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1. Introduction

ABSTRACT

The historical region of Fertile Crescent (FC) was recently hit by an intense and prolonged drought episode
during the two hydrological years spanning between 2007 and 2009. Here, we characterize the temporal
and spatial extents of this extreme drought at the monthly and seasonal scales and perform a first assess-
ment on the associated impact in the hydro-meteorological fields, as well as the consequent influence
on vegetation dynamics and cereal productions.

This episode corresponds to the driest two-year case for the FC area since 1940, although just slightly
drier than the 1998-2000 drought. Precipitation decline was mostly noticeable over Iraq (up to 70%),
with the suppression of rainfall particularly acute during the first hydrological year (2007-2008). From
the meteorological perspective, winter and transition months were dominated by high pressures that
inhibited synoptic activity entering from the eastern Mediterranean and favoured relative north-easterly
winds and drier air masses with low convective instability.

The impact of the 2007-2009 drought in vegetation was evaluated with Normalized Difference Vegeta-
tion Index (NDVI) obtained from VEGETATION instrument. It is shown that large sectors of south-eastern
Turkey, eastern Syria, northern Iraq and western Iran present up to six months of persistently stressed
vegetation (negative NDVI anomalies) between January and June 2008. During the following dry year
(2008-2009) dry areas are restricted to northern Iraq with up to five months of stressed vegetation.
Finally we looked at the impacts on cereal production (wheat and barley) in the region and it is shown
that the major grain-growing countries in the area (Syria, Iraq and Iran) were significantly affected by
this drought, particularly in the year 2008.

© 2010 Elsevier B.V. All rights reserved.

The precipitation regime over the FC is characterized by a
strong seasonal behaviour, with a rainy season mostly concentrated

The historical region of Fertile Crescent area (FC, hereafter) was
recently hit by an intense and prolonged drought episode as a con-
sequence of the very low values of precipitation registered during
the two hydrological years comprised between 2007 and 2009. This
drought event had major socio-economic impacts in several coun-
tries located within the affected area, namely; Iraq, Jordan, Syria
and Iran. The economic impact was mostly due to the steep decline
in agricultural productivity in the highly populated areas of the
Euphrates and Tigris river basins (Shean, 2008a,b,c).
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between November and March. While the average precipitation in
transition months (e.g. April, May, October) has a small impact on
annual totals, summer (June to September) precipitation can be
considered irrelevant. Therefore, all major droughts in this region
are characterised by the lack of rainfall during several months of
the winter half of the year (e.g. Soltani et al., 2007). The occurrence
of droughts in this semi-arid region is a usual feature driven by its
precipitation regime, characterised by a strong inter-annual and
decadal variability (e.g. Morid et al., 2006; Freiwan and Kadioglu,
2008). Mountainous regions of eastern Turkey and northern Iraq
are vital because they induce orographic precipitation that supply
the flow of the Euphrates and Tigris rivers, which play a cru-
cial role feeding the Mesopotamia region since the beginning of
civilization (Evans et al., 2004) and could decrease dramatically
in the future (Kitoh et al., 2008). Furthermore, the movement of
pressure systems, such as the incursion of Mediterranean storm
track, the convective instability and the upslope flow all can con-
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tribute to the production of precipitation in the region (Evans et al.,
2004).

In this environment, natural vegetation and non-irrigated crops
are crucially dependent on soil moisture provided by seasonal
rains or springtime snowmelt. This dependence leads to quite
different vegetation activity levels on seasonal and inter-annual
time scales (Dall’lOlmo and Karnieli, 2002; Weiss et al., 2004).
Consequently, opportunistic annual species may appear rapidly
in response to humid condition of the soil and their greenness
is mainly related to recent precipitation (Zaitchik et al., 2007).
On the other hand, winter crops and persistent vegetation are
dependent on deeper reserves of soil moisture and their vegeta-
tive cycle is the result of the combined effect of precipitation (over
weeks and months), evaporation and in some regions, of tempera-
ture.

The strong dependence of vegetation dynamics on water avail-
ability has been for long recognized in the Mediterranean and
other semi-arid regions (Eagleson, 2002; Rodriguez-Iturbe and
Porporato, 2004; Vicente-Serrano and Heredia-Laclaustra, 2004;
Vicente-Serrano, 2007). A combined effect of lack of precipitation
over a certain period with other climatic anomalies, such as high
temperature, high wind and low relative humidity over a particular
area may result in reduced green vegetation cover. When drought
conditions end, recovery of vegetation may follow (Nicholson et al.,
1998) but such recovery process may last for longer periods of time
(Diouf and Lambin, 2001).

Traditional methods of drought assessment and monitoring
depend heavily on rainfall data as recorded in meteorological and
hydrological networks. However, the recent availability of reliable
satellite imagery covering wide regions over long periods of time
has progressively strengthen the role of remote sensing in environ-
mental studies, in particular in those related to drought episodes
(Kogan, 1995, 1997, 2000; Kogan et al., 2004; McVicar and Jupp,
1999, 2002; Gouveia et al., 2009). Drought early warning systems
and monitoring tools are crucial components of drought aware-
ness and mitigation plans (Wilhite, 1993). In fact, it should be
stressed that, with the help of environmental satellites, drought
episodes can be detected 4-6 weeks earlier than before and delin-
eated more accurately (Kogan, 2000; Gouveia et al., 2009). Over
the Middle East area a few satellite drought monitoring applica-
tions have been proposed for specific countries such as Iran (e.g.
Bajgiran et al., 2008). However to the best of our knowledge none
has dealt explicitly with the entire region and covering the out-
standing 2007-2009 drought episode. Thus the main objectives of
this paper are:

1. To characterize the temporal and spatial extent of this extreme
drought event for the two consecutive hydrological drought
years of 2007-2008 and 2008-2009 at the monthly and seasonal
scales.

2. To evaluate the impacts of this extreme drought episode using
appropriate satellite derived information relative to lake levels,
agricultural production, and vegetation greenness taking into
account different land cover settings.

