon Veg
DRI

Jordan

VCI

NDVI VCI

TCI

VHI SPI

Veg drought Index Brown et al.(2008)
drought impacts Kogan 1990/1995)
SPI McKee et al. 1993

CWSI PDI/ MPDI Crop Water Stress IndexJackson 1981
Ghulam et CWSI = 1 – AET/PET where
al. 2007
AET = actual ET and PET = potential
ET
Modified Perpendicular Drought Index
(MPDI) , For non flat topography with
variable soil types and eco-systems ,
semi-arid regions selected as satellite
based

Morocco NDVI P and LST
ETa
Tunisia

SPI CDI

CDI Crop Drought Index Meyer et
al1993
P, ET, and T
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3. Building Regional Drought Modeling and Monitoring
System
This main goal and objectives in building regional drought modeling and monitoring
system should:
•

Focus on building regional modeling drought assessment risk and moving from
crises management to risk management

•

Respond to gaps and needs in data – information, _Knowledge required for more
effective actions in regional, national and community levels for building resilience,

•

Increasing modeling certainty, and enhanced assessment capacities.

•

Enhance collaboration between regional and local institutions and empower
academia and regional applied studies,

•

Building indicators and benchmarks related to the bio-physical climate, environment
and social stress, and

•

Assess regional profile related to water, food and social vulnerability nexus to
meet its role in climate change adaptation and disaster risk management toward
sustainable development in the Arab region,

Those objectives could be achieved through under taking the following activities:
•

Establish AWC Geographical Information Team,

This subcomponent describes the organizational arrangements to operate and administrate
the Project in terms of technical, administrative, financial and training aspects. A service
with the name “Geographical Information Technical Team (GITT)” will be established at
the Arab Water Council (AWC). It takes advantage of the recent decision of the Arab
Water Ministerial Council of LAS in its meeting of May 27, 2015 to establish a Unit of
Technical Excellence to act as a regional hub for information and communication at the
AWC. This arrangement will have the advantage of (i) integrating the scientific initiatives
with focus on information, knowledge and decision support under the umbrella of LAS;
and (ii) reducing the transaction cost for operationalizing this initiative/project.
The proposed structure and tentative responsibilities are:
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•

A full-time core team at AWC with technical, administrative, financial, information
technology (IT) and training capabilities will be responsible for implementing the
annual plans, establishing data basis, preparing digital mapping, communication
with stakeholders and dissemination of information. A team leader will be assigned
by AWC and will work closely with the Project Coordinator.

•

Technical Team consisting of leading experts on voluntary basis to lead the scientific
work, advice on priorities, propose annual plans, prepare TORs, review CVs, select
consultants and review project output and outcome of technical activities.

•

Part time consultants who will be selected and assigned on the basis of their
qualifications and expertise to carry out specific studies, analyses and do reporting
as appropriate for the work in question.
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♦ Modeling drought and land degradation Hazards Assessment Risk in the Arab
Region,
♦ Building validation system that includes, office activities and field work for identifying
hot spots and socio-economic vulnerability and increase communities awareness
by involving national and local decision makers with civil society, academia, national
offices of international UN agencies and regional Arab organizations and NGOs in
designing policies, measurements and actions to manage risk
♦ Capacity Building to National Institution,
♦ Preparing report that assess natural metrological hazards impacts on water, food
and social vulnerability nexus
♦ Design several activities to be implemented in the project second phase as pilot
activities to build communities resilience and reduce risk.
The main framework for planned activities should include:
♦ Project Preparation/ establish AWC Geo-Information Team
♦ Building ET regional unit:
•

ET Production requires multi resolution (scale) that should be part of the data
validation and calibration stage of the ET estimation algorithms that move from
science for planning and operational.

•

ET will be used in managing; measures water productivity, improving cropping
pattern adjustment, increase upstream storage capacity, increase management
measures through improving irrigation by irrigation scheduling.

♦ Modeling Drought and Land degradation Hazards Assessment Risk in Arab Region
•

Drought Production system still requires a multi scale, using calibrated ET and
rainfall for long term drought measurements.

•

The Standardized Precipitation-Evapotranspiration Index “SPEI”, fulfills the
requirements of a drought index, Satellite data will be used to produce vegetation
healthy index and applying other Drought indices as well for hydrological drought
studies in the region.

•

Building better understanding for soil moisture using SMAP, the new NASA satellite
will provide measurements of the land surface SOIL MOISTURE and freeze-thaw
state with near-global revisit coverage in 2–3 days. These measurements will
enable science applications users to understand processes that link the terrestrial
water beside develop improved drought monitoring capability.

