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Changes in the Frequency and Intensity of Extremes over Northeast Africa

ABSTRACT

Climate of Northeastern Africa varies from humid to semi-arid with both abundant and scarce
moisture. Hence, flooding and drought are frequent phenomena which have a direct impact on the
agriculture, health, water and other socio-economic sectors of the region. Analysis for the expected
changes in the frequency and intensity of extreme rainfall induced by climate change in Ethiopia is

the aim of this study.

The Ethiopian area has been divided into three homogeneous rainfall regimes (Zone A-C).The
seasonal classification of the region, especially over Ethiopia, is from February to May, June to
September and October to January, called Belg, Kiremt and Bega, respectively. Here, more

emphasis is given to the Kiremt and Belg seasons.

Anomalous wet and dry decades were identified using ERA-40 data. The condition of the main rain
bearing systems during these decades has been assessed and from this result systems which favor
more for the extremes have been detected. Among the systems that control the weather activity in
the region are: Inter-tropical Convergence Zone (ITCZ), Tropical Easterly Jet (TEJ), East African
Low Level Jet (EALLIJ), El Nifio-Southern Oscillation (ENSO) as well as Mascarena, St. Helena,
Azores and Arabian High pressure systems. Then simulations from GFDL and CCCma were

analyzed.

There is large decadal variability in the occurrence of extreme rainfall events. During the Kiremt
season, 90-96% wet anomalies were mostly occurring in the 1958-1979 time range. The dry
anomalous decades were mostly found in 1980-2001 for both zone-A and -B. During Belg, all the
dry anomalies are in the third decade of March for zone-B. During April and May, most of the dry
anomalies are in the first decade. For zone-C, most of the dry anomalies are in the third decade of
March.

The sources of moisture, the means of transport and the dynamic conditions should be satisfied to
have a wet anomaly. During the driest decades these conditions are not fulfilled. The future
scenario runs from GFDL and CCCma indicate that both models have a consistent trend. However,

as most models have limitations, even the seasonality is not well represented in both models.

Key words: Ethiopia, ERA-40, GFDL, CCCma, rainfall
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1. INTRODUCTION

1.1 BACKGROUND

Northeastern Africa (with lat.3 °-15° N and long. 33 °-48 ° E) climate varies from humid to semi-
arid with abundant and scarce moisture. Hence, flooding and drought are nowadays most frequent
phenomena which have a direct impact on the agriculture, health, water and other socio-economic
sectors of the region. Looking for the expected climate change induced changes in the frequency

and intensity of extreme rainfall will contribute in order to minimize the effects.

The seasonal classification of the region, especially over Ethiopia, is from February to May, June to
September and October to January called Belg, Kiremt and Bega, respectively. Here, more
emphasis is given to Belg (MAM) and Kiremt (JJAS) seasons and a detail on seasons is described

in section 2 below.

Extremes were derived from gauge rainfall data (Korecha et al 2001). But the raingauge network is
too sparse to produce reliable areal estimates. Using other sources like the Numerical Weather
Prediction (NWP) model outputs overcome the drawback. These include the European Centre for
Medium-Range Weather Forecast (ECMWF) data, which is now used in local operational
application. For instance, it is used by the European Union Joint Research Council Monitoring of
Agriculture with Remote Sensing (MARS) project at http://agrifish.jrc.it/bulletins.htm for bulletins

related to famine early warning.

For this study, ECMWF 40 year re-analysis data (ERA-40) has been used. According to the
evaluation of ERA-40 data by Tefera et al (2007), the spatial pattern of the JJAS rainfall
climatology is captured well but exaggerates the peak in the northwestern and western Ethiopia.
After assimilation of Satellite data from 1990’s, this drawback has been reduced. Besides, the
interannual variability is less well captured than the spatial and seasonal variability (Tefera et al,
2007). For the FMAM season, except in the extreme south of Ethiopia, inter-annual variability is
shown better by ERA-40 (Tefera et al, 2007).
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Identifying the anomalous wet and dry decades based on the ERA-40 data has been done. Then the
condition of the main rain bearing systems during these decades has been integrated and from this
result it has been detected which systems are related to the extremes. Then future scenario runs
using the geophysical fluid dynamics laboratory (GFDL) and the Canadian Center for Climate

modeling and analysis (CCCma) model have been analyzed.

1.2 RESEARCH QUESTION

Will climate change affect the intensity and frequency of extreme events in northeastern Africa?
« What large scale systems govern precipitation over NE Africa?

« Does precipitation change as expected?
1.3 STRUCTURE OF THE REPORT
After the introduction, Seasons and seasonal classifications are described in section 2. Data and

methodology are presented in section 3; data analysis and results are in section 4. Climate change is

in section 5 and Discussion and conclusions are given in section 6.
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2. SEASONS AND SEASONAL CLASSIFICATIONS

In high and mid-latitudes, seasons are classified as winter, spring, summer and autumn, while in
low latitudes they are categorized as wet and dry seasons. In the case of Ethiopia, the seasons are
classified into three periods based on annual rainfall patterns. Hence, based on the mean annual and
mean monthly rainfall distributions, the rainfall regimes are delineated and the types of seasons in

Ethiopia are identified.

The central and most of the eastern half of the country (identified by letter A in Figurel) has two
rainy periods and one dry period. The two rainy periods are locally known as Kiremt (June to
September) and Belg (February to May), which are long and short rainy periods, respectively. The
annual rainfall distribution over this region shows two peaks corresponding to the two rainy
seasons, separated by a relatively short "dry" period. The dry period, which covers the rest of the

year (i.e., October to January), is known as Bega.

The western part of Ethiopia, which is identified by the letter B in Figurel, has one rainfall peak
during the year. As one goes toward the north within this region, the length of the rainy period
(June to September) decreases due to the meridional migration of the ITCZ (Inter-Tropical

Convergence Zone).

The southern and the southeastern parts of Ethiopia (the region identified by the letter C in (Figure
1) have two distinct dry periods (December to February and June to August). The temporal
distribution of rainfall over these regions shows two distinct peaks separated by a well-marked dry

period.
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Figure 1: Map of study area. Dashed lines indicate regimes A, B and C. Inset shows location of
Ethiopia with in Africa (Source: Bekele F. 1993)

Combining these regimes the year can be classified into four distinct seasons (Table 1). This is
evidently true particularly for southern and southeastern portions (region C). However, for
southwestern, western, central and northwestern Ethiopia (region A&B) only one dry and one long
rainy season can be identified. Thus, the presence of four seasons, notably, winter (December-

February), spring (march-May), summer (June-August) and autumn (September) are evident.
Table 1: Seasons and weather condition over the three regimes of Ethiopia

FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JA

Trad. Seas. BELG KIREMT BEGA

Regime A Wet Wet Dry

Regime B Dry Wet Dry

Regime C Dry Wet Dry Wet Dry

In this study we give more emphasis for the extremes during JJAS for Zone-A and Zone-B then

during MAM for Zone-B and Zone-C.

2.1 WEATHER SYSTEMS AFFECTING ETHIOPIA

Seasonal and annual rainfall variations in Ethiopia as well as the neighboring areas of the region
are associated with the macro-scale pressure systems and monsoon flows (Tesfaye 1986, 1987;
Hastenrath, 1991). Bekuretsion(1987) has indicated that the weather and climate of Ethiopia arises

from the influence of tropical weather systems, like the Intertropical Convergence Zone (ITCZ), the
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monsoon, easterly waves, etc., and quasi-stationary subtropical anticyclones of both northern and
southern hemisphere. The interactions between the tropical and extratropical weather systems
produce major active weather over the country, especially during the months of February to May
(Northern Hemisphere Spring). The main weather bearing systems for the Bega, Belg and Kiremt

seasons, respectively are discussed below.

