DETERMINATION OF THE CHANGES OF DROUGHT OCCURRENCE IN
MIDDLE EAST AND NORTH AFRICA USING REGIONAL CLIMATE
MODELING

by
Fatma Sibel Sayg |
B.S., Physics, Middle East Technical University, 2013

Submitted to the Institute for Graduate Studies in
Science and Engineering in partial ful llment of
the requirements for the degree of

Master of Science

Graduate Program in Computational Science and Engineering
Bogazici University
2017



ACKNOWLEDGEMENTS

I would like to start with expressing my deepest appreciation and respect
to my thesis advisor, Prof. M. Levent Kurnaz, who has been the source of my
motivation from day one through his in nite love, passion and enthusiasm for his
job. I am immeasurably grateful for his generous guidance and support through my
master’s and his understanding towards his students. It has been a great pleasure

studying with him and I thank him from the bottom of my heart.

I thank my IKLIMBU family, Kamil Collu, Tugba Ozturk, M. Tufan Turp,
Nazan An, Abdullah Akbas, Cemre Kassara, Alkor Ezer, and my dearest, closest
friend F. Busra Deler for walking with me on this road to contribute saving our

only home yet, the cutest planet ever, lovely Earth.

I thank The Turkish Foundation for Combating Soil Erosion, for Reforestation
and the Protection of Natural Habitats (Turkiye Erozyonla Mucadele, Agacland rma
ve Dogal Hayat Koruma Vakf ) for their support for my thesis and expess my ap-

preciation for all their activities in Turkey.

I would like to thank my dearest family Huseyin Sayg | , Nurcan Sayg | , Serdar
Sayg | and Simge Sayg | who have always supported and been there for me through

my life. My love for them is indescribable.

I would also like to thank my lovely people Aycan Arac , Cagr Kemal Tuzer,
Didem Tek, llknur Ozcak roglu, Ahu Senem Demiroz, Ahu Senem Demiroz, Didem
Bozkurt, Merve Yavuz, Ali Sinanoglu, Can Kayabek, Berk Ayd n and my lovely

creatures Kahve and Bulut for their support and friendship.

Life makes me a very happy person thanks to all of you in my life.



ABSTRACT

DETERMINATION OF THE CHANGES OF DROUGHT
OCCURRENCE IN MIDDLE EAST AND NORTH
AFRICA USING REGIONAL CLIMATE MODELING

The Middle East and North Africa (MENA) region has many nations which
are among the most vulnerable to drought and any possible reduction in precipi-
tation. Along with the growing populations in the region, the need for freshwater
both for domestic and agricultural uses increase tremendously. However, with the
unprecedented CO, increase in the atmosphere since the industrial revolution, the
climate of the Earth is changing and MENA region is foreseen to face even worse

problems in terms of lack of freshwater.

This study is aimed to determine the future changes of the intensity and
frequency of drought occurrences and to provide an early warning system for the
countries in the region to better prepare for the possible severe drought conditions.
Therefore, rstly the outputs of the MPI-ESM-MR global climate model of the Max
Planck Institute for Meteorology are downscaled to 50km for the MENA region by
using the Regional Climate Model (RegCM4.4) of the Abdus Salam International
Centre for Theoretical Physics (ICTP). To make the future projections for the
period 2071-2100 with respect to the 1971-2000 reference period, the worst case
emission scenario RCP8.5 is used. Thereafter, the two most useful indices in terms of
drought probabilities, the Standardized Precipitation Index (SPI) and Standardized
Precipitation Evapotranspiration Index (SPEI) values are calculated to create the

spatial distribution maps, which show the changes of drought probabilities.



OZET

BOLGESEL IKLIM MODELLEME KULLANILARAK
ORTA DOGU VE KUZEY AFRIKA KURAKLIK
DEGISIMLERININ BELIRLENMESI

Orta Dogu ve Kuzey Afrika (MENA) kurakl ga ve yag sta meydana gelebile-
cek azalmalara en hassas olan uluslara sahip bolgedir. Bolgede artan nufusla bir-
likte hane ve tar msal kullan m icin tatl su ihtiyac muhtesem olcude artmaktad r.
Endustri devriminden itibaren atmosferdeki emsalsiz CO, art s yla Dunya’n n ik-
limi degismekte ve MENA bolgesinin tatl su anlam nda daha da kotu problemlerle

kars lasacag ongorulmektedir.

Bu cal smayla kurakl k olusumlar n n siddeti ve frekans ndaki gelecek degisim-
lerin belirlenmesi ve bolgedeki ulkelerin olas siddetli kurakl k kosullar na daha iyi
haz rlanabilmesi icin erken bir uyar sistemi saglanmas amaclanm st r. Bu sebe-
ple ilk olarak Max Planck Enstitusu’nun MPI-ESM-MR kuresel iklim modelinin
c kt lar Abdus Salam Uluslararas Teorik Fizik Merkezi (ICTP)’nin Bolgesel 1klim
Modeli (RegCM4.4) kullan larak 50 km cozunurluge dusurulmustur. 1971-2000
referans donemine gore 2071-2100 donemi gelecek projeksiyonlar icin en karam-
sar emisyon senaryosu RCP8.5 kullan Im st r. Daha sonra kurakl k olas | klar an-
lam nda en kullan sl iki indis olan Standartlast r Im s Yag s Indisi (SPI) ve Stan-
dartlast r Im s Yag s Evapotiranspirasyon Indisi (SPEI) degerleri hesaplanarak ku-

rakl k olas | klar ndaki degisimleri gosteren alansal dag | m haritalar cizilmistir.
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1. INTRODUCTION

Climate change is one of the most signi cant problems human beings have ever
encountered with. After the industrial revolution, greenhouse gas emissions have
reached the highest levels of at least 800,000 years with an unprecedented speed.
This speed made it almost impossible to adapt to this change for almost all living
things. Due to the rising greenhouse gas emissions, the atmosphere and the oceans
are warming, the glaciers are shrinking almost worldwide, the total amount of snow
and ice in Greenland and Antarctic is diminishing and the sea level is rising. While
the warming of the climate system is unequivocal, it has been a ecting biosphere
in every possible way and therefore a ecting all ecological, social and economic

systems.

Coming along with the global warming, climate change shows its e ects di er-
ently in di erent locations on Earth. While some regions get warmer, some regions
get colder. While precipitation increases to dangerous levels leading to oods in
some regions, some regions face the threat of severe droughts and some experience
both. Since drought is a direct threat to all vital activities, it is crucial to deter-
mine the location, duration and severity of the drought and to take the necessary

measures in a way that the particular region needs.

Drought events are categorized in the literature depending on their severity
and duration. The rst one of these is the meteorological drought, which is the
beginning of all drought events, and it starts with a decline in precipitation, contin-
ues till the groundwater decreases with the rise in evaporation due to the elevated
temperatures. Then agricultural drought starts with a decline in soil moisture and
pressure on agricultural products arises due to the inadequacy of the minimum wa-
ter capacity needed by plants. The part where the drought reaches really dangerous
levels is when the hydrological drought occurs and its economic, social and envi-

ronmental consequences are inevitable. As a result of hydrological drought, severe



degradations in supply-demand balances may arise and then lead to socio-economic

drought.

Since drought is a disaster that starts slowly and continues slowly, it is di -
cult to detect and monitor the drought and to determine its severity. Throughout
the years, scientists have discussed which drought index could be used for which
application in a particular climate. In 2009, 54 delegates representing 22 coun-
tries met at the Inter-Regional Workshop on indices and Early Warning Systems
for Drought held at the University of Nebraska in the United States with the joint
sponsorship of the United States Department of Agriculture (USDA), the United
Nations Framework Convention to Combat Deserti cation (UNCCD), University of
Nebraska-Lincoln, School of Natural Resources (SNR), the National Drought Miti-
gation Center (NDMC), the World Meteorological Organization (WMO), National
Oceanic and Atmospheric Administration (NOAA). They reviewed the drought in-
dices used to describe meteorological, agricultural and hydrological droughts in
di erent parts of the world and agreed on the need for a standardized index de-
scribing di erent droughts. The scientists at the workshop recommended the use
of Standardized Precipitation Index (SPI) by all National Meteorological and Hy-
drological Services (NMHSs) to identify the characteristics of the drought along
with the other drought indices [1]. Along with the fact that WMO recommended
the use of SPI to be able to analyze and monitor drought, Trenberth et al. (2014)
noted that SPI is useful as a measure of precipitation de ciencies or meteorological
drought, but it is limited since it only uses precipitation data and is not interested in
evapotranspiration [2]. Therefore, in this study, along with the SPI, Standardized
Precipitation Evapotranspiration Index (SPEI), which is a relatively new drought
index, is used. SPEI uses the basis of SPI, however, it takes temperature data as
well as precipitation data as input, which ensures the index to account for the e ect

of temperature on drought development.



SPI and SPEI values can be calculated for a month using the monthly total
precipitation data from the previous 1 to 72 months. For example, to calculate the
36-month SPI values for a particular month, the average of the total precipitation
data of the 36 months prior to that particular month is used. In this way, SPI and
SPEI values can be calculated in di erent time scales, such as 1-month, 3-month
12-month, etc. Guttmann (1994, 1999) reported that the 1-month to 24-month are
statistically the best practical range for the application [3,4]. SPI and SPEI are
applicable for all climate regimes and also the results are comparable since they are
standardized. They both require at least 30 years of complete dataset for robust

outputs.