•

AGIR team will use the trend line analysis for measuring land degradation and
understanding vegetation degradation

•

Detailed ground validation in different land utilization types is required for better
understanding land degradation causes.
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♦ Mapping Regional/National Land Cover Classification on suitable scale.
•

Land cover using FAO Land Cover Classification system (LCCS) is a proposed
method to enable interoperability for land-cover data

♦ Integrating Multiple Regional Hazards Risk Map by combining
degradation maps

drought land

♦ Validation for Identifying Hot Spots and Socio-economic Vulnerability
•

Selecting countries for ground truth and validation

•

Validation by Regional Metrological Authorities Networks

•

Reviewing and collecting available data/information concerned with Hazards in
Arab States

•

Executing Field Survey and data collecting that include Vegetation Cover
Survey and g social and economic studies in cooperation with National/Local
Committees

•

Building Regional /National / Local Community Social Vulnerability Maps

♦ Finalizing Modeling and Mapping guided by validation results
♦ Establish Early Warning System EWS
♦ Capacity Building to National Institution
•

National training workshops: ministries of Agriculture and Water beside National
Remote sensing centers, and universities with more focus on “how to do”

•

Forming Academic task force from several national universities to work with
experts from different science and technology

♦ Preparing report the report will explain all outputs of the drought modeling and
mapping risk assessment as shown in figure (30) beside assess Hazards Impacts on
Water, Food and Social Vulnerability Nexus, to address Sustainable development
in Arab Region,

Figure 30.Moving to
drought risk management
by modeling and mapping
drought assessment risk

40

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

4.
1
2
3
4
5
6

7
8
9
10
11
12

13
14
15

References
WMO, 1975: Drought and agriculture. WMO Technical Note 138, Geneva
WMO, 1986: Report on drought and countries affected by drought during 19741985. WCP-118, Geneva.
Dunkel Z 2009. “Brief surveying and discussing of drought indices used in
agricultural meteorology”, IDŐJÁRÁS Quarterly Journal of the Hungarian
Meteorological Service Vol. 113, No. 1–2, January–June, pp. 23–37
González, J., and Valdés, J. 2006. New drought frequency index: Definition
and comparative performance analysis. Water Resour. Res. 42 (11): W11421.
doi:10.1029/2005WR004308.
Budyko, M.I., 1952: Climate Change and National Plan of Environment Modification
of Arid USSR Areas (in Russian). Gidrometeoizdat, Leningrad.
Eitzinger, J., Thaler, S., Orlandini, S., Nejedlik, P., Kazandjiev, V., Vucetic, V.,
Sivertsen, T.H.,Mihailovic, D.T., Lalic, B., Tsiros, E., Dalezios, N.R., Susnik, A.,
Kersebaum, Ch.K., Holden, N.M., and Matthews, R., 2008: Agrocliamtic indices
and simulation models. In Survey of Agrometeorological Practices and Applications
in Europe Regarding Climate Change Impacts (eds.: P. Nejedlik and S. Orlandini).
COST-ESF, 15-92.
Ivanov, N.N, 1948: Landscape and climatic zones of continents (in Russian). Bulletin
of All-Union Geographical Society.New Ser. Vol. 1.
Koshelenko, I.,V. and Volevakha, V.A., 1971: Partial impacts of several
meteorological factors on droughts formation. Transactions of Ukrainian Research
Hydrometeorological Institute, N 101.
Ped, L.A., 1975: On the new drought and over-moistening index (in Russian).
Transactions of the USSR Hydrometeorological Center, Vol. 156. c., 19-39.
Sun, L. and Ward, M.N., 2007: Climate Downscaling: Assessment of the Added
Values using Regional Climate Models. In Climate Prediction and Agriculture (eds.:
M.V.K. Sivakumar and J. Hansen). Springer, 15-27.
Theophilou, M.K., 2006: Drought indices for the island of Cyprus. In 3rd HAICTA Int.
Conference on Information System in Sustainable Agriculture (eds.: N.R. Dalezios
and S. Tzortzios). COSTUniversity of Thessaly,Volos (Greece), 897-903.
Tsiros, E., Domenikitios, C., and Dalezios, N.R., 2006: Aridity mapping with the
use of NDVI and satellite derived degree days. In 3rd HAICTA Int. Conference
on Information System in Sustainable Agriculture (eds.: N.R. Dalezios and S.
Tzortzios). COST-University of Thessaly, Volos (Greece), 853-865.
Wilhite, D.A., 2005: The role of disaster preparedness in national planning with
specific reference to droughts. In Natural Disasters and Extreme Events in
Agriculture (eds.: M.V.K. Sivakumar, R.P. Motha, and H.P. Das). Springer, 23-37.
Wilhite, D.A., 1983: Government response to drought in the US; with particular
reference to the Great Plain. J. Clim. Appl. Meteorol. 22, 40-50
WMO, 1992: International Meteorological Vocabulary. WMO N°182, Geneva.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

