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ABSTRACT 5

Abstract

Africa is highly vulnerable to rainfall variability and tlsuo climate change. The high-
est impact of this variability is through extremes, such asdt and long periods of
severe drought. In this study, these extremes in rainfat l@en investigated.

For comparison, rainfall extremes over Northeast Africhial includes Ethiopia
and Sudan, have been analyzed in the ERA-40 reanalysistiat@#e analysis showed
three clear signals during rainfall extremes. (1) A negatiennection with Sea Sur-
face Temperatures (SSTs) in the equatorial Pacific OcemanENSO. (2) A positive
connection with the Tropical Easterly Jet (TEJ) at 200 hHackvoverlies the region,
and (3) a positive connection with moisture advection oestral Africa, southwest
of the region.

The second part of the study focuses on the projected changles global warm-
ing of extreme precipitation events in a model ensemble efEEHAM5/MPI-OM
GCM. In the model, the future climate period of 2051-2100 esnpared with the
present climate between 1951 and 2000. The rain season,Maynto October, is
projected to shift towards later in the season. In terms ioffalh extremes, for both
tails the magnitude is projected to decrease in June angdahdyincrease from August
to October.

The climate signals found in the ERA-40 dataset are analgretheir changes
under global warming, and if they can explain the projecteginges in rainfall. The
strongest connection is found for the moisture advectiattsgest of the region, from
which changes in the 10% largest extremes coincide quité with the projected
changes of wet extremes. Similar results are found for thé aEhough the corre-
lation is weaker.

The connection with the dry extremes was less evident anldl et completely
be address to either the TEJ or to changes in the moisturetaive Furthermore,
changes of the ENSO signal where not found in the model, litthe present and the
future climate showed a significant and negative corrataiigtween ENSO SSTs and
rainfall in the region.
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1 INTRODUCTION 7

1 Introduction

Climate change is one of the hottest topics (literally, if takk about global warming)
of current literature on climate. The most prominent pudlian on this topic is by
the Intergovernmental Panel on Climate Change (IPCC), whiteases a vast and
comprehensive overview on climate change every 6 years tinét Fourth Assessment
Report (AR4) published this year (IPCC AR4 2007 [9]).

In the AR4 and other "Climate Change" literature (e.g. Huéhal. 2001 [8]) and
Held and Soden 2006 [5]), most attention is focused on thegdsin temperature and
rainfall, especially on the mean state of these two varg@abldis research focuses on
the projected changes under global warming in extreme pitation events in Africa,
with the main focus on Northeast Africa, which includes Bffia and Sudan, as shown
in Figure 1.

Extreme events, such as floods and droughts, are of majoegot@Africa, since
the continent is highly vulnerable to rainfall and temperes$ variability and thus to
climate change. With respect to the above named two cosntiigth have a large
number of people who are living in the rural (non city) arebsEthiopia, this is the
case for 80% of its ever increasing population.

The consequences of variability of rainfall on the ruralaaeis mostly noticed
through its impact on the complete hydrological cycle, ex@aporation, water content
of the surface and runoff of rivers. Especially the lattepisnajor concern to the
Sudan area, since it is highly dependent on runoff of the,Nileich is fed by the
Blue Nile in Northern Ethiopia (about 70%) and the White Nilewving from Lake
Victoria (Conway, 2005 [1]). Also, with the likely increaséthe temperature the loss
to evaporation is also likely to increase. Since water mansnt and food security are
both poor in the region, rainfall variability will have tharbest impact on this section
of the population, whom are highly dependent on profits fraricallture, which in
turn is largely affected by rainfall variability.

The impact not only depends on the amount of rainfall, wheithis a shortage
or excess, but also on the duration the event persists. &énafashort term changes in
rainfall such as a single day (or a few days) the impact ishraitdevere, and adaptation
would not be necessary. But, for example, in case of a lonpgherf drought, the
impact on the region is far more stronger, and adaptatioeégssary. This is mostly
in the hands of governmental institutes who are concerngttie above stated topics,
i.e. water management and food security.