Therefore, in this study, the outputs of the MPI-ESM-MR global climate
model of the Max Planck Institute for Meteorology are downscaled to 50km for
the MENA region by using the Regional Climate Model (RegCM4.4) of the Abdus
Salam International Centre for Theoretical Physics (ICTP) and then to make the
future projections for the period 2071-2100 with respect to the 1971-2000 reference
period, the worst case emission scenario that is Representative Concentration Path-
way 8.5 (RCP8.5) of the Inter-governmental Panel on Climate Change (IPCC) is
used. Thereafter, by using the SPI and SPEI packages of R programing language,
the two most useful indices in terms of drought probabilities, the Standardized
Precipitation Index (SPI) [5] and Standardized Precipitation Evapotranspiration
Index (SPEI) [6] values are calculated in 2 time scales, that are 6-month and 12-
month, to create the spatial distribution maps, which show the changes of drought

probabilities.



2. CLIMATE CHANGE

Climate is the average weather conditions for a place over a long period of
time. Changing of a climate for a certain place can take hundreds, thousands of
years. UK MET O ce de nes climate change for Earth as the large scale, long

term shift in the planet’s weather patterns or average temperatures [7].

During the Earth’s 4.5 billion years of history, it has gone through many major
climate changes none of which were human induced until the industrial revolution.
The major problem of today’s climate change lies under the fact that human beings
are forcing climate to change and this change is happening with an unprecedented

speed.

The last ice age of Earth started about 120000 years ago and started to come
to an end about 20000 years ago. During the recovery period from this last glacial
maximum, that is between 20000 and 10000 years ago, the average warming rate
of Earth was about 0.2 C per century over Greenland, with lower rates for other
regions. When we compare this with the temperature rise in the twentieth century
which is about 0.6 C, we come to realize that the warming is reaching to dangerous
levels and it is happening very fast. For at least 45 years, global surface temperature
rose at an average rate of about 0.17 C per decade. This is more than twice as fast
as the 0.07 C per decade increase observed for the entire period of recorded obser-
vations which started in 1850. Even though the Earth’s climate changed before, it
has never happened with this extremely high rate of temperature change and all

living things are having di culties adapting this fast change in today’s world.

It is stated by the UK Met O ce that there are seven main sources of evidence
for climate change: "Higher temperatures, changing rainfall, changes in nature, sea

level rises, retreating glaciers, sea ice, and ice sheets."” [7]



It is not possible for the warming to be uniform across the planet but the
upward trend in the globally averaged temperature shows that more areas warming
than cooling. Since 1880, surface temperature has risen at an average rate of 0.07 C
per decade, giving a net warming of 0.95 C [8]. In this 137-year period, warming
is greater over land than over the oceans since water is slower to absorb and release

heat.

Annual Temperature Anomaly [ )

0.75-
0.5-
0.25-

0.0=

1890 1910 1930 1950 1970 1950 2010

Figure 2.1. Annual temperature anomaly as recorded by NASA, NOAA, the
Japan Meteorological Agency, and the Met O ce Hadley Centre [9].

As can be seen from the Figure 2.1, all four records show rapid warming in

the past few decades and all agree that the last decade as the warmest.

The precipitation conditions have changed almost worldwide leaving some na-
tions on the edge of the water scarcity as mentioned before, and some regions faced

oods. The rate of extreme events related to precipitation increased unequivocally.

Changes in the seasons (such as spring starting earlier than it is supposed to or
autumn starting later than it is supposed to) are bringing changes in the behavior
of many species, for example, butter ies appearing earlier in the year and birds

shifting their migration patterns.



Because of the rapidly melting glaciers and ice sheets, sea level is rising very
fast, making the coastal regions where today’s marginal population lives very dan-
gerous to survive. The Figure 2.2 shows the ground data of sea level changes,
however, satellite data by NASA since 1993 shows good agreement with ground

data and the rate of change is 3.4 mm per year [10].

1870 1890 1910 1930 1950 1970 1990
YEAR

Figure 2.2. Sea Level Change by Coastal tide gauge records [10].

Glaciers all over the world - in the Alps, Rockies, Andes, Himalayas, Africa
and Alaska - are melting and the rate of shrinkage has increased in recent decades

according to all measurements that have been done.

Arctic sea-ice has been declining since the late 1970s as can be seen from Figure
2.3, reducing by about 4%, or 0.6 million square kilometers (an area about the size
of Madagascar) per decade. At the same time Antarctic sea-ice has increased, but
at a slower rate of about 1.5% per decade. Arctic sea ice reaches its minimum each
September and September Arctic sea ice is now declining at a rate of 13.3% per

decade relative to the 1981-2010 average [11].



million square km
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Figure 2.3. Average monthly Arctic sea ice minimum since 1979, derived from

satellite observations [11].

The Greenland and Antarctic ice sheets, which store the majority of the
world’s fresh water, are both shrinking at an accelerating rate. The Figures 2.4
and 2.5 show the heartbreaking mass variations of the Earth’s two ice sheets. The

rate of change for the Antarctica is 125 gigatons per year and for the Greenland, it

is 287 gigatons per year [12].

Antarctica mass (Gt)
[

-1500

2004 2006 2008 2010 2012 2014 2016
TIME

Figure 2.4. Antarctica mass variation since 2002 measured by NASA’s GRACE
satellites [12].
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Figure 2.5. Greenland mass variation since 2002 measured by NASA’'s GRACE
satellites [12].

All these changes, as stated by the UK Met O ce, are the sources of evidence
that the climate is changing without a doubt. At this point, there comes another

debate among society, whether it is human induced or not.

2.1. The Cause of Today’s Climate Change

Climate change can be due to many reasons as there were examples in the

past.

In the seventeenth century, during the Maunder Minimum when almost no
sunspots were recorded, the solar output was lower by a few tenths of a watt per

square meter than its value today. This brought relatively colder climate to Earth.

In April 1815, Tambora volcano in Indonesia erupted and since volcanic erup-
tions are negative feedbacks for a warming planet, this brought two exceptionally
colder years, and 1816 was regarded in New England and Canada as the ‘year

without a summer’.



Moreover, the Earth’s position changes with respect to the Sun due to its
elliptical orbit. Even though the total quantity of solar radiation reaching the
Earth varies very little, the distribution of that radiation with latitude and season
changes considerably. There are three regular variations in the orbit of the Earth
around the Sun. The rst one is related to the eccentricity of the ellipse, that is the
ration between the greatest and the least diameters, varies with a period of 100000
years, which is the slowest of three variations. The second is due to the spinning of
Earth on its own axis and the axis of spin is being tilted with respect to the axis of
the Earth’s orbit. The angle of tilt varies between 21.6 and 24.5 with a period of
about 41000 years. The last variation is the Earth’s perihelion, which is the time
of year when the Earth is closest to the Sun. The time of perihelion moves through
the months of the year with a period of about 23000 years. All these variations
a ect the Earth’s climate tremendously. It is suggested by James Croll, a British
Scientist, in 1867 that the major ice ages may be linked to these variations. Then
in 1920, his ideas were developed by Milutin Milankovitch, a Serbian climatologist
[13].

All these and some other natural events were the causes of Earth’s climate

change in the past.

The problem of today’s climate change is that human beings are the cause
of it. After the industrial revolution, the energy need of human beings increased
tremendously. As the world globalised rapidly, our use of trains, cars, airplanes
increased rapidly as well. Not just for transportation, but for almost all our energy
need we have been using oil, coal and natural gas. The use of fossil fuels and
also the use of chloro uorocarbons(CFCs) for cooling purposes resulted in excessive
accumulation of greenhouse gases in the atmosphere. These gases such as carbon
dioxide (CO;), methane (CH,), nitrous oxide (N,O) act like a blanket for the Earth
and while they allow the solar radiation to pass and reach the Earth, they scatter

the thermal radiation emitted by the Earth, which is supposed to go into space,
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back to Earth, into the atmosphere and into space. This situation disrupts the
energy balance of the Earth. As can be seen from Figure 2.6, while the average
power falling on one square meter of a level surface outside the atmosphere is about
342 watts, about 6% is scattered back into space by atmospheric molecules, about
10% is re ected back to space by land and ocean surface, and the remaining 84%
which is about 288 watts per square meter remains to actually heat the surface. The
amount of thermal radiation emitted by the Earth’s surface due to its temperature
is supposed to balance the incoming energy. The Earth’s temperature was high
enough to keep the energy balanced a few centuries ago, however today with the
presence of greenhouse gases not enough energy can leave the Earth, and therefore

the Earth is warming to increase its thermal radiation.
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Figure 2.6. Earth’s energy budget [14].
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Intergovernmental Panel on Climate Change (IPCC) has been doing extensive

studies on climate change and whether it is human induced or not. In their

rst

report in 1990, it is explained that even though the size of the observed warming
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was consistent with the projections of climate models, it was also in the range of
natural climate variability, therefore an unequivocal statement on the detection of

anthropogenic climate change could not be done.

In the second report of IPCC in 1995, there was more evidence available,
however, IPCC was still very cautious about the attribution of the climate change

and they reached a conclusion as follows.

\Our ability to quantify the human in uence on global climate is currently
limited because the expected signal is still emerging from the noise of natural cli-
mate variability, and because there are uncertainties in key factors. These include
the magnitude and patterns of long term natural variability and the time-evolving
pattern of forcing by, and response to, changes in the concentrations of greenhouse
gases and aerosols, and land surface changes. Nevertheless, the balance of evidence

suggests a discernible in uence on global climate. [15]"

From 1995 to 2001, until their third report, better estimates of natural vari-
ability have been made and by the use of models IPCC concluded that the warming
over the last century can not be only due to natural variability. Their conclusion

in the third assessment report is as follows.

\In the light of new evidence and taking into account the remaining uncer-
tainties, most of the observed warming over the last 50 years is likely to have been

due to the increase in greenhouse gas concentrations. [16]"

In their fourth assessment report in 2007, their conclusions strengthened and

they stated as follows.

\It is very likely that anthropogenic greenhouse gas increases caused most of
the observed increase in globally averaged temperatures since the mid-20th century.