41

16

17
18
19

20
21
22
23
24
25

26
27
28
29
30
31

42

DUNKEL Z 2008. “Symposium on Climate Change and Variability - Agro
Meteorological Monitoring and CopiTheophilou, M.K., 2006: Drought indices for
the island of Cyprus. In 3rd HAICTA Int. Conference on Information System in
Sustainable Agriculture (eds.: N.R. Dalezios and S. Tzortzios). COSTUniversity
of Thessaly,Volos (Greece), 897-903.ng Strategies for Agriculture”, Oscarsborg,
Norway, 4-6 June
Zargar A, R Sadiq, B Naser, and F. I. Khan 2011 “A review of drought indices”,
Published by NRC Research Press, Environ. Rev. 19: 333–349
Wilhite, D.A. 1993. The enigma of drought. Drought Assessment, Management, and
Planning: Theory and Case Studies. Kluwer Academic Publishers, Boston, Ma. pp.
3–15.
IPCC, 2012: Managing the Risks of Extreme Events and Disasters to
AdvanceClimate Change Adaptation. A Special Report of Working Groups I and II of
the Intergovernmental Panel on Climate Change [Field, C.B., V. Barros, T.F. Stocker,
D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K.
Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge UniversityPress, Cambridge,
UK, and New York, NY, USA, 582 pp.
Erian W. 2012. Agriculture Drought in Nile River Basin, ACSAD Workshop in Cairo,
20 23 May
Yevjevich, V. 1967.An objective approach to definitions and investigations of
continental hydrologic droughts. Colorado State University, Fort Collins, Colo..
Dracup, J.A., Lee, K.S., and Paulson, E.G., Jr. 1980.On the definition of droughts.
Water Resources Research, American Geophysical Union, 16 (2): 297–302.
doi:10.1029/WR016i002p00297.
Salas, J. 1993. Analysis and modeling of hydrologic time series.Handbook of
hydrology. McGraw-Hill, New York. Vol. 19, pp. 1–72.
IPCC 2001 Climate change 2001: scientific basis, p. 944. Cambridge, UK:
Cambridge UniversityPress.
McKee, T.B., N.J. Doesken, and J. Kleist, 1993: The duration of droughtfrequency
and duration to time scales. In: EighthConference on AppliedClimatology, 1722 January 1993, Anaheim, California, cc.atmos.colostate.edu/relationship of
droughtfrequency. pdf.
Heim Jr., R.R., 2002: A review of twentieth-centurydrought indices used in the
United States. Bulletin of the American Meteorological Society, 83(8), 1149-1165.
Wang, G.L., 2005: Agricultural drought in a future climate: resultsfrom 15 global
climatemodelsparticipating in the IPCC 4th assessment. Climate Dynamics, 25(7-8),
739-753.
Dai, A., 2011: Droughtunder global warming: areview. WileyInterdisciplinaryReviews:
Climate Change, 2(1), 45-65.
Burke, E.J., and S.J. Brown, 2008: Evaluatinguncertainties in the projection of future
drought. Journal of Hydrometeorology, 9(2), 292-299.
Sheffield, J., and E.F. Wood, 2008: Global trends and variability in soilmoisture
and droughtcharacteristics, 1950-2000, from observation-driven simulations of the
terrestrialhydrologic cycle. Journal of Climate, 21(3), 432-458.
Orlowsky, B. and S.I. Seneviratne, 2011: Global changes in extremesevents:
Regional and seasonal dimension. Climatic Change, doi:10.1007/s10584-011-01229.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

32
33
34
35

36
37
38
39
40
41
42
43
44
45
46

47
48

Tsakiris, G., and Vangelis, H. 2005. Establishing a drought index incorporating
evapotranspiration.European Water, 9 (10): 3–11.
Hayes, M.J. 2006.Drought indices.<http://www.drought.unl.edu/whatis/indices.htm
Niemeyer, S. 2008. New drought indices.Options Méditerranéennes.Série A:
SéminairesMéditerranéens, 80: 267–274.
Cai, G., Du, M., and Liu, Y. 2011. Regional drought monitoring and analyzing using
MODIS data—A case study in Yunnan Province. In Computer and Computing
Technologies in Agriculture IV.Edited by D. Li, Yande Liu, and Y. Chen.Springer,
Boston. pp. 243–251.
Karamouz, M., Rasouli, K., and Nazif, S. 2009. Development of a hybrid index for
drought prediction: case study. J. Hydrol. Eng.14 (6): 617–627. doi:10.1061/(ASCE)
HE.1943-5584.0000022.
Rhee, J., Im, J., and Carbone, G.J. 2010.Monitoring agricultural drought for arid and
humid regions using multi-sensor remotesensing data. Remote Sens. Environ. 114
(12): 2875–2887. doi:10.1016/j.rse.2010.07.005.
Vasiliades, L., Loukas, A., and Liberis, N. 2011. A water balance derived drought
index for Pinios River Basin, Greece. Water Resources Management, 25(4): 1087–
1101.
Vicente-Serrano, S.M., Beguería, S., and López-Moreno, J.I.2010.A multiscalar
drought index sensitive to global warming: The standardized precipitation
evapotranspiration index. J.Clim. 23 (7): 1696–1718. doi:10.1175/2009JCLI2909.1.
Tsakiris, G., Loukas, A., Pangalou, D., Vangelis, H., Tigkas, D., Rossi, G., and
Cancelliere, A. 2007.Drought haracterization.Chapter 7. Options Méditerranéennes,
58: 85–102.
Steinemann, A.C., Hayes, M.J., and Cavalcanti, L. 2005. Drought indicators and
triggers. Drought and water crises: Science, technology, and management issues.
CRC Press, Boca Raton, FL. pp. 71–92.
Tucker, C. J. 1979. Red and photographic infrared linear combinations for
monitoring vegetation. Remote Sens. Environ. 8(2): 127-150.
Svoboda, M.D., LeComte, D., and Hayes, M.J. 2002.The Drought Monitor. Bull. Am.
Meteorol. Soc. 93 (8): 1181–1190.
Heim Jr., R.R., 2002: A review of twentieth-century drought indices used in the
United States. Bulletin of the American Meteorological Society, 83(8), 1149-1165.
Dai, A., 2011: Droughtunder global warming: areview. WileyInterdisciplinaryReviews:
Climate Change, 2(1), 45-65.
McKee, T.B., N.J. Doesken, and J. Kleist, 1993: The relationship of
droughtfrequency and duration to time scales. In: Proceedings of the 8th
Conference on AppliedClimatology, Anaheim, California, 17-22 Jan 1993, pp. 179184.
Lloyd-Hughes, B., and M.D. Saunders, 2002: A droughtclimatology for Europe.
International Journal of Climatology, 22(13), 1571-1592.
DroughtWatch. 2010. National Standardized Precipitation Index Maps. Agriculture
and Agri-Food Canada <http://www.agr.gc.ca/pfra/drought/nlspidesc_e.htm>
(accessed 26 August 2011).

