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ABSTRACT

Climate extremes including droughts, floods, andhHow temperatures are recurrent in
southern Sudan and whenever they occur, they aeciated with many socio-economic
miseries. Recent assessment by IPCC, (2013) hamsihat climate change is real with many
parts of the world likely to face more frequent aederer climate extremes. This study is aimed
at enhancing our understanding of past and pred®macteristics of climate extremes over
South Sudan based on space-time patterns of thergoatall and temperature extremes. The
datasets used in this study were monthly rainfal gemperature, Sea Surface Temperatures
over tropical Indian Ocean and Nifio regions (Nifid1Nifio3, Nifo3.4 and Nifio4) over the
equatorial Pacific Ocean for the period 1961 to 0Temperature records included both
maximum and minimum values for the period 1954 @13 The temporal characteristics
examined included seasonal trends, and inter-amegatrences of the extreme lowest/ largest
values. The trends were examined using graphiachktatistical techniques. This included fitting
determination of trends and testing their significa using non-parametric statistical approaches
that included the use of Mann Kendall Statisticean8ardized Precipitation Index, Simple
probability of occurrence statistics and Spectnaélygsis were also used to investigate the
characteristics of the interannual recurrenceshef fainfall and temperature extremes. The
Pearson correlation and composite analysese also used to investigate linkage between
seasonal rainfall and El Nifio Southern Oscillat{@NSO) and Indian Ocean Dipole (IOD)

events.

The seasonal patterns of both rainfall records sgldavat the June, July and August (JJA) season
is the peak rainfall season over south Sudan, wdodiributes more than 50% of annual rainfall.
The highest maximum temperatures were observedgldine March, April and May (MAM)
season, while lowest minimum temperature was obseduring the December, January and
February (DJF) season. Results from the trend aisahowed insufficient statistical evidence
of a significance of increasing/ declining tend&tmount of annual and seasonal rainfall at many
locations, while both maximum and minimum tempeamatindicated statistical significant
evidence of increasing trends for all locationssidered in study at 0.05 level of significant.

The inter-annual patterns of rainfall indicatedureent patterns of floods and droughts over



some locations used in the study. The Spectralysisabf rainfall and temperature showed
significant recurrent modes of one to two spegiealks within period of 3 to 8 years, which can
be attributed to some common large scale forcingh@aeisms within atmosphere and ocean
components such as Quasi-Biennial Oscillation (QBQhe lower stratospheric zonal winds, El

Nifio and La Nifa events.

The observed spatial patterns of rainfall and teatpee for current period1984-2013 relative to
1954-1983 and 1961-1990 indicated that, climatengband variability signals are real in south
Sudan and results showed insignificant declineamownt of rainfall and significant increasing of
temperature over most locations in south Sudan.vah@ations in spatial patterns confirmed by
probability distributions of Long Term Mean (LTMY aainfall and temperature of two periods
(1954-1983) and present (1984-2013), which showetkase in both means and variance and
changes in asymmetry toward the hotter and heaésvior temperature and high probability of

occurrence of drought, floods for rainfall.

The correlation coefficients and regression mo@dlveen seasonal rainfall and 10D and ENSO
events at zero and one Lag season indicated wdakotmection and IOD and ENSO
contributing less than 20% of variability in raiifa’he composite analysis established facts that
most of locations observed normal rainfall and savhéhe extreme rainfall conditions that
occurred over South Sudan were found not coincidle positive and negative 10D and weak,
moderate and strong ENSO phases. These resulteef@mpolicymakers to make more informed
knowledge based decisions for mainstreaming of atémrelated risks into sustainable
development policies, Disaster Risk Reduction (DRRJ Climate Change Adaptation (CCA)
strategies.
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CHAPTER ONE

1.0 Introduction

This chapter provides background information ingigdproblem statement, objectives and
justification and description of the location, piogd features, all geographical and climatic
information concerning the area of study as wefeasors that influence rainfall and temperature
such as Inter-Tropical Convergence Zone (ITCZ),nwand cold ENSO, Indian Ocean Dipole

(IOD), Tropical Monsoons winds and subtropical eytlones.

1.1. Background Information

The issues of climate change are real and poss tiskluman health, ecosystems, social and
cultural systems, and sustainable development. aénthange and variability result from
natural and non-natural processes, interactiofimfate system component and manmade Man-
made carbon dioxide emissions. The natural prosease associated with any changes in the
natural processes that determine the climate opldnget earth including solar radiation intensity,
earth — sun distance, earth’s orbital parametessltieg in the daily movement and seasonal
movement of the earth. Anthropogenic factors ineltltbse associated with human action such
as the burning of fossil fuels and the conversidnlamd for forestry and agriculture.
Intergovernmental panel on climate change (IPCE&jndion of climate change are restricted to
those associated with human forcing and can thexdfe reduced through human interventions
(IPCC, 2007a) and IPCC, 2013a). Also IPCC assedsm&ve associated the recent climate
change with changes in rainfall and temperaturéepet at various spatial and temporal scales
including changes in extreme climate events suckraaght, floods and heat waves among
others. Most of the anthropogenic climate changel®en linked to continuing and increasing

concentration of Green House Gases (GHGS) in thesgihere especially carbon dioxide.

Agriculture and food security sectors in south Sudee considered as main weather-dependent,
and therefore can be affected negatively by clineetieemes and fluctuations (UNDP, 2012).
IPCC (2013) report indicated that climate changeeksrate the frequency, intensity, spatial
extent and duration of climate extreme events imyneegions especially in Africa where

resilience is too low. Many studies on long termmaelte and prediction of seasonal rainfall over

1



Greater Horn of Africa (GHA) revealed an increaseariability of seasonal rainfall that makes
it less predictable (Oludhe, 2010; Nicholsenal, 2013). Shifts in the onset and cessation of
rainfall have been observed in some parts of S8uttan, particularly in Malakal County (Chan,
2011).

Some of the past studies indicate that the climatee Greater Horn of Africa, of which South
Sudan is an integral part, is variable in time apdce. Changes of annual, seasonal and monthly
rainfall and temperature patterns have affectedynp@ople and caused negative impacts on the
country’s economy in recent years. Williams andk(#011) highlighted that over the last three
decades, rainfall has decreased over Eastern Ajgbaeen March and May/June, due to rapid
warming of tropical Indian Ocean. Similarly, LyondaDeWitt (2012) showed a decline in the
March—May seasonal rainfall over Eastern Africa.m&er (June—September) monsoonal
precipitation has declined throughout much of thheaBer Horn of Africa over the last 60 years
(1948-2009) because of the changing Sea Level iree€SLP) gradient between Sudan and the
southern coast of the Mediterranean Sea and thibesouropical Indian Ocean region (Williams
et al, 2012).

El Nifio Southern Oscillation (ENSO) and Indian Qtdaipole (IOD) are among systems
influencing rainfall and temperature distributiondavariability over South Sudan. The ENSO
phenomena is known to be a fundamental and quaside feature of the Ocean-Atmosphere
system and in most cases it occurs within perigdgiranging from 2 to about 8 years
(Rasmusson and Carpenter, 1983; Halpert and RogkleW992). Some extreme rainfall
anomalies in East Africa have been associated witSO (Ropelewski and Halpert, 1987,
Janowiak, 1988; Ogallo, 1988). Indian Ocean Dip@@D) is a seasonally phase-locked
phenomenon that develops in early May, peaks irpli@t and decays by December in the
equatorial Indian Ocean. It has been defined by &apl (1999) as the difference in SST
anomalies of the Tropical western Indian Ocean E506°70°E, 10°S — 10°N) and the Tropical
south-eastern Indian Ocean (90°E — 110°E, 10°SN).0Fhe positive phase of the 10D is
associated with warm SST in the Tropical westedialim Ocean and cold SST in Tropical south-

eastern Indian Ocean.



South Sudan, as a young nation, is more vulnetabilee past and present extreme variability of
rainfall and temperature especially including tleeurrences of hydro-meteorological hazards
(droughts, floods, etc) due to weak resilience kvd adaptive capacity of the society. High
vulnerability levels and low adaptive capacity dirked to factors such as conflicts, , high
poverty rates, and a lack of safety nets, limiteidity to adapt financially and institutionally du

to lack of established climate resilience infrastiwes among others. For South Sudan to ensure
food security through sustainable rain-fed agrigalt activities, there is need to understand the
spatial and temporal characteristics of rainfatl eamperature, and teleconnection between these
meteorological parameters with systems causingngiateclimate variability, such as Indian
Ocean Dipole (IOD) and EI Nifio Southern Oscillat{@&@NSO) and this will be the focus of this
study to assess and fill the gaps and recommensipd@adaptation measures to variability and
changes in rainfall and temperature in South Sudan.

1.2. Problem Statement

Climate variability and change impacts are alreddyng felt in many parts of the world
especially Africa, and are likely to worsen in tlhure, Assessment Reports produced by the
working groups of the Inter-Governmental Panel dm@&te Change (IPCC, 1995; 2001; 2007;
2012; 2013) indicate clear evidences of changetinmate and weather patterns in many parts of
the world. No sustainable development can be aelietoday and in the future without
effectively addressing challenges associated widsgnt and future climate variability and
change threats. These include increased frequernttingensity of drought/floods, delayed onset,
early cessation, irregular distribution, which letm widespread impacts on infrastructure,
agriculture, land degradation and soil erosionedteck including fisheries, loss of property,

human health and life.

Current literature shows that limited research Ibeesn carried in relation to climate variability
and change over South Sudan. Despite the presénde@enues that form the backbone of the

economy and foreign exchange earnings now in S®uttan, agriculture, livestock and fisheries



is still a major source of livelihood in terms ajod and employment for local communities
(GOSS, 2011).

The changes and variability in rainfall and temp#e have significant impacts on crop yields,
Livestock and Fisheries. Increases in temperatuglecarbon dioxide (CO2) can be beneficial for
some crops if warming not exceeds a crop's optitemperature for growth and reproduction.
The frequency and intensity of extreme weather @dmdate such as Floods, droughts and Heat
waves can harm crops and reduce vyields, threatsmrpaand feed supplies and direct threats to
livestock .also many weeds, pests and fungi thuiveer warmer temperatures, wetter climates,
and increased carbon dioxide (CO2) levels. Fishewdl be affected by changes in water
temperature that shift species ranges, make watere hospitable to invasive species, and
change lifecycle timing. Therefore, assessing ftatial and temporal characteristics of rainfall
and temperature is crucial to planning for the majocio-economic sectors. In addition, the
extreme climate events such as drought and floskigh cause serious impacts, may force poor
and developing economies to redirect the resowaltesated to the development and improving
standard of living of citizens to the relief opévat, evacuation and maintenance of what was
destroyed by drought and floods, which leads tactirginuity of the cycle of poverty.

Indian Ocean Dipole (IOD) and EL Nifio Southern @®aton (ENSO) are believed among the
systems causing potential variability of rainfalleo Greater Horn of Africa (GHA) and South
Sudan in particular. Therefore, quantification lé tdegree of relationship between variability in
observed rainfall and Sea Surface Temperature (S&Es IOD and Nifio regions are crucial to
enhance predictability and accurate skill in predic of seasonal rainfall for sustainable
agricultural production leading to long-term deymteent and economic growth. This will also
provide a better understanding of some of the m@shes and physical processes responsible for

the observed variability in rainfall over South &nd

1.3. Study Objectives

The main objective of this study was to assessehmporal and spatial characteristics of rainfall

and temperature over South Sudan in order to battderstand variability of climate in the



country. This is critical in the short, medium alwhg term planning phases for the socio-
economic development of the country. The spectijectives of this study were to:
I Assess the temporal characteristics of observedalaand temperature records over
south Sudan.
ii.  Assess spatial variability and Extremes in the oleskrainfall and temperature records
over south Sudan.
ii.  Quantify the teleconnection between Indian Oceapol@i (IOD), ENSO indices and

observed rainfall over South Sudan.

1.4. Justification

Rainfall and temperature are the most variable atiierelements hence required in planning and
management of most socio-economic activities ovautls Sudan. The past characteristics of
these climate elements are vital in informing ris&ning and the general planning and

management of all weather and climate dependeinitaes.

While several studies have been done round thedworlunderstand the temporal and spatial
variability of rainfall and temperature patternsre exists a big gap knowledge in this regard in
South Sudan. The study is looking at charactessincluding changes in rainfall and
temperature patterns over South Sudan that willeod understanding of the causes of these
variability and change and the teleconnections betwrainfall and temperature with Indian
Ocean dipole (IOD) and ENSO events. The knowledgzebf will form critical basic for
Disaster Risk Reduction (DRR) and strategies oim@le Change Adaptation (CCA). The
knowledge of these factors will also add value lanping and decision making in order to

reduce adverse impacts of the climate variability ahange on the socio-economic sectors.

Further, assessment of the temporal and spatiabiiiry and change of rainfall and temperature
patterns will provide the much needed climate imfation for short, medium and long-term
government strategies to achieve sustainable dewot. It will also help provide basic
climatic information within the South Sudan to sappfarmers who still purely depend on

traditional or indigenous knowledge in making dems.



Therefore, the study aims at addressing the able@dceming in order to help Scio-economic
sectors in adapting to variability and changes amfall and temperature patterns through
provision of better and accurate climate infornratwhich is core for Early Warning Systems
(EWS) under the prevailing and predicted variap#ihd change of rainfall and temperature over
South Sudan.

1.5. Area of the study

This section deals with the description of the tmrg physical features and climatic information

concerning the area of study.

1.5.1. Location and Physical Features of the Study Area

South Sudan is located in northeast of Africa amets an area of 619,745 knBefore 9 July
2011, it was part of Sudan. It lies between laggi@°N and 13°N, and longitudes 24E° and
36°E. It borders Sudan in the north, Ethiopia ie @ast, Kenya, Uganda and the Democratic
Republic of Congo in the south and the Central oaini Republic in the west (Figure 1). The
country is mainly of plain terrain interrupted sfteo by hilly areas with thick equatorial
vegetation and savannah grasslands. The countyhals mountainous ranges along its border
with Uganda. Some of these include Imatong, Didiagd Dongotona, which rise more than
3,000 metres above sea level. The river Nile isdibiainant geographic feature of south Sudan,
flowing 3,000 kilometers from Uganda in the southBgypt in the north. Most of the country
lies within its catchment basin. The Bahr el Gharal Sobat rivers are its tributaries that join at
Malakal to form the White Nile River that flows 8udan and Egypt.
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Figure 1:Map of the study area (SOUrc@tp://ds-lands.com/photo/countries/south-sudan/04/)

1.5.2. Climate of the study area

The South Sudan’s climate is mainly tropical, ranffem semi-arid in the north to tropical wet
in the far southwest. The country is generally thating summer months (March to June) with
seasonal rainfall driven in most cases by the mevemand location of Inter-Tropical
Convergence Zone (ITCZ2).

Temperatures vary greatly (35°C to 42 °C) with seasat any location. Highest temperatures
recorded at the end of the dry season of March ag fAM) in northern part of country and
beginning of rainy season in southern part, with llottest maximum temperatures reaching at
least 38 °C. From December to end of Februaryctheatry is under the influence of the dry

northeasterly wind resulting in dryness countrywidlee southern part of the country records



heavy rainfall in early March due to south-westsrlresulting from the northward movement of
ITCZ.

South Sudan has two features of rainfall seasoasy@ar. The southern parts of country has its
rainy season starting from March to November, whitethern parts of country has its rainy
season starting from May to October. This uni-matture of rainfall distribution across the

regions corresponds with the northward and soutthwagration of the ITCZ.

The semi-arid areas in the extreme northern paeisvauch drier and experience two seasons.
The dry cold (winter) season starts from end of &ober to February and the dry hot (summer)
season starts from March to October. The mean amaudall range is approximately 300-

700mm in the extreme northern and eastern patietountry while the southern part receive

mean annual rainfall of approximately 700 -1000 mm.

Due to topographic lifting caused by Ethiopian géat in the eastern part of the country and the
effect of the Azores ridge of high pressure over wWest, annual rainfall generally decreases
from eastern to western parts of the country. Tdmachs depict a meridional orientation
generally running from the northeast to southwaeslicating the influence of the Ethiopian

highlands and the Azores ridge of high pressure.

1.5.3. Soils and vegetation

According to Van Noordwijk (1984) the soils of Sadzan be categorized into five main groups,
related to landform and climate. This categorizapplies to Sudan as a whole, but the five soill
types described by van Noordwijk are all found wuthern Sudan. The type of siol decribed
included Various desert soils, Stabilized duness@@oz), Dark cracking clays, Non-cracking

clays and Red loam and ironstone soils.

In details the various desert soils, formed byabion of wind and a dry climate. Salt crusts and
rounded stones and pebbles may occur on the sutiap®rtant groundwater resources are

found under these formations. Stabilized dune d@Hez) formed during periods of a drier



climate in recent geological history. When moistenditions returned, vegetation stabilized the
dunes. These sandy soils are poor in nutrientstaid humus content is low, but they are very
permeable and because of the fine sand may haatvedy high water availability during dry
seasons. Dark cracking clays, which are also knasvtblack cotton soils,” are mainly found in
floodplains and deposited by the Nile and its bhas¢ but some may have been formed on the
spot from basalt rock formations. These soils cideép and wide when dried out. Non-cracking
clays, occur scattered, and cover only a very slaatl area. Red loam and ironstone soils occur
mainly in areas where annual rainfall exceeds 800 and where drainage of excess water is
possible (USAID, 2007).

Vegetation covers a considerable portion of théheand has an effect on weather and climate.
Vegetation influences both albedo of the earththecamount of water vapor and carbon dioxide
in the air. Climate change can have a very big chma soils and the functions that soil
performs. Increasing damage to the land, or langratdkation, will occur in the form of
soil erosion, desertification, salinisation, ordax peat soils, further impacting on the capapilit
of soils to support the needs of all types of vatien.