1. During Bega (the dry season) the country predominantly falls under the influence of warm and
cool northeasterly winds. These dry air masses originate either from the Saharan anticyclone or
from the ridge of high pressure extending into Arabia from the large high over central Asia
(Siberia). However, occasionally the northeasterly winds are interrupted when migrating low
pressure systems originating in the Mediterranean area move southwards and interact with the
tropical systems resulting into unseasonal rains over central and northern Ethiopia. Occasionally
the development of the red Sea Convergence Zone (RSCZ) also produces rains over northeastern

Ethiopia (Pedgley, 1966).

2. During Belg (the small rainy season) which is from March to May, the Arabian high moves
towards the northern Arabian Sea. When it is pushed over the water body, it causes a moist
southeasterly air current to flow towards Ethiopia (Camberlin et al, 2002; NMSA 1996).
Occasionally, there are also frontal lows that either originate from the Mediterranean area or
originate within the Atlantic Ocean and are swept through from west to east. These occur in
association with a cold front, the intensity of which depends on the temperature contrast ahead and
behind the front. As it reaches east of Mediterranean Sea, the surface front is split into two: one
front over the Arabian lowland and the other over the Sudan lowland (Gizaw, 1968). Once the
surface fronts reach over the high grounds, they interact with the equatorial systems and produce
abundant rains over the northern, northeastern, central parts of Ethiopia and the escarpments.
Sometimes when the low-level westerly trough penetrates along the Rift Valley, the rainfall activity

could linger for some days.

The relationship between the Ethiopian rainfall during Belg and the tropical cyclones over the
southwest Indian Ocean indicates that low/high frequency of the cyclones resulted in excess/deficit

rainfall (Shanko et al, 1998).
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The meridional arm of the ITCZ also contributes for the rainfall activity over East Africa. Hence, it
produces rainfall during February/March over south west of Ethiopia (Kassahun, 1987).
The formation of intense and frequent tropical disturbances over the southeast Indian Ocean occurs

simultaneously with Belg and Kiremt rainfall deficiency in Ethiopia (Bekele, 1992).

3. Among the systems that control the weather activity during Kiremt (the main rainy season)
include:
A) The northward propagation of ITCZ as well as the formation of heat lows over the Sahara and
Arabian landmasses (Korecha et al, 2007). ITCZ attains a peak position of 15°N and 15°S during
July and January, respectively (Asnani, 2005). The airflow is dominated by zones of convergence
in the low pressure systems accompanied by the oscillatory ITCZ extending from West Africa
through Ethiopia towards India (NMSA Vol.1, 1996). There is convergence between the air stream
of African southwest monsoons diverted from the south Atlantic southeast trades and the Indian
southwest monsoon on the Ethiopian highlands, especially on the western, central and eastern high

grounds, resulting in heavy rainfall over the region (Gizaw, 1968).

B) Formation of subtropical high pressure systems over the Azores, St. Helena, and Mascarene.
The position and strength of these systems, especially the St. Helena and Mascarene, influence the
moisture flux and the rainfall over Ethiopia (Kassahun, 1987). A boundary zone defined by the
confluence of Atlantic/Congo and Indian Ocean air streams extends northwards along western part
of Ethiopia. The rainfall activity decreases significantly in Ethiopia when the St. Helena High is
weak or the boundary is displaced westwards (Kassahun, 1987).

C) The East African Low Level Jet (EALLJ) induces abundant moist air from the Southern Indian
Ocean towards the high grounds of Ethiopia. Besides, there is southwesterly moisture flow from

the equatorial Atlantic and Congo Basin area.

D) Tropical Easterly Jet (TEJ), which is located at the boundary of the southern and northern
Hadley Cells at around 200mb, is among the systems that are most influential to the circulations in
Africa (Camberlin 1997) and its formation enhances the rainfall over Ethiopia (Kassahun, 1987).
Besides, the dry spells over central Ethiopia are directly related to the strength of the TEJ (Segele
and Lamb 2005). A positive relationship between Sahel monsoon and strength as well as position

of TEJ was identified by Hastenrath (2000). TEJ also facilitates the development of summer storm
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when low level conditions are fulfilled (Gissila et al, 2004).The initial source of this jet is the
Tibetan Plateau. Its development and persistence also play a great role in enhancing wide spread
rains over the major rain-getting regions of northeastern Africa during the summer months

(http://orca.rsmas.miami.edu/classes/mpo55 1 /mike//tej.html.).

2.2 ETHIOPIA RAINFALL AND GLOBAL TELECONNECTION FEATURES

Drought has been recurrent over many parts of the globe. But it is a very frequent catastrophic
phenomenon over the sub-tropical regions. In Ethiopia, these situations have occurred in
1972,1984,1987,1994 and 1999/2000. We will discuss the relationship between the rain-bearing
systems of Ethiopia and the SST of Pacific, Atlantic and Indian Oceans, respectively.

2.2.1 PACIFIC OCEAN

Various studies have revealed the relationship between ENSO and Ethiopian rainfall and
atmospheric systems (Bekele, 1993).

The principal cause of drought is asserted to be the fluctuation of the global atmospheric
circulation, which is triggered by the SST anomalies occurring during ENSO events. These
phenomena have significant impact on the displacement and weakening of the rain-producing

mechanisms in Ethiopia (Haile, 1988).

A comparative study of a drought year (1972) and a normal rainfall year (1967) over the global
tropics for the boreal summer months revealed that for a drought year we have (1) a weaker TEJ,
(2) a weaker Tibetan high, and (3) a southeastward shift of the major circulation patterns as well as

of several dynamic parameters (Krishnamurti and Kanamitsu, 1981).

Similarly, the major rain-producing mechanism in Ethiopia and its vicinity - the ITCZ - was found
to be weak, shallow, and shifted southeastward in drought years (Kruzhkova, 1981; Lamb, 1978).
The findings of a case study of seasonal forecasts in Ethiopia are also consistent with the above-
mentioned results (Haile, 1987). These and other findings confirm that the fluctuations of
atmospheric circulation, which are sometimes triggered by SST anomalies in the equatorial Pacific
(ENSO) have significant impacts on the position, magnitude, and intensity of the rain-bearing

systems in Ethiopia.
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The above-mentioned changes of the rain-bearing systems frequently caused meteorological,
agricultural, and hydrological drought. However, the 1982-83 El Nifio, which was by far the most
intense one, did not produce a very dry Kiremt (Ward and Yeshanew, 1990).

June-September rainfall over the Ethiopian highlands is positively correlated to the equatorial East
Pacific sea level pressure and the southern oscillation index, and negatively correlated to SST over
the tropical eastern pacific Ocean as expected, confirming again that El Nino-southern oscillation
episodes are associated with below-average June-September rainfall over the Ethiopian Highlands

(Seleshi and Zanke , 2004).

When looking at the effects of El Niiio during March-May, more rains than normal occur. During

June-August, drought over northeastern Africa is present (Figure 2).

(a) March-May (b) June-August
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Figure 2: Effects of El Nifio for the world weather during (a) March-May and (b) June-August.
Blue circles indicate that during El Nifio there was, on average, more rain than normal, red circles
indicate drought. La Nifia has the opposite effect in almost all locations.

The size of the vcircles is a measure of the strength of the relationship
(http://www .knmi.nl/research/oceanography/enso/effects/).

In summary, we can say that ENSO events may not be the only cause of meteorological drought in
Ethiopia. However, the SST anomalies occurring during ENSO events are believed to trigger the
fluctuation of the global atmospheric circulation. The impact of the ENSO on the rainfall pattern
for different seasons of Ethiopia is summarized in Appendix 1(Korecha et al, 2001; NMSA, Vol. 1,
1996).