Data and methodologies employed in this research are pre-
sented in Section 2; then, a detailed characterization of the
spatial and temporal extent of this drought event and the cor-
responding anomalous atmospheric circulation are described in
Section 3. Section 4 describes the impact of the drought in
vegetation dynamics and agricultural production. Finally, the dis-
cussion and main conclusions of results are presented in Section
5.

2. Methods
2.1. Precipitation dataset

The monthly precipitation dataset at 1.0° x 1.0° resolution, pro-
vided by the GPCC (Rudolf and Schneider, 2005) was used to
visualize the spatial extent of the 2007-2009 drought. This dataset,
freely available at the GPCC site (http://gpcc.dwd.de), has already
been used to analyse extreme dry precipitation episodes over
Europe (e.g. Rudolf and Meyer-Christoffer, 2005; Garcia-Herrera
et al,, 2007). The GPCC database covers the period from 1901
to present through two datasets: the so-called full data product,
available for the period 1901-2007 and the monitoring product
(version 2) from 2007 to present. The latter is based on quality-
controlled data from a station network database available via the
Global Telecommunication System (GTS) of the World Meteorolog-
ical Organization (WMO). The former is optimized for best spatial
coverage, although with irregular cover in time, after including
non-real-time data from a large number of stations provided by
national and regional centres. Therefore, the variable number of
stations per grid over time can suffer from inhomogeneity for
specific regions. After an exhaustive analysis based on the geo-
morphology, climatological precipitation regime and availability
of GPCC gauge stations over this region, the FC was defined as
represented in Fig. 1a. As a consequence, some grid points were
excluded from further analysis, namely the coastal regions (Israel
and Lebanon) with many more observations since the 1980s. For
the selected area, years before the 1940s were scarce in precip-
itation data (not shown). Therefore, the analyzed period will be
confined to the 70-year long period spanning between 1940 and
2009, for which at least 10 stations per month were available. Grid
points with at least one gauge station at any time of the analyzed
period are indicated with black points in Fig. 1a. Unfortunately,
the short record provided by the monitoring product dataset of
the GPCC (2007-2009) does not allow performing exhaustive com-
parative climatologies with the full dataset product (1901-2007).
However, a comparison of both datasets for their overlapping
year (2007) showed no significant differences over the selected
region.

The average precipitation field for the wet part of the year
(Oct-May) is shown in Fig. 1b where the large differences between
wet and dry regions within the FC region can be appreciated. FC
area can be broadly classified as a temperate semi-arid region, with
strong north-south precipitation gradient between wet mountain-
ous regime over Turkey and northern Iraq/Iran sector and the much
drier area of northern Saudi Arabia and southern Iraq. Equally, there
is a strong precipitation gradient on the E-W direction between the
Mediterranean coastal mountain ranges and the southern Iraq and
northern Saudi Arabia dry sector (Fig. 1b).

A slightly modified version of the standard definition of hydro-
logical year yr-yr+1 (i.e. the period spanning between September
of year yr to August of year yr + 1) will be used hereafter, taking into
account the concentration of precipitation in the extended winter
season. Therefore, our attention will focus on the short version of
the hydrological year between October and May in order to con-
centrate the analysis when it matters and not be distracted by dry
months (June-September). As an exception, analyses for the accu-
mulated precipitation during two consecutive hydrological years
yr-yr+2 will include all the months spanning between October of
year yr and May of year yr+2.

2.2. Atmospheric circulation variables
The analysis of the atmospheric circulation at the monthly

and seasonal scales over the Middle East sector (15°N-60°N lat,
15°E-75°E lon) relies on the NCEP/NCAR reanalysis, available
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Fig. 1. (a) Middle East region showing the delimited area of the FC (thick solid line)
based on 1° x 1° gridded precipitation data from the GPCC. Black dots highlight those
grid points within the FC with at least one gauge station available for a given lapse
time throughout the 1940-2009 period. Topography and major rivers in the region
are also shown; (b) 1940-2009 climatological monthly precipitation (mm) accu-
mulated for the hydrological year (i.e. between October and May). The FC area is
highlighted.

since 1948 (Kalnay et al.,, 1996). Geopotential height, tempera-
ture, humidity and zonal and meridional wind components at
different pressure levels are provided in a 2.5° x 2.5° regular grid.
Furthermore we have retrieved surface variables such as pre-
cipitable water. Besides these primary variables we have also
computed additional fields with the aim of helping to explain the
anomalous precipitation regime during the affected years. As a
measure of synoptic activity (storm tracks), the standard devia-
tion of high-pass (2-5 days) geopotential height daily fields at
500 hPa has been computed. The choice of the temporal window
was reduced from the typical one adopted in the Mediterranean
area (2-7 days), as many of the synoptic disturbances that affect
the area have shorter lifetimes. In order to characterise the
regional mechanisms capable of inducing precipitation two addi-
tional fields have been derived. The first one is the vertically
integrated moisture transport through the 1000-500 hPa layer
(e.g. Trenberth and Guillemot, 1995). The second choice is related
to the convective instability, defined as the equivalent potential
temperature difference between 1000 hPa and 500 hPa. The for-
mer provides a measure of the water content supply, whereas
the latter estimates the atmosphere’s tendency for vertical move-
ments.

2.3. Satellite vegetation health index

The response of vegetation to climate forcing was assessed with
fields of Normalized Difference Vegetation Index (NDVI), as derived
from images acquired by the VEGETATION instrument on-board
both SPOT 4 and SPOT 5 satellites. VEGETATION is an optical multi-
spectral instrument that performs an almost complete cover of the
Earth surface in four spectral bands, on a daily basis (Hagolle et al.,
2005). NDVI data were extracted from the so-called S10 products
of the VITO database (http://free.vgt.vito.be), which are supplied
at the resolution of 0.008928° (i.e. about 1km? resolution at the
equator) in geographic coordinates (Lat/Lon). We have restricted
the analysis to the region extending from 25°N to 48°N and from
33°E to 56°E and to the period that spans from September 1998 to
August 2009.