Discernible human in uences now extend to other aspects of climate, including
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continental-average temperatures, atmospheric circulation patterns and some types

of extremes. [17]"

Finally in their most up-to-date report released in 2014, IPCC clearly admitted
that the climate change in our era is due to the anthropogenic greenhouse gas

emissions with following words.

\Anthropogenic greenhouse gas emissions have increased since the preindus-
trial era, driven largely by economic and population growth, and are now higher than
ever. This has led to atmospheric concentrations of carbon dioxide, methane and
nitrous oxide that are unprecedented in at least the last 800000 years. Their e ects,
together with those of other anthropogenic drivers, have been detected throughout
the climate system and are extremely likely to have been the dominant cause of the

observed warming since the mid-20th century. [18]"

This concludes that we are responsible for the heart wrenching condition of

our planet, therefore we must do what ever should be done to save our home.

2.2. IPCC

The Intergovernmental Panel on Climate Change (IPCC) is the leading inter-
national body for the assessment of the science related to climate change. It was
established in 1988 by the United Nations Environment Programme (UNEP) and
the World Meteorological Organization (WMO) to provide the world with a clear
scienti ¢ view on the current state of knowledge in climate change and its potential
environmental and socio-economic impacts, and also to provide policymakers with
assessments of the scienti c basis of climate change, its impacts and future risks,

and options for adaptation and mitigation.
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The IPCC reviews and assesses the most recent scienti c, technical and socio-
economic information produced worldwide relevant to the understanding of climate
change. IPCC assessments o er a scienti ¢ basis for governments to develop cli-
mate related policies, they present projections of future climate change based on
di erent scenarios and the risks that climate change brings, however, they do not

tell policymakers what actions to take.

All member countries of the WMO and United Nations can participate in
IPCC and currently IPCC has 195 members. The assessments are written by hun-
dreds of leading scientists who volunteer their expertise and time as Coordinating

Lead Authors and Lead Authors of the reports.

Their most up-to date report, which is Assessment Report 5 (AR5) was re-
leased in 2014 and their next report, that is Assessment Report 6 (AR6) is antici-
pated to be nalized in 2022 [19].
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3. METHODOLOGY

3.1. Global Circulation Models (GCMs)

General Circulation Models (GCMs) are numerical models that represent
physical precesses in the atmosphere, ocean, cryosphere and land surface. They
are currently the most advanced tools to simulate the response of global climate
system to increasing greenhouse gas concentrations. They use a three dimensional
grid over the globe, usually having a horizontal resolution of between 250-600 km,
10 to 20 vertical layers in the atmosphere and up to 30 layers in the oceans. Their
time resolution is around 6 hours. They use the power coming from the sun, land
use, topography and atmospheric composition as input. They project the climate
according to these inputs. Since their time and spatial resolutions are quite coarse,

they can not give very detailed results.

A numerical model of the atmosphere contains descriptions of the basic dy-
namics and physics of the di erent components and their interactions. When a
physical process is described in terms of an algorithm (a process of step- by-step
calculation) and simple parameters (the quantities that are included in a mathe-

matical equation), the process is said to have been parameterised.

The dynamical equations are:

The horizontal momentum equations (Newton’s Second Law of Motion). In
these, the horizontal accel- eration of a volume of air is balanced by the hori-
zontal pressure gradient and the friction. Because the Earth is rotating, this
acceleration includes the Coriolis acceleration. The ‘friction’ in the model
mainly arises from motions smaller than the grid spacing, which have to be

parameterised.
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The hydrostatic equation. The pressure at a point is given by the mass of the
atmosphere above that point. Vertical accelerations are neglected.

The continuity equation. This ensures conservation of mass.

The model’s physics consists of:

The equation of state. This connects the quantities of pressure, volume and
temperature for the atmosphere.

The thermodynamic equation (the law of conservation of energy).
Parameterisation of moist processes (such as evaporation, condensation, for-
mation and dispersal of clouds).

Parameterisation of absorption, emission and re ection of solar radiation and
of thermal radiation.

Parameterisation of convective processes.

Parameterisation of exchange of momentum (in other words, friction), heat

and water vapour at the surface.

Most of the equations in the model are di erential equations, which means they
describe the way in which quantities such as pressure and wind velocity change with
time and with location. If the rate of change of a quantity such as wind velocity and
its value at a given time are known, then its value at a later time can be calculated.
Constant repetition of this procedure is called integration. Integration of the equa-
tions is the process whereby new values of all necessary quantities are calculated at

later times, providing the model’s predictive powers [13].
3.1.1. MPI-ESM-MR Global Climate Model
In this study, the outputs of the Earth System model MPI-ESM-MR of the

Max Planck Institute for Meteorology (MPI-M) have been used. This model is an

improved version of the well-known ECHAMS5/MPIOM climate model and available
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for use by the scienti ¢ community. The main improvement to the previous model
is the coupled carbon cycle, which allows studying feedbacks of climate change on
the carbon cycle itself. The representation of shortwave radiative transfer, surface
albedo and aerosol has also been improved. The representation of the middle at-
mosphere as well as the land surface with interactive vegetation dynamics and the
possibility of using di erent resolutions depending on the di erent questions were

also incorporated into the design of the MPI-ESM [20].

3.2. RegCM4

Since the resolution of the GCMs is quite coarse, scientists developed Regional
Climate Models (RCMs), which take the input data from GCMs and increase the
resolution so that more comprehensive and detailed studies could be done on a
regional basis. RCMs use the outputs of GCMs as input, they also use a ner
resolution topography, geopotential height, temperature, relative humidity, wind

velocity in 3 dimensions as input.

In this study one of the regional climate models RegCM4.4 is used. The rst
version RegCM was built in 1989 at the National Center for Atmospheric Research
(NCAR) - Pennsylvania State University (PSU) and maintained in the Earth System
Physics (ESP) section of the ICTP. Since then, it has undergone major updates
in 1993 (RegCM2), 1999 (RegCM2.5), 2006 (RegCM3) and most recently 2010
(RegCM4). The latest version of the model, RegCM4, is now fully supported by
the ESP, while previous versions are no longer available. This version includes major
upgrades in the structure of the code and its pre- and post- processors, along with
the inclusion of some new physics parameterizations. The model is exible, portable
and easy to use. One of the best properties of RegCM is that it can be applied to
any region in the world with grid spacing of up to 10 km, which is the hydrostatic
limit, and for a wide range of studies, from process studies to paleoclimate and

future climate simulation [21]. At this hydrostatic limit, model assumes that air
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parcel moves only horizontal and vertical, not diagonally.

3.2.1. Model Components

The RegCM modeling system has four components, that are Terrain, ICBC,
RegCM, and Postprocessor. Terrain and ICBC are the two components of RegCM
preprocessor. Terrestrial variables (including elevation, landuse and sea surface
temperature) and three-dimensional isobaric meteorological data are horizontally
interpolated from a latitude longitude mesh to a high-resolution domain on either
a Rotated (and Normal) Mercator, Lambert Conformal, or Polar Stereographic
projection. Vertical interpolation from pressure levels to the coordinate system
-which is de ned below- of RegCM is also performed.  surfaces near the ground
closely follow the terrain, and the higher-level surfaces tend to approximate iso-

baric surfaces.

Since the vertical and horizontal resolution and domain size can vary, the
modeling package programs employ parameterized dimensions requiring a variable
amount of core memory, and the requisite hard-disk storage amount is varied ac-

cordingly.

3.2.2. The RegCM Model Horizontal and Vertical Grid

It is useful to rst introduce the model’s grid con guration. The modeling
system usually gets and analyzes its data on pressure surfaces, but these have
to be interpolated to the model’s vertical coordinate before input to the model.
The vertical coordinate is terrain-following (Figure 3.1) meaning that the lower
grid levels follow the terrain while the upper surface is atter. Intermediate levels

progressively atten as the pressure decreases toward the top of the model.

The Hydrostatic solver uses a dimensionless coordinate to de ne the model

levels where p is the pressure, p; is a speci ed constant top pressure, ps is the surface
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Figure 3.1. Schematic representation of the vertical structure of the model. This
example is for 16 vertical layers. Dashed lines denote half-sigma levels, solid lines

denote full-sigma levels [22].
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pressure.
P Pt
= 3.1
Ps Pt (31)
where we can de ne:
P OGY) =ps(X;y) P (3.2)

For the non-hydrostatic solver a similar dimensionless coordinate is used, but it is

de ned entirely from the reference pressure. Given a reference atmospheric pro le:

POGY;Zit) = po(z)  PU(XY;zit) (3.3)
T(Xy;z;1) =To(2) T°(x;y; z;t) (3.4)
X y;z;) = o(2) "(x;y;z;1) (3.5

the vertical sigma coordinate is de ned as:

— Po Pt (3.6)

Ps Pt

where ps is the surface pressure, py is a speci ed constant top pressure and pg is the

reference pressure pro le. The total pressure at each grid point is thus given as:

p=p +pc+p (3.7)

with p” de ned as in the hydrostatic solver.
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It can be seen from the Equation 3.1 and Figure 3.1 that is zero at the top
and one at the surface, and each model level is de ned by a value of . The model
vertical resolution is de ned by a list of values between zero and one that do not
necessarily have to be evenly spaced. Commonly the resolution in the boundary
layer is much ner than above, and the number of levels may vary upon the user

demand.
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Figure 3.2. Schematic representation showing the horizontal Arakawa B-grid

staggering of the dot and cross grid points [22].

The horizontal grid has an Arakawa-Lamb B-staggering of the velocity vari-
ables with respect to the scalar variables. This is shown in Figure 3.1 where it can
be seen that the scalars (T, g, p, etc.) are de ned at the center of the grid box,
while the eastward (u) and northward (v) velocity components are collocated at

the corners. The center points of grid squares will be referred to as cross points,
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and the corner points are dot points. Hence horizontal velocity is de ned at dot
points. Data is input to the model, the preprocessors do the necessary interpolation

to assure consistency with the grid.