10
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2.2.2 ATLANTIC OCEAN

The decline of rainfall in eastern, south and south-western Ethiopia over the period approximately
from 1986 to 2002 is related to the corresponding persistent warming of the South Atlantic Ocean.
The sea-surface temperature (SST) over the tropical eastern Pacific Ocean is not significantly
correlated with the main rainfall of the semi-arid lowland areas of eastern, southern, and
southwestern Ethiopia, except at marginal zones in transition to the Ethiopian Highlands ( Seleshi
and Zanke, 2004).

2.2.3 INDIAN OCEAN

The variability of African rainfall is statistically related to both Pacific and Indian oceans, but the
variability in the two oceans is also related. While the SST variability of the tropical Pacific exerts
some influence over the African region, it is the atmospheric response to the Indian Ocean
variability that is essential for simulating the correct rainfall response over eastern, central, and
southern Africa. Analysis of the dynamical response(s) seen in the numerical experiments and in
the observations indicate that the Pacific and Indian Ocean have a competing influence over the
Indian Ocean/African region. This competition is related to the influence of the two oceans on the
Walker circulation and the consequences of that variability on low-level fluxes of moisture over

central and southern Africa (Hastenrath and Polzin, 2003).

Comparison of the wind anomalies that develop during extreme Indian Ocean dipole or Zonal
mode (I0ZM) events with those that develop during weaker (moderate) events shows that strong
easterly anomalies in the northern-central Indian ocean are a persistent feature of extreme, but not
of moderate, IOZM years. It is suggested that these anomalies weaken the westerly flow that
normally transports moisture away from the African continent, out over the Indian Ocean. Thus,
during extreme IOZM years, rainfall is enhanced over east Africa and reduced in the central and

eastern Indian Ocean basin (Emily and Julia, 2002).
It is also shown that the IOZM cannot be viewed in isolation from the El Nino-Southern Oscillation

(ENSO). Instead it is postulated that in some years, a strong ENSO forcing can predispose the

Indian Ocean coupled system to an IOZM event and is therefore a contributory factor in extreme

11
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East African rainfall. The results of this study imply that the relationship between El Nino and the
I0OZM explains the previously described association between El Nino and high East African
rainfall. Thus, understanding the way that ENSO drives Indian Ocean dynamics may aid the
development of predictive scenarios for East African climate that could have significant economic

implications (Emily and Julia, 2002).
Over the last few decades, the Indian Ocean has warmed by over 1K which resulted in a weakening

of the large scale Indian monsoon circulation because of the reduction in land-sea temperature

contrast (Sperber et al. 2000).

12
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3. DATA AND METHODOLOGY

The area has been divided into three rainfall regimes (Zone A-C, Figure 3). Zone-A is from 8°-
15°N and 33°-38°E which contains northwestern and western Ethiopia as well as adjoining areas of
Sudan. The main rainy season for this place is during boreal summer from June to September
(Kiremt). The second zone, Zone-B, is within 8°-15°N and 38°-43°E. Northern, northeastern,
eastern and central Ethiopia as well as parts of Eritrea and Red sea are included in this zone. For
most parts of this area, the main rainy season is also from June to September and the second short
rainy season (Belg) from March to May. The third Zone, Zone-C, is from 3-8°N and 33-48°E which
encompasses southwestern, southern and southeastern Ethiopia as well as adjoining areas of
Somalia, Kenya and Uganda. The main rainy season is from March to May and has also short rains
from September to November. Besides, northwestern and northern parts of this zone also receive
rain during JJA.

2on Daily precipitotion regions in Neoriheast Africo

» , \e
\
(™ Szene o

NQL/

Figure 3: Location of Zones used for the study

Decadal rainfall data from the ERA-40 model output for the three regimes has been used. By
subtracting the mean 1958-2001 decadal value from each decade, the anomalies are constructed.
Each of the 10% extreme minimum and maximum anomalies has been identified. Then for each
zone, the systems that are controlling the rainfall activity have been analyzed for the period where

the extremes recorded. Hence, it will be possible to see how the extremes are formed. Next their

13
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frequency in the future is assessed by analyzing scenario runs of GFDL and CCCma model output

in each regime.

4. DATA ANALYSIS AND RESULTS

Each zone has different rainy season and rain-bearing systems. Hence, first an analysis will be
presented for the Kiremt (JJAS) which is the main rainy season for Zone-A and Zone-B. Then Belg

(MAM) which is the second rainy season for zone-B and the main rainy season for Zone-C.

4.1 JUNE TO SEPTEMBER

Based on the long year mean rainfall distribution (Korecha et al, 2001) especially over Ethiopia, for
the month of June, northwestern, western and southwestern portions of Ethiopia, which covers
nearly half of zone-A, receives 100-300mm of rainfall decreasing northwards. For zone-B, except
the adjoining areas of zone-A and parts of central and eastern Ethiopia which receive 40-120mm,
most of the area is dry under normal condition. The rainfall activity covers most areas of this zone

from mid July onwards.

During July the rainfall activity further intensifies and expands to the northern and northeastern
portions of the country. Hence, zone-A receives up to 400mm and zone-B 40-300mm. The rainfall

activity is weak over the lowland areas of northeastern portions of zone-B.

During August, which is one of the peak months of the season, the rainfall activity is more or less

similar to the month of July for both zones.

During the month of September the rainfall activity starts to weaken as a result of the retreat of
ITCZ back to the south. Hence, zone-A receives 150-300mm and it ceases over northeastern
lowlands of zone-B. Besides, up to 120mm of rainfall is recorded over northern half and

southeastern portions of zone-B.

For zone-C, parts of the zone, like southwestern portions of Ethiopia, receive rainfall for more than

9 months. For JJA, except this area, the southern and southeastern parts of Ethiopia are dry under

14
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normal conditions and nearly all places will get from 5-200mm in September. The lowlands of

southern and southeastern Ethiopia receive small amounts of rainfall during September (5-10mm).

Zone-A and Zone-B receive rainfall during Kiremt. In order to see the relationship between the
extreme dry/wet decades with the main rain bearing systems, the anomalous wet and dry decades
have been calculated using 1958-2001 mean rainfall from ERA-40 reanalysis data. As can be seen
in Figures 4 and 6 below, for most of the years up to 1970’s, the anomaly is positive especially for
July and August which are the peak months of the season. Later it shows a negative anomaly for
most of the years throughout the season. It looks the same for Zone-B as can be seen in Figure 5
and 6. And for the month of June, it is dry under normal condition. So the anomaly is most of the

time positive.

The top 10% wet and dry anomalous decades have been selected for each month and season. Figure
6 below shows the anomalous wet and dry decades for the months June-September for zone-A and
zone-B, respectively. For zone-B, all the dry anomalies are in the third and first decades for July
and September, respectively which are the onset and cessation decades of the lowland areas of the

zone.