This study is part of a more broader research project abajgqted precipitation
extremes in whole Africa, for which results can be found olim@te Change in Africa
(2006 [17]). This has been further extended in the studi€&hohgwe et al. (2007 [18])
and Endalew (2007 [2]). Although the methods used are qifiterent, the core of
there research is the same; investigating the impact otéirchange on precipitation
extremes in Africa.

For this region, and others shown on the website, the montkeBn precipitation of
the CRU TS 2.1 dataset has been compared with 23 Global @ficnlModel (GCM)
simulations which contributed to the IPCC report (AR4 200J),[to select the best
models for the region. The comparison consists of two véeglthe linear correlation
as explained later on, and the RMS error. The former indéchtav well the model
simulates the rainfall in pattern and timing, while thedaiindicates the difference in
magnitude between the model and the observations.

In case of correlation a number of GCMs had a very good fit viiehadbservational
data, however, the RMS error indicates that there is a @iffee in magnitude between
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the simulations and the CRU observations. As can be seenbile Ta which show
the top 4 models, the ECHAM5/MPI-OM GCM is highly correlateith the CRU
observations. Therefore, the ECHAM5 model is used in this\stas a 17 member
ensemble run.

Table 1: The May to October averaged correlation and RMS &rdhe 1951 to 2000
mean climatology over Northeast Africa of the IPCC GCMs.

Model Correlation RMS error
ECHAM5/MPI-OM 0.922 0.864
GFDL CM2.0 0.902 1.343
GFDL CM2.1 0.902 1.277
UKMO Hadgem1 0.918 0.964

This study gives an overview of projected changes of (exaé)gmnecipitation dur-
ing the rain season in the ECHAM5/MPI-OM Coupled Ocean-Agpteere GCM over
Northeast Africa. In addition, the possible causes of floadd droughts, such as
changes in the upper and lower atmospheric circulation @adSsirface Temperatures
(SSTs), have been analyzed. Therefore, the main goal ofakéarch is to answer the
following question:

What are the projected extreme precipitation changes floeding and drought) over
Northeast Africa in the ECHAM5 GCM ensemble, and what coelthb cause of these
changes?

Previous studies have proposed several causes for raiafability, and thus changes
in rainfall extremes, over Africa. The most apparent cass$kat of changesin SSTs of
the oceans. More specific, climate variability is remotelced by the ocean, and am-
plified by local land-atmosphere interaction (Giannini letZ005 [4]). In this matter,
the EI Nino/Southern Oscillation (ENSO) phenomenon in theifit Ocean has been
shown to have an effect on the climate in Africa (a.o. Tippet Giannini 2006 [20]).
Also the Atlantic and Indian Ocean, have shown to be linkedhanges in rainfall
(Hoerling et al. 2006 [6]).

Section 2, gives an overview of the climate of Africa and imtjgalar Northeast
Africa, from observations of the 20th century. Next, thetfppart of this research,
Section 4, will be an analysis of extreme precipitation ¢vevith the ECMWF ERA-
40 reanalysis dataset, from which the results will be usetierfinal section, Section
5, to investigate the projected future climate changeserB@HAMS ensemble.
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2 The climate of Africa

Both the observed temperatures and precipitation are fatenthe Climate Research
Unit (CRU) TS 2.1 0.5 observational dataset (Mitchell and Jones 2005 [12]), from
which the mean climate from 1971 to 2000 has been used astologg.