South Sudan has extensive and diverse forest aodlarad resources that provide food, oils,
medicines, timber, poles and firewood, as well @sitht for much of Southern Sudan’s wildlife.
Forest ecosystems are generally robust, yet in sve@s they have been degraded by decades of
uncontrolled fire, uncontrolled grazing, and ovatteig of more desirable species (Lomuro,
2006, USAID, 2007).

1.6. Factors Influencing Rainfall and Temperature over $uth Sudan

The main factors and systems influencing climater &outh Sudan include the Inter-Tropical
Convergence Zone (ITCZ), Sub-tropical high pressystems, Inter-hemispherical monsoonal
wind systems, Easterly and Westerly waves, andcdaleections with EI-Nifio Southern
Oscillation (ENSO). Other factors include Intrasmaal Madden-Julian Oscillation (MJO)
(Anyamba, 1993), Easterly Waves, Monsoon Winds,pital Storms, Teleconnections with

SSTs and the Quasi-biennial Oscillation (QBO) ia dyuatorial lower stratospheric zonal wind,



solar and lunar forcings (Ogallo, 1988; Indeje &winazzi, 2000). Some of these factors are

discussed in detail in the subsections below.

1.6.1. Inter-Tropical Convergence Zone (ITCZ)

The Inter-tropical convergence zone (ITCZ) is anktary-scale tropospheric systdahmat is
accompanied with active convection and rainfalltie tropics. It is a region of zonal low-
pressure belt in the lower troposphere. These yigiter-hemispheric convergence of the trade
winds and thereby produce vertical motions, which r@sponsible for the intensified cumulus
activity near the ITCZ. It also constitutes the maynoptic scale system that affects the
intensity, distribution and migration of seasorahfall over the South Sudan. The onset and
cessation of seasonal rainfall over the region deép®n the onset and fluctuation of the ITCZ.
Mesoscale circulations induced by factors like maldakes and varied topography as well as
maritime effects influence the large-scale pattefnthe ITCZ (Blacket al., 2003). The
movement of the ITCZ during the season is not umifdt retreats faster southward compared to
northward.The features of the ITCZ can defined dependingtsracation and strength. By
location, the ITCZ can be north, south or doublthwespect to the geographical equator. Based

on intensity, the system characteristics can deofuleak.

The ITCZ crosses South Sudan border in early Feprarad continue advancing northward till
reaches northern parts of country in early May.ibthis period, all the country is under the
influence of southwesterly wind. The south-westsrltarry the moisture to the lower parts of the
troposphere from Atlantic Ocean and Congo basid, the easterlies in the mid-troposphere,
which inject this layer with moisture, carried frahe Indian Ocean (Nicholson, 1996; Okoola,
1999). During the advance of the monsoon, the pigksure systems tend to weaken and due to
the direct rotation of the sun, a thermal low depebver the region and this situation tends to
enhance amount of rainfall associated with stréwgderstorms. In September, the ITCZ moves
rapidly southwards and the rainy season cease (lani@73).
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1.6.2. EI-Nifio Southern Oscillation (ENSO)

The El Nifio-Southern Oscillation (ENSO) is a globalipled ocean-atmosphere phenomenon. It
is a leading mode of tropical climate variabilityiaterannual timescales and characterized by
Sea Surface Temperature (SST) and surface pressunmalies across the Pacific Ocean.
Positive “El Nifilo” phase occurs when SSTs are warnthe eastern tropical PacifOic Ocean
contrasted by its negative “La Nifia” phase wherytagee cool. ENSO impacts on Africa are
believed to occur in part via tropical Atlantic (@hg and Sobel, 2002) and Indian Ocean

teleconnections (Alexandet al, 2002).

The positive/negative phases of the ENSO are assdcivith enhanced/depressed rainfall over
equatorial East Africa especially during the ONRs®n (Ogallo and Suleiman, 1987; Indeje and
Semazzi, 2002).The positive/negative ENSO phadledcal Nifio/ La Nifia, was defined by the
Scientific Committee for Ocean Research (SCOR) wgrkgroup as “is the appearance of
anomalously warm/cool water along the coast of Houand Peru as far south as Lima (12°S).
This means a normalized sea surface temperatui@ g@®maly values exceeding one standard
deviation for at least four (4) consecutive mortthgonform existence of El Nifio or La Nifia.
This normalized SST anomaly should occur at lehstet (3) of five (5) Peruvian coastal
stations,” SCOR, (1983).

There are four Nifio regions (indices) across theraePacific namely Nifio 1+2, Nifio 3, Nifio
3.4 and Nifio 4. Nifio Indices are computed as tha-averaged sea surface temperature of each
of the four Nifio regions. Nifio 1+2 region covers #xtreme eastern equatorial Pacific between
0°-10°S, 90°W-80°W. Nifio 3 covers the eastern emfigtPacific between 5°N-5°S, 150°W-
90°W. Niflo 3.4 region covers the east-central emialt Pacific between 5°N-5°S, 170°W-
120°W. Nifio 4 region spans the date line and cotrersarea 5°N-5°S, 160°E-150°W (Reynolds
and Smith, 1998) see Figure 2.
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Figure 2:The various Nifio regions over the Equatorial pacifi

(Source:http://t0.gstatic.com/images)

More recently in 2003, National Oceanic and Atm@spghAdministration (NOAA) has revisited
the concept of El Nifio and defined it as a phenanem the equatorial Pacific Ocean
characterized by a positive sea surface temperaeparture from normal (for the 1971-2000
base period) in the Nifio 3.4 region greater thaaqual in magnitude to 0.5° C, averaged over
three consecutive months.” The opposite phasd\ifa, also defined as “a phenomenon in the
equatorial Pacific Ocean characterized by a negaida surface temperature departure from
normal (for the 1971-2000 base period) in the NBi¥bregion greater than or equal in magnitude
to 0.5° C, averaged over three consecutive mgiN@AA, 2006, IRI, 2006).

Through research, a unique anomalous warming ofctmdral pacific within the equatorial
region has been reported. This phenomenon is cdleNifio Modoki,” (Ashoket al, 2007a).
Modoki is a term derived from the Japanese languiabBliio Modoki occurs when anomalous
warming occurs in the central Pacific Ocean onlythwooling in the eastern and western
regions. EL Nifio Modoki events are associated watlder East African coasts during the boreal
summer (JJAS) while anomalous dry weather is egpeed during northern hemisphere winter
(Ashoket al, 2007b).

1.6.3. Indian Ocean Dipole
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The Indian Ocean Dipole (IOD) is a coupled ocead atmosphere phenomenon in the
equatorial Indian Ocean that have influences orclineate of Australia and other countries that
fall within the Indian Ocean basin (Sagit al. 1999) with a positive (negative) phase

characterized by warm (cool) SSTs over the wedtaian Ocean and cool (warm) SSTs in the
eastern Indian Ocean. The 10D is defined by theamexl SST anomalies over 502H) 10 S—

10° N (western Indian Ocean) and 9010 E; 10S — U(eastern Indian Ocean). The I0D

evolution has three phases namely; negative, pesiind neutral (see Figure 3). The threshold
anomalies are +0.4 (-0.4) for positive (neutrahditions, otherwise, the neutral phase exists.

Positive Dipole Mode Negative Dipole Mode

Figure 3 Positive and negative phases of IOD

(Source:www.jamstec.go.jp/frcgc/research/d1)iod

There exists coupling between the 10D and the Watkeulation, hence affecting moisture
transport into the Greater Horn of Africa (GHA) i@y Due to this interaction, the positive
(negative) phases are associated with enhancedeédeypl) rainfall over East Africa but there is
no specific study over South Sudan. The IOD infagenn the East Africa rainfall is greatest
when coupled with positive ENSO events during thertsrains season (Saji and Yamagata,
2003; Owiti, 2005). The IOD has as well proved ® & viable rainfall predictor of rainfall.

Modelling studies as well have revealed that tHei@mce of ENSO to the East African short
rains is highly significant when the 10D is anomadly warm (Clarket al, 2003). The OND

rainfall is not only influenced by the SSTs, butthg sub-surface features of the Indian Ocean as
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well, specifically by the sea surface height whiclduces equatorial Rossby waves that

propagate towards the East African coast (Bebead, 2005).

1.6.4. Monsoon Winds

Monsoons are seasonal winds which reverse thegctitin with season depending on the

temperature difference between the Oceans and ehén@nts. They are seasonal (sometimes
inter-hemispheric) wind systems, which convergatiTCZ. They are the major transporters of
moisture inland for rain formation across contin€ftte main rainy seasons in East Africa in

general are largely associated with one monsooiad wurrent receding while another one

advancing. The monsoonal flows in the region aeesthuth and the north easterlies. The active
phase of the monsoons as rain bearing systemsuihh Soeidan occurs during June to October.

During the Northern Hemisphere winter (DJF), maatp of East Africa are under the influence
of the northeast monsoonal wind currents. Thes@svoriginate from the Arabian high and are
generally dry since they are of continental origimd their trajectory is largely over the land
(Anyamba, 1984; Okoola, 1996)he southeast/southwest monsoonal wind currents are
experienced during the Southern Hemisphere widieng-September). These winds are cool and
moist, and originate from the Mascarene Anticyclameéhe southern Indian Ocean. They are
transported by the East African Low Level Jet stré@ALLJ) that is fully developed in July
and enhance rainfall amount and contributing ineading of ITCZ northward over South Sudan

in rainy season.

1.6.5. Subtropical Anticyclones

Subtropical anticyclones are semi-permanent higisqure systems centered over the subtropical
latitudes (approximately 88 and 30N) of the north and south Atlantic, and the Ind@oeans.
These anticyclones make pressure differences bettheeequatorial regions and the subtropical
regions that are important for driving the tropit@de winds. The anticyclones that influence

the synoptic flow over GHA in general are Mascare3teHelena, Arabian, and the Azores high.
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These systems are most intensive during winterossagf each hemisphere and weaken during

summer.

The moisture that comes into South Sudan dependth@rocation and strength of these
anticyclones. For instance, the Mascarene antiogclover the southwestern Indian Ocean
determines the characteristics of the moist sostedg monsoon flow over the Indian Ocean
that influences rainfall over most GHA including 8o Sudan especially for June to August

seasonal rainfall.

The St. Helena anticyclone over southeast AtlaBean is responsible for the pronounced
middle level westerly flow (the Congo air mass) rotlee GHA, which influences most parts of
the south Sudan during all rainy seasons (Marchelder). The Azores high causes subsidence
of warm dry air over the Sahara and neighboringoregwhile the Arabian anticyclone sends
dry continental north easterly wind over most of #astern parts of Africa (Griffith, 1972;
Anyamba, 1984, sabiiti, 2008) and constitute thennsaurce of cool climate over South Sudan
during winter months (December to February) esfigarathe northern part of country.

The conditions favorable for their formation ofbBwpical Anticyclones over GHA include
SSTs and reduced vertical wind shear as well astorei availability. For this reason, the
formation of the Subtropical Anticyclone is usuadighanced during active MJO phase over the
Indian Ocean (Hendon, 1999). Such relationship® lzs well been observed in the Australian
region by Hallet al, (2001). During the long rains, the Subtropicatidyclone over the Arabian
Sea enhances rainfall along the GHA coastal regiftsle the Macarena anticyclone forming
along the Mozambique Channel were associated wijtlcahditions that caused the drought of
1984 in Kenya (Anyamba,1993), and drought in Suida©h983/1984, where large number of

people lost their lives especially in the southgauts (now South Sudan).
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CHAPTER TWO

2.0 Literature Review

This chapter reviews past studies on spatial amdpdeal characteristics of rainfall and
temperature, climate change and variability inalgdextreme climate events, teleconnection of
seasonal rainfall and Indian Ocean Dipole (IOD),N#tio Southern Oscillation (ENSO) over
Greater Horn of Africa (GHA) and over the South &uah particular.

2.1Climate Change and Variability

Climate change and climate variability are two im@nt characteristics of climate. According to
IPCC (2007) report, climate change refers to aissiedlly significant variation either in the
mean state of the climate or in its variabilityygsting for a long period (typically decades or
longer). The United Nations Framework Convention @imate Change (UNFCCC) defines
climate change as “a change of climate which isbatted directly or indirectly to human
activity that alters the composition of the glob#ihosphere and which is in addition to natural
climate variability observed over comparable tineeiqds (Liviaet al.,2009).

According to American Meteorological Society (AM3010), Climate change refers to any
systematic change in the long-term statistics iofiae elements (such as temperature, pressure,
or winds) sustained over several decades or lotiger periods. On the other hand, climate
variability refers to the variations in the meaatstand other statistics of climate on both
temporal and spatial scales beyond that of indaligeeather events. For climate change, human
factors are more responsible for change compartdnaitural processes, but climate variability,

natural factors have more effect than human fagte/GC, 2007a).

The climate of the world is changing in a tragicnmer; the evidences of these changes are very
clear according to most recent climate researafoes flifferent regions around the world (Funk
et al, 2012, IPCC, 2013a, Lange, 2014). Africa is thestrvulnerable continent to the effect of
climate change and variability due to low adaptoapacity and weak resilience in different
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socio-economic sectors, such as lack of adaptai@iegies in case of water stress and food

insecurity among others, hence increasing vulnknabf the poor communities.

During the 28 Century, Global surface temperatures showed areasing trend in many
regions around the world with interannual climageiability being observed in many regions
(Salingeret al, 1997). The 1982/83 and 1997/98 El Nino and t9@11Mt. Pinatubo volcanic
eruption caused substantial variability in theerahnual climate of tropical regions, where some
regions observed above normal rainfall and otherewexperienced drought (Salinger al,
2000).

Tayanc et al (2009) in their study showed a significant wargnitrend in southern and
southeastern parts of Turkey from 1950 to 2004niSaant decrease in precipitation was
observed over the western parts of the countrjpoaih the variability of precipitation was
substantially different across urban and rural ar8aiggesting that urban stations can experience

more frequent and severe droughts and floods catpaural areas.

Nicholsonet al (2013) analyzed temperature variability over édriduring the last 2000 years
and observed that near surface temperature haxeased by 0.5°C or more during the last 50-
100 years over most parts of Africa with minimunmpeeratures warming more rapidly than
maximum temperatures. Near surface air, temperanoenalies in Africa were significantly
higher for the period 1995-2010 compared to thedekr979-1994 (Collins, 2011, Niarg al,
2014).

During the last few decades, north Africa’s obsdremnual and seasonal trends in mean air
surface temperature indicates an overall warmirg ts significantly beyond the range of
changes due to natural (internal) variability (Baoidarian et al, 2012a). During the warm
seasons or summer rainy seasons (MAM-JJA) an iser@a near air surface temperature is
shown over north Algeria and Morocco, which is vemlikely due to natural variability or
natural forcing alone (Barkhordariah al., 2012b). The region has also experienced inargasi

trends in annual minimum and maximum temperaturey(snd Cook, 2012).

The study carried out by Lyon and DeWitt (2012)wba@ decline in the March—May seasonal
rainfall over eastern Africa. Summer (June—Septenbmnsoonal precipitation has declined
throughout much of the Greater Horn of Africa otlee last 60 years during the 1948-2009
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periods (Williamset al, 2012). This happened because of the changingggebpressure (SLP)
gradient between Sudan and the southern coasteoMiditerranean Sea and the southern

tropical Indian Ocean region.

Study carried out by Abaje (2010) on evaluationmashfall trends in Kafanchan, Kaduna State,
Nigeria, revealed that the rainfall regime is maitkeseasonal with a long drier season. The
analysis for Sub periods 1974-1983 and 1999-2008doe and October respectively indicates
that these periods were notably drier compared vierage conditions. The results of the
standardized anomaly index showed that rainfall @rhos declining. Analysis of observed
trends revealed that the decline in the annualfathimmount is mainly because of the

considerable decline in July, September, and Octatefall.

Kostopoulou and Jones (2005) studied possible @saimgtemperature and precipitation related
climate extremes over the eastern Mediterraneaionegr the period 1958-2000. The most
significant temperature trends were observed dusingmer, where minimum and maximum
temperature extremes showed statistically sigmficaarming trends. Although precipitation
indices revealed regional contrasts, the eastetnsanthern stations indicated trends towards

drier conditions.

Study by Nsubugat al. (2013) examined the characteristics of mid-twehtie¢ntury rainfall

trends and variability over southwestern Uganda poishted out that % 53 of stations had
positive trends where 25 % were statistically digant and %45 of stations have negative
trends with %23 being statistically significantery strong trends at % 99 significance level
revealed in 12 stations, Positive trends in Janukgbruary, and November at 40 stations
observed. The highest rainfall was recorded in |Aprile January, June, and July received the
lowest rainfall. Spatial analysis results showedat 8tations close to Lake Victoria recorded high

amounts of rainfall.

Anyah and Semazzi (2005) assessed climate vatiabiler the Greater Horn of Africa based on
NCAR AGCM ensemble and their findings showed irgenual variability derived from leading

mode of Empirical Orthogonal Function (EOF) anaysiat was dominated by ENSO-related
fluctuations. The spatial pattern correspondingh® second mode (EOF2) offered a unique

dipole rainfall pattern (wet/dry conditions) oveetnorthern/southern equitable to domain during
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all the three months of the short rains seasongigrof different anomalous surface and mid-
tropospheric flow from northwestern and easterradtit Ocean and easterly flow from the
Indian Ocean caused the non-ENSO related 1961 dloddwever, during the ENSO-related
1997 floods, the mid-troposheric flow characteribydanomalous westerly flow from the Congo

rainforest that converged with the easterly floanfrindian Ocean along the East Africa coast.