NDVI values were derived from atmospherically corrected and
geometrically calibrated data. Details on the corrections methods
can be found in Maisongrande et al. (2004). NDVI fields from VITO
are provided on a 10-day basis as derived using the Maximum Value
Composite method (MVC), which selects, for each pixel, the date
of maximum NDVI among 10 consecutive daily images (Holben,
1986). Time series of MVC-NDVI composites have proven to be
a source of valuable information for monitoring surface vegeta-
tion dynamics at the global and the regional scales (Zhou et al.,
2001; Lucht et al., 2002; Nemani et al., 2003). It is worth stress-
ing that choice of VGT-NDVI in detriment of longer NDVI datasets
(e.g. based on NOAA-AVHRR data) was motivated by the higher
resolution provided by the VEGETATION instrument which allows
a proper quantification of the land cover types associated to each
drought event.

2.4. Satellite surface water level

Water level time series for Lake Tharthar (Iraq) were obtained
with satellite radar altimetry from 3 consecutive satellite platforms
(Topex/Poseidon, Jason-1 and Jason-2). The Jason-2 or Ocean Sur-
face Topography Mission (OSTM) was launched on June 20, 2008.
It is the follow-on satellite to the Topex/Poseidon (1992-2002) and
Jason-1 (2002-2008) missions, and continues the observations of
surface water levels. A satellite radar altimeter is not an imaging
device, but a nadir-pointing instrument continuously recording
average surface ‘spot’ heights directly below the satellite, as it
transverses over the Earth’s surface. Operating at ~13.6 GHz, each
altimeter emits a series of microwave pulses towards the surface.
By noting the two-way time delay between pulse emission and echo
reception, the surface height can be deduced. Each returned height
value is an average of all surface heights found within the footprint
of the altimeter. Each satellite is placed in a specific repeat orbit, so
after a certain number of days the same point (to within 1 km), on
the Earth’s surface is revisited. In this way, time series of surface
height changes can be constructed for a particular location along
the satellite ground track during the lifetime of the mission.

Although their primary objectives are ocean and ice studies,
altimeters have had considerable success in monitoring inland
water bodies. In particular, the ability to remotely detect water
surface level changes in lakes and inland seas has been demon-
strated (Chen et al., 2001; Cretaux et al., 2005). Unhindered by time
of day, weather, vegetation or canopy cover, the technique has fur-
ther been applied to a number of rivers, wetlands and floodplains
in several test-case studies. Results demonstrate how submonthly,
seasonal, and inter-annual variations in height can be monitored.

Sensor and water surface level dataset characteristics are
given in detail in the USDA site (http://www.pecad.fas.usda.gov/
cropexplorer/global reservoir/index.cfm). As several correction
fields are still being finalized, the raw height time series should be
used carefully. Here we have used the smoothed version obtained
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Fig. 2. Accumulated monthly precipitation (expressed in percentage relative to the 1940-2009 normals) during the hydrological years: (a) 2007-2008; (b) 2008-2009; (c)
2007-2009; (d) 1998-2000. Only grid points with climatological accumulated precipitation above N x 10 mm are shown, where N is the number of months considered in

each case (8 months in a and b and 20 months in c and d).

after applying a median type filter to eliminate outliers and reduce
high frequency noise.

All monthly anomaly fields computed in this work were
obtained after removing the corresponding climatological normals
for the total available period, which comprise 1940-2009 for pre-
cipitation and 1948-2009 period for the rest of atmospheric data.
However, monthly NVDI anomalies are defined as departures from
the median of that month (computed over the full available period
1998-2009). The median (instead of the mean) was employed in
order to avoid the distorting effect caused by the extremely low
NDVI values that were attained during droughts years, taking into
account the small length of the sample (12 years).

3. Results and discussion
3.1. Spatial and temporal characteristics of the drought
3.1.1. Spatial context
As stated in Section 1, precipitation in the Middle East is almost

entirely observable between October and May (Fig. 1b), unusual
dry (wet) years being always characterised by less (more) than

normal precipitation during that core period. Therefore, to assess
the drought episode the accumulated precipitation percentages for
the hydrological year have been computed with respect to the
corresponding climatological (1940-2009) normals (Fig. 2). This
evaluation was done over the entire Middle East area, between
October 2007 and May 2008 (Fig. 2a), and between October 2008
and May 2009 (Fig. 2b). In order to avoid misleading results over
dry areas the percentage anomalies shown were restricted to those
areas with climatological monthly mean rainfall amounts above
10 mm/month (i.e. climatological accumulated precipitation above
80 mm for the October-May period).

It is immediately striking the intense decline in precipitation
during both years over the FC area, although this decline is not
confined to the FC region. The vast geographical area struck by this
intense drought episode extended from Israel (west) to Iran (east)
and Saudi Arabia Peninsula but was particularly severe over the
Iraq, Kuwait and northern Saudi Arabia territories. This decline is
stronger in the first hydrological year, surpassing 80% less rainfall
over central Iraq (Fig. 2a), and of the order of 70% less in the sec-
ond hydrological year (Fig. 2b). If we aggregate the two consecutive
hydrological years the emerging pattern falls in between, with sev-
eral grid points over Iraq characterised by extremely low values of
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Fig. 3. Time series of the monthly precipitation averaged over the FC area for the
2007-2009 period (grey bars). Dark (light) shaded curve comprises the 30th-70th
(10th-90th) monthly percentiles with the median in between (solid line) obtained
from the 1940-2009 precipitation time series.

precipitation and most of the FC area recording precipitation values
that were below 40% of its climatological normal (Fig. 2c). For the
sake of comparison, we also present the corresponding pattern rel-
ative to the previous major 2-year drought that took place between
1998 and 2000 (Fig. 2d), which was somewhat similar, although not
as intense in several grid points.