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

43

49
50

51
52
53
54

55
56
57
58
59
60
61
62

44

Frich, P., L.V. Alexander, P.M. Della-Marta, B. Gleason, M. Haylock, A.M.G. Klein
Tank, and T. Peterson, 2002: Observedcoherent changes in climaticextremesduring
the second half of the twentiethcentury. ClimateResearch, 19(3), 193-212.
Alexander, L.V., X. Zhang, T.C. Peterson, J. Caesar, B. Gleason, A.M.G. Klein
Tank, M. Haylock, D. Collins, B. Trewin, F. Rahimzadeh, A. Tagipour, K.R. Kumar, J.
Revadekar, G. Griffiths, L. Vincent, D.B. Stephenson, J. Burn, E. Aguilar, M. Brunet,
M. Taylor, M. New, P. Zhai, M. Rusticucci, and J.L. Vazquez-Aguirre, 2006: Global
observed changes in dailyclimateextremes of temperature and precipitation. Journal
of GeophysicalResearch – Atmospheres, 111, D05109.
Tebaldi, C., K. Hayhoe, J.M. Arblaster, and G.A. Meehl, 2006: Going to the
extremes. An inter comparison of model-simulatedhistorical and future changes in
extremeevents. Climatic Change, 79(3-4), 185-211.
Palmer, W.C., 1965: MeteorologicalDrought. Report 45, US Weather Bureau,
Washington, DC.
Dai, A., 2011: Droughtunder global warming: areview. Wiley Inter
disciplinaryReviews: Climate Change, 2(1), 45-65.
Trenberth, K.E., P.D. Jones, P. Ambenje, R. Bojariu, D. Easterling, A. Klein
Tank, D.Parker, F. Rahimzadeh, J.A. Renwick, M. Rusticucci, B. Solden, and P.
Zhai, 2007: Observations: Surface and atmosphericclimate change. In: Climate
Change 2007: The Physical Science Basis. Contribution of Working Group I to
the FourthAssessment Report of the Intergovernmental Panel on Climate Change
[Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and
H.L. Miller (eds.)]. Cambridge UniversityPress, Cambridge, UK, and New York, NY,
pp. 235-336.
Dai, A.G., K.E. Trenberth, and T.T. Qian, 2004: A global dataset of Palmer
DroughtSeverity Index for 1870-2002: Relationship withsoilmoisture and effects of
surface warming. Journal of Hydrometeorology, 5(6), 1117-1130.
NDMC. 2006b. What is drought? Understanding and Defining Drought.National
Climatic Data Center.<http://www.drought.unl.edu/whatis/concept.htm>
Steinemann, A.C., Hayes, M.J., and Cavalcanti, L. 2005. Drought indicators and
triggers. Drought and water crises: Science,technology, and management issues.
CRC Press, Boca Raton, FL. pp. 71–92.
Sheffield j and E. F. Wood, 2008 « Global Trends and Variability in Soil Moisture and
Drought Characteristics, 1950–2000, from Observation-Driven Simulations of the
Terrestrial Hydrologic Cycle », Journal of Climate, Volume 21, pp 432-458
Burke, E.J., and S.J. Brown, 2008: Evaluatinguncertainties in the projection of future
drought. Journal of Hydrometeorology, 9(2), 292-299.
Vicente-Serrano, S.M., S. Begueria, and J.I. Lopez-Moreno, 2010: A multiscalardrought index sensitive to global warming: The standardizedprecipitationevap
otranspiration index. Journal of Climate, 23(7), 1696-1718.
Keyantash, J. A., and Dracup, J. A. 2002. The quantification ofdrought: an
evaluation of drought indices. Bull. Am. Meteorol.Soc. 83(8): 1167–1180.
Droogers P. And R. G. Allen 2002 . “Estimatingreferenceevapotranspirationunder
inaccurate data conditions”, Irrigation and Drainage Systems 16: 33–45, Kluwer
AcademicPublishers, Printed in the Netherlands.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