The Assessment of Sudan Post-Conflict Environmesitiaition identified climate change as one
of the most critical threats to the developmentSofdan. Expected changes in weather and
climate patterns are projected to accelerate egistiousehold vulnerabilities and to exceed
current coping mechanisms hence limiting poor peepktapacity to maintain sustainable

livelihoods. This will also lead to increased wasearcity, accelerated desertification and soil
erosion processes, decreased productivity (a 20d) ith crop yields is predicted), damages

caused by more extreme climate events such as libow@md floods, increased heath-related
illnesses, and higher risk of pest and diseaseeaits (USAID, 2007; IFAD, 2009).

Recent reports from the Famine Early Warning Syst&etwork (FEWSNET) indicate that
there has been an increase in seasonal mean téunperamany parts of Kenya, Ethiopia, South
Sudan, and Uganda over the last 50 years (letiak, 2011; 2012). In addition, warming of the
near surface temperature with an increase in thercence of extreme warm events observed for
countries bordering the western Indian Ocean bet#8é1 and 2008 (Vincest al, 2011).

Chan (2011) assessed climate variability and changacts on livelihood and coping strategies
in upper Nile state of South Sudan. He pointedtbat probability of occurrence of 5 days dry
spells was high and farmers are the most vulnerabtdimate variability and change. Results
also showed the climate change and variability lsr@us environmental, economic, and social
impacts especially where household incomes of abeunof families depend on rain fed

agriculture.

2.2Temporal and Spatial Characteristics of Rainfall ad Temperature

There are significant trends in spatial and tempdraracteristics of rainfall and temperature, as

indicated by the many studies carried out in déferparts of the globe on rainfall trends (Zhang
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et al, 2008, 2009a, b, c, 2010; Turks, 1996; De latial, 2000; Gonzalez-Hildaget al, 2001;
Cannarozzeet al, 2006). The different results from these studieswed that there is variation

and distinct changes detected.

Michaelideset al (2009) studied spatial and temporal charactesstif the annual rainfall
frequency distribution in Cyprus and found that pemal and spatial characteristics of rainfall
provide essential information to water resourcesping and management. This information is
also crucial in agricultural planning, flood frequog and intensities analyses, water resource

assessments, and climate change impacts assessments

Kostopoulouet al (2014) examined spatial and temporal patternseoént and future climate

extremes in the Eastern Mediterranean and Midd&t Egion using the Hadley Centre PRECIS
model. Results indicated a future warming trendtifier study area over the last 30yr of the 21st
century. The patterns of the annual trend for bothimum and maximum temperature showed
warming rates of approximately 0.4—%06per decade, with pronounced warming over the

Middle Eastern countries.

Ngongondcet al (2011) evaluated the spatial and temporal charatts of rainfall in Malawi,
and found a statistically insignificant decreasarqual, seasonal and monthly rainfall in most
stations. Results on the spatial analysis showednaplex rainfall pattern countrywide. The

country also was characterized by unstable moméihfall regimes.

Mojwok (2008) investigated the effects of rainfdluctuations on rain-fed agricultural
production in Renk area, Upper Nile State, as semsgmtative of South Sudan cultivation areas.
The results showed strong relationship between absacultural production and rainfall
performance. The results also indicate the poséinve negative effects of extra-ordinary rainfall

(inadequate and excessive rainfall) performancefaatultural production.

The study carried out by Edward (2011) to undecstidne linkages and Indicators of Climate
Change in Upper Nile State, South Sudan showedlgobacrease in the monthly rainfall totals
and temperatures (maximum and minimum), the resal$® revealed the accompanying
destruction of biodiversity in ecosystems of th&ura environment due to illegal practices such
as cutting of trees for firewood, charcoal, clegrof lands for agricultural production, mass

killing of wild animals for meat among others.
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2.3Rainfall and Temperature Extremes

Climate change have a strong effect on socio-ecansattors like agriculture, water resources
and energy among others through occurrence of ragtidimate events, which are responsible
for a major part of climate-related economic losgi€éankel et al, 1999; Easterlinget al,
2000).The major extreme climate events that aregoaized under extreme precipitation and
temperature are flood, drought, frost cold and meates. These extreme events affect property,
society and the entire ecosystems in different w&gs example Extra-ordinary rainfall can
cause floods due to change in rainfall pattercd 18 changes in frequency or in intengityle
extreme temperature events can affect crop growth r@educe production differently with
changes in frequency, with an increase in recurdays of extreme maximum and minimum

temperature (Let al.,2010).

Yun et al. (2012) examined changes in climate and extremgatdi indices in present and Future
Projected climate in Korea, the model results palnbut in a clear and sensible way that the
spatial change in extreme climate indices is sigaitly modulated by geographical
characteristics in relation to land-ocean thermaltia and topographical effects. The summer-
based indices showed an increasing trend, whilewiméer-based indices show a decreasing
trend.

Ning et al (2012) studied the changes of temperature ancipitegion extremes in Hengduan
Mountain, and detected a significant increase & tdmperature of the coldest and warmest
nights and in the recurrence and intensities aeax¢ warm days and nights. While there is clear
decrease in diurnal temperature range and numbkosifand ice days, averages of increasing
season length also showed the trend is harmoniodssignificant with warmingMinimum
temperature warming trends are greater than thbseagimum temperature but variations of

extreme precipitation events are unclear.

Michael (2011) examined the current and future ati@ristics of extreme events in California

and found a significant increase in the frequenay iatensities of both high maximum and high
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minimum temperature extremes in many areas of @ald. The frequency of extreme
temperatures earlier observed once every 100 yearexpected to increase by at least ten-fold
in many parts of California under a moderate emrssiscenario. The projected changes under a
higher emissions scenario will occur almost annuedl most regions. Like other projections,
analysis of precipitation extremes failed to idgn&i significant signal of change with incoherent
behavior when comparing simulations across differ&@CMs and different methods of

downscaling.

The Fifth Assessment Report of the intergovernnmigrdael on climate change (IPCC, 2013a)
Presented conclusive evidences that the warminglamd across Africa has increased over the
last 50-100 years. Surface temperatures have glreexeased by 0.5-2°C over the past
hundred years. Data from 1950 onwards suggestsclin@te change has already altered the
magnitude and frequency of some extreme weatherngwue Africa. The health, livelihoods and
food security of people in Africa have been affdcby climate change (IPCC, 2014, CDKN,
2013).

Tilya (2007) studied characteristics of wet and slpglls in Tanzania during the rainy seasons.
The results showed the longest run of 28 days dfspells observed in the highland stations
while the longest run of dry spells of 249 days evebserved in 1999 in central Tanzania.
Increasing trends were observed over parts of DNkeoria basin during MAM and OND
seasons and south eastern highland of Tanzaniagdine October to May single season. At the
same time, decreasing trends were observed ovevdbern parts of southern Tanzania around
Lake Tanganyika and north eastern highlands ofctintry. Spectral and wavelet analyses
showed that spectral bands of 5 to 7 days, 10 tadys and 20 to 30 days were the most
dominant spectral mode during the two wet seasbmat locations in Tanzania

Gitau (2005) studied characteristics of the wet dndspells during wet seasons over Kenya.
The main findings indicated that the frequency et/dry spells decreased as the length of the
wet/dry spells increased. It also noted that if endays considered for wet / dry spells of a given
length M, the conditional probability of the wetdadry spells were found to decrease in all

locations and for all thresholds.
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Ngaina and Mutai (2013) examined the observatievadence of climate change on extreme
events over East Africa and found that there iseggndecrease in annual total rainfall with
heavy and extreme precipitation being received iwitbhort spells. Maximum temperature
extremes were observed to be increasing while mimtremperature extremes decreased with a
statistically significant rise in the number of wanights and hot days and decrease in number of
cool days and cold nighten the other hand, spatial and temporal patterrsbsérved changes

were not well organized.

Hydro-meteorological disasters like floods and gjtuhave been estimated to cause unknown
percentage of loss the South Sudanese gross dorpestiuct (GDP) every year since 1990s
(USAID,2007 ,UNDP,2012). Variations in extreme weat and climate events under the
background of global warming may cause major unire§outh Sudan. Unfortunately, there is

big gap in the knowledge of these extremes duertg tivil war in the country.

2.4Climate Change and Variability and Extremes impacts

Climate change and variability Impacts on mostami@economic such as agriculture sector are
expected to steady manifest directly from changdand and water regimes, the likely primary
conduits of change. Changes and recurrent andsityeof extreme events such as drought,
flooding, and storm damage are observed and expdoctecontinues in next a few years

(Magadza 2000, Howden,1997 and Challinor,2008mate change is expected to result in long-

term water and other resource shortages, worsesgihgondition, drought and decertification,
diseases and pest outbreaks on crops and livesteak;level rise, among other(IPCC,2007b).
Rainfall and temperature are key features of ckmé#tat threaten rain fed agricultural
productivity in the tropical and sub-tropical cotes$. Agricultural production depends on
rainfall andcarbon dioxide in the atmospheaenong other factors. Rainfall is affected by the
change of atmospheric temperature or global warmimghe recent years scientific research
based on reliable world climate data reveled that ¢limate is being affected by the Green
House Gases(GHGs) effect and temperature and ped@p are changing globally (IPCC,
2001a, IPCC, 2007a, IPCC, 2013a,).
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Climate change has already caused significant iBpano water resources, food security,
hydropower, human health especially for African rioes, as well as to the whole

world (Magadza, 2000). Studies on climate impactd adaptation strategies are increasingly
becoming major areas of scientific concern, e.gpaats on the production of crops such as
maize, wheat and rice (Howden,1997 and Challin@820water resources in the river basin
catchment$Chang,2002, Wilby,2005 and Herrera,2008),foréstxer,2007),industryHarle,20

07) and the native landscafi#gockerty,2005 and Dockerty,2006).

Climate variability adversely impacts crop prodantand imposes a major constraint on farming
planning, mostly under rainfed conditions acrosswiorld. Higher growing season temperatures
can significantly impact agricultural productivitigrm incomes and food security (Battisti and
Naylor, 2009). Themoderate warming and more carbon dioxide in theogphere may help
plants to grow fastefU.S. Census Bureau, 201However, more severe warming, floods, and
drought may reduce vyields. Livestock may be at tigkh directly from heat stress and indirectly
from reduced quality of their food supply. Fisheri@ill be affected by changes in water
temperature that shift species ranges, make watere hospitable to invasive species, and
change lifecycle timingUSGCRP, 2009).

Water availability is a critical factor in deternmiy the impacts of climate change and variability
in many places, especially in Africa. Also tempearatin Africa are projected to increase at least
more than global .this will have varying impactpeleding upon ecological zones(IPCC,2007a).
A number of studies suggest that rainfall and lerjtgrowing season are critical in determining

whether climate change is positively or negatiadfects agriculture (Karanga, 2007, Ariel. et

al., 2008). The predicted variability of temperatuprecipitation, atmosphere carbon oxide and
extreme events are anticipate to have profoundtedie plant grows and yield, crops, soil, weed,
diseases, livestock and water availability in sah&an Africa (IPCC, 2007b, Ariel. et al., 2008,

USGCRP, 2009, Chan, 2011

The contribution of agriculture to GDP varies asragsuntries but some studies suggest that an
average contribution of 21% (ranging from 10% t&%6j(f GDP (Mendelssohet at., 2000,
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Biggs et al.,, 2004. South Sudanis rich in agricultural land and lene of the largest
populations of pastoralists in the world (Oakla®@]1). The contribution of agriculture to south
Sudan GDP has been not quantified clearly, howéMag, United nation Food and Agriculture
Agency(FAO) report suggests that the sector camidb significant not only to national
economy but also to rural livelihoods (FAO, 200B)erefore, the impacts of climate change and
variability especially frequent wet and dry spedinctrigger an unprecedented tide of mass
migration from one state to another (within regjdndm rural areas to nearby cities, and from
country to the neighboring county/district and ots&ate or province which can impacts the

economy and reduce GDP in South Sudan.
2.5Teleconnections between rainfall and Indian Oceanigole (IOD) and ENSO events

A study carried out by Salinget al (2001) to examine climate variability found tivatlate 26"
Century, the changes and variability in climate vendeen attributed to global warming,
Interdecadal Pacific Oscillation (IPO), interannintinescales El Nino/Southern Oscillation
(ENSO), and the North Atlantic Oscillation (NAO)uBng the course of the ZXCentury, it is
expected that the global-average surface tempesatitl increase by 2 to 46 as greenhouse
gas concentrations in the atmosphere increase (IRQG@7a). This will also lead to changes in
precipitation and extreme event such as heavy alinfiot days, and droughts, which are
expected to increase in many areas around the wladdo the direct effects of climate change

and variability.

Enos (2013) investigated EI-Nifio Southern OscolafENSO) and its influence on rainfall over
Tanzania. The main findings showed weak correladad no significant effect by EI-Nino
evolution phases on the MAM season rainfall. Thedgthighlighted non-linear relationship
between ENSO and rainfall, which meant a clearensé of weak relationship between seasonal

rainfall and ENSO over Tanzania.

Owiti (2005) studied Indian Ocean dipole indices asredictor of East African rainfall
anomalies. The results showed significant associdbetween East Africa rainfall during the
short rainy season with positive and negative imd@&ean Dipole (I0OD) phases. These findings

indicated good prospective for improving monitotipgediction and early warning of extreme
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rainfall events over East Africa, thereby reducitng vulnerability, and improve the resilience of
the society of the region to negative impacts dfeawre rainfall events that are common in the

region.

Gitauet al (2013) studied spatial coherence and potentediptability of intraseasonal statistics
of wet and dry spells over Equatorial Eastern Afritor long and short rainfall seasons. The
results showed spatial coherence of the seasanédltdotals and the number of the wet days at
sub-regional level for the long and short rainysees. While mean rainfall intensity and
frequency of dry spells of 5 days or more showed last coherence, but intraseasonal
components of daily rainfall for short rainfall sea were more coherent compared to the long
rainfall season. The study also pointed out thgiclarrelations with key indices depicting sea-
surface temperatures in the Pacific and Indian @xetowed that the hierarchy between the

rainfall statistics in the strength of the telecections reflected that of spatial coherence.

Mutemi (2003) studied the climate anomalies ovetara Africa associated with various ENSO
evolution phases. The study pointed out that tlwirrent of some extreme rainfall events
associated with certain phases of the warm or ENGO phenomenon. In addition, the study
also observed from both composite and correlatimalyaes that during the long rainfall season
East Africa is dominated by weak positive ENSO algrduring the onset phase of warm events
and a negative correlation with the maturity, andherawal phases of the warm events.
Correlation analyses further revealed that raindalting the short rainfall period had stronger
and uniquely opposite signals for warm and cold EN&ents. Onset and maturity phases of
warm ENSO teleconnected positively with rainfallridg the October-December period and

maximum signals occurred at the maturity phase.

A study carried out by Owitet al. (2008) to understand linkages between the In@aean

Dipole and East African seasonal rainfall anomalmegdicated that IOD events have strong
influence on the regional climate system during @wober to December rainfall season and
some of the extreme rainfall conditions over EaBicA associated with positive and negative

IOD phases and teleconnection were strong durifgifid/La Nifa years.

Ininda (1998) assessed the performance of rainfallast Africa using numerical simulation.

The results showed that rainfall over most region&ast Africa was influenced by the SST
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through modification of the east-west (Walker) alation and the local north—south (Hadley)

circulation.

Gezahegn (2001) showed significant correlation betwregional Ethiopia rainfall and SST over
some specific ocean regions. These formed the basie for the predictions. In addition, study
results showed that southern oscillation indicegeha significant lag correlation with seasonal
rainfall over some zones. The SST over the EI-Newons featured in the model, indicating the
important role played by the ENSO in the interahnuaiability of Ethiopian rainfall. It was
further noted that predicting the March to May (MANBIng January SST has a better skill than
November, December and January SSTs. The Marchl, skmt May SST predictors were found
to have a good skill in forecasting the Kiremt @dmainy season. The May SST predictors had a

better skill for some climatic zones in Ethiopia.

The rainfall anomaly of Sudan has been telecondetcieSea Surface Temperature Anomalies
(SSTAS) in the Gulf of Guinea (Lamb 1978a, b). Ralr{Lt986) pointed out that the tropical
Indian Ocean SST has a strong influence on thel3aiméall. Osman and Shamseldin (2002)
used El Nino Southern Oscillation and sea surfaogperature over Indian Ocean and tropical
pacific to investigate rainfall variability in treentral and southern regions of Sudan. The results
showed that the driest years were associated vatimviENSO and Indian Ocean SST conditions

in the tropical Indian Ocean.

From the literature reviewed considerable studiagehbeen indicated around the world in
relation to the spatial and temporal charactegsticrainfall and temperature including extreme
events over Equatorial East Africa. Also the tefetaction of rainfall with some mechanism and
factors affecting distribution of rainfall and teerpture such as I0D and ENSO were covered in
details using different statistical techniques. ButSouth Sudan, there are gaps of such study,
the general behavior of rainfall and temperaturaratteristics still unclear and specific studies
covering all country are rare especially duringdoaivil war, which has been the main
contributor to knowledge gaps. Therefore this studys designed to fulfill the gaps and to
provide climate information need in advance earBrning systems on temporal and spatial
characteristics of rainfall and temperature andualuate the role of IOD and ENSO events on

variability of rainfall over South Sudan.
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CHAPTER THREE
3.0 Data and Methodology

This chapter presents the data and different methbdt used in this study to achieve the

objectives.

3.1 Data type and source

The data used in this study included; observed htpmainfall, maximum and minimum
temperature, sea surface temperatures (SSTs) ndaml Ocean (west and east) and different
ENSO regions (Nifiol1+2, Nifio 3, Nifio3.4 and Nifiaddjaset. Details of these datasets and their
sources are explained in the sub sections thawyoll

3.1.1 Rainfall and temperature data

The climatic data used in this study include gaugedfall and temperature corresponding of
dataset (historical monthly rainfall totals and rinbyn mean temperature) covering the period
1954 to 2013 for five synoptic stations namely,r&tk, Malakal, Raja, Wau and Juba. These
datasets were obtained from South Sudan MeteorabBiepartment (SSMD). The distributions

of stations across South Sudan are show in Figure 4
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Figure 4: The study area with the location of tketisns used in the study

3.1.2 Sea Surface Temperature Data

Sea surface temperature (SSTs) datasets which wger in this study included SSTs over
Indian Ocean known as Indian Ocean dipole (IOD)rmfentioned in earlier sections, The Indian
Ocean dipole (IOD) is defined by the averaged S&dmalies over 50-70E; 10° S—-10° N
(western Indian Ocean) and 9D10° E; 10° S—0°, (eastern Indian Ocean).