As can be seen in Table 2, 90-96% of the wet anomalous decades are found in the period 1958-

1979. And 80-82% of the dry anomalous decades occur in 1980-2001 for both zones.
10-daily precipitation anomalies for zoneA

10 F T T T T T T Tune ' ] 10 F T T T T T T 'JuIy T ]
& gt - & 8l i
K=} K=
=i M\ R _
E 4r b E 4r B
5 RAMNA N AL Al F 2 WWM/\'\/\/\ o
5 _2_\/\,/'(7\/\3/, e AV 2 i § L[ VWYV T /]
< <

AL 1 1 1 1 1 1 1 17 R 1 1 1 1 1 1 1 17

1960 1965 1970 1975 1980 1985 1990 1995 2000 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year Year
Istdc — 2nd dc 3rddc —— | 1stdc —— 2nd dc 3rddc — |

lO T T T T T T I'Augual I_ 10 L T T T T T T I%)ten’]ba’ I_
g 1 & of ]
g 6 1 & °r i
E 4 B E 4t i
> 2 - > 2 .
g 2 NOE D M N g
L ol NIV YWY S AP

-4 I I I I I I I I 1] AL I I I I I I I 1]

1960 1965 1970 1975 1980 1985 1990 1995 2000 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year Year

| 1stdc —

2nd dc

3rddc — |

| 1stdc ——

2nd dc

3rddc — |

Figure 4: Time series of JJAS precipitation anomaly for Zone-A
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10-daily precipitation anomalies for zoneB
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Figure 5: Time series of JJAS precipitation anomaly for Zone-B

Table 2: Summary of the frequency of wet and dry anomalies from 1958-2001

Zone-A Zone-B

Wet(JJAS) Dry Wet Dry
Year #Dec* % # Dec % # Dec % # Dec %
1958-79 50 96% 9 17% 47  90% 10 19%
1980-01 2 4% 43 83% 5 10% 42 81%

* Number of decades

16
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Histogram of wet and dry eventsfor zone A JJAS Histogram of wet and dry events for zone B JJAS
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Figure 6: Histogram of JJAS decadal precipitation anomaly for Zone-A and Zone-B,
respectively (red rows show dry decades and blue rows show wet decades)
4.1.1 TREND OF SYSTEMS THAT GOVERN THE RAINFALL ACTIVITY OVER THE
REGION DURING THE EXTREME WET AND DRY DECADES

During JJAS the main sources of moisture are Mascarene and St Helena high pressure systems
from the Indian and Atlantic Oceans, respectively. The intensity and position of these pressure
systems as well as the intensity of the EALLJ have a controlling effect on the moisture entering the
northeastern Africa region. The dynamic conditions like the divergence at 200mb, ITCZ and TEJ as
well as the current and 3-month lag ENSO condition have also direct or indirect impact on the

weather activity over the area.

Decadal mean pressure anomalies (hpa) for Macarena (20°-35°S, 30°-60°E) and St Helena's (20°-
35°S, 10°W-20°E) high pressure system have been obtained from ERA-40 model output. Besides,
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the anomaly of the divergence (s) at 200mb level has been analyzed for the area which
corresponds to zone-A and zone-B. For the EALLJ, the anomaly of the v-component and u-
component of the wind (ms™) at 850mb for the area 8°S-8°N, 38°-48°E and 4°-14°N, 38°-60°E,
respectively have been analyzed. These anomalies have been integrated for the top 10% anomalous
wet and dry decades. Besides, the current as well as the 3-month lag value of the anomaly of the
Nino 3.4 region (°C) has been matched to the anomalous wet and dry decades of the season. The
summary of the percentage of anomalies of these systems being negative, positive and neutral in

the case of ENSO for zone-A and zone-B during JJAS is displayed in Appendix 2.

In order to locate the position and intensity of the ITCZ and TEJ, using ERA-40 reanalysis data, the
divergence at 925hpa and the u-component of the wind at 200hpa, respectively have been analyzed.
Then the mean value within the zone 32°E-48°E has been plotted from the equator to 30°N (Figure

9-11). The condition of each system is discussed below.

MASCARENE

The Mascarene high pressure system has a positive anomaly during the onset and cessation of the
season (June and September) for the wet decades of zone-A and zone-B. However, during July and
August most of the decades have a negative anomaly, the peak months of the season. For the dry
decades, the Mascarene high pressure system anomaly is positive in more than half of the decades

during the season (JJAS) for zone-A and zone-B.

A stream line analysis at 850mb shows that for most of the wet decades the centre of the Mascarene
high pressure system is centered over the ocean in between 30°-50 °E. However, for most of the dry
decades, it was either well elongated east-west, centered over the land or the centre is far from 50

°E (Appendix 2).

ST HELENA

The St Helena high pressure system for the wet decades of zone-A has a positive anomaly in more
than half of the decades during most of the time. For zone-B, most of the decades show negative
anomalies of the St Helena high pressure systems. For the dry decades, the St Helena high pressure
system shows most of the time that more than half of the decades have positive anomaly for zone-
A (Appendix 2).
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From the stream line analysis at 850mb, for most of the wet decades there is formation of heat lows
over the Sudan area around 25°-30°E and Arabian lowlands. The heat low west of 10°E did not
have a direct impact on the incursion of moisture as it is far from northeastern Africa. For most of
the dry decades, the heat low was centered in between 15°-25°E and will have an impact on
diverting the moisture that was coming from the Congo basin area towards the northeastern Africa.
Besides, there is a formation of cyclones over the Gulf of Guinea for most of the driest decades and
this will have a direct impact on intrusion of moisture from the Atlantic Ocean. An example of the
streamline analysis at 850hpa is shown in Figure 7 for one of the wettest and driest decades,

respectively.

ERA—40 850 hPa Streamlines (m sxx—1) ERA—40 850 hPa Streamlines (m swx—T)
of the third 10 days of July 1963 of the third 10 ¢

ays of Jduly 2000

Py ,; ' ’?:\j\ H%)ST\\;;\‘& jk (//’/\V‘g)}/’/j//g))f ’ 3
R et Ry =1 ;

(@) (b)
Figure 7: Streamline analysis at 850hpa for one of (a) the wettest and (b) driest decades

DIVERGENCE, V & U-COMPONENT OF EALLJ

During July and August the change in the intensity of the high pressure systems, where moisture is
coming from, doesn’t have more contribution for the extreme dry conditions. The means of
transport(the v-component of the EALLJ) and the dynamic condition mainly the divergence at

200hpa have more correlations with the extremes.

The v-component of the EALLJ has positive/negative anomaly for most of the decades during the
wet/dry decades of the season for zone-A and zone-B. June is not the rainy season for most of the
area for zone-B.

The u-component of the EALLJ has a positive anomaly for more than half of the decades during
the wet decades of the season for zone-A. During the dry decades, it has a positive anomaly for
most of the decades during July and August and negative anomaly for more than half of the

decades during June and September (Appendix 2).

The divergence at 200mb shows that for the wettest/driest decades of zone-A and zone-B, most of

the decades have positive/negative anomalies. An example of the divergence at 200hpa is shown in
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Figure 8 for one of the wettest and driest decades, respectively.
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Figure 8: Divergence at 200hpa for one of (a) the wettest and (b) driest decades

ENSO

The condition of the Nino 3.4 for the anomalous decades during the month of the decade indicate
that during wet decades of the season (JJAS) most of the decades for Zone-A and zone-B have
negative to neutral conditions. During the dry decades of the season, most of the decades for Zone-

A and zone-B have positive to neutral conditions.

The 3-month lag ENSO values during wet decades of the season shows that most of the decades are
negative to neutral for zone-A and zone-B. During the dry decades of the season, most of the
decades are positive to neutral and negative to neutral for zone-A and zone-B, respectively
(Appendix 2).