63

64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

Lopez-Moreno, J.I., Vicente-Serrano, S.M., Gimeno, L., y Nieto, R., 2009. The
stability of the seasonality of precipitation in the Mediterranean region: observations
since 1950 and projections for the twenty-first century. Geophysical Research
Letters 36, L10703, doi:10.1029/2009GL037956
Lopez-Urrea, R., Santa Olalla, F., Fabeiro, C., and Moratalla, A.2006.Testing
evapotranspiration equations using lysimeter observations in a semiarid climate,
Agr. Water Manage., 85(1–2), 15–26
Gavilan, P., Est ´ evez, J., and Berengena, J. 2008. Comparison of standardized
reference evapotranspiration equations in southern Spain, J.Irrig. Drain. Eng., 134,
1–12.
van der Linden, M., Vickery, E., Charman, D.J. and van Geel, B., 2008: Effects of
human impact and climate change during the last 350 years recorded in a Swedish
raised bog deposit, Palaeogeography, Palaeoclimatology, Palaeoecology, 262: 1-31.
López-Moreno JI, Hess TM, White SM. 2009. Estimation of reference
evapotranspiration in a mountainous Mediterranean site using the Penman-Monteith
equation with limited meteorological data.Pirineos 164:7-31.
L., and Peters, A. 2003. Assessing vegetation response to droughtin the northern
Great Plains using vegetation and drought indices. Remote Sens. Environ. 87 (1):
85–98.
Nagler, P., Cleverly, J., Glenn, E., Lampkin, D., Huete, A., and Wan,Z. 2005.
Predicting riparian evapotranspiration from MODISvegetation indices and
meteorological data. Remote Sens. Environ.94 (1): 17–30.
Huete, A., Jackson, R., and Post, D. 1985. Spectral response of aplant canopy with
different soil backgrounds. Remote Sensing Environ. 17 (1): 37–53.
Zargar A, R Sadiq, B Naser, and F. I. Khan 2011 “A review of drought indices”,
Published by NRC Research Press, Environ. Rev. 19: 333–349
Niemeyer, S. 2008. New drought indices.Options Méditerranéennes.Série A:
SéminairesMéditerranéens, 80: 267–274.
Van-Rooy, M.P. 1965. A rainfall anomaly index (RAI) independent of time and space.
Notos, 14: 43–48.
Bhalme, H.N., and Mooley, D.A. 1980. Large-scale drought / floods and
monsoon circulation. Mon. Weather Rev. 108 (8): 1197–1211.doi:10.1175/15200493(1980)108<1197:LSDAMC>2.0.CO;2.
Bryant, S., Arnell, N.W., and Law, F.M. 1992.The long-term context for the current
hydrological drought.Institute of Water and Environmental Management (IWEM)
Conference on the management of scarce water resources. 13–14 October
Gommes, R.A., and Petrassi, F. 1994. Rainfall variability and drought in subSaharan Africa since 1960. Rome, Italy. 100 p.
Byun, H.R., and Wilhite, D.A. 1999. Objective quantification of drought severity and
duration. J. Clim. 12 (9): 2747–2756. doi:101175/1520-0442(1999)012<2747:OQOD
SA>2.0.CO;2.
González, J., and Valdés, J. 2006. New drought frequency index: Definition
and comparative performance analysis. Water Resour.Res. 42 (11): W11421.
doi:10.1029/2005WR004308.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

45

79

80
81
82
83
84
85
86
87
88
89

90
91
92
93
94

95

46

McKee, T.B., Doesken, N.J., and Kleist, J. 1993.The relationship of drought
frequency and duration to time scales.In Proceedings of the 8th Conference on
Applied Climatology, Anaheim, Calif. 17- 22 J anuary 1993.American Meterological
Society.
Tsakiris, G., and Vangelis, H. 2005. Establishing a drought index incorporating
evapotranspiration. European Water, 9 (10): 3–11.
Palmer, W.C. 1968. Keeping track of crop moisture conditions, nationwide: The new
crop moisture index.Weatherwise, 21 (4): 156-161.
Wells, N., Goddard, S., and Hayes, M.J. 2004.A Self-Calibrating Palmer
Drought Severity Index. J. Clim. 17 (12): 2335–2351.doi:10.1175/15200442(2004)017<2335:ASPDSI>2.0.CO;2.
Thornthwaite, C.W. 1948. An approach toward a rational classification of climate.
Geog. Rev. 38 (1): 55–94.
Thornthwaite, C. W., and Mather, J. R. 1955. The water balance Climatology, 8:
1–104.
Byun, H.R., and Wilhite, D.A. 1999. Objective quantification of drought severity and
duration. J. Clim. 12 (9): 2747–2756.
Narasimhan, B., and Srinivasan, R. 2005. Development and evaluation of Soil
Moisture Deficit Index (SMDI) and evapotranspiration Deficit Index (ETDI) for
agricultural drought monitoring. Agric. For. Meteorol. 133 (1–4): 69–88.
Meyer, S.J., Hubbard, K.G., and Wilhite, D.A. 1993. A crop-specific drought index for
corn. I: Model development and validation Agron. J. 85 (2): 388–395.
Meyer, S.J., and Hubbard, K.G. 1995. Extending the crop-specific drought
index to soybean.Preprints, Ninth Conference on Applied Climatology, American
Meteorological Society, Dallas, TX.pp.258–259.
Matera, A., Fontana, G., and Marletto, V. 2007.Use of a new agricultural drought
index within a regional drought observatory.In Methods and Tools for Drought
Analysis and Management.Edited by G. Rossi. Springer, Dordrecht, The
Netherlands. pp.103–124.
Zinoni, F., and Marletto, V. 2003. Prime valutazioni di unnuovoindice di
siccitàagricola. AtticonvegnoAiam 2003, 24–25 maggio 2003, Bologna, pp. 232–
238.
Narasimhan, B., and Srinivasan, R. 2005. Development and evaluation of Soil
Moisture Deficit Index (SMDI) and Evapotranspiration Deficit Index (ETDI) for
agricultural drought monitoring. Agric. For. Meteorol. 133 (1–4): 69–88.
Tucker, C. J. 1979. Red and photographic infrared linear combinations for
monitoring vegetation. Remote Sens. Environ. 8(2): 127–150.
Liu, H.Q., and Huete, A. 1995. A feedback based modification of the NDVI to
minimize canopy background and atmospheric noise. IEEE Trans. Geosci. Remote
Sens. 33 (2): 457–465.
Brown, J.F., Wardlow, B.D., Tadesse, T., Hayes, M.J., and Reed, B.C.2008The
Vegetation Drought Response Index (VegDRI): A new integrated approach for
monitoring drought stress in vegetation.GIScience and Remote Sensing, 45 (1):
16–46.
Kogan, F.N. 1995. Application of vegetation index and brightness temperature for
drought detection. Adv. Space Res. 15 (11): 91–100.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