In addition Sea Surface Temperature (SST) datasattoopical Pacific Ocean known as Nifio
regions (Nifio 1+2, Nifio 3, Nifio 3.4 and Nifio 4) eoag period (1961 to 2013) was also used.
The Nifilo indices data was downloaded from Natior@enter for Environmental
Prediction/Climate Prediction Center (NCEP/CPC)eSenSST data is on 2 x 2 grid resolutions
and often known as Optimal Interpolation (Ol) Seaf&e Temperature (SST) in literature
following Reynolds and Smith (1994).

3.2Methodology
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This section presents the methodologies that weed to achieve the specific objectives of this
study. Several statistical methodologies includitaga quality control tests, Arithmetic mean,
standard deviation, skewness and kurtosis, Manrd#&lenlinear regression, spectral analysis,
standardized precipitation index (SPI), Gaussiamndde probability distributions, Pearson

correlation analysis. These methods are discusstgtifollowing sub sections.

3.2.1 Data Homogeneity Test

The main reason for undertaking data homogenedyiseto ascertain the quality of data that
may compromised by the existence of outliers amdnsistencies. Inconsistent data can occur
due to several reasons such as change of locdtimmserving stations, change of instruments or
due to human error such as non-trained observeatscantinued long civil war or any other
instability activities. The need for examining dapaality is to ensure that the data is complete
and free from outliers and to ensure that corredtraliable statistical inferences can make from
the data.

Data quality control refers to a set of technigapplied to detect and correct inconsistencies in
observed rainfall data. Quality control of the dates attained using single mass curve to test for
data homogeneity. This involved plotting cumulatiedues of climatological records against
time. A single straight line indicates a homogersemecord whereas heterogeneity tendency is
indicated by existence of more than one line fitiethe graphical plots of the cumulative data.
The methodologies for examining spatial and temparaaracteristics of rainfall and

temperatures are discussed next.

3.2.2 Testing Normality Distribution of Meteorological Data

Skewness}) characterizes the degree of asymmetry of a digidn around its mean. Positive
skewness indicates a distribution with an asymmeil extending towards more positive
values. Negative skewness indicates a distributvth an asymmetric tail extending towards
more negative values (Microsoft, 1996). If the skessS=0 then the distribution represented
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by Sis perfectly symmetric. Mathematically, Pearsansment coefficient of skewness can be
calculated using eqgations 1
Ya(Y; —Y)3/N

SKEW = < RN ¢ )

WhereY sample datal’ is meanN is sample of dat& is sample standard deviation.

Kurtosis refers to thepeakedness or flatness of a distribution comparmedhe normal
distribution. Positive kurtosis indicates a relatyflat distribution. A normal distribution has
kurtosis exactly 3 (excess kurtosis exactly 0). Aligtribution with kurtosis value equal to 3 is
called mesokurtic. A distribution with kurtosis 48 called platykurtic. Compared to a normal
distribution, its central peak is lower and broadand its tails are shorter and thinner. A
distribution with kurtosis >3 is called leptokurti€ompared to a normal distribution, its central

peak is higher and sharper, and its tails are loage fatter. Kurtosis computed using equation 2

LY —V*N
54-

KURT(K) = .(2)

WhereY sample dataf is meanN is sample of dat& is sample standard deviation.

3.2.3 Statistical Methods of Temporal Characteristics oRainfall and Temperature

Several statistical methodologies which includethdardized Anomalies Index (SAI) and trend
analysis (graphic and statistical methods) werel wseachieve the first specific objective. The
temporal pattern that includes time series plotsewachieved using oProtection Upper
Confidence Level (ProUCL)-software, RStudio,XL STAWicrosoft excel while spatial maps
obtained by use of surfer software. All these meéshare discussed in the next sub sections.

3.2.3.1 Rainfall Anomaly Index (RAI)
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The Rainfall Anomaly Index (RAI) was developed barvVRooy (1965). The RAI is calculated
on basic of seasonal and annual time scale to exathe nature of the trends and variability in
seasonal and annual rainfall and temperature temiess The RAI is simply calculated by taking
the difference between the precipitation/tempeeataumd long term mean for a particular time

step, and then dividing it by the standard deviatimuation3 was used to compute the SAI.

X.
RAI=—L . (3)
Sx
WhereX; is the annual rainfall totalX is the mean of the entire series, #hds the standard
deviation from the mean of the series. The SAIl draensionless index where negative values
indicate dry, while positive values wet conditioRsr purpose of this study, the SAl is used only

to standardize rainfall and temperature datasets.

3.2.3.2 Trend Analysis

Trend presents the long-term movement of the tierées. It is the underlying direction (an
upward or downward tendency) and rate of changa time series. Trend patterns can be
derived from graphical and statistical techniqu@gdllo 1980, 1981; Omondi 2005; Muthaeta
al., 2008). Trend analysis can be achieved throughphgcal and statistical techniques
(parametric and non-parametric tests). Howeverhicap method tends to be subjective hence
statistical technique is always preferred. For thigdy only statistical techniques (Linear
regression and Mann-Kendall) aRdotection Upper Confidence Level (ProUCL 5.0)-softevar
were used to plot general characteristics of trandsinfall and temperature, while graphical
methods were used in analysis of annual cyclesailSetf these techniques (graphical and

statistical) were discussed below.

3.2.3.1Graphic Method
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The Graphical techniques are a powerful data etialuanstruments that can be used to plot the
annual rainfall and temperature data series. Theyige a quick, easy and visual summary of
essential meteorological data characteristics. [dots, histograms, and normal probability plots
are examples of graphs that commonly used to disgimmate data. Thisnethod involves the
plotting of scatter, line graph and bar chart diagg where various variables plotted against
time. The scatter diagram shows neighboring paiatsected to give a time versus data point’s
graphs. These graphs can explain information abootcentration ranges, shapes of
distributions, extreme values (outliers), relatinips between different data sets, and trends
(increasing, decreasing, and cyclic). Graphical hoas typically used with quantitative
statistical evaluations and provide informationttimay not be otherwise apparent from
qualitative statistical evaluations. Graphical neethis highly subjective, they may not be
appropriate as a stand-alone method to make cooetusin this study graphical method were

used in plotting of annual cycles and histogramsawiffall and temperature.

3.2.3.2Statistical Methods

The statistical methods used for trend analysisetrer be parametric and non-parametric. For
parametric method, the simple regression analyas wged while for non-parametric tests, the
Mann-Kendall test was used. Details of Linear regi@n and Mann-Kendall techniques were
discussed below

3.2.3.2.1 Linear Regression Analysis

Linear regression can be simple (one dependerdhtarand one independent variable) or multi-
regression (one dependent variable and more thanmalependent variable). It tests whether
there is a linear trend by examining the relatigm&etween timet) and the variable of interest
(y)- In this casey is either rainfall or temperature. Regression aialgan be achieved by using
Equation 4.
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Where the symboly represents the value of dependent variable @j)and b, are the least-
squares estimates of the intercept and slope caefts also known as regression gradiéhits
time.

If the slope is significantly different from zerthe trend in the rainfall and temperature
variables is equal to the magnitude of the slogktha sign of the slope defines the direction of
the trend (increasing if the sign is positive amdrdasing if the sign is negative). If the slope is
not significantly different from zero, there is t@nd in the dependent variable. The P- value
(probability of rejecting the null hypothesisdjfis used to test for significance at 0.05 (0.95)
level of confidence (Otom, 2011)

3.2.3.2.2 Mann Kendall Trend Test

This is a rank based method which is non-paramatretis based on an alternative measure of
correlation called Kendall’'s. Non-parametric techniques do not rely on datarigghg to any
particular probability distribution. Non-parametrigtatistical procedures are less powerful
because they employ less information in their dattan as they only consider the ordinal
position of pairs of scores. Mann (1945) originallged this test and Kendall (1975)
subsequently derived the test statistic distributitann Kendall test only indicates the direction
and not the magnitude of significant trends. Irs ttudy the procedure described by Helsel and
Hirsch (2002) in carrying out the Mann-Kendall testre used which involved computation of
the standardized test statistic S gave by Equétion

n-1 n
s = Z z SN = Xi) oo e e (5)
i=1 j=i+1

Where X; andX; are sequential data valuesis the dataset record length asgh (X; —X;) is
+1, 0 and -1 foX; —X;greater than, equal to or less than O respectiViélg. significance level,
which indicates the strength of the trend, was rdateed by resampling analysis while the
Kendall’'s correlation coefficient which is a measuof the strength of the correlation is

calculated using Equation 6.

2S
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Wheret is Kendall correlation coefficien§ is standardized test statistic, ants the dataset
record length .A positive value ofindicates increasing trend and negative valuecatds a

decreasing trend and wf=0 is no trend (Hirsclet al., 1982).
3.2.4 Measures of Variability and change

In literature, there are four common techniqueslusemeasures variability. These are the inter-
range, interquartile range, variance or coefficiehtvariance, and standard deviatibavid,

(2003). For purpose of this study, the standardadiewn (SD) were used to measure variability
and arithmetic mean were used to measure of changesnfall and temperature term mean

(LTM).These methods are discusses in the next eciioss.
3.2.4.1Arithmetic Mean

Arithmetic Mean is the sum of a collection of numgbdivided by the number of numbers in the
collection. This method tests whether the meandwaf different periods are statistically
different. The test assumes that the data are nlgrmiiatributed. This test has the ability to
compare the means of two samples (or treatmentg); & they have different numbers of

replicates. The mean state of rainfall and tempegavas computed using Equatian 7

n
1
i=1

WhereX = average (or arithmetic mean), n is the sample, &i = the value of each individual
item in the data being averaged.

3.2.4.2Standard Deviation
The standard deviation (SD) (represented by thelGhletter sigma(J ) measures the amount of

variation from the average. The t -test comparesattual difference between two means in
relation to the variation in the data, which is egsed as the standard deviation of the difference
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between the means. The variability (standard dewiptof rainfall and temperature was

computed using Equations 8.

1 n
o = HZ(xi e R)Z e e e e (8)

Where; X is the i" observation of any given variable and n is nuntfebservations.

3.2.5 Determination of Extremes
3.2.5.1Standardized Precipitation Index (SPI)

The standardized precipitation index (SPI) is aught index first developed by Lloyd-Hughes
and Saunders (Costa, 2011). The SPI is used fonasig wet or dry condition based on
precipitation. Positive SPI values indicate wet diban greater than median precipitation,
whereas negative indicates dry condition less tmedian precipitation. For purpose of this
study, the SPI was computed on 12-months time sd#le classification scale for SPI values
used in this study is given in table 1 (McKateal.,1993; Lloyd-Hughes and Saunders, 2002).

Table 1: Classification scale for the SPI values

| Description of state SPI values Description of stat SPI values

Extreme drought SPI< -2 Near normal -1 <SPI<1

Severe drought | -2 < SPK-15 Moderately wet 1<SPI<15

Moderate drought| -1.5 < SPK -1 Severely wet 1.5<SPI <2
Near normal -1<SPI<1 Extremely wet SPI> 2

3.2.5.25pectral Analysis
Spectral Analysis represents a time series in teahghe wavelengths associated with

oscillations, rather than individual data valuesyiVes decomposition of process into dominant

frequencies and detection of periodicities and aggdde patterns
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Spectral analysis has been used extensively to iagawhether a time series of any
meteorological dataset exhibits any periodic flattbns. The most common methods of
computations include autocorrelation transformf fasrier transform, and maximum entropy
method (Jenkins and Watts 1968; Coolgtyal, 1967; Burg 1972, Ogallo 1982, Gitau, 2005). In
this study the Fast Fourier transform technique @&aployed. These methods employed to seek
spectral-peaks corresponding to periodicities énahnual and seasonal rainfall and temperature
(maximum and minimum) time series. Also the sigaifit spectral peaks at 95% confidence
level were tested, and Tukey - hamming statisticelaw were used for White noise hypothesis.

In detecting cyclic variations in a time series,variance function known as the spectral
distribution functionF(A) and spectral density functioff A) are used. Spectral density
function F(A)is the Fourier transformation of the autocorrelationction Omondi (2005).The

cycles appear as peaks in the plotF¢#1 )against period (k). These peaks correspond to the
frequencies, which account for large percentagh@etotal variance (Otom, 2011). The spectral
density function describes the distribution of thesavelengths and involves estimating the
spectral density function and Fourier analysis ine@e representing a function as a sunsioke
andcosineterms and is the basis for spectral analysisr&afall and temperature datasets were
used in this study, the spectral analysis is a@dethrough autocovariance function given by

Equation 9a;
y(K) = fcos (Ak)dF () = f coS (AK)Af(A) oo v v e v v et e e e (90)
0 0

Equation (9a) called the spectral representatiothefautocovariance function ap€k) is the
autocovarience coefficient/F(A) called the spectral distribution function amdlenotes time

units.

The autocovariance functigr(x), can be computed from the spectral density funcfip1 ), as

follows:
y(K) = fcos(/lx)f(/l)d(/l) =fei’“‘f(/1)d(/l) RE—C) )|
0 0
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Also the spectral density functiof(;4 ), can be computed from the autocovariance function,

F(4), asfollows:

1 1%
f(d) = ﬂy(o) + ;Z y(K)cos(AK) ...... ... ... ... ... (9C)
t=1

3.2.5.3Probability of Occurrence of Extremes

Probability distributions of annual and seasonaifall and temperature in South Sudan were

analyzed using Gaussian kernel smoothing basedoomparison between the distributions

derived from the means for 1954-1983 and 1984-20h8.degree of smoothing was determined

by smoothing parametdr values( Raisédnen and Ruokolainen, 2008). Bor 1, the kernel

returns a normal distribution with the same meath standard deviation. Forsb 1, the mean

increases/ the variance increases or both the amehrariance increase see (Figure 5)
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Figure 5:lllustration of effects on extreme temgara when (a) the mean increases, leading to

more recorded hot weather, (b) the variance incesaand (c) when both the mean and variance

increase, leading to much more record hot weatkeulce:IPCC,2012)
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3.2.6 Statistical Methodologies for Quantifying Teleconnetions

This section described methodologies that usedkamae Teleconnections between observed
rainfall on one hand and ENSO, and Indian OceaaléilOD) events on the other hand. These

included Pearson correlation analysis, composisédyaas and regression analysis..

3.2.6.1Pearson Correlation Analysis

In this study, Pearson Correlation analysis wadd uge assess the teleconnection between
seasonal rainfall anomalies over South Sudan onhame&l and Indian Ocean Dipole (IOD)
indices and Nifio indices (Nifiol+2, Nifio3, Nifio3.4daNifio4) on the other hand.
Teleconnection was analyzed Atro and one time lags with the targeted main three rainy
seasons (MAM, JJA and (OND). The Pearson correlatoefficient was computed using

equation 10a.

(i~ D~ ¥)

Tyy =
v o2 Ay oi-5 )

Wherer,, is the Pearson correlation coefficiet,andy are sample means ok; andy;

e . (10a)

respectively. Where,, the correlation coefficient and is the total number of observations.
The value ofr,, range from1to+1 and is independent of the units of measurementlée of
Ty, Near zero (0) indicates little correlation betwedtnibutes; a value neatl or -1 indicates a

high level of correlation.

The significance of the correlation coefficientsnputed using the student'sest as shown by
equation 10b.

e oo er o (10B)
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3.2.6.2Composite Analysis

Composite analysis was used in this study in otdefurther study patterns of associations
between South Sudan seasonal rainfall anomalieshanihdian Ocean dipole (I0OD) and ENSO
(ElI Nifo and La Nifa) phases. The classificatidnpositive and negative IOD and weak,
moderate and strong El Nifio and La Nifia phases wkssified based on the threshold

mentioned in Table 2

Table 2: Classification of IOD and ENSO severity

Category Threshold of Category Threshold of
SST anomaly SST anomaly
Positive 10D >0.5 Negative IOD <-0.5
Weak EIl Nifio 0.5t00.9 Weak La Nifa -0.5t0-0.9
Moderate El Nifio 10to 14 Moderate La Nina -1.0to-1.4
Strong EIl Nifio >1.5 Strong La Nifia <-15
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CHAPTER FOUR

4.0 Results and Discussions

This chapter presents and discusses the resulgebttfrom the different analyses of rainfall,
maximum and minimum temperature data in order toexe the overall and specific objectives
of the study. The results from homogeneity testofath rainfall and temperature (maximum and

minimum) are presented first.

4.1  Data Homogeneity Test and Quality Control

This section presentthe Homogeneity Test for rainfall and temperatuneaXimum and
minimum). Cumulative values of the rainfall, minimuand maximum air temperature against

time for the period 1954 — 2013 for selected repmetive stations were plotted.

Figures 6a to 6¢ give samples of Single Mass Guoferainfall, maximum and minimum for
Malakal, Wau and Juba as selected representatitiorst over south Sudan respectively. All the
mass curves gave straight line plots, signifyingt tthe rainfall and temperature records were

homogeneous hence suitable for use in analyzingttity objectives.
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4.1.1 Testing Asymmetric Distribution of Rainfall and Temperature Dataset
Tables 3 to 5 presented the results obtained freewisess and kurtosis statistical test for
asymmetric distribution of the rainfall and tempara dataset for two periods (1954-1983) and

(1984-2013).