As a summary we can say that the Nino 3.4 trend is more to neutral during June and July for the
wettest decades of zone-A and tends to be more negative during August and September. For zone
B, the trend is also negative to neutral, like the 3-month lag condition, from July to September. For
the dry decades of both zones, it shows positive to neutral condition for most of the time. The 3-
month lag ENSO condition is having negative to neutral trend for most of the decades during JJAS
for the wettest decades of zone-A and zone-B and for the dry decades, positive to neutral condition
is dominating. The scatterplots Nino 3.4 vs. rainfall anomaly is attached in Appendix 4.1 for the

wettest and driest decades of zone A and B.
ITCZ

As can be seen from Figure 9, the ITCZ moves northwards with time starting from June and attains

its peak during July and August. Then it starts to retreat back during September. Besides, the mean
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position of the 10% wettest decades is either far to the north or having more convergence compared
to mean position of the 10% driest decades as well as the mean monthly position for most of the
time. Appendix 3 shows that the peak position and intensity is during July and August. Besides,
during the wettest decades, the mean position reaches up to 20.2°N during August and the mean

convergence value reaches 17#10°s™ during July.
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Figure 9: Wind convergence denoting the ITCZ position (30°-40°E) (a) for Zone-A and (b) for
Zone-B during JJAS

TEJ
In order to see the change in the position and intensity of the jet during the wettest and driest

decades, its mean value from 32°E -48°E has been taken and analyzed from the equator to 30°N.
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Together with the 13 extremes, their mean position has been also plotted (Figure 10 and 11). For

the wettest decades the peak reaches during July and August for zone A and B, respectively.
The position of the jet for the wettest/driest decades was south/north of 10.5°N for both zones.

The wind speed is greater than 20ms™ during July and August for both zones and the difference in
strength between the wettest and driest decades is small. However, during September there is a
difference of about 2ms™. Generally, the position shows a clear distinction between wet and dry

conditions than the speed of the jet (Appendix 3b).

ERA-40 zonal averaged decadal U at 200 hPa for zone A during June dr
ERA-40 zonal averaged decadal U at 200 hPafor zone A during June wet b 9 i

20 20
25
20
1s
- 10 =
£ £
z .
g o
= =
= E
< 10 ~
s
20
25
20 30 20 s0
o s 10 20 > 30 o s 10 20 B 30
Latitude (N) Latitude (N)
13 extremes ——— mean value ——— | 13 extremes —— mean value —e—
ERA-40 zonal averaged decadal U at 200 hPa for zone A during July wet
a0 =0 '9 July a0 ERA-40 zonal averaged decadal U at 200 hPa for zone A during July dry
30 30
25
20
1s
= 10
z =
§ s =
B o B
£ 2
=
g E
g 10 g
1s
20
25
20 30 s0 30
s 10 s 20 25 30 ° 5 1o 20 25 30
Latitude (N) Latitude (N)
13 extremes ——— mean value ——— 13 extremes ——— mean value —=— |
ERA-40 zonal averaged decadal U at 200 hPa for zone A during August wet ERA-40 zonal averaged decadal U at 200 hPa for zone A during August dry
30 30 30 30
=z =
= £
= =
B
B E
30 30
o B 1o 20 25 30
Latitude (N) Latitude (N)
[ 13 extremes ——— mean value —— | I 13 extremes ——— mean value —— |
ERA-40 zonal averaged decadal U at 200 hiPa for zone A during Seprermber wet ERA-40 zonal averaged decadal U at 200 hiPa for zone A during September dry
20 20 20

Zondl windspeed (mis)
064G
T
bow sy
Zondl windspeed (mis)

Latitude (N) Latitude (N)

[ 15 extremes —— ean value —— | [ is — mean value —=— |

Figure 10: Zonal wind speed denoting the Position of TEJ during JJAS for zone-A for Wet (left)

and Dry (right) decades. Each line represents one wet or dry episode.
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ERA-40 zonal averaged decadal U at 200 hPPa for zone B during June wet ERA-40 zonal averaged decadal U at 200 hPa for zone B during June dry
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Figure 11: Zonal wind speed denoting the Position of TEJ during JJAS for zone-B for Wet (left)
and Dry (right) decades.

SUMMARY OF SYSTEMS

When we study rainfall of the northeastern Africa, first we should analyze the sources of moisture
and then the dynamic conditions that control the weather activity over the area. As mentioned
before, the sources of moisture are from the Indian and Atlantic Ocean. The position and strength
of the high pressure systems in these oceans as well as the strength of the jet which transports

moisture for the case of Indian Ocean and the presence of a cyclone over Gulf of Guinea and heat
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lows over Sudan/Chad will have a controlling effect for the amount of moisture that is supposed to

incur from Atlantic/Congo Basin to the northeastern Africa. Besides, the incursion of moisture

should be supported by the dynamic condition both on the surface and the atmosphere.

As can be seen in Appendix 2 and 3 for the wettest decades:

The Mascarene and St. Helena high pressure systems have positive anomaly during the onset
and cessation periods (June and September) and the means of transport i.e. the jet has a
positive anomaly for most of the time.

The centre of the Mascarene high pressure system is centered over the ocean 30°-50 °E.
During July and August, the ITCZ becomes extreme north and having more convergence
accompanied by a formation of heat low over the Arabian and Sudan area. This will
contribute for the incursion of moisture from the Congo Basin.

The TEJ also is more to the equator (south of 10.5°N) compared to dry decades. And the
wind speed is greater than 20ms™ during July and August.

The 3-month lag ENSO and the Nino 3.4 values during most of the season show negative to
neutral trend.

The divergence at 200mb shows positive anomalies for most of the decades.

For the driest decades:

The Mascarene and St. Helena high pressure systems show positive anomaly most of the
time. The jet has negative anomaly.

The centre of the Mascarene high pressure system is either well relaxed east-west, centered
over the land or the centre is far from 50 °E.

The TEJ is far from the equator (north of 10.5°N) compared to wet decades. And the wind
speed is greater than 20ms™ during July and August.

The 3-month lag ENSO and the Nino 3.4 values during most of the season show positive to
neutral trend.

The divergence at 200mb shows negative anomalies for most of the decades.

The ITCZ becomes more to the south and less convergence compared to the wettest decades.
The heat low formed over the Sudan area during the wet decades shifts to the west and is over
Chad. Besides, there is a formation of cyclone over the Gulf of Guinea, which will have a

direct impact on the incursion of moisture towards the area.
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After looking at the condition of each system during the wet and dry decades, the most favorable

condition for wet/dry episodes from June to September is discussed below:

JUNE

During June the trend in the major rain-bearing systems is summarized as follows:

For the wettest decades the main source of moisture is from the Indian Ocean and the means
of transport, the EALLJ, was also strong for most of the decades.

As there in an imbalance between the two high pressure systems over the Indian and Atlantic
Ocean, the wind from the Mascarena high pressure system crosses the southern part of Africa
(becomes easterly/southeasterly). Hence, the St. Helena is not directly pumping out moisture
to the northeastern Africa.

Except southwestern portions, zone-B is dry during this time.

The TEJ also is more to the equator compared to dry decades. However, the speed is less than
20ms™" during this month.

The 3-month lag ENSO and the Nino 3.4 values show negative to neutral trend for most of
the decades.

The divergence at 200mb shows positive anomalies for most of the decades.

The ITCZ becomes more to the north and having strong convergence for the wettest decades

compared to the driest decades.

For the driest decades:

For the driest decades, even if the moisture source is having more positive anomaly, either the
means of transport or one of the dynamic conditions like divergence at 200mb, tend to have
more negative anomaly.

The TEJ is far from the equator (north of 10.5°N) compared to wet decades. However, the
speed is less than 20ms™ during this month.

The 3-month lag ENSO and the Nino 3.4 values show positive to neutral trend for most of the
decades.

The divergence at 200mb shows negative anomalies for most of the decades.

The ITCZ becomes more to the south and less convergence compared to the wettest decades.
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JULY
During July:

For the wettest decades the sources of moisture are both from the Indian Ocean and
Atlantic/Congo basin and the means of transport, the EALLJ, was also strong for most of the
decades.