96
97
98
99
100
101
102
103
104
105
106
107
108

109
110
111
112

Gao, B.C. 1996. NDWI – A normalized difference water index for remote sensing of
vegetation liquid water from space. Remote Sens. Environ. 58 (3): 257–266.
Sivakumar, M. V. K., Motha, R. P., Wilhite, D. A., and Wood, D. A.2011.Agricultural
Drought Indices — Proceedings of an Expert meeting. 219 pp.
Shafer, B., and Dezman, L. (1982). Development of a Surface Water Supply Index
(SWSI) to assess the severity of drought conditions in snowpack runoff areas.
Proceedings of the Western Snow Conference, pp. 164–175.
Weghorst, K. 1996. The reclamation drought index: guidelines and practical
applications. cedb.asce.org, ASCE, Denver, Colo.
Stahl, K. 2001. Hydrological drought-a study across Europe.Universitätsbibliothek
Freiburg.
Mendicino, G., Senatore, A., and Versace, P. 2008. A Groundwater Resource Index
(GRI) for drought monitoring and forecasting in a mediterranean climate. J. Hydrol.
(Amst.), 357 (3–4): 282–302.
Vasiliades, L., Loukas, A., and Liberis, N. 2011. A water balance derived drought
index for Pinios River Basin, Greece. Water Resources Management, 25(4): 1087–
1101.
Niemeyer, S. 2008. New drought indices.Options Méditerranéennes.Série A:
SéminairesMéditerranéens, 80: 267–274.
Kogan, F.N. 1990. Remote sensing of weather impacts on vegetation in nonhomogeneous areas. Int. J. Remote Sens. 11 (8): 1405-1419.
Kogan, F.N. 1995. Application of vegetation index and brightness temperature for
drought detection. Adv. Space Res. 15 (11): 91-100.
NDMC. 2011. Vegetation Drought Response Index. National Climatic Data Center.
http://drought.unl.edu/vegdri/VegDRI_Main.htm
NOAA. 2011. STAR—Global Vegetation Health Products. National Oceanic and
Atmospheric Administration (NOAA).<http://www.star.nesdis.noaa.gov/smcd/emb/
vci/VH/vh_browse.php>.
Cai, G., Du, M., and Liu, Y. 2011. Regional drought monitoring and analyzing using
MODIS data—A case study in Yunnan Province.In Computer and Computing
Technologies in Agriculture IV.Edited by D. Li, Yande Liu, and Y. Chen.Springer,
Boston.pp.243–251.
Lambin, E., and Ehrlich, D. 1995.Combining vegetation indices and surface
temperature for land-cover mapping at broad spatial scales.Int. J. Remote Sens. 16
(3): 573–579.
Prihodko, L., and Goward, S.N. 1997. Estimation of air temperature from remotely
sensed surface observations. Remote Sens. Environ. (3) 60:335–346
Rhee, J., Im, J., and Carbone, G.J. 2010.Monitoring agricultural drought for arid and
humid regions using multi-sensor remotesensing data. Remote Sens. Environ. 114
(12): 2875–2887.
Wan, Z., Wang, P., and Li, X. 2004. Using MODIS land surface temperature and
normalized difference vegetation index productsfor monitoring drought in the
southern Great Plains, USA. Int. J. Remote Sens. 25(1): 61–72.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