The climate of the continent is quite diverse, largely a eanfsts position, which is
almost completely within tropical latitudes, from&to 37N. Therefore, the climate
is mainly controlled by the Intertropical Convergence Z¢{ii€€Z) and the subtropical
high pressure cells on either side of the equator (S.E. N8oina2000 [13]). Also the
elevation above sea level has an influence on the local diniatsome areas, such as
the Ethiopian highlands, the climate is changed from tralgiz a subtropical or even
cooler type of climate due to its high orography (from Then@ie of the Earth 1985
[10]).
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Figure 2: The CRU data 1971 to 2000 mean total annual pratigit (mm) for Africa
with the boundary (black box) of Northeast Africa.

As shown in Figure 2, the region of Northeast Africa (indechby the box) con-
tains a large part of Sudan and Ethiopia and the northerrop&amalia (i.e. the Horn
of Africa). Also, the two sub-regions (which will be calledrzes) are shown in Fig-
ure 3. Zone 1 is situated in Sudan and has a semi-arid climates 2 includes the
Ethiopian highlands and is much wetter but has lower tentpe¥s. Furthermore this
zone includes the Blue Nile which serves as a major sourcthéototal water of the
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Nile river. Although both zones have a total different climahe season of maximum
precipitation is the same, from July to September (i.e. thehern hemisphere, or
boreal, summer).

2.1 Precipitation and Temperature

The total annual precipitation, as is shown in Figure 2, isegdifferent over the con-
tinent, by far the most precipitation falls in western A&jon the west coast at the
Atlantic Ocean and around the Gulf of Guinea. Also a maximuarpriecipitation is
clearly present in the Ethiopian highlands and on the easttaaf Madagascar. Also
the peak in rainfall, the length of the rain season and theosed character are very
different across the continent.

As is shown in Figure 3 the larger
part of Northeast Africa is quite dry, es- =
pecially the northern part (Sahara desert)
and the Horn of Africa (Somalia) are
very dry areas. The total annual rain-
fall exceeds well above 1000 mm/year
(even near 2000 mm/year has been mea-,
sured) for the highlands and around 300
mm/year for the Sudan region. The latter
region contains the Sahel, which is the =.®
transition zone from the wet tropical re- TS % o o e

gion to the dry Sahara desgrt. Therefor%’igure 3: Similar to Figure 2, but for North-
a large north to south gradient is present

in Sudan with values below 100 mm/ye east Africa, with the boundaries (black
. oxes) of zone 1 and zone 2.

for the northwestern part of the region.

Figure 4 shows the mean precipita-
tion and temperature for each of the two zones, depictecyargi3. Clearly the boreal
summer (July to September) is the main rainfall season ftr bones. The main dif-
ference is that there is not only much more precipitationanez2, but also outside
these three month there is significant precipitation (withéxception of December to
February). The ITCZ is the main rain bringer to the region.
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Figure 4: The monthly mean precipitation (mm/day) and terajpee ¢C) for (a) zone
1 and (b) zone 2. The precipitation is indicates with the Iblais, the temperature with
the red line.
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Temperature does not vary much in tropical areas, howevarglithe rain season
there is a small temperature decrease, when the highesetatapes should be ex-
pected (summer on the Northern Hemisphere). This is caustddmechanism. The
first is a reduction of solar radiation reaching the surfaceggative short-wave cloud
effect, which is thus higher than the positive long-waveeifbf clouds reflecting back
the radiation of the earth.

Second, due to an increase in precipitation there is a higlogture intake of the
surface, enhancing the heat capacity of the ground. Thisgtbat a given energy flux
into the surface will be used preferentially to evaporagativisture, rather than to heat
the surface (Giannini et al. 2005 [4]). Also, the temperaswf zone 1 (a mean of 28.3
°C) are much higher than for zone 2 (a mean of €}, caused by the high elevation of
the latter region.

2.2 Circulation

Figure 5 shows the circulation pattern for July/August. FBheface position of the
ITCZ, which separates the northeastern trade winds anduimédhsouthwestern mon-
soon flow, lies at about 280 20°N. The convergence zone slopes upwards to the
south, with the hot dry air from the north flows on top of thepioal humid air from
the southwest. Obviously cumulus clouds will form in thepical air, but due to the
temperature inversion that exists at the (sloping) frostiaface, convective activity is
limited with height. Therefore, precipitation is locatedch more to the south than the
actual surface position of the convergence zone.