The incursion of moisture from the St. Helena/Congo basin increases as the ITCZ is moving
further north and there is a formation of heat lows over Sudan and Arabian land during the
wettest decades.

The rainfall activity expands from southwestern to the remaining portions of zone-B starting
from mid-July.

The TEJ also is more to the equator for the wettest compared to dry decades. Besides, the
speed becomes greater than 20ms™ both for the wettest and driest decades with a maximum of
22ms”.

The ITCZ becomes more to the north (up to 20°N) and having strong convergence for the
wettest decades compared to the driest decades.

The heat low over Sudan shifts west to Chad and cyclones are formed over Gulf of Guinea

especially during the driest decades of zone-B.

AUGUST
During August:

The heat low over Sudan shifts west to Chad and cyclones are formed over Gulf of Guinea
especially during the driest decades of zone-A.

The TEJ also is more to the equator for the wettest compared to dry decades. Besides, the
speed becomes greater than 20ms™ both for the wettest and driest decades with a maximum of
22.3ms™.

August is the time where the ITCZ reaches the peak up to 20.2°N and becomes more to the

north and having strong convergence for the wettest decades compared to the driest decades.

SEPTEMBER
During September:

The incursion of moisture from the St. Helena/Congo basin starts to decrease as the ITCZ

retreats to the south.
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e The TEJ also is more to the equator for the wettest compared to dry decades. However, it
weakens and becomes less than 20ms™ both for the wettest and driest decades.

e As September is the time where the ITCZ starts to retreat, there is a relative weakening and
retreating and it becomes more to the north and having strong convergence for the wettest
decades compared to the driest decades.

e As the retreat of the ITCZ is faster, the rainfall activity first ceases over the northeastern and

eastern portions of zone-B around the first decade of September.

4.2 MARCH TO MAY

Among the zones that receive rainfall during this period include zone-B and zone-C. MAM is the

short and long rainy season for zone-B and zone-C, respectively.

Based on the long year mean rainfall distribution (Korecha et al, 2001) especially over Ethiopia:
For the month of March, zone-B receives 40-120 mm of rainfall with a decrease as we move
towards northern and northeastern Ethiopia. Except southeastern lowlands, the remaining areas of

zone-C receive 40-120mm of rainfall.

During April, over zone-C the rainfall activity intensifies and covers most parts of the zone

especially over Ethiopia and it ranges from 40-200mm.

May is a transition month from Belg (short rainy season) to Kiremt (long rainy season) and the
rainfall activity significantly decreases over most parts of zone-B. It continues, however, in a

similar manner like April over zone-C.

In order to see the relationship between the extreme dry/wet decades with the main rain bearing
systems, the anomalous wet and dry decades have been calculated using 1958-2001 mean rainfall
value from the ERA40 reanalysis data. Figure 12 and 13 below shows the trend of the anomalous

wet and dry decades for zone-B and zone-C.

The top 10% wet and dry anomalous decades have been selected for each month and season. Figure
12 below shows the anomalous wet and dry decades for the months MAM for zone-B and zone-C.
For zone-B, all the dry anomalies are in the third decade during March. During April and May,

most of the dry anomalies are in the first decade. For zone-C, most of the dry anomalies are in the
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third decade during March.
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Figure 12: Time series of MAM precipitation anomaly for (a) Zone-B and (b) Zone-C
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Figure 13: Histogram of MAM decadal precipitation anomaly for Zone-B and Zone-C,
respectively (red rows show dry decades and blue rows show wet decades)
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4.2.1 TREND OF SYSTEMS THAT GOVERN THE RAINFALL ACTIVITY OVER THE
REGION DURING THE EXTREME WET AND DRY DECADES

During MAM the main source of moisture is from the Arabian high pressure system from the
Indian Ocean. The position of this pressure system has a controlling effect on the moisture entering
to the northeastern Africa region. Besides, the formation of the cycles over the
southwestern/eastern Indian Ocean will affect the incursion of moisture. The extra-tropical trough,
which is migrating from west to east, is also among the dynamic conditions which contribute for
the rainfall activity over the region. The current and 3-month lag ENSO condition have also direct

or indirect impact for the weather activity over the area.

In order to see the position of the Arabian high pressure system, the direction of the wind and also
whether cyclones are formed and diverting the moisture, a streamline analysis has been carried out
at 850mb using ERA-40 data. Besides, to look for the position of the extra tropical trough, a
streamline analysis has been done at 500mb for the northern hemisphere, which covers from the
equator to 60°N and from 40°W to 70°E. These have been integrated to the top 10% anomalies wet
and dry decades. Besides, the current as well as the 3-month lag value of the anomaly of the Nino
3.4 region (°C) has been matched to the anomalous wet and dry decades of the season. The
summary of these negative and positive anomalies for zone-B and zone-C during MAM is

displayed in Appendix 5.

ARABIAN HIGH

The streamline analysis at 850mb shows that the Arabian high pressure system for most of the
wettest decades is situated centered over the ocean and the wind is directed as
easterly/southeasterly. In some cases it is centered over the Arabian land but well relaxed and

extends to the Indian Ocean with the easterly/southeasterly wind directed towards northeastern
Africa.

For most of the driest decades of the two zones, the Arabian high pressure system is centered over
the land and is relaxed north-south and hence the wind is northeasterly/northerly. If centered over
the ocean, it is far from northeastern Africa and is diverted by the frequent occurrence of
lows/cyclones over the Indian Ocean. Figure 14 below shows sample streamline analysis at 850mb

for one of the wettest and the driest decades.
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Figure 14: Streamline analysis at 850hpa for one of (a) the wettest and (b) driest decades

EXTRATROPICAL TROUGH

During this period the rainfall activity is mostly from warm stratified clouds. If there is moisture
incurring to the area and is supported by the dynamic condition till 500mb, the chance of getting
rainfall is maximum. When the extra-tropical trough migrates from west to east and reaches around
40°E it interacts with the meridional arm of the ITCZ and pushes the Arabian high towards the

Indian Ocean and result in incursion of moisture towards the area.

The streamline analysis at 500mb shows that for most of the wettest decades the trough is over the
region from 30°-50°E and well relaxed. This results also the high pressure system to be pushed to
the Indian Ocean and hence additional moisture source for the region at this level.

For most of the driest decades, the region is under the influence of a high pressure system and
hence further development is inhibited irrespective of the surface condition. Figure 15 below shows

sample streamline analysis at 500mb for one of the wettest and the driest decades.

ERA—4Q 500 hPg Strearnlines (m s+x—1)
ef the third 10 days of March 19786

s
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Figure 15: Streamline analysis at 500hpa for one of (a) the wettest and (b) driest decades
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ENSO
The monthly anomaly of Nino 3.4 for the anomalous wet and dry decades indicate that during the

season (MAM) most of the decades for zone-B and zone-C have negative to neutral conditions.

The ENSO values during wet decades of the season based on the 3-month lag ENSO condition,
shows that most of the decades are under negative to neutral conditions for zone-B. For zone-C,
most of the decades are under positive to neutral conditions. During the dry decades of the season,

most of the decades are under negative to neutral conditions for zone-C (Appendix 5).