All the above variables are de ned in the middle of each model vertical layer,
referred to as half-levels and represented by the dashed lines in Figure 3.1. Vertical
velocity is carried at the full levels (solid lines). In de ning the sigma levels it is
the full levels that are listed, including levels at = 0 and 1. The number of model

layers is therefore always one less than the number of full sigma levels.

The nite di erencing in the model is, of course, crucially dependent upon
the grid staggering wherever gradients or averaging are represented terms in the

equation.

Detailed information is given in the Reference Manual of RegCM4.4 by ICTP
[22].

3.2.3. RCP Scenarios

Climate models are computer models which describe the components, pro-
cesses and interactions in the climate system. In order to be able to see how human
activities could a ect the system, scientists insert greenhouse gas concentrations,
pollution, changes in the land use, etc. into the models. to be able to do future
projections, a variety of approaches to scenarios in climate research have been used
over time. Representative Concentration Pathways (RCPs) are four greenhouse
gas concentration trajectories adopted by the IPCC for its Fifth Assessment Re-
port (AR5) in 2014. It supersedes Special Report on Emissions Scenarios (SRES)
projections published in 2000.

In Table 3.1 an overview of most prominent sets of emissions scenarios is

shown.
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Table 3.1. History of Scenarios

Year Name Used in

1990 | SA90 First Assessment Report

1992 | 1892 Second Assessment Report

2000 | SRES-Special Report on Emissions and Scenarios | Third and Fourth Assessment Reports
2009 | RCPs-Representative Concentration Pathways Fifth Assessment Report

The pathways are used for climate modeling and research. They describe four

possible climate futures, all of which are considered possible depending on how much

greenhouse gases are emitted in future years depending on the actions to be taken
against climate change. The four RCPs, RCP2.6, RCP4.5, RCP6, and RCP8.5, are

named after a possible range of radiative forcing values in the year 2100 relative to

pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m?, respectively) [23].

Table 3.2. Overview of RCP Scenarios

Scenario Description Citation
RCP 8.5 Rising radiative forcing pathway Riahi et al. (2007) [24]
' leading to 8.5 W/m? in 2100 Rao and Riahi (2006) [25]

RCP 6 Stabilization without overshoot pathway | Fujino et al. (2006) [26]

to 6 W/m? at stabilization after 2100 Hijioka et al. (2008) [27]

o ) Smith and Wigley (2006) [28]

Stabilization without overshoot pathway
RCP 4.5 o Clarke et al. (2007) [29]

to 4.5 W/m? at stabilization after 2100 )

Wise et al. (2009) [30]

Peak in radiative forcing at 3 W/m?

RCP 2.6 van Vuuren et al. (2006; 2007) [31], [32]

before 2100 and decline

In Table 3.2, the overview of the RCP Scenarios and related publications are

given.

RCP 8.5 scenario is consistent with a future with no policy to reduce emissions,

therefore it is also referred as the business as usual (BAU) scenario. In this scenario,

it is foreseen that there will be rapid increase in CO, and CH,4 emissions, the world

population will reach 12 billion by 2100 and therefore the use of croplands and
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grassland will increase, there will be heavy reliance on fossil fuels, and the rate of
technology development will decrease. Today, CO, concentration in the atmosphere
is about 410 ppm, which is consistent for now with the RCP 8.5 scenario. Therefore,
in this study, RCP 8.5 scenario is used for the reliability of the future predictions
which state that the CO, concentration in the atmosphere will exceed the maximum

predicted concentration level before 2100 [33].

3.3. SPI

Over the years, many drought indices were developed and used by scientists
around the world to be able to detect and monitor drought. However, scientists from
the United States thought that an index is supposed to be simple, easy to calculate,
statistically relevant and meaningful. With this purpose, scientists McKee, Doesken
and Kleist developed the Standardized Precipitation Index in 1993. This index is
rather simple and easy to calculate since it uses only monthly total precipitation
data as input [34]. lIdeally, to be able to get robust results from the index, at
least 30 years of monthly precipitation data is needed [1]. Therefore in this study,
monthly precipitation data of the 1971-2000 and 2071-2100 periods have been used.
The program can be run with missing data but this will a ect the robustness of the
results depending on the distribution of the missing data in relation to the length

of the record.

The SPI can be calculated for multiple timescales such as 3-, 6-, 12-, 24- and
48-month. These timescales re ect the impact of drought on the availability of the
di erent water resources. For example, soil moisture conditions respond to relatively
short scaled precipitation anomalies whereas groundwater, stream- ow and reservoir
storage respond to longer term precipitation anomalies. In this study 3-month and
12-month SPI values are calculated so that both the short-term meteorological and
long-term hydrological drought can be analyzed by the use of the index. 3-month

SPI uses the previous 3 months’ monthly average precipitation data successively
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and 12-month SPI uses the previous 12 months’ monthly average precipitation data
successively. If SPI value is between 0.49 and -0.49 that means the precipitation is
in the normal class of McKee drought classi cation. Since the SPI is standardized,
more positive values of SPI means the precipitation is more than the normal, and
more negative values mean that the precipitation is less than the normal. Therefore,
to monitor and analyze the meteorological drought for MENA, 3-month SPI has
been used and to monitor and analyze the long-term hydrological drought 12-month

SPI has been used in this study.

One of the main advantages of SPI is that it allows cross-regional comparisons
even if the regions have very di erent climates, and by standardization of the index
it allows the determination of frequency of drought. Developers of SPI, McKee
et al. (1993), classify the water availability into seven classes as shown in Table
3.3. These seven classes are derived from standard normal (Gaussian) distributed
precipitation data. The long-term precipitation precipitation record input is tted
to a probability distribution and then it is transformed into a normal distribution
so that the mean SPI for the location and desired period is zero [1]. Consequently,
positive SPI values indicate greater than median precipitation and negative values
indicate less than median precipitation, which means that the index can be used to

monitor the wet periods as well as dry periods.

Other advantages of the SPI are that it is exible, that it is spatially consistent
and that shorter timescale SPIs can provide early warning of drought and help assess
drought severity. In addition, its probabilistic nature gives it historical context so

that it is well suited for decision making [1].

There are also some weaknesses of the SPI. It is both a weakness and reason
of simplicity of the SPI that it is based only on precipitation. Secondly, since
there is no soil water-balance component, no ratios of evapotranspiration/potential

evapotranspiration can be calculated.
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Table 3.3. McKee Drought Classi cations

SPI Values Classi cation

2.00 and more | Extremely Wet

1.50 to 1.99 Very Wet

1.00 to 1.49 Moderately Wet

-0.99 to 0.99 Near Normal

-1.00 to -1.49 | Moderately Dry

-1.50 to -1.99 | Severely Dry

-2.00 and less | Extremely Dry

Procedure and formula for computation of the SPI is as follows. Firstly SPI
drought classes are derived from standard normal (Gaussian) distributed precip-
itation data, however, the probability distribution function of precipitation does
not correlate well with the normal distribution [35]. Thom (1966) noted that
the gamma distribution is the best probability distribution t for standard normal
distributed precipitation data [36]. Therefore, it is needed to convert probability
distribution function of the total precipitation to gamma probability distribution
function [4, 34,37{39]. Gamma probability density function is given in Equation
3.8.

y 1e( y=)
fy) = —1n— .
) ® (3.8)
where
y; + >0 (3.9

In this de nition is the shape parameter and is the scale parameter of the

gamma probability density function. () is the gamma function itself and it is
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given in the Equation 3.10.

yal
()= t ‘e'dt (3.10)

Shape and scale parameters are obtained by calculating the y and g, the arithmetic

mean and geometric mean of the precipitation data respectively are shown below.

D=1InZ (3.11)

_1+(@+ D)1=
4D

N

(3.12)

>|<

(3.13)

By the numerical integration method recommended by Press et al. (1992), the pre-
cipitation probability distribution functions are obtained and by the use of reverse-
standard normal function these functions are transformed into standardized pre-
cipitations [35,40]. Thereafter, drought is classi ed into classes shown in Table
3.3.

3.4. SPEI

In recent years, there has been many studies to develop new drought indices
or to improve existing ones [41{44]. Most of the studies carried out to analyze
and monitor drought have been conducted by using either Palmer Drought Severity
Index(PDSI) which is based on a soil water balance equation [45], or aforementioned
SPI.
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The main criticism about SPI is that it is based only on precipitation data
and it does not consider other variables, such as temperature, evapotranspiration

and soil water holding capacity.

The PDSI is based on the supply and demand concept of the water bal-
ance equation therefore it incorporates precipitation, moisture supply, runo and
evaporation demand. The calculation procedure is explained in a number of stud-
ies [46{48]. Nevertheless, PDSI has several de ciencies [46,48{50]. Other than
the strong in uence of calibration period, it has problems in spatial comparabil-
ity. These problems were solved by the development of self-calibrated PDSI (sc-
PDSI) [43]. Sc-PDSI is spatially comparable and detects extreme wet and dry
events. However, the main shortcomings of this index are its xed temporal scale
(between 9 and 12 months) and its autoregressive characteristics as well as its
complexity during calculation. Moreover, drought is accepted as a multiscalar phe-

nomenon and sc-PDSI has no such characteristics.

In their study of A Multiscalar Drought Index Sensitive to Global Warming:
The Standardized Precipitation Evapotranspiration Index" Vicente-Serrano et al.
(2010) proposed a new climatic drought index [6]. The SPEI uses both precipitation
and temperature data, moreover, it has the advantage of combining multiscalar
character with the capacity to include the e ects of temperature variability on
drought assessment. Since SPI and SPEI identify di erent drought types due to

their multiscalar character, they are both superior to sc-PDSI [6].