During this season there is another convergence zone pregenAfrica, called
the Zaire Air Boundary (ZAB, the dashed line in the figure).isThone separates the
flows off the Atlantic and Indian Oceans, and is a primary tainger to the Ethiopian
highlands.

July/August Circulation

20°E 40°E

20°S

40°W  20°W  0°  20°E  40°E

Figure 5: The general patterns of winds, pressure and cgeree over Africa for
the July and August. Dotted lines indicate the ITCZ, the dddine the ZAB. (from
Nicholson 2000 [13])
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2.3 Moisture advection

Moisture advection and divergence of moisture are both iapo variables with re-

spect to rainfall variability (Held and Soden 2006 [5]). Timeisture advection is a
combination of two variables, the moisture content of thecasphere (specific hu-
midity) and the circulation, explained in the previous 8&tt Figure 6a and b show
respectively the mean July divergence of the moisture flthiclvis highly connected

to the difference between precipitation and evaporati@n, P-E) and the mean July
moisture advection. Both figures are the mean from 1971 t6 20BRA-40.

Shown in Figure 6a, the divergence of moisture has quitetedigpattern, whereas
negative values (blue and purple) show sinks of moisture aga@ associated with rain-
fall regions such as the Atlantic ITCZ, central Africa and Ethiopian highlands (com-
pare with Figure 2). The sources of moisture are indicatell pasitive values (yellow
and red) of divergence, which mainly are the large oceambabslaturally, deserts do
not serve as a source or sink of moisture, which however doemaan there is no
moisture transport over the area, as can be seen in FigurEh@bmoisture transport,

W [4 206 40E 60E 80E 100E 1206 BOW oW 200 0 206 40€ 60E B0E  100E  120E

-8 -64 48 -32 —16 1.6 32 48 64 8 0 35 70 105 140 210 245 280 315 350

(a) (b)

Figure 6: The ERA-40 mean vertical integrated (a) divergeoicthe moisture flux
(mm/day) and (b) advection of moisture (kg s 1) for July.

shown in Figure 6b, is highly linked to the low level circutat pattern, where most
moisture is present. The largest moisture transport isédcaver the Indian Ocean,
where large amounts of moisture are transported towardheguAsia, and serve as a
major source for the southern Asia monsoon system. But|dtge band of moisture
transportis also a source for the eastern African monsodmnanfall in central Africa.
The moisture from the Atlantic Ocean is mostly transponted the Atlantic ITCZ and
the West African monsoon

To get a more specific view on moisture transport to the rediigure 7a and b
show respectively the total atmospheric column of moisatheection and the advec-
tion at the 850 hPa level. The latter clearly shows the largesture advection from
the Indian Ocean, near the coast of Somalia, which is présémé lower levels of the
atmosphere and directly linked to the Low Level Jet (LLJ).

The total column of moisture advection is shown in Figurei@ayhich the strong
LLJ is clearly visible, together with the inflow from the sbutest. This indicates that
the largest part of the moisture is transported into theoredi the lower levels of the
atmosphere, below 600 hPa. Furthermore, the convergemeeafdhe southwester-
lies and northeasterlies is clearly present arourfiNli West Africa and at a more
northerly position in Sudan.

In case of zone 1 (central Sudan), most moisture is adveobed the southwest
and converges with the dry northeasterly flows in northee8yso the Atlantic south-
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Figure 7: The ERA-40 mean moisture advection tkg's™1) of (a) the total column
and (b) the 850 hPa level, both for July. The shaded greyatekicthe orography.

westerly flow (which also takes up moisture over central @sri.e. the Congo) serves
as a major source for this region. With respect to zone 2 (theofian highlands),
most moisture does seem to originate from the LLJ, i.e. frbenlhdian Ocean, al-
though large areas of this region are highly elevated andvalieabove the 850 hPa
level. However, this elevation is not a barrier, but it entemnthe rainfall in the region.
In case of the other months in the rain season (not shownpdtiern of the moisture
advection is quite similar to that in July.