3.1.2. Temporal evolution

Besides the relatively widespread impact of this drought, its
temporal evolution over the years 2007-2009 deserves a more in
depth analysis. For this purpose we have averaged the precipita-
tion for the FC area previously defined (Fig. 1a) and the obtained
time series between January 2007 and December 2009 can be seen
in Fig. 3. In order to put these values into a longer context we
also present the climatological median and the 10th, 30th, 70th
and 90th percentile curves, all computed with the entire 70-year
period (1940-2009). Looking at each year it can be noted that the
winter-spring period of 2007 was relatively wet, with at least two
months (February and April) standing above the 70th percentile.
This is relevant because it helped to damp the first dry months of the
subsequent hydrological year. In fact, the two following hydrolog-
ical years are almost always below the average during the wettest

Fig. 4. Accumulated monthly precipitation averaged over the FC area during two
consecutive hydrological years (from October yr to May yr+2). Grey line indicates
the climatological mean evolution, with boxes (whiskers) representing the +0.5
sigma level (10th-90th percentiles) obtained from all consequtive pairs of hidro-
logical years between 1940 and 2009. Black line shows the corresponding evolution
for the 2007-2009 drought event. For the sake of comparison the two consequtive
most severe drought events within the 1940-2009 period are also indicated.

months, particularly between October 2007 and May 2008. How-
ever, this annual evolution was relatively distinct as during the
2007-2008 hydrological year every month presented values below
the 10th percentile of the long-term climatology (except January).
On the contrary, the second drought year starts with a relatively
wet autumn (SON) period (in accordance to Fig. 2b) followed by an
extremely dry winter, with values below or close to the 10th per-
centile, while spring 2009 although dry was not comparable with
the previous spring 2008.

It is worth noticing the double-year nature of this drought,
where the effects of the drought on the second hydrological year
(2008-2009) were enhanced by the magnitude of the previous
outstanding drought year (2007-2008). This fact is particularly
relevant for water resources management, as it highlights the
water-stressed level already present at the beginning of the
2008-2009 hydrological year. Naturally, despite the observed wet
October 2008, levels of soil moisture decreased continuously since
the end of 2007, reaching extremely low values at the end of spring
2009 with negative impacts on vegetation growth, as it will be
shown in Section 4.

With the aim of evaluating the rank of this prolonged drought
event we have computed the accumulated monthly precipitation
(averaged over the FC area) for the two consecutive hydrologi-
cal years, i.e. between October 2007 and May 2009 (Fig. 4). The
corresponding evolution of the associated climatological accumu-
lated monthly precipitation distribution for the FC region is also

Fig. 5. (a) Satellite image taken in 1990 by Landsat 5 of the Tharthar lake
with the orbital path depicted by white dots (figure obtained from USDA
site http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/index.cfm); (b)
series of the relative lake height for the 1993-2009 period (in m). Black line indi-
cates the monthly mean values. Thick straight lines represent the linear fit from the
monthly values of the two successive hydrological years (October yr-May yr +2) for
the 1998-2000 and 2007-2009 droughts. The slopes are shown in m/yr.
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Fig. 6. Seasonal composites of geopotential height at 500 hPa (lines), precipitable water (shaded) and 1000-500 hPa vertically integrated moisture transport (arrows) for:
(a) the five driest minus the five wettest DJFM years of the 1948-2006 period over the FC area; (b) as (a) but for ONAM; (¢) DFJM 2008; (d) ONAM 2008. Seasonal composites
in (c) and (d) are shown as anomalies relative to the 1948-2009 period. Precipitable water is expressed in percentage of normal values. Negative values of the 2-5 days
high-pass geopotential height standard deviation and convective instability are marked as vertical grey lines and white dots, respectively. Statistical significant differences

at p<0.1in(a) and (b) are indicated by thick contours.

shown using a standard whiskers plot. As expected, the deficit
grows steadily during the winter and spring months of both hydro-
logical years and presents a flat plateau during the summer months
(similar to the climatological average). At the end of the considered
period (May 2009) the accumulated precipitation (~230 mm)is less
than half of the mean value (about 470 mm), corresponding to the
lowest accumulated value in two consecutive hydrological years
since at least 1940. The second and third most important drought
events in two consecutive hydrological years are also represented
in Fig. 4, corresponding to the 1998-2000 (red) and the 1958-1960
(orange) events.

3.1.3. Lake level

Lake Tharthar is the largest lake in Iraq with an area of 2710 km?
and is located 120 km north of Baghdad, between the Tigris and
Euphrates rivers. The actual size of the lake varies between winter
and summer due to the highly seasonal precipitation (rainfall and
snow) regime affecting the mountainous heads of both Middle East
rivers in Turkey. Moreover, the inter-annual (and longer term) vari-
ability of the lake level can vary as a function of the dry-wet nature
of each hydrological year. Lake Tharthar configuration can be seen
in Fig. 5a as obtained in 1990 with Landsat 5. The orbital path of the
Jason-1 satellite is shown in this image, depicted by series of white
points.

The intra-seasonal and inter-annual variability of relative height
variations in lake Tharthar between early 1993 and late 2009 are
represented in Fig. 5b. This time series was obtained after aggre-
gating data from TOPEX/POSEIDON (T/P) and Jason-1 and Jason-2
altimetry with respect to a 10-year mean level derived from T/P
altimeter observations. One can notice the intense seasonal charac-

ter with peak (dip) lake level observed at the end of spring (autumn)
as a consequence of spring snow melt (the lack of precipitation
and others water supplies during the central months of the year).
Moreover, the existence of a few dams upstream of both Tigris and
Euphrates rivers will smooth eventual shorter frequency events
and introduce a delay on water flow arriving to lake Tharthar (Jones
et al,, 2008). However, the most prominent features in this figure
are indisputably the two prolonged negative trends in the lake’s
level, the first spanning between 1998 and 2001 and the second
having started in 2007 and still going at the end of 2009, with
water levels as low as those reached in 2002. The wet years of
2002-2004 allowed a noticeable recover in the water levels but
still considerably lower than those observed in the early 1990s.

3.1.4. Atmospheric circulation

This section aims at providing some highlights on the large-scale
features that characterized the drought years of 2007-2008 and
2008-2009 over Iraq. As explained before, the complexity of the
area determines different precipitation processes, most of them
involving Mediterranean storm tracks, convective precipitation
and orographic rainfall (e.g. Evans et al., 2004). In particular, oro-
graphic precipitation appears to be of prime importance windward
of the mountain chains surrounding the area (the Zagros Moun-
tains to the north-east and the Taurus mountains to the north),
where local terrain influences induce considerable higher values of
precipitation than at leeward sites.