The calculation of SPEI is very easy compared to sc-PDSI and it is based on
the original SPI calculation procedure mathematically. While SPI is calculated by
the use of monthly precipitation data, SPEI is calculated by the use of monthly
di erence between precipitation and Potential Evapotranspiration (PET). There
are a number of methods to calculate PET indirectly, such as Penmann-Monteith
(PM) method, which requires large amounts of data since its calculation involves

solar radiation, temperature, wind speed and relative humidity [6]. Thornthwaite
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method [51], however, is rather simple and widely preferred by scientists since it has
the advantage of requiring only monthly-mean temperature data. By this method,
PET is calculated as in Equation 3.14 where T is the monthly-mean temperature
in C. | is a heat index, calculated as the sum of 12 monthly index values i, which
are derived from Equation 3.15. m is a coe cient which depends on | and K is a

correction coe cient computed from Equation 3.16.

10T

PET = 16K (——)" (3.14)
i= (%)1:514 (315)

_ N NDM
K= (E)(T) (3.16)

In Equation 3.16, NDM is the number of days of the month and N is the maximum
number of sun hours, which is calculated as in Equation 3.17, for which I is

calculated as in Equation 3.18.

N = (2, (3.17)

() = arccos( tan(”)tan( )) (3.18)

” is the latitude in radians and is the solar declination in radians, calculated using

Equation 3.19.

. L 2J
= 0:4003sin(5;  1:405) (3.19)
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J is the average Julian day of the month. As the SPEI uses the di erence

between precipitation and PET, D; is de ned as follows.
Di=P; PET; (3.20)

The calculated D; values are aggregated at di erent time scales, following the same
procedure as that for the SPI. In spite of having similar calculations, SPI can be
calculated using two-parameter gamma distribution, whereas SPEI is needed to be
calculated using three-parameter gamma distribution [6]. The detailed calculations
about the L skewness and L kurtosis to be able to create the L-moment ratio
diagrams can be found in the paper of "A Multiscalar Drought Index Sensitive to
Global Warming: The Standardized Precipitation Evapotranspiration Index™ by
the developers of the index [6].

The probability density function of a three-parameter log-logistic distributed
variable is expressed as in Equation 3.21 where a, b, and g are scale, shape, and

origin parameters, respectively, for D values in the range >D < 1.

f=-CY) n+E 2 (3.21)

The probability distribution function of the D series, according to the log-logistic
distribution is given by Equation 3.22.

FO)=01+ (ﬁ) 1! (3.22)

Hereafter the SPEI can easily be obtained as the standardized values of F(x). By

the classical approximation of Abramowitz and Stegun (1965) [52],

Co+Ci;W + C,W?2
1+dW +d,W2+d;W3

SPEI =W (3.23)
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where
W :p 2In(P) (3.24)

for P 0:5/ Here P is the probability of exceeding a determined D value, P =
1 F®X). If P 05, then P is replaced by 1 P and the sign of the resultant
SPEI is reversed. The constants are Cq = 2:515517, C; = 0:802853, C, = 0:010328,
d; = 1:432788, d, = 0:189269, d3 = 0:001308.

The mean value of SPEI is 0, and the standard deviation is 1. The SPEI is
a standardized variable, and it can therefore be compared with other SPEI values

over time and space as in SPI.

3.5. Coordinated Regional Climate Downscaling Experiment
(CORDEX)

Coordinated Regional Climate Downscaling Experiment (CORDEX) has been
established by World Climate Research Program (WCRP) in 2009 to further de-
velop a framework to evaluate Regional Climate Downscaling (RCD) techniques
and to produce a new generation of RCD-based ne-scale climate projections for
identi ed regions worldwide. The CORDEX framework also o ers the potential
for better coordination of RCD-related research and modelling activities within the
regional climate modelling and downscaling communities and further to bridge the
gap between the climate modelling community and end users of climate information

across the globe.

To be able to research and provide more detailed information in a much
smaller scale than the global circulation models (GCMs) with a global partner-
ship, CORDEX has divided world into 14 regions. These regions are listed below

and shown in Figure 3.3.
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Region 1: South America

Region 2: Central America

Region 3: North America

Region 4: Europe (EURO)

Region 5: Africa

Region 6: South Asia

Region 7: East Asia

Region 8: Central Asia

Region 9: Australasia

Region 10: Antarctica

Region 11: Arctic

Region 12: Mediterranean (MED)
Region 13: Middle East and North Africa (MENA)
Region 14: South East Asia (SEA)

Figure 3.3. CCORDEX Global Domains [53].

Thanks to these CORDEX domains, scientists around the world are studying
the same regions which allow the comparison of the studies and evaluation of the

regional climate downscaling techniques.

3.6. MENA Region

MENA, being CORDEX Region 13, covers an extensive region extending from

Morocco to Iran, including all the Middle Eastern and Maghreb countries.
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Figure 3.4. CORDEX Region 13: MENA [54].

As stated by World Bank, in 2015 population of the region was about 424
million, with 1.8% annual population growth, therefore the population is about 500
million today. The vast majority of the population lives in middle-income coun-
tries [55]. It is stated in the World Bank 2016 annual report, economic growth in
MENA is projected to remain at 2.9% in 2016, with lower than average growth
in the Gulf Cooperation Council (GCC) countries and in Lebanon, Morocco and
Tunisia (1,8%) and higher than average growth in the developing countries of the re-
gion(4.4%), and the growth in 2017 is projected to rise to 4.2% with the assumption
that oil production increases in Libya and Iran. Almost 3% of the population live
in extreme poverty, however, the vulnerability is high since 53% of the population

live on $4.00 a day or less [56].

Due to the population growth, water demand has been increasing in the re-
gion and along with the growing economies and land-use changes major stresses on
freshwater resources came into existence [57]. It has been very di cult for almost

all the countries in the region to cope with freshwater stress.
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MENA is the most water scarce region in the world, and its water stress is
foreseen to get worse in the future. It is stated by World Bank that renewable water
resources per capita in the region has been reduced to one-fourth of its level in 1950
and by 2050 the natural water resources in the region will drop even further and

may reach to 11 times less than the global average [58].

Australia and New Zealand
Latin America and the Caribbean
Morth America

Europe and Central Asia

Sub-Saharan Africa

East Asia and Pacific
(including Japan and Koreas)

Western Europe
South Asia
Middle East and Morth Africa

o 5 10 15 20 25 30 35 40
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Figure 3.5. Actual Renewable Water Resources per Capita, by Region [59].

As shown in Figure 3.5, MENA region has the least actual renewable water
resources (ARWR) per capita in the world. ARWR is the sum of internal and
external renewable water resources. It corresponds to the maximum theoretical
amount of water actually available for a country at a given moment. Moreover,
it is shown in the Figure 3.6 that the region has the highest percentage of total
renewable water resources withdrawn. These gures, taken from world bank, refer

to the period of 1998 - 2002 and the gures may vary with time.

Figure 3.7 prepared by the Food and Agriculture Organization (FAO) shows
the spatial distribution of total renewable water resources (TRWR) per capita for
the year 2014. We can con dentially say that MENA region has the least ARWR in
the world reaching to the levels of absolute water scarcity. The countries Algeria,
Libya, Saudi Arabia, Yemen and Oman have less than 500 m3/year/person TRWR
per inhabitant which is regarded as absolute water scarcity. Morocco, Egypt, Sudan,

Burkina Faso, Kenya and South Africa follow with TRWR per inhabitant values
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between 500 to 1000 m3/year which is considered as chronic water scarcity. There

are no places on Earth which have worse TRWR problems.
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Figure 3.6. Percentage of Total Renewable Water Resources Withdrawn, by
Region [59].

Figure 3.8 shows the average annual precipitation map of the world in mm/year
for 2016, prepared by FAO. The rst thing that captures the attention is the high
correlation between the TRWR and average annual precipitation. It is clearly seen
that MENA Region has the countries which get the least average annual precipita-
tion worldwide. The countries Morocco, Algeria, Libya, Egypt, Mali, Niger, Sudan,
Oman and south east part of Saudi Arabia are seen to get precipitation less than

100mm/year in the gure.

As much as droughts hit the region regularly threatening the human welfare
and economic development, the opposite, oods also pose a signi cant danger in the
region as well. For example, the 2008 oods in Yemen caused $1.6billion of damage
which corresponds to 6% of the country’s gross domestic product (GDP), the 2009

oods in Jeddah, Saudi Arabia caused $1.4 billion dollars worth of damage, the
2004 oods in Djibouti caused 230 deaths and $11.1 million in losses [58]. For all

these reasons, it is very crucial to do studies on early warning systems about the
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Figure 3.7. Total renewable water resources per inhabitant in 2014 [60].

precipitation conditions for the region.

3.6.1. Subdomains Used In This Study

Since the domain of this study, MENA, is very large and it contains very
di erent climate zones, it is divided into 6 subdomains, which are tried to be chosen
to have similar climates within themselves. These subdomains are shown on a
topography map of MENA in Figure 3.9 which is drawn by the use of Grid Analysis
and Display System (GrADS). Then spatial averages of the regions are taken by
the use of Climate Data Operator (CDO) to be able to draw the SPI and SPEI
time series for the historical and future periods of the regions. The latitudes and
longitudes of the subdomains and a brief information about their climates are listed

below.
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Figure 3.8. Average annual precipitation [61].

Region A is shown with the red lined rectangle in Figure 3.9. It has the
latitudes of 35 N - 43 N and longitudes of 24 E - 45 E. It contains Turkey.
The region is in the dry class of the Koppen’s Climatic Classi cation System,
which means there is de cient precipitation most of the year and potential
evaporation and transpiration exceeds precipitation [62]. Region A also have
the moist, severe winter climate in the east part according to the Koppen’s
Climatic Classi cation System, which means that the east part has warm
summers and cold winters. The average temperature of the warmest month

exceeds 10 C, and the coldest monthly average drops below -3 C.