Table 3: Results of Skewness and Kurtosis stafisticainfall

Skewness and | Ann.Rainfal MAM.Rainfal JJA Rainfal SON.Rainfal
Kurtosis
RENK Skew(1954-1983) 0.4 2.7 0.2 0.1
Kurt (1954-1983) -0.6 10.7 -0.9 -0.5
Skew (1984-2013) -0.3 1.8 0.3 0.1
Kurt (1984-2013) -0.4 6.2 -0.6 -0.1
MALAKAL Skew(1954-1983) 0.0 1.0 1.0 0.3
Kurt (1954-1983) -0.2 0.7 0.9 -0.1
Skew (1984-2013) 0.6 0.7 0.1 -0.6
Kurt (1984-2013) -0.4 -0.6 -0.6 0.1
RAJA Skew(1954-1983) -0.3 -0.2 0.0 0.1
Kurt (1954-1983) -0.5 0.3 -1.2 -0.7
Skew (1984-2013) 0.3 0.0 0.4 0.0
Kurt (1984-2013) -0.4 0.5 1.3 -0.5
WAU Skew(1954-1983) -0.1 0.5 0.8 0.2
Kurt (1954-1983) -0.5 -0.2 1.1 0.2
Skew (1984-2013) 0.0 0.2 0.1 0.3
Kurt (1984-2013) -0.8 1.5 -0.5 -0.3
JUBA Skew(1954-1983) 0.5 0.9 0.7 1.1
Kurt (1954-1983) 0.7 1.1 1.0 14
Skew (1984-2013) -0.2 0.5 -0.5 0.2
Kurt (1984-2013) -0.5 0.2 0.5 -0.7
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Table 4: Results of skewness and kurtosis stafmstimaximum temperature

Skewnes and Kurtosis

Ann.Tmax MAM.Tmax JJA.Tmax | SON.Tmax | DJF.Tmax
RENK Skew(1954-1983) -0.9 -0.9 0.4 -0.1 -0.5
Kurt (1954-1983) 2.0 0.7 -0.2 0.2 -0.4
Skew (1984-2013) -0.4 -0.2 -0.3 0.5 -0.3
Kurt (1984-2013) 0.4 -0.4 1.2 0.8 -0.1
MALAKAL | Skew(1954-1983) -0.2 -1.0 -0.2 -0.1 0.2
Kurt (1954-1983) 0.0 1.7 -0.9 -0.3 0.1
Skew (1984-2013) -0.2 -0.3 0.7 -0.1 -0.4
Kurt (1984-2013) -0.2 -0.5 -0.2 -0.6 -0.1
RAJA Skew(1954-1983) -0.3 -0.5 -0.2 0.2 -0.7
Kurt (1954-1983) -0.4 -0.7 1.3 -0.1 0.0
Skew (1984-2013) 0.1 0.1 1.7 -1.4 0.9
Kurt (1984-2013) -0.2 -0.9 3.6 3.9 2.2
WAU Skew(1954-1983) -0.5 -0.1 -0.2 -0.3 0.0
Kurt (1954-1983) -0.4 -0.3 -0.8 0.2 -0.1
Skew (1984-2013) -0.5 0.0 -0.1 -0.6 0.2
Kurt (1984-2013) -0.4 -0.7 -0.1 -0.1 -0.8
JUBA Skew(1954-1983) -0.5 -0.5 -0.2 -1.0 -0.7
Kurt (1954-1983) -0.1 -0.2 -1.0 2.0 0.4
Skew (1984-2013) 0.4 -0.8 0.9 0.1 0.5
Kurt (1984-2013) 0.4 -0.1 0.2 1.4 0.9
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Table 5: Results of skewness and kurtosis staldtic minimum temperature

Skewness and Kurtosi
Ann.Tmin MAM.Tmin JIA. Tmin SON.Tmin | DJF.Tmin
RENK Skew(195-1983; -0.2 0.2 0.5 0.0 0.1
Kurt (1954-1983 -0.4 0.5 1.9 -0.5 0.7
Skew (198-2013 -0.9 -0.3 -1.4 -0.5 -0.6
Kurt (1984-2013 1.2 -0.1 3.2 -0.2 0.5
MALAKAL Skew(195-1983, -0.3 -0.1 0.2 -0.1 -0.7
Kurt (1954-1983 -0.4 -0.5 -04 -0.9 1.0
Skew (198-2013 0.2 -0.8 -04 -0.1 0.1
Kurt (1984-2013 -0.9 0.7 0.5 -0.5 -0.3
RAJA Skew(195-1983, 0.9 -0.1 0.3 0.3 -0.3
Kurt (1954-1983 0.8 -0.5 0.9 0.1 -0.2
Skew (198-2013 -0.3 -1.3 0.0 1.4 1.9
Kurt (1984-2013 0.1 2.1 1.5 2.3 4.1
WAU Skew(195-1983, 0.3 0.1 0.1 0.0 -0.7
Kurt (1954-1983 -0.4 -0.5 1.2 -1.2 0.2
Skew (198-2013 0.0 -0.3 -0.2 -0.6 -0.7
Kurt (1984-2013 1.1 -0.8 -1.4 0.1 0.8
JUBA Skew(195-1983; -0.7 -0.2 -0.7 -0.6 -0.8
Kurt (1954-1983 0.5 -0.9 2.9 0.5 0.7
Skew (198-2013 0.0 -1.0 1.2 0.2 -0.5
Kurt (1984-2013 -0.8 0.8 1.4 -0.8 0.3

The results show, the dataset for annual and sabsainfall indicated a distribution with an
asymmetric tail extending towards values that agtijve (positive skewed) for most stations.
MAM, JJA and SON seasonal rainfall, characterizdith @n asymmetric tail extending towards
values that are positive for all station except MAd Raja during period (1954-1983), JJA for
Juba during period (1984-2013) and SON season falakal during period (1984-2013). The
rainfall data for Wau and Juba stations and Ragéiosts during MAM season are scoring
perfectly symmetric distribution (skewness = 0.0).

Results for the annual and mean seasonal maximwhmmanimum temperatures dataset are

registered symmetric distribution (most of valuésse to zero) with a tail extending towards
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negative values and non symmetric distribution veittail extending towards positive values.
The kurtosis results for rainfall and temperatuf@saximum and minimum) shows the
platykurtic distribution (kurtosis values < 3) awltflaracterized by flat distribution (Positive
kurtosis) compared to rainfall data. The skewnas$ leurtosis statistics showed asymmetric

distribution of rainfall and temperature datasets.

4.2 Temporal Characteristics of observed Rainfall andremperature over South Sudan

This section presents the results obtained frondifierent analysis of rainfall, maximum and
minimum air temperature. The results of observedthlg rainfall and temperature distribution

are presented first.

4.2.1 Observed Monthly Rainfall and Temperature distribution over South Sudan

Figures 7a to 7d show the mean monthly rainfattepas for selected stations (Renk Malakal,

Raja and Juba).

The mean Monthly rainfall distributions for longriie means to (1954-1983) and (1984-2013
revealed that rainfall is uni-modal, with a peakJuy and August. The main rainy period in

southern parts of country starts from March to Noler compared to northern parts where rainy
period start from May to October. Historically thenths of December to February are dry, may
due to cold and dry North East winds; thereforeeare north, northeast, northwest, and central
received less than 5 mm per month compared to soutbarts, which received light rains not

exceeding 10 mm per month in average, especiallhenmonths of December and January

(figures 7a-d).

Normally in the period of December to Januaryi,ititer-tropical convergence zone (ITCZ) lies
outside the greater equatorial states of Southrsadd the entire country is under the cold and

dry North East winds. Therefore DJF is winter seasat a rainy one in south Sudan.
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Figure 7: Mean monthly rainfall characterstics feelected stations (a)Renk,(b)Malakal,(c)Raja,
(d)Juba over south Sudan

Rains normally commence in the month of Februargmtie ITCZ crosses into the south Sudan
border. ITCZ then migrates northwards in mid-FebyuBy Early March, most areas in southern
parts of country represented by Juba (figures egjrboto receive light to moderate rainfall not
exceeding 50 mm per month. Major rainfall monthsundetween April-October with its peak
in May and August, while central and northwest oaegiepresented by Wau and Raja (figures 7b
and 7c) have major rainfall occurring between MayOctober with its peak in months of July
and August. Extreme north and northeast which pteseby El renl and Malakal, have major
rainfall occurring between May to September withgeak in months of July and August (figure
7a).

Figures (8a to 8d) presents the long term mean$4(1983) and (1984-2013) monthly
maximum and minimum temperature distribution foleseed stations namely Renk,Malakal,
Raja and Juba.
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Figure 8: Annual cycle of observed maximum and mmimn temperature for selected stations
(a)Renk,(b)Malakal,(c)Raja,(d)Juba over south Sudan

The results showed that maximum and minimum tentperavaries from January to December
and reaches highest level of maximum values inugglgrin southern parts represented by Juba.
Northwest and central parts represented by Raja \Wad stations reach highest level of

maximum values in March. Extreme north and northeakich is represented by El renk and
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Malakal stations attains highest level of maximuatues in April. Lowest levels of maximum

temperatures are registered in July for all locetimm south Sudan. While minimum temperature
showed those months of December and January oldsgredowest minimum temperature and
with less than 20 degree Celsius across the cauHighest levels of minimum temperatures
were registered over Malakal and Wau on April, &éik and Raja on May, and Juba on March

and April.

The main factors contributing to the distributiomdavariation of monthly rainfall and
temperature over south Sudan are seasonal movemeatth around the sun, oscillation of the
ITCZ, strength of Azores high pressure and nortieeascold/dry winds, Congo air mass, and

some local systems such as topography and evappamaation withirriver Nile among others.

The results suggests that the reasons behind theegses leading to southern parts of the
country observing highest levels of maximum tempeeain February, may be due to weak cold

and dry northeasterly winds which appears to weakerthward. Western and northern parts of
the country observed the lowest levels of minimemperature in December and January due to

strength of Azores high pressure and the prevarortheastern cold/dry winds.

Congo moist air mass, westerly and easterly jetastr believed bring a lots of moisture from
Atlantic and Indian oceans and thus have significafe in advection and convection clouds
leading to increased thunderstorm activity and cedu sunshine hours leading to a decrease in
amount of maximum temperature received in Julyaddition, the movement and distribution of
humid air masses across the country is associatthdnerthward movement of ITCZ during
March to August and southwards movement during edelpér to November. The spatial

characteristics of observed annual and seasomdliadver South Sudan are presented next.

4.2.2 Observed Temporal Characteristics Rainfall Trends

In this subsection the temporal patterns (timeesg¢rof annual and seasonal (MAM, JJA and
SON) rainfall for selected representative stati@me presented and discussed. The main
objective of time series plots are to detect tiemds in time series either there is statistically

significant evidence of increasing/decreasing sufficient statically evidence of a significant
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trends at 0.05 level. The time series of annuafat anomalies for Malakal and Wau stations

as representative stations are presented in Fgyure
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Figure 9: Time series of Observed Annual rainfalbfnalies for selected station (a) Malakal (b)
Wau.

51



The results indicate that the annual rainfall angaaexhibit a significant decreasing trend in
central represented by Wau. Same results are @zs@nRaja, which represents the northwest,
while extreme north represented by Renk showsghtsfi an increase in annual rainfall trends.
Northeast and southern parts of the country, wischepresented by Malakal and Juba, had

insufficient statistical evidence of a significalgcreasing trend at 0.05 level of significant.

The rainfall trends appeared in annual analyzedeasonal basis. The time serieob$erved
March to May (MAM) rainfall Anomalies for selectedpresentative stations (Malakal and Juba)
are presented in figure 10, the results indicatest £xtreme northern part of the country
represented by El renk experienced statisticalifsognt evidence of an increasing in trend,
while northeastern, northwest and Southern pansesented by Malakal, Raja and Juba
respectively observed insufficient statistical @vide of a significant trend. Central represented

by Wau had statistical significant evidence of ardasing.
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Figure 10: Time series of Observed MAM rainfall Aradies for selected stations (a) Malakal
(b) Juba.

Figure 11 shows thebservedlune-August (JJAjinfall Anomalies for selected stations Renk and
Raja as reprehensive of stations used in studyethdts showed insufficient statistical evidence

of a significant decreasing trend at 0.05 levedighificant for all locations considered in study.
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Figure 11: Time series of Observed JJA rainfall Arxadies for selected stations (a) Renk (b)
Raja.

The time series of observ&tptember-November (SON) seasonal rainfall anomfdieselected
stations Malakal and Wau as sample of stations usesudy are presented Kigure 12 the
results indicated insufficient statistical evideméea significant decreasing trend at 0.05 level of

significant for all locations considered in study.
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Figure 12: Time series of Observed SON rainfalldelected stations (a) Malakal (b) Wau.

The decline/increase in rainfall trends has neggtositive environmental, economic, and social
impacts. Household incomes of a big number of fi@siin south Sudan is dependent on rain fed
agriculture and pastoral activities. Therefore, paaiton measures should be put in place to

strengthen the resilience of communities to coph thiese changes and variability in rainfall.
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4.2.3 Observed Temporal Characteristics of Temperature

This sub-section presents the time series of obdeannual and seasonal maximum and
minimum temperature anomalies. The Time seriemntial maximum temperature for selected
representative stations (Malakal and Juba) areepted in Figures 13, the results indicated
statistical a significance of an increasing treatlthe 0.05 level of significance for all locations

considered in study.
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Figure 13: Time series of Observed mean annual mmarxi temberature Anomalies for
selected stations (a) Malakal (b) Juba
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On seasonal basic, Time series of March to May (MAMXimum temperature anomalies for
selected representative stations (Renk and Wau)peesented in Figureld and the results
showed a significance of an increasing trends atOtld5 level of significance at all locations

considered in study.
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Figure 14: Time series of Observed MAM maximum &atpre Anomalies for selected
stations (a) Renk (b) Wau.
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The figures 15 presents the time series of obsedee-August (JJA) seasonal maximum
temperature anomalider selected stations (Malakal and Juba) as a keaofpstations used in
study, the results indicated there is a signifieamcreasing trends in the observed maximum

temperature anomalies at the 0.05 level of sigaoe for all locations considered in study.
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Figure 15: Time series of Observed JJA maximum eeatbyre Anomalies for selected
stations (a) Malakal (b) juba.
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The time series of observe8eptember-November (SON) seasonal maximum temperatu
anomaliesare presented in figures 16 for selected statiBesk and Juba) as a sample of stations
used in study, the results showed there is a sigmi€e increasing trends in the obserg&aN
maximum temperature anomalies except southern péartsuntry represented by Juba which
observed insufficient evidence of increase in maxmtemperature anomalies at the 0.05 level

of significance.
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Figure 16: Time series of Observed SON maximumegatyre Anbmalies for selected
stations (a) Renk (b) Juba.
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The time series of observed December to FebruadF)Y®easonal maximum temperature
anomalies are presented in Figurel7 for selecttbss (Raja and Juba) as a sample stations,
the results indicates that there is significana@dasing trends in the observed DJF maximum
temperature anomalies except southern parts oftgouepresented by Juba which observed

insufficient evidence of increase in maximum terapere anomalies at the 0.05 level of
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Figure 17: Time series of Observed DJF maximum &satpre Anomalies for selected
stations (a), Raja (b) Juba.
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A part from observed mean annual and seasonalafiahd maximum temperature, the
minimum temperature were also analyzed. The re$oittsnean annual minimum temperature
indicated that all stations considered in the stexiyerienced statistical significance evidence of
a increasing trend at 0.05 level of significant eptcnorthwest represented by Raja which
experienced insufficient statistical significanocgdence of a decreasing trend at 0.05 level of

significant (Figure 18).
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Figure 18: Time series of Observed annual minimemmperature Anomalies for selected
stations (a) Renk, (b) Raja.
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The trends in March-May (MAM) minimum temperatuneoealies are represented in Figures
19. The results for all stations considered in shedy experienced statistical significance
evidence of a increasing trend except northwestesgmted by Raja which experienced
insufficient statistical significance evidence afdecreasing trend at 0.05 level of significant
(Figure 19b).
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Figure 19: Time series of Observed MAM minimum txadpire Anomaliés for selected stations
(a) Malakal, (b) Raja.
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The time series for June-August (JJA) season engdlathe significance increasing trends at
Renk, Raja, Wau and juba stations, while theregsifficient statistical evidence of increasing

trend in Malakal (Figure 20).

(@) |
Mann Kendall Trend Anakysis
n 60
Confidence Caefficlent 0.9500
3 Level of Significance 00500
Standard Deviation of 3 1565504
Standardiasd Value of § 57134
TestVale (3] 836
Appi. Ciitical Valus [0.05) 16449
o Approimate pvalue 0.0000
OLS Regression Line (Blue)
o 0L Regression Slope 00468
% OLS Regression Intercept. 921243
£ S S
g atistically significant evidence
g of &r increasing tiend at the
g spevilied level of significance,
b
=
2 5
3
= 1963 1973 1983 1993 2003 ama
YEAR
(b) |
Mann Kendall Trend Anakysis
n 60
Confidense Casfficient 03500
Level of Significance 0.0500
2 Standard Deviation of § 156 5642
Standardized Yalue of § 1.4809
TestValue (5] 233
3 Appy, Ciilical Value [0.05) 16449
Approimate pvalus 00533
OLS Regression Line (Blue)
w1 0L Regression Slope 00120
% OLS Regiession Intsrcept 238142
§ . Isufficient statistical evidsncs
g of & significant rend at the
£ specilied level of significance
5
=4
£
2
3
41 953 1963 1973 1983 1993 2003 23
YEAR

Figure 20: Time series of Observed JJA minimum &zatpre Anomalies for selected stations
(@) Renk, (b) Juha
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The Observed September-November (SON) minimum testyre trends showed a significance
increasing trend in Renk, Malakal, Raja and jubhemas and Wau experienced insufficient
statistical evidence of an increasing trend minimt@mperature anomalies at 0.05 level of

significance(Figure 21).
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Figure 21: Time series of Observed SON minimum ¢eatyre Anomalies for selected stations
(a) Malakal, (b) Wau.
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December to February (DJF) season observed aisamik increasing trend in Renk, Malakal,

Wau and juba, whereas and Raja experienced statigtignificance a decreasing trend of

minimum temperature anomalies at 0.05 level ofiance (Figure 22).