Over the FC area, precipitation is mainly associated with storm
tracks approaching from the Mediterranean or strong convective
instability with water vapor supply. The former is the dominant
process during most of the winter (from December to March)
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Fig. 7. Land cover classification for the study area as obtained from the Global Land
Cover 2000 (GLC2000) database (http://www-gvm.jrc.it/glc2000).

and affect the region through two main paths: south of Turkey
into the Caspian Sea and Jordan-Syria into the Persian Gulf (Trigo
et al., 1999). In spite of the relative frequency of migratory sys-
tems (each 3-5 days), precipitation occurs with associated surface
frontal activity, which only accompanies the strongest lows. In par-
ticular, Cyprus lows produce more rain in this region than any other
type (e.g. Black sea and Atlas lows). As the season progresses into
spring, low systems move farther north until they no longer affect
the area (Trigo et al., 1999).

A secondary type of precipitation, observed through most of the
year, is related to waves or secondary troughs travelling along the
subtropical jet stream (STJ) and crossing northern Saudi Arabia.
Although they do not usually have surface fronts, south-easterly
onshore flows ahead of these systems allow moist, warm Persian
Gulf air to move inland, causing isolated thundershowers over the
Tigris—-Euphrates valley. Sporadically, other local moisture sources,
mainly the lakes in the center of Iraq can produce rainshowers.
In summer months this process does not usually produce measur-

able precipitation since the high temperatures evaporate raindrops
before they reach the ground.

It should be noted that most of the monthly precipitation is
usually associated to a few single precipitating events, even in win-
ter. Therefore, a single rainfall event may determine the monthly
precipitation totals and its associated circulation signal could be
masked at monthly or seasonal time scales. Thus, before char-
actering the large-scale features that characterized this drought
episode, seasonal composite differences between the five driest
and wettest years over the FC area have been computed in order
to assess whether the anomalous precipitation have associated cir-
culation signatures at seasonal scales. This diagnostic assessment
also provides an estimate of the relative contribution of individual
precipitation processes mentioned above, allowing for a better con-
textualization on the atmospheric circulation associated with the
recent drought. The composite fields have been derived separately
for the wet (December-March, DJFM) and the transitional months
(October-November-April-May, ONAM) of the hydrological year
using data between 1948 and 2006, i.e. excluding any data from the
2007-2009 drought episode. The analyzed variables include those
described in the Section 2.

Results obtained with the composite differences for winter
(DJFM) and transition months (ONAM) are shown in a compact for-
mat in Fig. 6a and b, respectively. The circulation anomaly pattern
in winter (transition) season reflects a zonal (meridional) height
dipole with higher-than-normal pressures centred over Turkey and
eastern Mediterranean (contours). As a consequence, winter syn-
optic transient activity during dry years is reduced over the main
Mediterranean cyclogenesis regions (vertical grey lines), including
the Mediterranean coastal sector but equally Jordan, Syria and to
a less extent Iraq. In transition months, the high pressure signa-
ture also reflects weaker synoptic activity but it is placed further
south than in winter (including Iraq and the entire Arabian Penin-
sula), which is suggestive of a reduced activity of the second type of
precipitation process (i.e. synoptic waves travelling along the STJ).
This is supported by the associated moisture fluxes, which are also
different between seasons, as shown by the arrows. In wet win-
ters, the moisture flux reaching the FC area arrives essentially from
the eastern Mediterranean and then turns northward and backs to
Europe, thus picturing a dominant cyclonic circulation. In wet tran-
sition months, water vapor fluxes are supplied by the Persian Gulf
and south-easterly winds affect the FC. All these low-level humid-
ity fluxes are suppressed in dry years and hence, the potential for
convection is also reduced, as indicated by anomalous negative val-
ues of CI (white dots). To a certain extent all these processes seem
to contribute to a significant reduction of the PW content during
dry years (shaded areas).

It should be stressed that some of the anomaly patterns are
only locally significant, which, in addition to the low sample size,
seems to support the importance of monthly and submonthly pro-
cesses. Nevertheless, seasonal composites highlight appreciable
signatures and seasonal differences in the mechanisms conductive
to precipitation.

Regarding the seasonal composites of the 2007-2009 drought
episodes, they reveal a diversity of patterns, but all of them
unfavourable for the precipitation mechanisms described before.
For the sake of simplicity, we restrict the analysis to a few sea-
sons corresponding to the hydrological year 2007-2008, i.e. the
driest one, as shown here (Fig. 6¢ and d). Vast sectors with high
pressures tended to dominate the lower troposphere over large
areas spreading through the Middle East and north of it, whereas
surface temperatures where above (below) average in transition
(winter) months (not shown). Synoptic activity was also weaker
than average over the key surrounding areas associated with pre-
cipitation in FC, namely, eastern Mediterranean and the latitudinal
band encompassing Egypt and northern Saudi Arabia. During both
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Fig. 8. Spatial distribution of the month with maximum annual mean NDVI, as obtained from monthly average SPOT-VEGETATION data (left panel) and the maximum
vegetation greenness, as represented by the NDVI value for the monthly maximum obtained in the left panel (right panel).

seasons, moisture fluxes over the affected area had a relative east-
erly or north-easterly component as compare to the climatology,
and hence, dry advection fluxes from Iran and Russia were fre-
quent, leading to significant reductions in the PW content. The

occurrence of relative easterly or north-easterly winds is typical of
high pressures over Turkey and the Caspian Sea (clearly observed
through most of the hydrological year), which bring dust-free dry
air masses into the area. The dry conditions also favoured low

Fig. 9. NDVI anomalies from February to May of the 2007-2008 hydrological year.
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potential equivalent temperatures at 1000 hPa and a weaker-than-
normal convective instability. These signatures are in agreement
with the typical ingredients associated to drought episodes in the
FC (Fig. 6a and b). Some differences emerge, though. For instance,
the outstanding displacement of the high pressure system into cen-
tral Saudi Arabia may have contributed to the exceptional seasonal
drought (DJFM 2008 was a record-breaking low value).