47

113

114

115

116

117

118
119
120
121
122
123
124
125

48

Wang, P., Li, X., Gong, J., and Song, C. 2001.Vegetation temperature condition
index and its application for drought monitoring.In Geoscience and Remote Sensing
Symposium,2001.IGARSSʼ01. IEEE 2001 International, Institute of Electricaland
Electronics Engineers (IEEE), pp. 141–143.
IPCC, 2014: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part
A:Global and Sectoral Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [Field, C.B.,
V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee,
K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S.
MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 1132 pp.
vanVliet, M.T.H., F. Ludwig, J.J.G. Zwolsman, G.P. Weedon, and P. Kabat,
2011: Global river temperatures and sensitivity to atmospheric warming
and changes in river flow. Water Resources Research, 47(2), W02544,
doi:10.1029/2010WR009198.
Rosenzweig, C., J.W. Jones, J.L. Hatfield, A.C. Ruane, K.J. Boote, P. Thorburn,
J.M. Antle, G.C. Nelson, C. Porter, S. Janssen, S. Asseng, B. Basso, F. Ewert,
D. Wallach, G. Baigorria, and J.M. Winter, 2013: The Agricultural Model
Intercomparison and Improvement Project (AgMIP): protocols and pilot studies.
Agricultural and Forest Meteorology, 170, 166-182.
Duguy, B., S. Paula, J.G. Pausas, J.A. Alloza, T. Gimeno, and R.V. Vallejo, 2013:
Effects of climate and extreme events on wildfire regime and their ecological
impacts. In: Regional Assessment of Climate Change in the Mediterranean, Volume
3: Case Studies [Navarra, A. and L. Tubiana (eds.)]. Advances in Global Change
Research Series: Vol. 52, Springer, Dordrecht, Netherlands, pp. 101-134.
Breda, N., and V. Badeau, 2008: Forest treeresponses to extremedrought
and somebioticevents: Towards a selectionaccording to hazardtolerance?
ComptesRendusGeoscience, 340(9-10), 651-662.
Kallis, G., 2008: Droughts. Annual Review of Environment and Resources, 33, 85118.
Büntgen, U., V. Trouet, D. Frank, H.H. Leuschner, D. Friedrichs, J. Luterbacher,
and J. Esper, 2010: Tree-ring indicators of Germansummerdrought over the last
millennium. Quaternary Science Reviews, 29(7-8), 1005-1016
Dai, A.G., K.E. Trenberth, and T.T. Qian, 2004: A global dataset of Palmer
DroughtSeverity Index for 1870-2002: Relationship withsoilmoisture and effects of
surface warming. Journal of Hydrometeorology, 5(6), 1117-1130.
Lloyd-Hughes, B., and M.D. Saunders, 2002: A droughtclimatology for Europe.
International Journal of Climatology, 22(13), 1571-1592.
van der Schrier, G., K.R. Briffa, P.D. Jones, and T.J. Osborn, 2006:
Summermoisturevariabilityacross Europe. Journal of Climate, 19(12), 2818-2834.
Beniston, M., 2009b: Trends in joint quantiles of temperature and precipitation
in Europe since 1901 and projected for 2100. GeophysicalResearchLetters, 36,
L07707.
Mariotti, A., N. Zeng, J.H. Yoon, V. Artale, A. Navarra, P. Alpert, and L.Z.X. Li,
2008:Mediterranean water cycle changes: transition to drier 21st century conditions
in observations and CMIP3 simulations. EnvironmentalResearchLetters, 3(4),
044001.

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

126 Corti, T., V. Muccione, P. Köllner-Heck, D. Bresch, and S.I. Seneviratne,
2009:Simulating pastdroughts and associated building damages in France.
Hydrology and Earth System Sciences, 13(9), 1739-1747.
127 Andersen, O.B., S.I. Seneviratne, J. Hinderer, and P. Viterbo, 2005:
GRACE-derivedterrestrial water storagedepletionassociatedwith the 2003
Europeanheatwave. GeophysicalResearchLetters, 32, L18405.
128 Fischer, E.M., S.I. Seneviratne, D. Lüthi, and C. Schär, 2007a: The
contribution of landatmospherecoupling to recentEuropeansummerheatwaves.
GeophysicalResearchLetters, 34, L06707.
129 Fischer, E.M., S.I. Seneviratne, P.L. Vidale, D. Lüthi, and C. Schär, 2007b:
Soilmoistureatmosphere interactions during the 2003 Europeansummerheatwave.
JournalofClimate, 20(20), 5081-5099.
130 Ciais, P., M. Reichstein, N. Viovy, A. Granier, J. Ogee, V. Allard, M. Aubinet, N.
Buchmann, C. Bernhofer, A. Carrara, F Chevallier, N. De Noblet, A. Friend, P.
Friedlingstein, T. Grunwald, B. Heinesch, P. Keronen, A. Knohl, G. Krinner, D.
Loustau, G. Manca, G. Matteucci, F. Miglietta, J. Ourcival, D. Papale, K. Pilegaard,
S. Rambal, G. Seufert, J. Soussana, M. Sanz, E. Schulze, T. Vesala, and R.
Valentini,2005: Europe-widereduction in primaryproductivitycaused by the heat and
droughtin 2003. Nature, 437(7058), 529-533.
131 Reichstein, M., P. Ciais, D. Papale, R. Valentini, S. Running, N. Viovy, W. Cramer,
A. Granier, J. Ogée, V. Allard, M. Aubinet, C. Bernhofer, N. Buchmann, A. Carrara,
T. Grünwald, M. Heimann, B. Heinesch, A. Knohl, W. Kutsch, D. Loustau, G. Manca,
G. Matteucci, F. Miglietta, J.M. Ourcival, K. Pilegaard, J. Pumpanen, S. Rambal,
S. Schaphoff, S. Seufert, J.F. Soussana, M.J. Sanz, T. Vesala, and M. Zhao, 2007:
Reduction of ecosystemproductivity and respiration during the Europeansummer
2003 climateanomaly: a joint flux tower, remotesensing and modelinganalysisGlobal
Change Biology, 13(3), 634-651.
132 Sheffield J and Wood E F 2008 Projected changes in drought occurrence under
future global warming from multi-model,multi scenario, IPCC AR4 simulations Clim.
Dyn. 31 79–105
133 Wilhite, D. A., 2000: Drought as a naturalhazard: Concepts and definitions. Drought:
A Global Assessment, D. A. Wilhite, Ed., Routledge, 3–18.
134 WMO, 1975: Drought and Agriculture. WMO Tech. Note 138, 127 pp.
135 Heim, R. R., Jr., 2000: Drought indices: A review. Drought: A Global Assessment, D.
A. Wilhite, Ed., Routledge, 159–167.
136 Burke, E.J., and S.J. Brown, 2008: Evaluating uncertainties in the projection of
future drought. Journal of Hydrometeorology, 9(2),292-299
137 Giorgi, F., (2006): Climate change hot-spots. Geophysical Research Letters,
33(L08707).
138 Giorgi, F., and X. Bi (2005), Updated regional precipitation and temperature changes
for the 21st century from ensembles of recent AOGCM simulations, Geophys. Res.
Lett., 32, L21715, doi:10.1029/2005GL024288.
139 IPCC 2007 Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change (Cambridge: Cambridge University Press) p 996