(a) |
Mann Kendall Trend Anabysis
n 60
4 Confidence Coefficient 0.9500
Level of Significance 00500
Standard Deviation of § 156,635
Standardized Yalue of 5 54756
3 TestYalue (5] £59
Appy Crifical Yalus (0.05) 16449
Apprarimate pvalue £.0000
OLS Regression Line (Blug)
e OLS Regression Slope 00505
% OLS Regression Intercept. 99,3308
£
g Statistically signifivant evidence
g . of &t increasing trend at the
£ specified level of significance.
b
w
o
]
a
2
1953 1963 1973 1383 1393 2003 2m3
YEAR
b
(b) |
Mann-Kendall Trend Analysis
n &0
3 Confidenee Coefficient 10,9500
Level of Significance 0.0500
Stardard Deviation of & 166 6238
Stardardized Yalue of § 21325
TestValue (5] 3%
< App. Ciitical Valus (0.05) 16449
Approximate p-valug 0.0165
OLS RegressionLine (Blue)
w OLS Riemression Slope 00103
2 OLS Regiession Inteicept. 208833
g
2 Statisicaly significant svidence
g of a decreasing rend at the
E specified level of sianficance:
L
Lo
o
a
2
1953 1963 1973 1383 1393 2003 2m3
YEAR

stations (a) Renk, (b) Raja.

65

Figure 22: Time series of Observed DJF minimum &xaipire Anomalies for selected




The results on maximum and minimum temperature afiemisuggested clear evidence of effect
of climate change and global warming and can besidered as strong evidences of climate
change signals over south Sudan. This warmiegpected to continue in the next decades due
to the projected increase in the anthropogenicirigec Adaptation measures should be put in
place to reduce the vulnerability of the South $iede people. These results has confirmed the
findings from Nicholsoret al (2013), which concluded that there is variabibifytemperature
during the last 200 years and a significant ina@sakuring the last 50-100 years over most parts

of Africa with minimum temperatures warming moreicdly than maximum temperature.

In general decreasing in rainfall and Increasingnaximum and minimum temperature showed
clear evidence of climate change signals over S8utltan. These changes have negative impacts
on socio-economic sectors such as Human Healthesiyr Transportation, Energy, Water
Resources, Agriculture and Food Supply. Becausee@asing in temperature is expected to
increase the risk of heat-related illnesses. Thadymtivity of forests could be affected by
changes in temperature, precipitation and the amadincarbon dioxide in the air. Also
decreasing in rainfall and Increasing in temperatuill increase electricity demand for cooling
in the summer; also Changes in rainfall and tenipegehave impacts have negative impacts to
transportation infrastructure through higher terapges. For Agriculture and Food Supply
moderate warming and more carbon dioxide in theogprthere may help plants to grow faster.
However, more severe warming, floods, and drougay meduce vyields. Livestock may be at
risk, both directly from heat stress and indiredtigm reduced quality of their food supply.
Fisheries can be affected by increasing temperahuoeigh changes in water temperature that
shift species ranges, make waters more hospitableviasive species, and change lifecycle

timing.
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4.3 Observed spatial Variability and Extremes in the olserved rainfall and temperature

This sub-section presents the observed spatialabiaty and extremes in rainfall and
temperature.

4.3.1 Observed Spatial Characteristics of Rainfall

The spatial rainfall pattern for the three maimyaseasons, which consist of March to May
(MAM), June to August (JJA), and September to Noven(SON) seasons, where agricultural
activities are predominant are presented in figuB&. The spatial rainfall pattern based on long-

term means (1961-1990) fixed to assess the sphidabhcteristics of annual and seasonal rainfall
characteristics.
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Figure 23: Annual and Seasonal characteristics b6€ved rainfall over south Sudan.

The observed spatial annual and seasonal rairda#nms over south Sudan indicated the amount
of annual and seasonal rainfall increased fromheaiit to southwest. Semi arid areas in northern
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parts of the country, received an average annuafatbof 480 mm, while humid and semi

humid areas received annual rainfall greater th@@01mm per year on average. JJA is
considered the main rainy season over most pattseofountry with a seasonal average rainfall
of between 300-500 mm. During MAM seasons, rairfaiteases gradually from south to north
(more than 250 mm in south to less than 40 mm treme north). In DJF, which is a cold and
dry season, less than 8 mm per season in averaggegarded. The decrease of amount of
rainfall from northeast to southwest may be relateéopographic lifting caused by Ethiopian

plateau in the eastern part of the country ancetfeet of the Azores ridge of high pressure over

the Atlantic Ocean.

The contribution of each season on annual raiifallso assessed in figurers 24.
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Figure 24: Contribution of observed seasonal rainfall (%) on annual rainfall

The results revealed that, the JJA season cordriimatre than 60 %, 50-60% and 40-50% of
annual rainfall in extreme north, central and seuthparts of country respectively, whereas
MAM contributes less than 10%,10-20% and 20-30% amfiual rainfall in extreme north,

central and southern parts of country respectiv@)N season on the other hand contribute 20-
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30% and while DJF contribute less than 1% of thauah rainfall over the entire country
(figurers 12). During DJF season, the severityadfl@nd dry north east wind that blows across
the country push the inter-tropical convergenceez@hCZ) southward till it crosses the border
at the end of December. This leads to dry and cofdlitions with no activity of advection and
convection especially the northwest of country. Bpatial characteristics of temperature are

presented in next subsection.

4.3.2 Observed spatial characteristics of temperature ovesouth Sudan

Figure 25 shows the annual and seasonal maximummanidnum temperature patterns. The
results indicate that temperature in South Sudanoisuniform. It varies from location to

location, season to season, and month to montlinedidevel of mean maximum temperature is
registered during MAM which had more than 38°C wmrthern parts of country, while JJA

season recorded lowest level of mean maximum teatyoer not exceeding 35°C across the
country. DJF season is winter in south Sudan. [Quthis period, the northern parts of the
country received low temperatures compared to sontparts due to the dry and cold northeast

winds.

On other hand the lowest level of minimum tempertuvere registered in winter (DJF) season
especially northwestern parts of the country whietorded the lowest minimum temperatures
throughout the year where in some instances reavhkes less than 12°C. During MAM
season the central parts of the country receivgldeniminimum temperatures compared to other
parts. During the JJA season, the minimum tempegalifferences were notably small across
the country and not exceeding 25°C may be the nsagehind that are activities of convective
cloud and vegetation cover. This situation extertde8ON season where minimum temperature
decreased from west to east.
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Figure 25: Spatial patterns of Mean seasonal Minimum and minimum temperature

distribution.




4.3.3 Observed Spatial Changes in Rainfall and Temperatue

The results obtained from the differences in meahsannual and seasonal rainfall and
temperature (maximum and minimum) for the curresriqa 1984-2013 relative to 1954-1983
(left panel) and 1961-1990 (right panel) are giweRigures 26, 27 and 28 respectively.

The results for annual and seasonal rainfall irtdt@hat there is exists a considerable increase
in rainfall in some locations and decrease in athveith respect to the two periods and rate of
change differs from location to location and alsonf season to season. For annual rainfall,
Northeastern observed an increase in current amau#hll compared to southwestern which
observed a decrease relative to the period 1953;18Bile northwest observed an increase in
current annual rainfall relative to the period 19@B0. Southwest and southeast regions
observed a decrease in the current period for Marbtay (MAM) season compared to June —
July (JJA), which observed small changes in nordtwelative to two periods. However, during
the September—November (SON) season, the resolgeshan increase in the current rainfall in
southeast relative to period 1954-1983, while aeggndecrease was observed in the current

mean rainfall with respect to 1961 -1990 in soutkived the country (Figures 26).

Mean while, changes in maximum temperature indit#tat during all seasons considered in the
study i.e. (MAM, JJA SON, and DJF, the changepatterns of mean seasonal maximum
temperatures with respect to the two periods vesgnflocation to location and from season to
season. There is clear evidence showing slight wayim current period relative to 1954-1983

which is too big compared to 1961-1990. The northgarts of the country shows more warming

compared to southern parts for all seasons (Figtye

Apart from rainfall and maximum temperature, thenimium temperature for current period
(1984-2013) relative to 1954-1983 had increasingnaalies compared to 1961-1990, which
observed decreasing anomalies for most parts edlyanorthwest of country (Figure 28).

The decline in amount of rainfall and increasing<mmum and minimum temperatures in the
current period compared to previous periods caditeet effect of global warming and another

evidence of climate change signal over South Sudan.
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Figure 26: Observed changes in the current seasomafall means.




1.6
14
12
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
12 r
1.6 114 SON Tmax diff(1961-1990) LB 1.6
14
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1

24 25 26 27 28 29 30 31 32 33 34 35 36

Figure 27: Observed changes current mean seasoagimum.
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Figure 28: Observed changes current mean seasomamnum temperature.
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4.3.4 Observed Spatial Variability in Rainfall and Temperature

The results obtained from the differences in steshdiviation (SD) of rainfall, maximum and
minimum temperatures for the current period 19823fklative to 1954-1983 (left panel) and
1961-1990 (right panel) are given in Figures 29a8@ 31 respectively. The results indicated a
notably small-observed variability in the curreatnfall relative to 1954-1983 and 1961-1990.
Extreme northeast and northwest of the country vbslea decrease in annual current rainfall
variability (standard deviation) compared to cdnpats that observed an increase with respect
to the two periods. In addition, results indicatattthere exist decreases in the current rainfall
variability over most parts of the country duringAM with respect to the two periods. During
JJA season, the southwest and some areas in cexpeienced an increase in variability, while
other parts experienced a decrease with respetiietdwo periods. September — November
(SON) experienced a decrease in the current raivdaiability over most parts of the country
with respect to 1954-1983, while increases in \mlityg were observed with respect to 1961-
1990 (Figure 29).

The results for maximum temperature shows smaliakidity compared to rainfall. During
MAM season, the variability in maximum temperata@omalies in the southern parts were
observed to decrease compared to the northernogbate country. JJA variability in the
northwest showed a marked increase in anomaliepad to other areas. The southern and
central parts during SON and DJF seasons had a@agerrnn variability, while western and
northern parts of country recorded increased vditiabn maximum temperature anomalies

compared to other locations (Figure 30).

On the other hand, the variability in minimum temgtere anomalies slightly higher compared
to the maximum temperature especially in the nogdtwvand southwest parts of the country.
During JJA and SON seasons there was increasedbudy from northwest to southeast. In

MAM and SON seasons, the variability decreased fnest to east, while southwest and central

parts during DJF season had less variability coethtr other locations (Figure 31).
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Figure 29: Observed variability in the current seaal rainfall (1984-2013) relative to 1921-
1951 (left panel) and 1952-1982 (right panel).
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Figure 30: Observed variability current mean seasanaximum temperature (1984-2013)
relative to 1954-1983 (left panel) and 1961-199@Ht panel).
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Figure 31: Observed variability current mean seasaninimum temperature (1984-2013)
relative to 1954-1983 (left panel) and 1961-199@Ht panel).
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The impacts of variability and changes in maximund aninimum temperature can lead to
negative or positive effects. For example the iaseein maximum temperature can lead to
increase in agricultural production up to an myli value of air temperature beyond which any
further increase would result in negative effe@sd a consequent decline in production and
vice versa. In addition, there are other factorbjctv can accelerate the degree of negative
/positive impacts of maximum and minimum tempemtarany part of the world It is important

to note that the increase in maximum temperature ady promote agricultural activities if

rainfall trends over an area match temperatureeas®s to keep the soil moisture content

favorable for crop growth.

The increase/decreases in annual and seasonallraafability during MAM, JJA and SON
seasons can be linked to natural factors such Alfial Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD) among others. Several studiesr @ast Africa have noted that ENSO
effects are more pronounced during October — Deeersbason with a lesser influence on
March - May and June — August seasons over eastaAfegion (Nicholson and Entekhabi,
1987; Mutai and Ward, 2000; Camberlin and Philipp2002). Other studies recommended that
the IOD events appear to have a stronger impaataall than ENSO (Blaclet al, 2003;
Philipponet al, 2002). However, for south Sudan there is bigsgapuch studies, therefore this
study will investigate the linkage between thosermmena (ENSO and 10D) with the observed
rainfall over South Sudan. Next subsection presiatspatial characteristics of observed annual

and seasonal temperatures over South Sudan.

4.3.5 Probability distribution of rainfall and temperatur e in a changing climate extremes

This sub-section presents the results obtained tremGaussian kernel distribution of rainfall,
maximum and minimum temperatures long term meansvofperiods 1954-1983 and 1984-
2013 for annual rainfall, March to May (MAM) maximu temperature and December to
February (DJF) minimum temperature respectivelyRenk, Malakal, Raja, and juba stations.
The first one (Area shaded in coral pink) is loegnt mean for 1954-1983 and the second one
(Area shaded in light sky blue) is long term mean1f984-2013.
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Figures 32 shows the results for rainfall distribng and shifting between past (1954-1983) and
present (1984-2013) long term means (LTM). The Itesshowed the existence of four main
probability distribution either a simple shift ofe entire distribution toward wettest/driest
(floods /drought), effects of an increase in rdinfariability with no shift in the mean and

effects of an altered shape of the distributiorghsas a change in asymmetry toward the

wettest/driest part of the distribution.

(a) slight increase in mean(towards wettest) (b) increase in variance(no shift in mean)

5
19841582 19541983
1964-2013
19842012

Pobability of Occurence
Pobability of Occurence

Rainfall anomalies 0 2
Rainfall anomalies

(c) increase in mean(towards driest) (d) increase in mean and variance

18541882 %‘95‘”933
1884-2013 19842013

Fobability of Occurence
Pobability of Occurence

: ’ ; Rainfall anomalies
Rainfall anomalies

Figure 32: The effect of changes in Rainfall dtition on extremes: (a) Renk, (b) Malakal, (c)
Raja, (d) Juba.
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The long term mean for annual and MAM, JJA and SSelsonal rainfall, the distribution for

1984-2013 has slightly shifted to the right (i.ewards wettest) such as situation in extreme
north represented by Renk or shifted to the le& (iowards driest) like situation in northwest
and central of country represented by Raja and Wapectively or seem to be constant like
situation in northeast of country represented bylalkkl for 1954-1983 for all annual and

seasonal maximum and minimum temperature at adltimes considered in study. Also results
showed shifting in long term mean to wettest/driast different from what happens to the
extremes at either end of the distribution, somegeaxes drought and floods increasing in

recurrent with shifting of long term means towarektt®st direction and driest direction.

Figures 33 shows the results for maximum tempegadistributions and shifting between past
(1954-1983) and present (1984-2013) long term m@8angl). The results for annual and MAM,

JJA,SON and DJF seasonal maximum temperatures ghihveedistribution for 1984-2013 has
shifted to the right (i.e. towards higher tempemasg) from that for 1954-1983 for all annual and

seasonal maximum and minimum temperature at atimas considered in study.

For a normally distributed variable such as tenmjpeeaa small increase in long-term mean or
variance, can produce substantial changes in thgapility of occurrence of extreme heat waves
(IPCC, 2007a, 2012, 2013a). All stations considaredtudy, observed shifting in long term

mean of annual and seasonal maximum temperatureadies which manifested the increase in
mean, increase in variance and increase in meanvamance which resulted in substantial

changes in the frequency of occurrence of extreotie$t waves events.
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(a) increase in mean(towards hottest) (b) increase in mean and variability

1954-1883
1854-1883

1884-2013

1884-2013

Pobability of Occurence

Fobability of Occurence

Maximum temperature anomalies

Maximum temperature anomalies

p—

(c) increase in mean(towards hottest) (d) slight increase in mean(towards hottest

1954-1883 1854-1983
1954-2012 1884-2012

Pobability of Occurence
Pobability of Ocourence

Maximum temperature anomalies Maximum temperature anomalies

Figure 33: The effect of changes in MAM maximunpeature distribution on extremes: (a)
Renk, (b) Malakal, (c) Raja, (d) Juba.

Figures 34 shows the results for minimum tempeeatlistributions and shifting between past
(1954-1983) and present (1984-2013) long term me@fid). The results also showed
existence four main probability distribution, eitteesimple shift of the entire distribution toward
hottest minimum temperature, effects of increaseimmm temperature variability with shifting
in the mean or shape of the distribution, suchhasmge in asymmetry toward the hotter part of

the distribution.
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In general the relationships between changes innnrainfall and temperature and the
corresponding changes in the probabilities of treedeeme rainfall and temperature events are
quite nonlinear, with relatively small changes irean rainfall and temperature sometimes

resulting in relatively large changes in event aitabties.

(a) increase in mean(towards hottest) (b) increase in mean and variability

1954-1983

1954-18832
1984-2012
1964-2012

Pobability of Dccurence

Fobability of Occurence

Minimum temperature anomalies

Minimum temperature anomalies

(c) increase in mean and variability (d) increase in mean and variability

1954-1983 1854-1983
1954-2012 1984-2012

Pobability of Oceurence
FPobability of Occurence

Minimum temperature anomalies Minimum temperature anomalies

Figure 34: The effect of changes in DJF minimumpeerature distribution on extremes: (a)
Renk, (b) Malakal, (c) Wau, (d) Juba.
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4.3.6 Spectral Analysis

This subsection presents the results obtained $pectral analysis of rainfall and maximum and

minimum temperature for selected locations. Theephed spectral peaks in the seasonal rainfall
anomalies are presented in Figures 35 for seleptesentative stations and seasons. The
results indicated that there is recurrent of spégteaks in most of the stations considered in this

study but not exceeding 3 significance spectrakpah 95% confidence level.