4. Drought impact on vegetation
4.1. Vegetation dynamics

The land cover types reflect the precipitation regime in the area,
characterized by the aforementioned meridional precipitation gra-
dients (Fig. 1b). Information about the land cover type associated to
each pixel is also provided (Fig. 7), as obtained from the Global Land
Cover 2000 (GLC2000) database (http://www-gvm.jrc.it/glc2000).
The main land cover types correspond to the forest and agricul-
ture cover types in the north (between the Caspian and Black seas)
and the crops, grassland-shrubland and desert in the FC region.
Non-irrigated crops planted in the dry inland areas are particularly
sensitive to the significant inter-annual precipitation variability
that affects the area, becoming a key factor on crop yields and pro-
ductivity (Schmidt and Karnieli, 2000; Weiss et al., 2001). In order
to assess the impact of drought conditions upon the FC vegetation
dynamics it must be noted that the annual cycle of vegetative cycle
peaks at different times of the year depending on the land cover
type. This seasonal dependence is shown in Fig. 8 (left panel), where
we present the spatial distribution of the month corresponding to
the maximum of the annual NDVI cycle as derived from monthly
average SPOT-VEGETATION data. Pixels corresponding to bare soil,
according to GLC2000 classification (Fig. 7) have been masked and
represented in light gray.

In order to concentrate the analysis of the drought impact on
vegetation we will restrict the assessment to the box represented in
Fig. 8 (left panel) that corresponds broadly to the FC region. There-
fore, a combined analysis of Figs. 7 and 8 shows that agriculture
fields in the northern region correspond to late spring and sum-
mer cultures (southern Turkey), while those located further south
are mostly winter and early spring crops (notably in northern Syria
and Iraq). Additionally, one must take into account the phenology
and density of vegetation associated to the monthly peak value as
represented by the NDVI value (Fig. 8, right panel). Forests in the
mountains of Turkey are characterized by high NDVI values, with
vegetation intensity peaking in early summer. The agricultural pat-
terns in the FC (grossly represented by the box in Fig. 8, left panel)
are quite different, being limited by summertime dryness rather
than wintertime frost.

Our results on land cover greenness sensitivity are in good
agreement with those from Zaitchik et al. (2007). These authors
have shown that the inter-annual variability in vegetation is larger
along the southern edge of the Fertile Crescent, represented in red
in Fig. 8 (left panel), with grain crops and forage material grow-
ing up in the wet years but disappearing completely in a drought
year. They have also analyzed the nature of climate-driven vari-
ability using AVHRR data in conjunction with meteorological fields
(precipitation and temperature) for different seasons. They have
found that NDVI for the FC region is mostly dependent on the win-
ter precipitation, although the northern Iran is also dependent on
wintertime temperatures.

4.2. Spatial assessment

The evolution of monthly anomaly fields of NDVI should focus
in months characterized by higher photosynthetic activity within

Fig. 10. Number of months between January and June with NDVI anomaly values
below —0.010, for 2008 (top) and 2009 (bottom).

the FC area, i.e. from February to May (Fig. 9). The highest negative
anomalies (around —0.10) are found in April 2008 and remain with
slightly low values and in a small region in May. The most affected
region corresponds broadly to the northern FC sector, being less
intense over the Mediterranean mountainous area and the Tigris
and Euphrates basin in Iraq. It should be noticed that the heads of
both Tigris and Euphrates received a relative good amount of water
(see Fig. 2) partially offsetting the meteorological dryness over Iraq
regions lying along their course. Finally, itis worth stressing that the
observed negative NDVI anomalies are contemporaneous with the
period of high photosynthetic activity, leading to a further amplifi-
cation of the negative impact on vegetation dynamics and therefore
to an even larger drought impact.

Based on the methodology previously developed by Gouveia et
al. (2009) for western Iberia we have also evaluated drought per-
sistence by simply counting, for each pixel, the number of months
within the hydrological year with NDVI anomalies lower than a
predefined threshold (Fig. 10). The referred methodology should
be adapted to different regional settings. Therefore, taking into
account the low range of NDVI anomalies we have set the thresh-
old to —0.01, appreciably lower than the —0.025 considered over
Iberia. On the other hand, the annual cycle of vegetation dynamics is
roughly three months offset from the precipitation cycle and hence,
the hydrological year definition does not apply here. Thus, instead
of eight months (from October to May), we have only considered
a maximum accumulation of up to six months (from January to
June), which encloses those months with relevant vegetation activ-
ity (Fig. 8, left panel). As for the case of the hydrological year,
the period with negative NDVI anomalies is also smaller than that
obtained for western Iberia (from September to August, Gouveia et
al., 2009).

In the case of the 2007-2008 drought year, pixels located over
south-eastern Turkey, eastern Syria, northern Iraq and western Iran
reveal up to six months of persistently stressed vegetation, i.e.
between January and June 2008 (Fig. 10, upper panel). When we
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Fig. 11. As in Fig. 9, but for 1999 (top) and 2000 (bottom).

consider the 2008-2009 drought year, the most affected region is
smaller, being restricted to northern Iraq, although still revealing
a considerable area with up to five months of stressed vegetation
(Fig. 10, lower panel).

In order to provide an objective comparison with previous major
drought events we have applied the same methodology to the
drought years of 1998-1999 and 1999-2000 (Fig. 11), which cor-
respond to the second driest prolonged event in record (see Fig. 4).
Generally, the cumulative impact was one month shorter than the
one observed for 2007-2008. Nevertheless, the intensity and spatial
extent of this prolonged drought event was similar to that dis-
played by the recent episode. In the case of the 1998-1999 drought
year, pixels located over north-eastern and south-western Syria,
north Iraq, Jordan and Israel reveal up to five months of persis-
tently stressed vegetation between January and June, this pattern
exhibiting some resemblance to the hydrological year 2008-2009.
However, in the case of the following 1999-2000 drought year,
a much vaster region is under prolonged vegetative stress (up to
five months), spreading from northern Syria and Iraq to southern
Turkey.