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

49

140 Gibelin A L and Deque M 2003 Anthropogenic climate change over the
Mediterranean region simulated by a global variable resolution model Clim. Dyn. 20
237–339
141 Giorgi F 2006 Climate change hot-spots Geophys. Res. Lett. 33 L08707
142 Ulbrich U et al 2006 The Mediterranean climate change under global warming
Mediterranean Climate Variability and Predictability ed P Lionello et al (Amsterdam:
Elsevier) pp 398–415
143 Giorgi F and Lionello P 2008 Climate change projections for the Mediterranean
region Glob. Planet. Change 63 90–104
144 Sheffield J and Wood E F 2008 Projected changes in drought occurrence under
future global warming from multi-model,multi scenario, IPCC AR4 simulations Clim.
Dyn. 31 79–105
145 Mariotti, A., N. Zeng, J.H. Yoon, V. Artale, A. Navarra, P. Alpert, and L.Z.X. Li, 2008:
Mediterranean water cycle changes: transition to drier 21st century conditions
in observations and CMIP3 simulations. Environmental Research Letters, 3(4),
Art.044001 (8 pp.)
146 Malo, A. R., and S. E. Nicholson, 1990: A study of rainfall and vegetation dynamics
in the African Sahel using normalized difference vegetation index. J. Arid Environ.,
19, 1–24.
147 Nicholson S. E. and M.L.Davenport, 1990. A Comparison of the Vegetation
Response to Rainfall in the Sahel and West Africa, using NDVI from NOAA AVHRR.,
Climatic Change 17:209-241
148 Nicholson S.E, davenport, L.L &Malo, A.R 1990, A comparison of the vegetation
response to rainfall in the Sahel and East Africa, using normalized difference
vegetation index from NOAA, AVHRR Climatic Change, 17(2), 209-241
149 Richard Y, &Poccard,I (1998) A statistical study of NDVI sensitivity to seasonal and
International rainfall variations in Southern Africa . International journal of Vegetation
Science, 5(5), 703-714
150 Wang, J., 2003 Temporal responses of NDVI to precipitation and temperate in the
central Great Plains, USA. International journal of Remote Sensing 24(11), 23452364.
151 Liu C.S, Shi, R H, Gao, W.,&Gao,Z,Q.2010. Application of MODIS time series data
for drought assessment in the East China In W.Gao, T.J.Jackson&j.Wang (Eds.)
remote sensing and modeling of Ecosystem for Sustainability Vii (Vol.7809);
152 Schultz,P.A.,&Halpert, M.S ( 1995) Global analysis of the relationship among a
vegetation index precipitation and land surface temperature. International Journal of
Remote Sensing 16(15),2755-2777
153 Nicholson S.E , 1990: The need for a reappraisal of the question of largescale
desertification: Some arguments based on consideration of rainfall fluctuations.
Report of the SAREC-Lund International Meeting on Desertification, December
1990, Lund,Sweden, 14 pp.
154 Erian W., B Katlan, B. oul.dbedy, H. Awad, E. Zaghtity and S Ibrahim, (2012).
“Agriculture Drought in Africa Mediterranean and Middle East, Background paper
prepared for the 2013 Global Assessment Report on Disaster Risk Reduction.
Geneva, Switzerland: UNISDR.

50

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

51

Moving From Drought Monitoring to Modeling and Mapping Drought Risk in Arab Region