Region B is shown with the green lined rectangle in Figure 3.9. It has the
latitudes of 0 N -30 N and longitudes of 25 E - 45 E. The Region contains the
Red Sea, North-East part of Saudi Arabia, Egypt, Sudan and South Sudan,
Uganda and East part of Ethiopia and the Red Sea. Region B is again in the

dry class of the Koppen’s Climatic Classi cation System.
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Region C is shown with the dark blue lined rectangle in Figure 3.9. It has the
latitudes of 25 N - 35 N and longitudes of 10 W - 25 E. The Region is actually
the Northern Africa and it includes Morocco, Northern Algeria, Tunisia and
Libya. Region C contains Sahara Desert to some extent and it is again in the

dry class of the Koppen’s Climatic Classi cation System

Region D is shown with the light blue lined rectangle in Figure 3.9. It
has the latitudes of 4 N - 15 N and longitudes of 15 W - 40 E. It has the
countries Guinea, Sierra Leone, Liberia, Cote d’lvorie, Ghana, Burkina Faso,
Togo, Benin, Nigeria, North-East part of Cameroun, Southern Tchad, Central
African Republic, South Sudan and Western Ethiopia. Region D is in the dry
and tropical classes of the Koppen’s Climatic Classi cation System. In the
tropical moist climates, all months have an average temperature above 18 C
and since all months are warm, there is no real winter season. Region D is
one of the regions in MENA that gets a ected most from the El Nino and La
Nina events. El Nino events make the region drier and La Nira events make

the region cooler and wetter.

Region E is shown with the magenta lined rectangle in Figure 3.9. It has the
latitudes of 5 S - 12 N and longitudes of 20 E - 50 E. It has the Horn of Africa
and the countries Somalia, Ethiopia, South Sudan, Eastern part of Central
African Republic, Rwanda and North-East part of Democratic Republic of
Congo. Region E is in the tropical and dry classes of the Koppen’s Climatic
Classi cation System. The droughts in the Horn of Africa is thought to be
the result of La Nina episodes and strong El Niros are correlated with high

precipitation and oodings.

Region F is shown with the yellow lined rectangle in Figure 3.9. It has the
latitudes of 12 N - 35 N and longitudes of 30 E - 62 E. The region contains the
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Arabian Peninsula and the countries Oman, Yemen, United Arab Emirates,
Saudi Arabia, Jordan, Israel, Lebanon, Southern part of Syria, Iraq and Iran.
Region F is in the dry class of the Koppen’s Climatic Classi cation System.
It contains the Arabian Desert, therefore SPI and SPEI results are expected

to be in the extremely dry and extremely wet classes mostly.

Topography(m) of MENA Region with Subregions
- —

400 30K 204

| | | | |
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Figure 3.9. Subdomains used in this study.
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4. RESULTS

4.1. SPI

4.1.1. SPI Results of Region A

Region A 3-month SPI history

SP

1970 1975 1980 1985 19490 1985 2000

Figure 4.1. 1971-2000 period time series of 3-month SPI for Region A.

In Figure 4.1, SPI uctuates as expectedly according to the seasons in Region
A, which surrounds Turkey. However, while the trend is very consistent for about
the rst 25 years of the period, the durations of the wet and dry conditions get
longer during the last 5 years of the period. Turkey had an above normal year
in terms of precipitation in 1996, 1997 and 1998 [63]. 1999 and 2000 were below

normal in terms of precipitation, and SPI captures these facts with the data taken
from RegCM4.4.
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Region A 12-month SPI history

sSP

1975 1980 1985 1990 1995 2000

Figure 4.2. 1971-2000 period time series of 12-month SPI for Region A.

In Figure 4.2, the lines are thicker compared to 3-month SPI since the 12-
month SPI uses the data from the previous 12 months. We can again see the wet
years 1996, 1997, 1998 and the dry years 1999, 2000 as we saw in the 3-month SPI.
The reason for the time series over owing the 2000 threshold is that our input starts
from the rst month of 1971 and ends at the last month of 2000 and SPI uses the
last 12 months of the input and calculates till 2001. Because of the same reason,
the graph starts from 1972. The same situation is valid for all 12-month graphs and

also 3-month graphs accordingly.
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Region A 3-month SPI future
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Figure 4.3. 2071-2100 period time series of 3-month SPI for Region A.

In Figure 4.3, we see the 3-month SPI results for the period 2071-2100 for
Region A. Again the time series uctuates because of the seasons, however we can
see that after the year 2090, Region A will face a relatively long drought which is
in the moderately dry class. After this drought a wet period is seen which is in the
moderately wet class. We see that during the latter half of the future period, the
region will be facing longer dry and wet events compared to the past according to
these results. At the end of the century SPI makes a peak for both wet and dry
conditions. The wet period do not seem to last very long but making a comment

for the dry period would be injudicious since the time series ends at that point.
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Region A 12-month SPI future
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Figure 4.4. 2071-2100 period time series of 12-month SPI for Region A.

Figure 4.4 shows the 12-month SPI results for Region A. The lines are again
thicker because of the reason explained at Figure 4.2. Here, the drought around the
year 2085 seems more severe and longer than the drought around the year 2090.
This is because the 12-month SPI adds together all the short term droughts seen in
3-month SPI around 2085. Still, the drought around this year is in the moderately
dry class according the McKee drought classi cation. In the year 2087, there seems
to be a extremely wet and very wet period and its duration does not seem to be very
short. At the end of the century, we do not see a peak as we did in the 3-month SPI
results. This is again because 12-month SPI adds together the previous 12 months’

data.
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4.1.2. SPI Results of Region B

Region B 3-month SPI history
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Figure 4.5. 1971-2000 period time series of 3-month SPI for Region B.

Figure 4.5 shows 3-month SPI results for the historical period of Region B.
The rst thing that captures the attention in the time series is the peak of the wet
conditions around the years 1991, 1992. SPI value around these years is above 3,
which is in the extremely wet class. This can be explained by the Active Red Sea
Trough (ARST) which is an infrequent weather phenomenon that is associated with
extreme precipitation, ash oods, and severe societal impacts in the Middle East.
This phenomenon occurred in 1979, whose e ect can also be seen from the graph,
and in 1991 [64]. SPI drops below -2 a few times, which means extreme drought.
Around late 1970s and late 1990s, the duration of the drought seems to be the
longest. During 1979-1985 and 1990-1991 Sudan had drought events because of El
Niro and the graph shows these drought events clearly [65].
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Region B 12-month SPI history
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Figure 4.6. 1971-2000 period time series of 12-month SPI for Region B.

In Figure 4.6, we see clearly that the droughts in the late 1970s and late 1990s
were the two of the longest droughts. During the late 1970s there was a drought
recorded for the Western Africa (Sahel Region), and the graph may be showing a
peak due to that drought. The drought starting around 1984 was not very severe,
however it was long, which makes it a danger. The drought recorded around 1999
was severe and prolonged in northwest Africa. Additionally, 1991-1992 drought is
also seem to be one of the longest droughts and even if it is not as severe as the
aforementioned droughts, it was in fact continental in nature and stand unique in

the available records [66].
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Region B 3-month SPI future
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Figure 4.7. 2071-2100 period time series of 3-month SPI for Region B.

Figure 4.7 shows the SPI results of the future period for Region B. The Region
B will be facing prolonged and extreme droughts and precipitations in the future
as well according to these results. At the end of the century, the graph shows an
extreme drought, whose SPI value reaches -4, and it is followed by an extremely
wet period, whose SPI value reaches almost 5. These two events will be the most
extreme events that the region will be facing during the future period according to
these results. The drought at the end of the century seems to be a very severe one,
however it does not seem to last a year. The duration of the extremely wet period

is not shown in the graph.
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Region B 12-month SPI future
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Figure 4.8. 2071-2100 period time series of 12-month SPI for Region B.

Figure 4.8 shows the 12-month SPI results of the Region B for the future
period.There are two events that capture the attention in these results. The rst
one is the duration of the drought between 2077 and 2081. In the 3-month SPI
graph there are several drought events during this period and 12-month SPI adds
them together, showing us clearly the danger of the situation. The same is valid
for the wet conditions in the early 2070s. The second event is the extremely wet
conditions around the years 2083-2084. Here, the wet conditions seem to be both
prolonged and also very severe since the SPI value is above 2. The drought shown
starting from around 2087 is not severe as others however it seems to be the longest

which makes it again a great danger for Region B.
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4.1.3. SPI Results of Region C

Region C 3-month SPI history
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Figure 4.9. 1971-2000 period time series of 3-month SPI for Region C.

Figure 4.9 shows the SPI results of Region C for the 1971-2000 period. Since
the Region contains some of the Sahara Desert, and because of the climatic con-
ditions of the desert, the extreme events in the Region is frequent. Therefore we
see very severe wet and very severe dry events in the results, which is consistent
with the actual events. The severity of the aforementioned extreme drought events
taken place in the late 1970s and in 1991-1992 can be seen clearly in this gure.

Extremely wet conditions were also severe in the region.
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Region C 12-month SPI history
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Figure 4.10. 1971-2000 period time series of 12-month SPI for Region C.

In Figure 4.10 we see the 12-month SPI results of Region C for the 1971-2000
period. Again we see the duration of the extreme events more clearly in the 12-
month SPI results compared to the 3-month SPI results. In the literature, it is
stated that Morocco had droughts in the years 1981-1984, 1986-1987, 1991-1993,
1994-1995 and in 1999-2003 [67]. It is also stated that Western Algeria and Tunisia
had droughts in 1999-2002 [68]. However, we see droughts around 1973-1974, 1977-
1978, 1994-1996 and this may be due to Sahara Desert being in Region C to some

extent.
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Region C 3-month SPI future
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Figure 4.11. 2071-2100 period time series of 3-month SPI for Region C.