Spectral Density of JJARainfall_Malakal by Period

Density

‘Window: Tukey-Hamming (1)

Spectral Density of SONRainfall_Juba by Period

Density

Period

Window: Tukey-Harmming (1)

Figure 35: Observed spectral peaks in seasonalfafliat selected stations (Malakal and Juba).
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The proportion of the total rainfall variance acetad for by each spectral peak varied
significantly from one region to another. Generallye annual and seasonal rainfall spectral
peaks occurred between 2 and 10 years. The peaioges of the two spectral peaks were
centered on 2 to 7 years, and observed in mogatidss considered in this study, especially in
the southern parts of country represented by JDbang the MAM, JJA and SON rainfall

seasons, the one spectral peak ranging between32ywars and, two spectral peaks range

between 4 to 6 years.

The observed spectral peaks in the seasonal maxit@onperature anomalies are presented in
Figures 36 for selected representative stationssaadons. The results indicated that there is
recurrent of spectral peaks in most of the statmssidered in this study but not exceeding 3
significance spectral peaks at 95% confidence lexdo the results revealed that there is
recurrent of one spectral peak in most of theatatconsidered in study. The proportion of the
total maximum temperature variance accounted foedgh spectral peak varied significantly
from season to season and one region to anothennBan annual maximum temperature all
spectral peaks occurred between 2 and 5 yearspéitied ranges of the 2 spectral peaks were
centered on 3 to 7 years, occursing in most lonati®uring the MAM rainfall season, most
parts of country observed the spectral peaks rgnggtween 3 and 8 years, similar results were

obtained for the JJA and SON rainfall seasons.

The observed spectral peaks in the seasonal minitemperature anomalies are presented in
Figures 37 for selected representative stationssmadons. The results revealed that there is
recurrent of significance spectral peaks in minimi@mperature anomalies at 95% confidence
level in most of the stations considered in thiglgtbut not exceeding 3 peaks ranging between
2 and 7 years. The proportion of the total minimemperature variance accounted for by each

spectral peak varied significantly from one regiomnother.
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Spectral Density of MAMTmax_Raja by Period

Density

Period

Window: Tukey-Hamming (1)

Spectral Density of JJATmax_juba by Period

10—

Density
g

Period

Window: Tukey-Harmming (1)

Figure 36: Observed spectral peaks in the annual seasonal maximum temperatures at
selected stations (Raja and Juba).

In general one spectral peaks in rainfall and maxrimand minimum temperature occurs
between 2 and 3 years. The period ranges of tipe@ral peaks were centered on 3 and 7 years.
During the periods 2 to 3 and 4 to 6 years, thectspepeaks were common in annual and
seasonal rainfall and temperatures time seriese@by the most common spectral peaks in the
south Sudan annual and seasonal rainfall and tetypes (maximum and minimum)) are

centered around 2 to 3 years for all stations.
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Figure 37: Observed spectral peaks in the annual seasonal minimum temperatures at
selected stations.

The observed fluctuations in the rainfall and terapges can be attributed to some common
large scale forcing mechanisms within atmospheré acean components such as Quasi-
Biennial Oscillation (QBO) in the lower stratospicezonal winds, El Nifio and La Nifia events
especially those fluctuations occurring within péicity of 2 to 3 years. Also, some local

systems such as altitude, nearness to water boldieal circulations such as meso-scale
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circulations of thermal or terrain origin can plegme significant role in the spatial distribution

of the rainfall variance (Ogallo 1982).

4.3.7 Standardized Precipitation Index (SPI)

In recent years hydro-meteorological disasters agliloods and drought are considered the
major sources of losses of unknown percentageeoSthuth Sudanese Gross Domestic Product
(GDP) due to lack of documented information conceynthe recurrence of these climatic
extremes. In this section, Standardized Precipitatindex (SPI) was used to assess the
recurrence of drought and floods in south Sudamuréi 38, shows the SPI for three

representative locations namely Malakal, Raja arth.J

The results indicate that highest number and iitien§ drought occurrences was experienced in
the period 1980 - 1990 especially 1982 to 1985]enfvods occurred in the 1960s. There is an
increase in the rate of flood years from 2000$&orecent years over most parts of south Sudan.
Standardized Precipitation Index (SPI) in Extrenwetin of country represented by El renk
indicated no extreme drought but a severe drougbtiroed in 1971 and 1990 and a moderate
one occurred in1983, 1984, 1987 and 1998. The mewce of extreme floods occurred in 1963
and 1998, severe floods occurred in 1992, 2005 2067 and moderate floods occurred in
1961,1981,1989,1994, 1997, 1999 and 2006. The nmwe of extreme floods in El renk
occurred in 1975, 1999, 2000 and 2007 and 2002evg@Vere ones occurred in 1996 and 2008
and moderate floods occurred in 1966,1967,1981,1P835. Nine years out of the last 15 years

in El renk, observed an increase in number of dnbagd floods events.

In the Northeast of the country represented by kaJaextreme drought occurred in 2004 while
severe drought occurred in 1965, 1969 and 2002aamdbderate one in 1977,1980,1982,1985,
and 2005. The recurrence of extreme floods occurrel®75, 1999, 2000 and 2007 and 2002
while severe cases occurred in 1996 and 2008 withdenate floods occurring in
1966,1967,1981,1989, and 1995. Nine years out eflaélst 15 years in Malakal, observed
increases in the number of drought and flood eveMtsthwest of the country represented by
Raja, had extreme drought in 1966 and 1969, sereen 1987 and 1995 and moderate drought
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occurred in 1980 and 1983. The recurrence of exdréaods occurred in 1963, severe floods
occurred in 1965, 1976 and 1997 and moderate floodarred in 1961, 1968,1978,1996,2007
and 2013. Over raja, the 1960s had recurrencesoofjtdt and flood events. Central parts of the
country represented by Wau, witnesses extreme Hdtang2009 and 2010, severe drought in
1971, 1990,19994,2000 and 2011, and moderate drongtf72, 1981, 1983 and 1986. The
recurrence of floods was extreme in 1966 and 2@&8gere in 1962, 1964 and 1997, and
moderate in 1963, 1969, 1987, 1995, 2001 and 208&r Wau, the 1960s and 2000s had
recurrence of drought and flood events.SPI anafgsisouthern parts represented by Juba, had
extreme drought in 2004, severe drought occurrek®8b, 1969 and 2002 and moderate drought
in 1977,1980,1982,1985, 2005. The recurrencesnofifl were extreme in 1962, 1967, 1988 and
1999, severe in 2002 and 2011 and moderate in 488&003. Nine out of the last 15 years in
Malakal, observed an increase in the number ofgltband flood events.

Extra-ordinary extreme rainfall (droughts and flepdhave negative influences on socio-
economic sectors, especially activities dependechimrfiall. Therefore, adaptation measures such
as improving crop varieties, water harvesting aodservation, will enhance resilience and
reduce the risk of these extremes to agricultigkted activities. However, the effect of these
extremes in terms of losses in life, economy or Gi2kains unknown due to lack of

assessments and documented information resulting lisng civil strife in South Sudan.
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4.4  Analysis of teleconnection between rainfall and Inin Ocean dipole and ENSO

events

This section presents the teleconnection betwaafallaand Indian Ocean dipole (IOD) and El
Nifio Southern Oscillation (ENSO) indices. The resdfom teleconection between seasonal

rainfall and 10D are presented first followed bg tBNSO indices.

4.4.1 Linkages between the Indian Ocean Dipole and SoutBudan Seasonal Rainfall

Anomalies
This sub-section presents the teleconnection betwagafall anomalies and Indian Ocean dipole
(IOD). The analysis based on three main rainy seafdAM, JJA and SON) and spatial rainfall

anomalies patterns associated with DMI analogueBvie locations considered in study.

4.4.1.1 Temporal patterns of SST anomalies over the India®cean associated with |IOD

Phases

Figure 39 shows the inter-annual variability of Dipole Mode Indices (DMI) during the initial
phases of (MAM), JJA and peak phase (SON) seasons.

91



DJF_DMI MAM_DMI

2012 2012 7
2086=—=_ =—=2006—
2003==_] 2003
- L
2000 ‘= 2000
=5 —
1997 = —1997 —
= L
-E 1994 I
L e v v -v s N ——
wv e (%]
o 1988 = o 1988
5 —__. 5
> 1985==s" > 1985==|
N o |
——
1982=" ]
1979
1976
19
1970 |
—_—
[
=
=
=
e
' 1961
-1.5 -1 -0.5 0 0.5 1 1.5 2 -2 -1.5 -1 -0.5 0 0.5 1 1.5
Anomalies Anomalies
JJA_DMI SON_DMI
]
1997 =
————
1994 =
— |
C—
1991 ‘m=m
— |
(%] (%] ———
4 o 1988w |
g g -
> > 1985 &=
[
—
1982
—_—
CE—
1979—
—
1!
197
1
1967
' 11961
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 4
Anomalies Anomalies

Figure 39: Interannual variability of the Dipole Me Indices.
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It is clear that there are recurrences of the yeétls positive and negative phases of the 10D
events. The strength of DMI varies from year toryesason to seasoand event to event.
Dipole Mode Indices increase from DJF, MAM, JJA gmehk in SON. In addition, Results
shows that positive and negative dipole initiatehdy during MAM, and continued during JJA
with a peak in SON season. For Sea surface temper¢gdSTs) anomalies during September to
November (SON), there are 15 positive 10D eventdifed as years during which the DMI
exceeds 0.5 standardized values) and 19 negatesi@nts (defined as years during which the
DMI exceeds -0.5 standardized values) occurredinvitie period 1961-2013.

The very strong positive phase of the dipole evédé&dined as years during which the DMI
exceeds 2.0 standardized values) i.e. 1961, 1992987 and very strong negative 10D events
(defined as years during which the DMI exceeds staddardized values) i.e. 1975, and 1996. It
is very important to note that all strong positi@D that occurred coincided with El Nifio, while
all strong negative 10D occurred coincided withNifia. These results confirmed the work done
by (Meyerset al., 2007 which found that positive (negative) 10D eventten, but not always,
coincided with El Nifio (La Nifia), and that a sigeéint number of 10D events occur during
neutral ENSO years. The Correlation analysis amdaih patterns associated with these strong
positive and negative 10D phases are discussethannext subsections. There is increasing
trends of DMI during DJF, MAM and decreasing in Jd&d seem to be constant during SON

season.

4.4.1.2 Correlation analysis between IOD and South Sudan asonal rainfall anomalies

Figure 40 presents results obtained from Corralatioetween IOD and MAM, JJA and SON
seasonal rainfall at Lag and Lagl season. The results indicate most of locatioresd and
one Lag season registered insignificat correlaten®.05 level of significance except Raja and
Juba at lagl and lag0 for MAM and SON seasons, which registered positignificant
correlation in respectively. Also negative sigraiit correlation observed in Malakal and Wau
stations at lag. during MAM and JJA seasons respectively. The apattterns of correlation

confirmed the existence of weak association betwerdian Ocean SST and rainfall anomalies
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over South Sudan. This means that extreme raicaloccur either in absence or presence of

strong positive or negative 10D events.
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Figure 40: Correlations pattern between 10D and smaal rainfall over South Sudan.
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4.4.1.3 Rainfall anomaly patterns associated with Indian @ean dipole (IOD) analogues

events

In this subsection, the space and time charadtsrishd composite analysis of rainfall anomalies
during the various IOD phases are presented. Bgdttdllustrate the inter-annual variability of
DMI with observed seasonal rainfall anomalies fareé locations namely Malakal, Wau and
Juba during MAM, JJA and SON seasons. Results led@aclear and strong signal that dry and
wet conditions are recurrent during strong posibvenegative IOD phases. What was observed
for all seasons (MAM, JJA and SON) seasons is g@ne of the driest years that occurred
coincided with some of the strong positive dipotel @ome of the wettest years that happened

coincided with some strong negative dipole phasés\ace versa.

During peak the of 10D in September to November N$y®eason, most of the extreme dry
(drought) or wet (flood) cases do not coincide veitime of the strong IOD events either positive
or negative. There is a number of strong posit@® Icases that occurred and coincided with
normal to above normal rainfall, for instance 1361 1997, while below normal rainfall that
occurred in 1972 and 1994 coincided with strongtpesdipole). In addition, evidence observed
from results showed that there is a number of extdanary flooding that occurred and
coincided with negative 10D (1964), while Extra-mary drought occurred and coincided with
strong negative 10D (1984). In another wards, #irrences of wet and dry conditions in the
country during positive or negative phases diffenf region to region, event to event, and year
to year. Therefore, some parts of the country weckbelow normal rainfall (dry) in the same

time others received above normal rainfall (wet)ray strong positive or negative 10D events.
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Figure 41: Interannual variability of DMI with searal rainfall anomalies over selected
stations.

Figures 42 shows composites of the spatial rairfatimaly indices associated with the 10D
analogues during MAM, JJA and OND rainfall seasdrge years 1961, 1963, 1972, 1994, and
1997, 2002, 2006, 2011 and 2012 were used to dewelmposites for positive, while the years
1960, 1975, 1992 and 1996, 2005 and 2010 were csiteddor negative 10D phases used for
analogue studies. The composite analysis was iaedlud the study in order to further study
patterns of associations between South Sudan sdasonfall anomalies and the 10D events.
The results showed the probability of occurrencextfa-ordinary rainfall conditions to too low.

Most of location observed normal rainfall duringspiives and negative 10D events. This not

96



means the recurrences of extra-ordinary rainfabb{ght and floods) during positive or negative

are rarely to happen coincide with some 10D years.
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Figure 42: Composite of seasonal rainfall anomalies associatigld the phases of the Indian
Ocean dipole: left panel during positive phaser{ght panel during negative.

Normality of rainfall during IOD composited yearsaynexplain and conform the evidence of
weak teleconnection of South Sudan rainfall to edéht phases of IOD either positive or
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negative phase. Also results showed the performahgainfall during positive and negative
phases of 10D are not showing association of abmwenal or below normal rainfall with
positive or negative 10D. The normal differ frongien to region, event to event, and year to
year. Therefore, most parts of the country recenednal rainfall during positive or negative
IOD events These results may suggest large variability affedii during positive and negative
IOD phases explaining the weak linkages betweenirtien Ocean Dipole and South Sudan

Seasonal rainfall anomalies.

4.4.2 Linkages between the El Nifio Southern Oscillationrad South Sudan Seasonal

Rainfall Anomalies

This subsection examined the teleconnections betvmith Sudan seasonal rainfall and El
Nifio Southern Oscillation (ENSO).

4.4.2.1 Temporal patterns of SST anomalies over EquatoriaPacific Ocean associated
with ENSO phases

Examining the Temporal patterns of SSTs anomales the Nifio 3.4 region play a key role in

investigating the recurrence of Weak, moderate sindng ENSO events and the linkage
between them and the observed rainfall anomalies 8&outh Sudan. Figure 43 presents the
inter-annual variability of sea-surface temperatar®malies over Nifio3.4 region during the
MAM, JJA and SON seasons.
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Figure 43: Interannual variability of sea-surfacemiperature anomalies over Nifio3.4 region.

It is clear from the figures that there are reamees of the years with warm and cold ENSO
phases. These warm and cold ENSO events are ®dssito weak, moderate and strong El
Nifio and La Nifia. Weak EIl Nifio and La Nifia evemesdefined as years, during which the sea-

surface anomaly range between positive/negative @5 standardized values. Moderate El
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Nifio and La Nifia events are defined as years dunhgh the sea-surface anomaly range

between positive/negative 0.75- 1.0 standardizéaega

Strong EIl Nifio and La Nifio events are defined ags/eluring which the sea-surface anomaly
exceeds positive/negative 1.0 standardized vab®3s indices during September to November
(SON) season for the period 1961-2013 shows traetis 20 warm ENSO (El Nifio) and 18
cold ENSO (La Niina) events. Warm ENSO (El Nifo) nsisted of ten(10) strong El Nifio
events (1997,1982,1972,1965,1987,2002,2009,1994 a8d 1963) and five(5) moderate El
Nifio events (1986,2006, 2004, 1969 and 2012) ande(d) Weak EI Nifo
events(1976,1977,2003,1968 and 1979). Cold ENSONjBa) comprised seven(7) strong La
Nifia events (1973,1975,1988,20101964,1999 and 1998ur(4) moderate La Nifla events
(1970,1983,1971 and 2007) , seven(7) weak La Nwvents (2000, 1984,1961,1995, 1962 ,
2011 and1974). The trend in SSTs over Nifio 3.4 gigpw increasing in trends during
MAM,JJA and SON while DJF season trend seem toohstant during SON season.

4.4.2.2 Correlation Analysis between ENSO Indices and SoutBudan Rainfall

This subsection presents results obtained fromeladron analysis between seasonal rainfall
anomalies (MAM, JJA and SON) and the various Niigtides azero Lag season (right pannel)

andone Lag season(left pannel).

Figure 44 presents results obtained from corralatinalysis between March to May (MAM)
seasonal rainfall anomalies and various Nifio irgl{®éfio 1+2, Nifio 3, Nifio 3.4 and Nifio 4) at
zero Lag season (right panel) and one Lag seas@inpdnel) over South Sudan. The results
indicate that most locations in South Sudan obserpesitive and negative insignificant
correlations between MAM seasonal rainfall and\fio indices(Niflo1+2, Nifio 3, Nifio3.4 and
Nifio 4) especiallythe westernand southwestern parts of countfhe values of correlation
coefficient (r) for all stations considered in teudy do not exceed 0.3, which show weak

linkage between rainfall anomalies and ENSO events.
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Figure 44: Correlations between ENSO indices andrd¥l to May rainfall over South Sudan
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Figure 45 presents the results obtained from catrosl analysis between June to Augast (JJA)
seasonal rainfall anomalies and various NifiocesliNifio 1+2, Nifio 3, Nifio 3.4 and Nifio 4)
at Lag 0 and Lag 1 season. The results show enthareslation between rainfall and various
Nifio indices compared to March to May (MAM) seasHigh negative significant correlations
were observed in the Southern and southeastera phthe country for Nifio 3 at Lag 0 and
Nifio 3.4 at Lag 1 season. Northeastern parts aftcpuepresented by Malakal station had good
negative significant correlation compared to otparts of the country all the different Nifio
regions, while western parts observed insignificaatrrelation. The enhanced negative
significant correlation in Malakal station explaitiee inverse relationship between ENSO and

rainfall anomalies.