As a summary we can say that the Nino 3.4 trend is more negative to neutral for the wettest
decades of zone-B. For zone C, the trend is negative to neutral, like the lag condition, except during
April which resembles more positive to neutral condition. For the dry decades of both zones, it
shows negative to neutral condition during May, which is a transition month from Belg to Kiremt.
The 3-month lag ENSO condition is having positive to neutral trend for most of the decades during
March and April for the wettest decades of zone-B and during May it shows negative to neutral for
most of the decades. For zone-C, it is positive to neutral most of the time. For the dry decades,
negative to neutral condition is dominating most of the time for zone-C. The scatterplots Nino 3.4

vs. rainfall anomaly is attached in Appendix 4.2 for the wettest and driest decades of zone B and C.
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5. CLIMATE CHANGE

The energy balance of the climate system is controlled by the changes in the atmospheric
abundance of greenhouse gases and aerosols, in solar radiation and in land surface properties. The
climate of the northeastern Africa, especially rainfall, shows a remarkable fluctuation for the last
decades which affects the different sectors. Hence, understanding the future extremes will alleviate
this problem. Rainfall observation anomalies from ERA-40 and the scenario runs from the
geophysical fluid dynamics laboratory (GFDL) and the Canadian Center for Climate modeling and
analysis (CCCma) have been used for this purpose.

The Intergovernmental Panel on Climate Change (IPCC) does review scientific, technical and
socio- economic information which are necessary for the understanding of climate change, its
potential impacts and options for adaptation and mitigation. After the third assessment report
(TAR) in 2001, the records have been improved, ranges of observations have been expanded and
there are improvements in the simulation of many aspects of climate and its variability. Hence in
the fourth assessment report (AR4) larger number of simulations is available from a broader range
of models. Combining additional feedback from observations provide a quantitative basis for
estimating likelihoods for many aspects of climate change. In the model simulations a range of
possible future idealized emission or concentration assumptions have been considered (Summary

for policy makers, in the [PCC Fourth Assessment Report (AR4), http://www.ipcc-wgl).

The climate models used to reproduce observed features of recent climate and past climate changes
report are based on well established physical principles. Atmosphere-Ocean General Circulation
Models (AOGCMs) give reliable quantitative estimates of future climate change more at
continental and larger scales and there is more confidence in the estimates of temperature than
precipitation (Climate Models and their Evaluation, in the IPCC Fourth Assessment Report,
http://www.ipcc-wgl).

Even if there is insufficient feedback for future projections like the vegetation feedbacks, dust
aerosol productions and possible land surface modification in the global models, there is likelihood
to an increase in annual rainfall over East Africa (Regional Climate Projections, in the IPCC AR4,

http://www.ipcc-wgl).
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Future climate prediction of models reliability is evaluated based on its simulation of the current
climate. Poor model skill in simulating present climate implies that certain physical or dynamical
processes have been misrepresented. In the fourth Assessment report 23 models were considered to
investigate historical and future climate changes. Accuracy in simulating the seasonally varying
pattern of precipitation for models increases when they correctly simulate a number of processes

(e.g., evapotranspiration, condensation, transport) that are difficult to evaluate at a global scale.

As most AOGCMs have coarse resolution and large scale systematic errors, and extreme events
tend to be short lived and have smaller spatial scales, the intensity, frequency and distribution of
extreme precipitation are less well simulated. With this constraint, two scenario runs, GFDL and

CCCMA, have been analyzed for the three zones used in this study.

The CCCma has developed a number of climate simulation models for climate prediction; study
of climate change and variability, and to have a better understanding of the various processes which
govern our climate system (http://www.cccma.ec.gc.ca). The third generation coupled global
climate model (CGCM3) versions CGCM3.1 (T47) and CGCM3.1 (T63) have been used in the
IPCC fourth assessment report (AR4).

After the GFDL R30 and R15 experimental studies in 2004 a new family of GFDL models (the
CM2.x family) was first used to conduct climate research. These models are being used to topics
focusing on decadal-to-centennial time scale issues (including multi-century control experiments
and climate change projections), as well as to seasonal-to-interannual problems, such as El Nifio

research and experimental forecasts (http://www.gfdl.noaa.gov/).

The GFDL CM2.0 and GFDL CM2.1 models were used by the Intergovernmental Panel on
Climate Change (IPCC) for their fourth assessment report (AR4). They have surface grid of spatial

resolution roughly 2.0° x 2.5° and 24 levels in the vertical.

Looking the past and future climate trend using CCCma and GFDL models and comparing with
ERA-40 reanalysis data has been done for the three zones used in this study. Figure 16 shows the
future trend of precipitation for zone-A and B during August for both models. The results are as
follows:

e Both CCCma and GFDL models have a consistent trend, however, the variability is higher for
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the CCCma than the GFDL.

e A decreasing and increasing trend during the onset (June) and the cessation (September),
respectively especially for the Kiremt season.

e The monomodal rainfall trend for zone-A becomes bimodal with peaks during July and
September.

e For zone-B, it will have another peak during October which was dry during the current climate.

e Hence, the seasonality is not well represented in these models.

~ 10-daily precipitation anomalies for zone A August ~ 10-daily precipitation anomalies for zone B August
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Figure 16: Decadal Rainfall anomalies with respect to 1960-2000 during August for zone-A and
Zone-B ERA-40 (black box), cccma (red) and gfdl (blue line).

In the previous chapters we have seen the main systems which govern the weather and those which
have significant correlation with the extremes. When looking at the future trend of the climate, the
trend of the main systems should be analyzed. Hence the next step for this work will be looking at

the trend of these systems for the coming century using different model outputs.
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6. DISCUSSION AND CONCLUSIONS

This study assesses the distribution of anomalies in decadal bases and the condition of the main
rain-bearing systems during these decades as well as the expected changes in the frequency and

intensity of extreme rainfall induced by climate change.

The northeastern Africa (Ethiopia) has been divided into three homogeneous rainfall regimes (Zone
A-C).The seasonal classification of the region, especially over Ethiopia, is from February to May,
June to September and October to January, called Belg, Kiremt and Bega, respectively. Here, more

emphasis is given to the Kiremt (JJAS) and Belg (MAM) seasons.

Anomalous wet and dry decades were identified using ERA-40 data. The condition of the main rain
bearing systems during these decades has been assessed and from this result systems which favor
more for the extremes have been detected. Among the systems that control the weather activity in
the region include ITCZ, TEJ, EALLJ, ENSO as well as Mascarena, St. Helena, Azores and
Arabian High pressure systems. Then using GFDL and CCCMA, simulations were analyzed.

There is large decadal variability in the occurrence of extreme rainfall events. During Kiremt
season, 90-96% wet anomalous were mostly situated in the 1958-1979 time range. The dry
anomalous decades were mostly found in 1980-2001 for both zone-A and -B. During Belg, all the
dry anomalies are in the third decade during March for zone-B. During April and May, most of the
dry anomalies are in the first decade. For zone-C, most of the dry anomalies are in the third decade

during March.

For the wettest decades during Kiremt, the Mascarena and St. Helena high pressure systems
(centered over the ocean) have positive anomaly during the onset and cessation periods (June and
September) and the means of transport ( the jet ) has a positive anomaly most of the time. For the
driest decades, the Mascarena and St. Helena high pressure systems (centered either over the land
or stretched east-west) show positive anomaly most of the time. However, the jet has negative
anomaly. The 3-month lag and current Nino 3.4 during most of the season show negative to neutral
and positive to neutral conditions for most of the wettest and driest decades, respectively.

During July and August, the ITCZ reaches an extremely northern position and has more
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convergence accompanied by a formation of a heat low over the Arabian and Sudan area. This
contributes to the incursion of moisture from the Congo Basin. The TEJ is shifted to the equator
(south of 10.5°N) compared to dry decades. During driest decades, the heat low formed over the
Sudan area shifts to the west and is over Chad. Besides, there is a formation of cyclone over the

Gulf of Guinea, which affects the incursion of moisture towards the area.