Figure 4.11 shows the future period SPI results for Region C. According to
these results, the region will be facing extremely wet and extremely dry conditions
in the future period as in the past. There will be a prolonged dry period for the
region starting from 2087 lasting till 2091. This drought is in the extremely dry
class of the McKee drought classi cation in the beginning, however towards the end,
its severity decreases. Still, it is a long-term drought, therefore it is dangerous for
the countries in Region C. A similar dry event is seen starting from the year 2094
and lasting till the year 2097 and it is followed by an extremely wet event. At the

end of the century, we see a peak in the dry conditions whose SPI value exceeds -4.
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Region C 12-month SPI future
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Figure 4.12. 2071-2100 period time series of 12-month SPI for Region C.

In Figure 4.12, we see the 12-month SPI results of Region C for the future
period. Again, we see the extremely wet conditions at the end of the century and we
see that the event is prolonged. Here we do not see the extreme drought at the end
of the century as in 3-month SPI graph, since the 12-month SPI adds together the
previous 12 months’ data successively. However, the results show that the drought
starting from 2094 will last almost 4 years and since the SPI value reaches to almost

-3, it will be extremely severe.
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4.1.4. SPI Results of Region D

Region D 3-month SPI history
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Figure 4.13. 1971-2000 period time series of 3-month SPI for Region D.

Figure 4.13 shows the 3-month SPI results of Region D for the historical pe-
riod. The region has no winters but it has precipitation almost in a regular manner.
SPI gives a severe drought around 1986 and a very long drought starting from 1994
lasting almost to the end of the century. There seems very little precipitation during
this period. We know that Sudan had a drought in 1996, Chad, Niger had droughts
in 1997, Ethiopia had droughts in 1997, 1998 and 1999, Burkina Faso, Guinea had
droughts in 1998 [66]. 1982-1983 and 1997-1998 were the very strong El Niro years,
and El Nino episodes make the region drier. Here we see that at the end of the
historical period, the region is severely dry. 1973-1974, 1975-1976 and 1988-1989
were the strong La Nira years, and during these years the region has wet periods.

Therefore we can say that SPI results are consistent with the actual events.
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Region D 12-month SPI history
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Figure 4.14. 1971-2000 period time series of 12-month SPI for Region D.

In Figure 4.14, we see the 12-month SPI results of Region D for the period
1971-2000. Here, we see the duration of the drought at the end of the century more
clearly compared to the 3-month SPI results. This drought came after an extremely
wet period according to the results. After the year 1985, Region D struggled with
a lot of drought events as mentioned before. Again, we see the e ects of El Niro
and La Ninra episodes on the region. It is crystal clear that the frequency, severity
and duration of the droughts increased towards the end of the century which is

consistent with the actual events as mentioned before.
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Region D 3-month SPI future
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Figure 4.15. 2071-2100 period time series of 3-month SPI for Region D.

In Figure 4.15, we see the 3-month SPI results of Region D for the future
period. During the rst few years of the future period, there seems extreme pre-
cipitations followed by a long lasting drought between the years 2076-2079 whose
SPI value almost reaches to extremely dry class. Another two drought events are
seen after the year 2090 and the second one, that is between the years 2096-2099,
the duration of the dry event is long which makes it a danger for the region. Again
there is a peak at the end of the century whose duration can not be known from

these results. However, SPI value reaches to -8 which is extremely extreme.
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Region D 12-month SPI future
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Figure 4.16. 2071-2100 period time series of 12-month SPI for Region D.

In Figure 4.16, we see the 12-month SPI results of Region D for the period
of 2071-2100. As in the 3-month SPI results, we see severely and moderately wet
periods according to McKee drought classi cation, then a very long lasting severely
dry period. Towards the end of the century we see two more severely dry periods
which are again prolonged. Between the years 2093-2096 we see a long wet period
whose SPI value is in the moderately wet and severely wet classes. At the end of
the century, we again see the peak that we saw in the previous graph and its value

reaches to -8 as it did in the previous graph.



4.1.5. SPI Results of Region E

Region E 3-month SPI history
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Figure 4.17. 1971-2000 period time series of 3-month SPI for Region E.
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In Figure 4.17, we see the 3-month SPI results of Region E for the historical

period. According to these results, the region had a prolonged wet period between
1975-1977 and then another wet period between 1979-1982. Later in 1990 and 1991

it had a severely dry period continued by an extremely wet period around 1993.

Then around 1999 and 2000 the region had an extremely dry period. To verify

these results, it is recorded in the literature that Ethiopia had droughts in 1989
and 1999, South Africa had a drought in 1990, Somalia, Kenya and Uganda had
droughts in 1999 [66]. Somalia had oods in 1977, 1981 and 1993, South Eastern

part of Ethiopia, where is exactly the part of the country in Region E, had a ood

in 1993 as well and all these caused major economic damages [69, 70].
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Figure 4.18. 1971-2000 period time series of 12-month SPI for Region E.

In Figure 4.18, we see the 12-month SPI results of Region E for the historical
period. Again, we can see the duration of the dry and wet periods conspicuously in
the 12-month SPI results. From the 3-month SPI results, we see that the year 1991
is in the severely dry class, however in 12-month SPI results it is seen to be in the
extremely dry class of the McKee Drought Classi cation. This again because 12-
month results add together the previous 12 months’ data and this a ects the severity
of the dry and wet periods. Similarly, the drought at the end of the century is in
the extremely dry class in the 3-month SPI results, however in 12-month results, it
is in the severely dry class. The wettest period in 1993 is in the extremely wet class
in both of the results. Region E gets a ected by the El Niro events. Due to the
1982-1983 and 1997-1998 very strong EI Niro episodes, the region was wetter and

this e ect can be seen in the results.
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Figure 4.19. 2071-2100 period time series of 3-month SPI for Region E.

In Figure 4.19, we see the future period 3-month SPI results for Region E. The
region continues to have both wet and dry periods changing in duration and severity.
It seems to have a very long wet period between 2070 and 2075, an extremely wet
period around 2084, a severely dry period around 2085 which may last about 2
years, a moderately dry period between 2089 and 2092. The results show peaks
at the end of the century. Around 2099, the Region E will have an extremely wet
period whose SPI value reaches 3, and then an extremely dry period whose SPI

value reaches -4 according to these results.
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Region E 12-month SPI future
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Figure 4.20. 2071-2100 period time series of 12-month SPI for Region E.

In Figure 4.20, we see 12-month SPI results of Region E for the future period.
Here in these results, the severity of the situation can be seen more clearly. Afore-
mentioned wet and dry periods seem to be more severe in the 12-month SPI results.
There are two events that capture the attention in these results. The SPI value of
the wet period around the year 2084 reaches to 3, and for dry period around the
year 2085 it reaches to -3, which are both extreme. According to the results, the
region will be facing rapid climate transitions, which will be very di cult for all

livings to adapt in the region.
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4.1.6. SPI Results of Region F

Region F 3-month SPI history
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Figure 4.21. 1971-2000 period time series of 3-month SPI for Region F.

In Figure 4.21, we see that the Region F had severely wet and severely dry
periods continuously since it contains a desert. The drought between the years 1985-
1990 and then the wet period between the years 1990-1998 capture the attention.
In the literature, there is a powerful cyclone that hit Masirah Island and progressed
onto the Omani mainland in 1977. It was the most powerful storm to strike the
Arabian Peninsula until Cyclone Gonu in 2007. The rainfall in the island reached
430.6mm in 24 hours which is more than six times the average annual precipitation
in the area [71]. This cyclone was considered the worst disaster in Oman during
the 20th century. There are other storms recorded in Region F in the years 1992,
1993, 1994, 1995, 1996 [72]. Almost all of them left heavy rainfall in the region,

which is consistent with the SPI results.
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Region F 12-month SPI history
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Figure 4.22. 1971-2000 period time series of 12-month SPI for Region F.

Figure 4.22 shows the 12-month SPI results of Region F for the period 1971-
2000. The durations of the dry and wet events seems longer because they have
no interruption since the 12-month SPI uses the previous 12 months’ precipitation
averages successively. The severity of the events seems milder compared to the 3-
month SPI results. We see the e ects of 1992, 1993, 1994, 1995, 1996 storms more
clearly in the 12-month SPI results. The timing and the severity of the major events
are consistent with the actual events mentioned in the 3-month SPI results of this

region.
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Region F 3-month SPI future
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Figure 4.23. 2071-2100 period time series of 3-month SPI for Region F.

Figure 4.23 shows the 3-month SPI results of Region F for the future period.
Here, we see that the severities of both the dry and wet events decrease compared
to the historical period until the year 2092. Till this year, almost none of the events
reach the extremely dry of extremely wet classes. Then around 2092 we see an
extremely wet period followed by an extremely dry period both of which seem to
last more than a year. This situation pose a threat for the region, however, these
extreme events can be related to the fact that the region contains a desert. Toward
the end of the century, we see a peak for both wet conditions and dry conditions,

whose SPI values reach to 3 and -3 respectively.
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Figure 4.24. 2071-2100 period time series of 12-month SPI for Region F.

Figure 4.24 shows the 12-month SPI results of Region F for the future period.
We see that the extremist event during the future period is the extremely wet
event around 2092 and its SPI value exceeds 2. The longest event is between
the years 2087-2090 and it is in the class of severely wet in the McKee drought
classi cation. There are 3 severely dry events around the years 2080, 2085, 2091
and their durations seem comparable and around 2 years. This long periods and

dry and wet conditions pose threat for all livings in the region.
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4.2. SPEI

4.2.1. SPEI Results of Region A
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Figure 4.25. 1971-2000 period time series of 3-month SPEI for Region A.