The strength of correlation coefficient decreadimogn east to west of country, hence Wau and
Raja stations registered insignificant correlatturing all seasons (MAM, JJA and SON).The
results agree qualitatively with previous studyZarouget al 2014, who suggested enhanced
correlation between the SSTs anomalies in the Ridoregion during 3-month periods from

January—February—March (JFM) to October—NovembecteBder (OND) seasons and the
ensemble average rainfall anomalies over the uNperRiver catchment (Ethiopian highlands)

during JJAS.

Figure 46 presents results obtained from correlatioalysis between September to November
(SON) seasonal rainfall and various four Nifigisas (Niflo 1+2, Nifio 3, Nifio 3.4 and Nifio
4) at Lag 0 and Lag 1 season over South Sudan.résd@ts showed enhanced negative
correlation between rainfall and all the four Niggions (Nifio 1+2, Nifio 3, Nifio 3.4 and Nifo
4) at Lag 0 and Lag 1 season compared to MAM aAdsdasons especially in northeastern parts
represented by Malakal station that registered highest negative significant correlation

coefficients compared to the other study locations.
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Figure 45: Correlations between ENSO indices and June to stuganfall over South Sudan
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Figure 46: Correlations between ENSO indices angt&aber to November rainfall over South
Sudan.
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For all seasons (MAM, JJA and SON), the correlaiaoefficient (r) did not exceed +0.5
implying that the relationship between observeafedi over South Sudan and all four Nifio
regions (Nifio 1+2, Nifio 3, Nifio 3.4 and Nifio 4@ aot too strong. The correlations coefficient
(r) between seasonal rainfall and different Nifidices obtained explained in clear manner, the
weak effect or contributions of circulations andsteyns occurring in equatorial pacific and
Indian oceans compared to circulations and systemgrs at Atlantic and Congo moist air mass
appearing have strong teleconnection with rainfall South Sudan. Therefore, all humid and
semi humid areas in southwestern and southern pyistered weak correlation compared with

the northeastern parts.

4.4.2.3 Rainfall Anomaly Patterns Associated with ENSO Anabgues Events

The evaluation of rainfall anomalies over South &@uduring ENSO years is very important for
risk assessment and damage associated with clewatames. This helps in anticipating the type
of risk associated with ENSO as part of early wagnprocesses. The analysis is based on
evaluation of rainfall performance correspondingtie timing of the ENSO and composite
analysis of rainfall anomalies patterns correspogdo weak moderate and strong El Nifio and
La Nifio events, to define areas characterized wihand dry conditions during these episodes.
Figure 47 illustrate the inter-annual variability Nifio 3.4 indices with seasonal rainfall
anomalies for three locations namely Malakal, Wad duba during MAM, JJA and SON
seasons. The results shows the strong evidendedrihavet and normal conditions are recurrent
in all parts of South Sudan during weak, moderaig strong ENSO (El Nifio and La Nifia)
events. Also results shows that some of the daedtwettest years over South Sudan coincide

with weak, moderate and strong ENSO events.
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Figure 47 Interannual variability of Nifio 3.4 with seasonalimfall anomalies over selected
stations

The recurrence of wet and dry conditions in thentguduring ENSO an event vary from

location to location, season to season and dodspénd on strength of ENSO event. Another
important observation from the tables maps are mibdtiest conditions coincides with EI Nifo

and some wettest condition coincides with la Nifid aome occur in ENSO neutral phase. For
example, the 1997/1998, 1982/1983 and 1991/1992idered strongest EI-Nifio events, the
1997/1998 accompanied by rains above normal in tooation while 1982/1983 and 1991/1992
El-Nifio was accompanied by below normal in mosatmns in South Sudan. The 1973/1974,
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1974/1975, 1988/1989 and 1999/2000 consideredgesbiiEl-Nifio events accompanied by rains
above normal in most location of South Sudan. Tésslt agrees with previous study done by
Osman and Shamseldin (2002), which suggested tiegt d/ears were associated with warm
ENSO and Indian Ocean SST conditions in the tropnchan Ocean.

There is also weak evidence on the linkage of reage of extreme drought and flooding events
over South Sudan with ENSO events because the svafiseasonal rainfall anomalies don't
exceedxz 1 for all location except SON season in MalakalimyiStrong La Nifia years. Results
also revealed that during ENSO episodes, some pértountry received normal to above
normal rainfall, while other parts received norn@lbelow normal rainfall. Most of the dry
(drought) or wet (flood) cases do not coincide vatime of the strong ENSO events, either El
Nifio or La Nifla. There are a number of extremeamet dry conditions that occurred in absence
of El Nifio and La Nifia episode, and some of extrame¢ and dry conditions occurred in

presents of El Nifio and La Nifia episodes.

Composite analysis was included in the study ireotd further study patterns of associations
between South Sudan seasonal rainfall anomaliesttE@dENSO phases. Figures 48 shows
composites of the spatial rainfall anomaly indiessociated with the EI Nifio analogues during
MAM, JJA and OND rainfall seasons. The years (19691976-77, 1977-78, 2004-05, 2006-
07),( 1963-64, 1968-69, 1986-87, 1991-92, 199420M)2-03, 2009-10) and(1965-66, 1972-73,
1987-88, 1982-83, 1997-98)were used to develop ositgs for weak, moderate and strong El
Nifio respectively. The results revealed that, taégomance of rainfall during ENSO phases not
different from what observed during 10D events. Mixations during weak, moderate and
strong El Nifio and La Nifla phases observed normalfall. These not mean no extremes
drought and floods occurred associated with sonasywithin composited years. The results
showed also most of El Nifio phases coincided wikitive 10D events. The results showed
clearly the existence of weak teleconnection betwtde El Nifio events and above or below
normal rainfall (drought and floods) over South &ud
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Figure 48: Composite of seasonal rainfall anomabssociated with the phases of the ENSO:
left panel during weak, moderate and strong EI Nohases.

Figures 49 shows composites of the spatial raiafatimaly indices associated with the La Nifio
analogues during MAM, JJA and OND rainfall seasdiee years (1964-65, 1971-72, 1974-75,
1983-84, 1984-85, 1995-96, 2000-01, 2005-06, 2008a11-12),( 1970-71, 1998-99 2007-08)
and ( 1973-74, 1975-76, 1988-89, 1999-00, 2010wiere composited for weak, moderate and
strong La Nifia phases respectively used for analagudies. The results revealed that, the
performance of rainfall during ENSO phases notedéht from what observed during 10D

events. Most location during weak, moderate andngtrLa Nifia phases observed normal
rainfall. These also not mean no extremes drougHtfepods occurred associated with some

years within composited years. The results shovisul rmost of La Nifia phases coincided with
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positive 10D events and La Nifia phases coincided negative 10D events. The results showed
clearly the existence of weak teleconnection betwtbe La Nifia events and above or below
normal rainfall (drought and floods).
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Figure 49: Composite of seasonal rainfall anomabssociated with the phases of the ENSO:
left panel during weak, moderate and strong EI Nohases.

These results did not concur with what was condumlemost of studies carried out by scientists
from East Africa, which found co-occurence of extaadinary extreme rainfall (floods and

drought) in East Africa and ENSO (Ropelewski andpid, 1987; Janowiak, 1988; Ogallo,

1988, among others). Generally the El Nifio was eamied by some enhanced rainfall
performance compared to La Nifia events over Soudais
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4.4.3 Results from Linear Regression Analysis

This sub-section presents results obtained aftgnression models were fitted between South
Sudan seasonal rainfall anomalies and Indian Odgaole (IOD), Nifio indices at lag one and
zero. It should be noted that due to the low catiehs obtained between the variables under
correlation in most of the stations consideredhie study, the constructed regression models
were based only on stations that had the coefticigndetermination greater than 10% of
variability for Nifio indices. For Indian Ocean dipqlOD) correlations, stations that registered

significant correlation only wzere considered imstuction of regression models.

4.4.3.1 Lag Regression Models

Correlation coefficient between seasonal raindsbmalies (MAM, JJA and SON) and IOD
were weak, therefore the coefficient of determomatR Square) not exceeding 10 percent of
variability for all stations considered in studyajR station during March to May (MAM) season
and Wau station during June to August (JJA) seadamne Lag season registered significant

correlation coefficient at confidence interval 0®9, hence adopted for linear regression model.
Figure 50 illustrates the models constructed betwseasonal rainfall and 10D at one Lag

season. The results indicated the regression modaktructed were far from being optimal and

model not able to capture some peaks observeceioliberved rainfall anomalies.
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Figure 50: IOD Regression Model at One Lag SeasofAM and JJA

A part from construction of regression model faaseal rainfall and 10D, the regression model
for Nifio indices at one and zero Lag season wese ebnstructed in Figure 51. The results
showed coefficient of determinatigerformed much better thd®D especially over Malakal for
several Nifio indices (Nifilo 3, Nifio 3.4 and Nifiodyring September to November (SON)
season which indicated a contribution greater than 20%rainfall variability. Most of the
regression models constructed were not far fronn@tsince the model was able to capture

some peaks of the observed rainfall anomalies.
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Figure 51: Nifo indices Regression Model at one Bagson for SON
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Similar results forregression model for Nifio indices at zero Lag seasopresented in Figure
52.the results ofMost of the regression models construadedero Lag seasomere not far from

optimal since the model was able to capture sorakspef the observed rainfall anomalies.
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Figure 52 Nifio indices Regression Model at Zero Lag Sedsp8ON
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CHAPTER FIVE

5.0 Summary, Conclusions and Recommendation

This chapter presents summary and conclusions dii@anthe study and recommendations for

further research and applications.

5.1  Summary and Conclusions

This study sought to assess the spatial and teinploaaacteristics of rainfall and temperature
over South Sudan with a new better understandirgpofe mechanisms and physical processes
responsible for the observed variability in themdie over South Sudan especially the
teleconnections between Indian ocean dipole (IOE)Nifio / Southern Oscillation (ENSO) and

seasonal rainfall anomalies over the country.

Several statistical methods were employed in thisdys These methods included data
homogeneity test, Standard deviation, linear rejpesanalysis, Mann Kendall Trend Test,
Standardized Precipitation Index (SPI) and Specaralysis, Probability of occurrence of
extremes and Correlation Analysis among others.

Results from data homogeneity test and quality robrfor both rainfall and temperature
(maximum and minimum) exhibited homogeneity andceewere suitable for use to assess the
temporal and spatial characteristics of rainfalil &aamperature. Skewness and Kurtosis showed

asymmetric distributions of dataset.

The temporal and spatial characteristics of ralirsfiatl temperature over South Sudan, show that
mean monthly rainfall are uni-modal, increase froantheast to southwest, peak in months of
July and august. In terms of season, the June u#tu(JJA) considered as the main rainy
season and contributes more than 50 - 60 % of amaundall. While maximum and minimum

level of maximum and minimum temperatures obsemédAM and DJF season respectively.
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The annual seasonal rainfall trend indicated thastnfocations in South Sudan experiencing
insufficient statistical evidence of a significancecreasing trends, while maximum and
minimum showed statistical significance evidencenofeasing trends at 0.05 level of significant
test. The variability and changes in annual and@®a rainfall and temperature current period
1984-2013 relative to 1954-1983 and 1961-1990 ilededeclined in amount of rainfall and
increase in maximum and minimum, while variationtémperatures too small compared to

rainfall which showed increasing variability in et years.

Standardized Precipitation Index (SPI) resultsdath highest number and intensity of drought
occurrences experienced in the period 1980 - 18p6aally 1982 to 1985, while flood occurred
in thel960s with an increase in rate from 2000théorecent years. Also cyclical variations in
rainfall and temperature indicated that there cauineent of spectral peaks in most of the stations
considered in study but not exceeding 2 significaeaks for rainfall and tow 3 peaks for
temperatures (maximum and minimum) and all spegieaks occurs between 2 up to 3, 4 to 6
years, which explains effect of Quasi-Biennial @aton (QBO), el Nifio and la Nifio events
especially those fluctuation occurs within perigiiof 2 to 3 years. The Probability distribution
of long term mean of rainfall and temperature stions between past (1954-1983) and
present (1984-2013), showed shift of the entirdribigtion toward driest for rainfall and a

warmer climate for temperatures (maximum and mimmau

The relationships between seasonal rainfall in Isdstidan and 10D events show, weak
significant positive correlation in northwest arauthern parts at one Lag season in raja during
MAM and at zero Lag season during SON season. Thaetr@l and northeast observed
significant negative correlation at one Lag seasimming MAM and JJA seasons. The
relationships between seasonal rainfall in Souttha8and several Nifio indices were also show
the insignificant positive and negative correlatinomorthwest and southwest of country at one
and zero lag season for all Nifio regions (Nifilo INi#&o 3, Nifio 3.4 and Nifio 4).The northeast
of country observed significant negative correlatibhe spatial rainfall patterns associated with

IOD and Nifio indices shows that the most of locaioduring 10D events registered
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insignificant positive correlation, while most obchtions registered insignificant negative

correlations during recurrent of ENSO events.

The spatial patterns of observed seasonal raiaf@imalies during strong positive and negative
IOD, weak, moderate and strong ENSO (EI Nifio andNIf&) confirmed the existence of weak
teleconnection. Some parts of the country recen@thal to above normal rainfall (wet), while
at the same time others parts received normal kmsbaormal rainfall (dry). Extra-ordinary
flooding/drought events that occurred coincidechw®D and El Nifio and La Nifia, and some

did not coincide with any.

The composite analysis was included in the studyoider to further study patterns of

associations between South Sudan seasonal raarfathalies and the positive and negative
IOD, weak, moderate and strong El Nifio and La Nifiases. The results showed the probability
of occurrence of extra-ordinary rainfall conditidiostoo low, most of locations observed normal
rainfall. This not means the recurrences of ab@lets normal during positive or negative are
rarely to happen coincide with some 10D and ENS@spB. Normality of rainfall during 10D

and ENSO for composited years may explain and contbe evidence of weak teleconnection

of South Sudan rainfall to different phases of |€iher positive or negative phase.

The regression results show the Indian Ocean dipg@®) contributing less than 10% of
variability in rainfall. The regression models ctrosted for Raja and Wau stations indicated that
the regression models constructed were far fronmagptsince the model was not able to capture
some peaks of the observed rainfall anomalies. 8\&8Ts over Nifio regions especially Nifio 3,
Nifilo 3.4 and Nifio 4 are contributing around 20%arfability in rainfall especially northeast of
country representing by Malakal. Also the regressioodels constructed for Malakal station
indicated that most of the regression models coostd were not far from optimal since the
model was able to capture some peaks of the olibeniefall anomalies compared to 10D
regression models. In general IOD and ENSO cortilbess than 20% of variability in rainfall

over South Sudan.
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5.2 Recommendation and Suggestion for further work

There are many factors contributing and leadingnitreased gaps and inaccurate climate
information in different areas around the globeeesgly developing countries (Sene and
Farquharson, 1998). These factors include lackigi-quality climatic data for spatial and
temporal scales, lack of research solicitudes, @gpand political will, as well as political upset
All these factors influence the quality of scieltifesearch and weather prediction. For example
the few numbers of meteorological stations and lockbserved data in many states in South
Sudan was the main obstacle to the process ofaixigaresults which reflecting the reality of
different climatological zones in South Sudan.

To enhancing and strengthen the ability of sowtdaBese Scio-economic sectors to cope with
climate variability and change stresses such drioagt floods and to enhance the quality of
scientific research and information for early waghsystem, The following recommendations

and the way forward are made:

* The findings of the study will be useful to disastisk reduction and climate change
adaptation research scientists, weather and clipratgiction research scientists, policy
makers, National Meteorological and Hydrologicalng&=es (NMHS), and other
professionals in all Scio-economic sectors thatadiected by the climate such as water,
agriculture, food security, industry, energy ancamothers.

* This study concluded that, the climate change aadalility including recurrent of
extremes rainfall and temperature are real in s@uflan, therefore the famers should
switch into growing drought/drought tolerant crégeping climate tolerant livestock to
minimize crop failure and death of livestock. Apovernment should develop a policy to
conserve forest to reduce the deforestation.

* The findings of this study are based on historichterved rainfall and temperature
(maximum and minimum) dataset for only five stati@tross the country. Some regions
are not well represented due to inadequacy of matagcal stations, therefore results
cannot be conclusive. There is an urgent need tablesh new meteorological station

networks in the different states.

117



The results of the study were based on observedalaiand temperature dataset;
therefore further work may include satellite datase enhance the spatial
representativeness of rainfall and temperature theearea of study.

This Study concentrated on past and present clesistot of rainfall and temperature.
Further work should concentrate on the projectédréuchanges based on the global and
regional climate model outputs.

This study examined teleconnection between seaitEmperature (SSTs) over Indian
Ocean and equatorial Pacific Ocean. Further reBeahould include others factors
affecting rainfall and temperature of South Sudamifistance SSTs in Atlantic Ocean,
wind and pressure systems.

Further research should be undertaken to assessplaets of changes and variability in
rainfall and temperature on socio economic sectivaljhoods and coping strategies at

household level.

Government should work hardly to enhance the s¥gik of South Sudanese
communities through mainstreaming and incorporas&sr associated with climate
variability and change into disaster risk managednaewl sectoral development, policies

and plans
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