4.3. Land cover sensitivity

We have also compared the vegetation response to water stress
relative to different land cover types, for the two major drought
episodes of 1998-2000 and 2007-2009 (Table 1). The analysis is
confined to pixels located inside the square box represented in Fig. 8
(left panel) that were affected by drought (i.e. those pixels with
at least five out of six months of negative NDVI anomalies for the
January-June period, Fig. 9). The use of percentages allows a more
straightforward comparison between relative affected areas asso-
ciated with each land cover. However, one should be aware on the
larger extension of affected area during the years 2000 and 2008 as
given by the total number of affected pixels (Table 1, last row). For
all drought years, sparse vegetation represents more than half of all

Table 1

Relative proportions and total amounts of pixels affected by drought (for at least
five months) for different land cover types and relative to year 1999, 2000 and also
2008, 20009.

1999 2000 2008 2009
Shrub 0.12 0.22 0.16 0.11
Sparse 0.55 0.44 0.56 0.69
Cultivated 0.16 0.26 0.20 0.09
Mosaic  0.14 0.05 0.07 0.10
Other 0.02 0.03 0.01 0.01
Total 1.00(42,553) 1.00(192,303) 1.00(206,944) 1.00 (63,319)

pixels, with the exception of 2000 (44%). The highest percentage
of sparse vegetation affected by prolonged drought can be found
in 2009 with almost 70% of the affected pixels belonging to this
cover type. The following two most represented land cover types
are shrub and cultivated-managed areas, with values of affected
area between 10% and 20%, except for the year 2000 when both
land covers contribute with more than 20% each. The fourth veg-
etation type corresponds to the mosaic of crops/shrub/grass with
percentages lower than 10% and the exception of 1999 (14%).

The cumulative effect of drought conditions on the four types
of vegetation was further analysed on the basis of the relative
proportion of pixels of each vegetation type that remained neg-
ative (NDVI anomalies below —0.010) for three to five months.
Results are presented in Table 2 and important differences may
be found among the two-year drought episodes. Focusing on the
percentage of pixels affected for at least five months, the mosaic
crop/shrub/grass was clearly the most stressed vegetation type in
1999 (35%), whereas in the case of the 2000 drought year, 47%
of cultivated-managed area suffered from the dry conditions. The
exceptional impact of the 2008 drought year on sparse vegetation
is well illustrated by the fact that more than half of the pixels
are affected for at least five months. The remaining vegetation
types considered are also affected for at least five months over
circa 40% of pixels. During the 2009 drought year, sparse vege-
tation was again the most affected land cover type, with around
40% of the pixels being affected. Therefore, whereas the 1998-2000
event impacted on different types of vegetation types, sparse veg-
etation was severely struck in two consecutive years during the
2007-2009 episode, thus increasing the negative effects of this
prolonged drought.

Table 2
Cumulative effect of drought conditions for specific land covers types during the
drought year 1999, 2000 and also 2008, 2009.

Total >3 >4 >5

1999

Shrub 44,723 100% 31% 12%

Sparse 116,989 100% 46% 20%

Cultivated 58,583 100% 33% 12%

Mosaic 16,805 100% 69% 35%
2000

Shrub 101,199 100% 71% 42%

Sparse 193,364 100% 72% 43%

Cultivated 104,892 100% 70% 47%

Mosaic 29,533 100% 70% 35%
2008

Shrub 86,402 100% 64% 39%

Sparse 219,182 100% 77% 53%

Cultivated 100,022 100% 64% 41%

Mosaic 32,182 100% 73% 44%
2009

Shrub 26,608 100% 53% 26%

Sparse 108,512 100% 69% 40%

Cultivated 24,856 100% 45% 23%

Mosaic 19,517 100% 63% 34%
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Fig. 12. Inter-annual variability of cereal production between 1980 and 2009 for
wheat (bottom panel) and barley (top panel) productions. Time series relative to
Iran (red), Iraq (green) and Syria (blue) are represented. Production values obtained
from the FAO site (http://faostat.fao.org) (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.).

4.4. Cereal production

Drought analysis in semi-arid regions is especially important,
because they tend to induce large economic losses (Morales et
al., 2000; Iglesias et al., 2003), mostly associated to the strong
dependence of the regional economy and society on agriculture
production (Vicente-Serrano, 2006). As explained above, the most
affected regions by the drought are eastern Syria and northern Iraq
and Iran, which correspond to the major grain-growing areas of
these countries. With the exception of the irrigated areas within
the Euphrates and Tigris basin, the vast majority of crops in these
regions are non-irrigated and thus dependent on winter precipita-
tion. Dry conditions during the plantation period cause crops failure
due to lack of water during the germination of the seeds.

Inter-annual variability of cereal production is depicted in
Fig. 12 with wheat (bottom panel) and barley (top panel) pro-
ductions for Iran (red), Iraq (green) and Syria (blue) from 1980 to
2009. Values of annual production were obtained from the appro-
priate FAO site, i.e. FAOSTAT (http://faostat.fao.org). The impact of
drought is clearly visible during the years 2000 and 2008 in both
wheat and barley productions, with significant socio-economic
losses in the affected countries (Shean, 2008a,b,c). The exception-
ality of the 1999-2000 and 2008-2009 drought events is once
again evident with larger than usual dips in production curves
during these two-year events. These declines are obviously asso-
ciated with both the extension and persistence of the drought,
and the fact that both prolonged droughts affected vast amounts
of cultivated area, including those responsible for the most rele-
vant cereal productions in the FC (wheat and barley). When the
whole two-year events are considered, the agricultural impacts of
the 2007-2009 drought emerges especially severe in Iraqg compared
to the 1999-2000 drought, and more acute in barley production,
whereas Syria and Iran production levels remained similar or even
higher than those for the 1998-2000 drought. As most of the cul-
tivated land cover within the FC box of Fig. 8 belongs to the Iraq
territory (Fig. 7), it can be concluded that the 2007-2009 drought
event was similar but relatively more harmful in cereal production
than the 1998-2000 event. This is confirmed by the two-year aver-
aged proportion of cultivated-type pixels affected by each drought
(Table 2), which represents 32% for the 2007-2009 drought and
below 30% for the 1998-2000 event.