In Figure 4.25, we see the 3-month SPEI results of Region A for the period
1970-2000. These results are very similar to 3-month SPI results. The rstdi erence
that captures the attention is that while the SPI value for the dry period around
1974 only a bit lower than -1, the SPEI value almost reaches to -2. The same
characteristic is seen for the drought around 1987-1988. Moreover, SPI value for
the wet period around the year 1997 reaches to 3, the SPEI value for the same
period reaches to 2. This might mean that the SPEI measured the dry periods
drier than the SPI. Also, it measured the wet periods less wet than the SPI.
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Figure 4.26. 1971-2000 period time series of 12-month SPEI for Region A.

Figure 4.26 shows the 12-month SPEI results of Region A for the historical
period. Again we see the pattern is very similar with the 12-month SPI results. The
rst di erence we see between the two graphs is the wet period around 1976. SPEI
again measures the wet period less wet than the SPI. However, SPEI measures the
wet period around 1980 wetter than SPI. The rest of the graphs are very comparable
and the di erences between the two results must be due to the fact that SPEI

accounts for the evapotranspiration while SP1 does not.
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Figure 4.27. 2071-2100 period time series of 3-month SPEI for Region A.

In Figure 4.27, we see the 3-month SPEI results of Region A for the future
period. When compared with the 3-month SPI results, we see SPEI value is lower
than the SPI value for all the wet periods around the years 2074, 2088, 2093 and
especially in 2098. That again means that SPI measures the wet periods wetter than
SPEI, because SPI does not account for the evapotranspiration. When we look at
the dry periods, we again see that SPEI measures the droughts around 2090, 2097,
2099 drier than SPI, however, SPI measures the drought around 2094 drier than
SPEI.
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Figure 4.28. 2071-2100 period time series of 12-month SPEI for Region A.

In Figure 4.28, we see the 12-month SPEI results of Region A for the future
period. Here, the rst thing that captures the attention is that SPI measures the
droughts around the years 2075 and 2085 drier than SPEI. The SPI value for the
dry period around the years 2075-2076 is between -1 and -1.5 while the SPEI value
is between 0 and -0.5. The dry period around the year 2085 is in the moderately
dry class according to both of the results even if the SPI and SPEI values are a bit
di erent. Plus, SPEI measures the wet period at the end of the century very much
wetter than the SPI. These di erences are due to the fact that SPEI accounts for

evapotranspiration while SPI does not.
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4.2.2. SPEI Results of Region B
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Figure 4.29. 1971-2000 period time series of 3-month SPEI for Region B.

In Figure 4.29, we see the 3-month SPEI results of Region B for the period
1970-2000. Again, the timing of the wet and dry periods are very consistent with the
3-month SPI results, however, there are some di erences between the two graphs.
One of the major di erences is that SPI measures the wet period around 1989 a
bit wetter than SPEI. The second is that while the SPI value exceeds 3 for the wet
period around 1993, the SPEI value is only about 2.5. Thirdly, at the end of the
century, SPI detects a moderately wet period while SPEI does not detect almost
any wet period at all. Dry periods are a little bit more similar between the two
graps except that at the end of the century the duration of the drought seems much

longer in SPEI results than in SPI results.
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Figure 4.30. 1971-2000 period time series of 12-month SPEI for Region B.

Figure 4.30 shows the 12-month results of the Region B for the period 1970-
2000. When compared with the 12-month SPI results, a few things draw the at-
tention. In 1978, SPI measures the drought drier than SPEI, in 1993 SPI measures
the wet period wetter than SPEI. The major di erence between the two graphs,
however, is that around 1997-1998 SPI detects a wet period while SPEI does not
detect any wet period at all. Again, these di erences are caused by the fact that

SPEI accounts for the evapotranspiration in the region, while SPI does not.
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Figure 4.31. 2071-2100 period time series of 3-month SPEI for Region B.

In Figure 4.31, we see the 3-month SPEI results of Region B for the future
period. When compared with the 3-month SPI results, we see 3 main di erences.
The rst one is that SPEI detects almost no dry periods till the year 2077, however,
SPI detects short-term, severely dry periods. The second one is that SPEI detects
a long-term drought between the years 2091-2095, however, SPI detects a couple
of severely wet periods in between. The third one is that SPEI detects another
long-term drought between the years 2096-2099 while SPI again detects a couple of

wet periods in between.
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Figure 4.32. 2071-2100 period time series of 12-month SPEI for Region B.

Figure 4.32 shows the 12-month SPEI results of Region B for the future pe-
riod. There are a few important di erences with the 12-month SPI results for the
region. Firstly, SPI results detect a near normal drought around the years 2075-
2076, however, SPEI detects no such drought. Secondly, the drought around the
year 2080 is severely dry according to the SPI results and it is moderately dry ac-
cording to the SPEI results. Thirdly, during the long-term drought between the
years 2089-2095 SPI detects some wet periods while SPEI does not. Finally, at the
end of the century, SPI detects a severely wet period while SPEI detects only near

normal wet period.
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4.2.3. SPEI Results of Region C
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Figure 4.33. 1971-2000 period time series of 3-month SPEI for Region C.

In Figure 4.33 we see the 3-month SPEI results of Region C for the historical
period. When compared with the 3-month SPI results, 2 major di erences are
seen. The rst one is that during the long-term wet period seen in the SPEI results
between the years 1979-1986, SPI detects moderately and severely dry periods. The
second one is that the drought at the end of the century is shown drier in the SPEI
results than the SPI results, and moreover the wet period around 1997 is almost

extremely wet according to SPI while SPEI shows the same period as near normal.
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Figure 4.34. 1971-2000 period time series of 12-month SPEI for Region C.

In Figure 4.34, we see the 12-month SPEI results of Region C for the period
1970-2000. The 12-month SPI results show a few di erences from 12-month SPEI
results. Firstly, during the long-term wet period between the years 1979-1986 in
the SPEI results, SPI shows near normal drought conditions. Secondly, during the
long-term drought period between the years 1995-2000 seen in the SPEI results,
SPI shows long-term severely wet period in the rst years of the period. In the
literature, it is stated in more than one source that Morocco had droughts in 1995,
1999, Algeria and Tunisia had a long-term drought during 1999-2000 [66]. There is
no drought recorded in Northern Africa in 1996, 1997 and around these two years
the drought severity in the SPEI results decreases. These informations may mean
that the SPEI results re ect the truth better than SPI results for this region.
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Figure 4.35. 2071-2100 period time series of 3-month SPEI for Region C.

Figure 4.36 shows the 12-month SPEI results of Region C for the period 2071-
2100. When compared with the 12-month SPI results, we see that the two graphs
are comparable except that during the rst 15 years of the future period SPI detects
more dry events than SPEI and they are not severe, and similarly during the last
15 years of the future period SPI detects more wet events than SPEI and they are
not severe either. At the end of the century, we again see a peak in the wet and

dry conditions which are both extremely extreme.
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Figure 4.36. 2071-2100 period time series of 12-month SPEI for Region C.

Figure 4.36 shows the 12-month SPEI results of Region C for the future period.
We see the same di erences that we saw between the 3-month SPEI and 3-month
SPI results here as well. During the rst 15 years of the future period SPI detects
more dry events than SPEI and they are not severe, and similarly during the last
15 years of the future period SPI detects more wet events than SPEI but this time
they seem to be severely wet and extremely wet. Again, at the end of the century
we see an extremely wet period and its value almost reaches to 5, which is very

extreme.
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4.2.4. SPEI Results of Region D
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Figure 4.37. 1971-2000 period time series of 3-month SPEI for Region D.

Figure 4.37 shows the 3-month SPEI results of Region D for the historical
period. When compared with the 3-month SPI results for Region D, the two graphs
are very comparable and similar. The only di erence is that SPI detects a couple
of wet conditions during the last 5 years of the historical period, whose severities
are in the class of near normal mostly and moderately wet rarely. At the end of
the century, we see a very long dry period which seem to last around 5 years. This
may be due to the 1997-1998 EIl Niro episode.
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Figure 4.38. 1971-2000 period time series of 12-month SPEI for Region D.

Figure 4.38 shows the 12-month SPEI results of Region D for the historical
period. We see the durations of the wet and dry periods in the 12-month SPEI more
clearly than the 3-month SPEI results. Here, again the results are very comparable
with the 12-month SPI results. The duration and the severity of the events are very
similar. Only the long-term drought in the last 5 years of the period seems a little
bit more severe in the SPI results, but still, both of the results show the drought in

the severely dry class.
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Figure 4.39. 2071-2100 period time series of 3-month SPEI for Region D.

Figure 4.39 shows the 12-month SPEI results of Region D for the future period.
When compared with the 12-month SPI results, there are a few di erences between
the two results. The years between 2080-2085 seem wetter in the SPEI results. The
duration of the wet period is longer. The years between 2091-2094 and 2096-2099
are measured drier by SPEI even though the durations of the drought periods are
the same between the two results. We may expect an another El Nino event during

these years since the e ect of EI Niro on the region is making it drier.
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Figure 4.40. 2071-2100 period time series of 12-month SPEI for Region D.

Figure 4.40 shows the 12-month SPEI results of Region D for the future period.
The rst years of the period is extremely wet according to both results. Around
the year 2075, SPI detects a near normal drought while SPEI detects no drought.
Actually, SPEI foresees a very long wet period till the year 2086 with a 2-year
near normal drought during the years 2078-2079. This drought seems to be in the
severely dry class according to SPI results. At the end of the century, there are
two droughts which are in the extremely dry class between the years 2092-2093 and
2096-2099.


































