During Belg (MAM), the Arabian high pressure system for most of the wettest decades is situated
centered over the ocean and the wind is directed as easterly/southeasterly. In some cases it is
centered over the Arabian land but well relaxed and extends to the Indian Ocean with the
easterly/southeasterly wind directed towards northeastern Africa. The extra tropical trough at
500mb is over the region from 30°-50°E and well relaxed which results also the high pressure
system to be pushed to the Indian Ocean and hence additional moisture source for the region at this
level. The ENSO values during wet decades of the season based on the 3-month lag ENSO
condition, shows that most of the decades are under negative to neutral conditions for zone-B. For
zone-C, most of the decades are under positive to neutral conditions. The Nino 3.4 trend is more
negative to neutral for the wettest and driest decades of both zones. This implies that Nino 3.4

condition is not a clear indication for anomalies but the lag gives more signal.

For the driest decades during MAM, the Arabian high pressure system is centered over the land and
is relaxed north-south and hence the wind is northeasterly/northerly. If centered over the ocean, it is
far from northeastern Africa and is diverted by the frequent occurrence of lows/cyclones over the
Indian Ocean. The region is under the influence of a high pressure system at 500mb and hence

further development is inhibited irrespective of the surface condition.

The sources of moisture, the means of transport and the dynamic conditions are important to
generate a wet anomaly. During the driest decades these conditions are not fulfilled. The future
scenario runs from GFDL and CCCma indicate that both models have a consistent trend. However,
as most models have limitations, even the seasonality is not well represented in both models.
Hence, emphasis should be given to include various parameters missing in these models to improve
their outputs. Besides, the future trend of the systems that govern the extremes needs to be

analyzed.
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Appendix 2: Summary of the anomaly percentage for some of the rain bearing systems during the

wettest and driest decades from June to September and for zone A and B

3 Wettest decades Driest decades
S % s § 2| | O @] %‘\ § ) O %‘\
s\ N gz 23302825 85 2|37 28|25
= < = | » Q| D|>|wsc|we | =|om QD | >|uw=o | we
A positive *85| 54| 85| 62| 62 15 31| 54| 54| 15| 46 | 38 23 46
Negative 15| 46| 15| 38| 38 46 31146 | 46| 85| 54 | 62 0 0
Neutral 39 38 77 54
o | B positive 69 | 46| 69 | 46 | 38 15 38| 77 | 38 15| 46 | 69 31 31
= Negative 31| 54| 31| 54| 62 31 38| 23| 62| 85| 54| 31 23 38
- Neutral 54 23 46 31
A positive 31| 38| 77| 54 | 62 0 15| 69 | 69 0|77| 8 46 38
Negative | 69 | 62| 23 | 46 | 38 38 15| 31| 31100 | 23| 92 8 15
Neutral 62 69 46 46
B positive 151 23| 100 | 31 | 62 8 23 | 62 | 62 0| 62| 23 39 54
—§ Negative 85| 77 0] 69| 38 46 38| 38| 338|100 | 38| 77 15 0
- Neutral 46 38 46 46
A positive 15| 54 | 100 | 54 | 77 8 31| 62| 69 8| 85| 15 46 31
Negative 85 | 46 0] 46| 23 31 38| 38|31| 92| 15| 85 0 7
Neutral 62 31 54 62
B positive 23|38 92| 62| 92 0 23| 38 | 46 0] 31| 15 46 46
= Negative 77 | 62 8| 38 8 38 46 | 62 | 54 | 100 | 69 | 85 0 0
< Neutral 62| 31 54| 54
A positive 62| 54| 92| 54 | 54 8 15| 69 | 38 0] 38| 23 54 31
Negative 38 | 46 8| 46 | 46 54 77 | 31|62 |100 | 62 | 77 0 0
Neutral 38 8 46 69
- B positive 77 | 54| 92| 62| 85 23 23| 77 | 54 0] 54| 23 38 23
S Negative 23 | 46 8| 38| 15 38 54 | 23 | 46 | 100 | 46 | 77 8 8
v Neutral 38 23 54 69
A | positive 7.7 | 23.1 42.3 | 36.5
Negative 42.3 | 404 1.9 5.8
Neutral 50 36.5 55.8 57.7
" B | Ppositive 115 26.9 38.5| 385
S Negative 38.5| 442 11.5 11.5
- Neutral 50 | 28.8 50.0 | 50.0

Note: * indicates 85% of the wettest decades have positive anomaly of Mascarene high pressure

system during June for zone A.
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Appendix 3a: Summary of the mean position and convergence of the ITCZ

Zone-A Zone-B
% Wet Dry Wet Dry
‘23 P(())sition Corlsv(irgence F(’)osition Corjg/%rgence F;osition Corlsv(irgence F(’)osition Corjg/%rgence
(CN) (107s") (N) (107s") (N) (107s7) (N) (107s")
June | 18.3£1.2 | 13.3+2.1 16.541.3 | 11.5£1.3 17.940.9 | 12.5£2.3 16.3£1.3 | 11.8£1.8
July | 19.7£0.7 | 16.4£3.1 18.5+1.3 | 13.3£2.5 20+0.0 171£2.6 18.6+1.2 | 14.322.3
Aug. | 20.2+0.7 | 15.9+3 17.7£0.7 | 15.241.7 20.2+0.7 | 16.3+2.8 18.5£1.3 | 14.62£1.6
Sept. | 18.841.7 | 11.7£25 16.7£1.2 | 10.5+£2.9 19.6£0.9 | 13£2.3 17.9+0.9 | 13+1.5
Appendix 3b: Summary of the mean speed and position of the TEJ
Zone-A Zone-B
% Wet Dry Wet Dry
§ Position Spgled Position Spe_'%ad Position Spgled Position Spgled
(N) (ms™) CN) (ms™) N) (ms™) N) (ms”)
June 10+1.6 16.314 .1 11.243 16.244.2 9.11£3.8 14.244.7 | 10.5+¢3.2 | 15.845.9
July 10.1£1.6 | 22+1.8 13+2.1 22+1.8 9.8+1.9 218124 | 12.1£1.8 | 21.9+21
August | 10+1.8 21.3£2.6 12.4+1.3 | 20.8+2.5 10.3%x1.1 22.3+26 | 11.7£1.6 | 21.7+2.3
Sept. 9.6+£2.3 145449 | 11.0+£2.6 12.544.8 | 9.9+2.0 18.1£2.9 | 11.8+1.1 16.9+2.9
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Changes in the Frequency and Intensity of Extremes over Northeast Africa

Appendix 5: Summary of the anomaly percentage for some of the rain bearing systems (ENSO)
during the wettest and driest decades from March to May and for zone A and B

Month Wettest Driest
Zone | Status | ENSO(lag) ENSO(current) | ENSO(lag) ENSO(current)
positive 38.5 231 53.8 30.8
B negative 231 23.1 30.8 23.1
March neutral 38.5 53.8 15.4 46.2
positive 231 7.7 15.4 30.8
C negative 231 30.8 53.8 30.8
neutral 53.8 61.5 30.8 38.5
positive 23.1 15.4 30.8 27.3
April B negative 231 231 30.8 273
neutral 53.8 61.5 38.5 45.5
positive 38.5 231 30.8 30.8
C negative 7.7 15.4 38.5 38.5
neutral 53.8 61.5 30.8 30.8
positive 23.1 15.4 30.8 15.4
May B negative 46.2 46.2 30.8 38.5
neutral 30.8 38.5 38.5 46.2
positive 38.5 23.1 0.0 0.0
C negative 231 38.5 46.2 53.8
neutral 38.5 38.5 53.8 46.2
positive 28.2 17.9 38.5 243
B negative 30.8 30.8 30.8 29.7
MAM neutral 41.0 51.3 30.8 45.9
positive 33.3 17.9 15.4 20.5
C negative 17.9 28.2 46.2 41.0
neutral 48.7 53.8 38.5 38.5