5. Summary and conclusions

Droughts are relatively recurrent phenomena in the FC region,
nevertheless prolonged and intense episodes such as the recent
2007-2009 drought can seriously affect the access to crops and
food for a large population in this area. It is thought natural that a
large percentage of the relatively sparse literature dealing with FC
climate is devoted to a better characterization of droughts from a
meteorological (e.g. Morid et al., 2006; Soltani et al., 2007), hydro-
logical (e.g. Jones et al., 2008; Kitoh et al., 2008) or vegetation (e.g.
Zaitchik et al., 2007; Bajgiran et al., 2008) perspective. Additionally,
regional modelling studies tend to focus on dynamical capacity to
reproduce dry/wet years dichotomies (Evans et al., 2004; Zaitchik et
al., 2007), or improve statistical seasonal forecast of drought events
(Soltani et al., 2007; Morid et al., 2007). Interestingly, the major-
ity of these studies have looked in some detail at the last major
prolonged drought that took place in the area, i.e. the 1998-2000
episode.

In this work we have made an effort to characterise in detail the
outstanding strength of the recent prolonged 2007-2009 drought
episode over the Middle East but with particular focus on most of
the Fertile Crescent region. The study was broadly divided in two
parts, with the first half aiming to provide an overview on the tem-
poral and spatial amplitude of the event, as well as the atmospheric
circulation anomalies leading to it, and the second half focusing on
the impact of such unusual conditions on the vegetation dynamics
and cereal production in the region.

After ranking all two-year drought events it becomes evident
that this episode corresponds to the driest case for that area since
1940, albeit falling relatively close to the 1998-2000 event. Large
sectors of Iraq received less than 40% of the average precipita-
tion for those two years, although the suppression of rainfall was
felt more acutely in the first hydrological year. An analysis on
the associated large-scale atmospheric circulation provided some
hints on the physical driving mechanisms responsible for such
an unusual sequence of dry months. The wet months (ONDJF-
MAM) in both years were dominated by high pressures albeit
with considerably different configurations in core winter (DJF) and
transitional (ONAM) months. Naturally, these high pressure con-
figurations inhibited synoptic activity entering FC from the eastern
Mediterranean. Moreover, moisture fluxes over the affected area
presented an easterly or north-easterly component, i.e. dry air
masses were consistently advected from Iran and Russia. Finally,
dry conditions also favoured low potential equivalent temperatures
at 1000 hPa and a weaker-than-normal convective instability. It
should be stressed that large-scale atmospheric circulation anoma-
lies at the seasonal (or monthly) scales present a less clear picture
than for other major droughts observed in middle latitude, such
as Iberia (e.g. Garcia-Herrera et al., 2007). Nevertheless, seasonal
composites highlight appreciable signatures and seasonal differ-
ences that are in agreement with an inhibition of the mechanisms
conductive to precipitation. It has been shown that Mediterranean
and Middle East precipitation regimes are partially influenced by
the occurrence of El Nifio and La Nifia events (Mariotti et al., 2005).
However, this influence is only significant during autumn, there-
fore failing to be incorporated as a useful predictor in statistical
drought models developed for the area (e.g. Morid et al., 2007).

In the second part we looked at the evolution of monthly
anomaly fields of NDVI, with the highest negative anomalies being
found in April 2008 and affecting a region that corresponds to the
northern sector of FC, being less intense over the eastern Mediter-
ranean coastal mountainous area and the Tigris and Euphrates
basin within Iraq. The evaluation of the accumulated number of
months with negative NDVI values is particularly impressive dur-
ing the first drought year (2007-2008) with pixels located over
south-eastern Turkey, eastern Syria, northern Iraq and western
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Iran presenting up to six months of persistently stressed vege-
tation between January and June 2008. The second drought year
(2008-2009) presents smaller affected region restricted to north-
ernIraq, although still with up to five months of stressed vegetation.
Finally we looked at the impacts on cereal (wheat and barley) pro-
duction in the region. According to data provided by FAO, all three
major cereal dependent countries in the area (Syria, Iraq and Iran)
were deeply affected by this drought, particularly in the year 2008.
The impact of drought is clearly visible in both wheat and bar-
ley productions, with significant economic losses in the affected
countries.

The FCregion is located at the eastern end of the Mediterranean
basin, a region characterised by decreasing precipitation and river
flow in the last few decades (Mariotti et al., 2008). The occur-
rence of the two strongest prolonged droughts in the last decade
raises some concerns that this could become the norm, rather than
the exception, in the future. In fact, according to the recent liter-
ature dealing with climate scenarios for the area, this tendency
to dryness is expected to increase. According to the latest IPCC
report (Christensen et al., 2007) most studies based on global and
regional climate models suggest that the Mediterranean area will
register a general trend towards less precipitation during the 21st
century (e.g. Gibelin and Deque, 2003; Giorgi and Lionello, 2008).
These results were also confirmed using the Earth-Machine Simu-
lator, i.e. the highest resolution GCM available (Kitoh et al., 2008).
The combined effects of this future precipitation decrease and the
widely accepted future increment in the surface temperature on
the Mediterranean (Christensen et al., 2007) will bear important
changes in the region’s hydrological water cycle.

The strong seasonal and inter-annual variability of vegetation
in most semi-arid regions is a subject of particular interest due to
the ecological and economic impacts. In particular, the high sen-
sitivity of vegetation to climate forcing may result in rapid land
use changes and high vulnerability to land degradation, as result
of human action (Evans and Geerken, 2004). Over longer periods,
small changes may have a considerable impact on the viability of
agricultural and pastoral systems (deMenocal, 2001; Hole, 1994;
Weiss and Bradley, 2001).
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