2.4 The Tropical Easterly Jet

Another important climatological feature with influence @infall in the region is

the Tropical Easterly Jet (TEJ). The TEJ is located in thesupmposphere between
200 hPa and 100 hPa and is positioned arourtéN1The jet exists during the boreal
summer months, and is strongest during July and August. Adeaeen in Figure 8,
which shows the 200 hPa streamlines for July (ERA-40), thé @iirance region is
over southern Asia and the jet penetrates the African centinp to the western coast.

The TEJ is produced as a result of the thermal induced uppeospheric anticy-
clone above the Tibetan plateau. Here, the mid-troposphé&eated directly from the
high elevated surface of the plateau, and from latent hésdge through orographic
induced rainfall. This results into a strong pressure gnatdat 200 hPa between the
anticyclone over the continent and the low pressure ovestimemer Indian Ocean,
which concentrates into a geostrophic easterly currenigiwis thus named the TEJ
(Hulme and Tosdevin, 1989 [7]).

The relation of the TEJ to rainfall in the region is mostlydtagh its juxtaposition
with the ITCZ, for which its highest latitudal position caides with the maximum
strength of the TEJ. The TEJ enhances the uplift in the cgevere zone through
downward motion on the northern side, and upward motion erstluthern side of the
jet (Hulme and Tosdevin, 1989 [7]).

2.5 ENSO

The El Nino-Southern Oscillation (ENSO) is a climate pheeaom in the equatorial
Pacific and is well known for its influence on climate extrer{iastemperature and
rainfall) all over the world. ENSO consists of two combindinate variations. The
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Figure 8: The ERA-40 mean 200 hPa wind speed (m/s) for July.

ocean part is a fluctuation of Sea Surface Temperatures [SBbsalies along the
equator and off the west coast of South America. A positivenaaly is called El
Nino, while a negative anomaly is called La Nina. The atmesijgipart is called the
Southern Oscillation (SO) index and indicates the presdiffierence between Darwin
in Australia and Tabhiti in the Pacific Ocean. Also the SO inkas positive and negative
anomalies for respectively El Nino and La Nina.

The fluctuations in ENSO are reflected in large parts of thédyorainly noticeable
as extreme events. For example, during an El Nino, IndormesldAustralia can suffer
severe droughts, and heavy rainfall in parts of North Anzede also likely to occur
in the months following an El Nino. Also extreme temperasyseich as a warmer than
normal winter in the northern parts of the United States ka@vn to be an effect of
ENSO.

3 Methods

Throughoutthis study, there are several different anzdyjtor statistical, methods used
to investigate changes in climate, or relationships betwdifferent climate indices.
This section gives a brief explanation of the used methaus{lze two used datasets.

3.1 Correlation

For comparison of two time series, the linear correlaRags a common used statistical
value, which states if two quantities are related, i.e. & imeasure of the strength of
there relationship. The value & lies between -1 and 1, with 1 for perfect positive
correlation, so the correlated time series increase anekdse together, 0 for no cor-
relation and -1 for perfect negative correlation. In thisdstit has been used for two
objectives, (1) for selecting the models which simulatedhserved precipitation pat-
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terns best, as explained in Section 1. And (2) for a field ¢ation of the rainfall time
series with other meteorological parameters.
The correlation, or Pearson’s r, is given by the followingatipn:

=X —y)
VI —%)2 3 (yi —Y)?
Herex andy are the mean values of x and y, and thxs— X) and (y; —y) are the

anomalies of x and y. So, for the correlation of anomaliesvaf different variables,
equation (1) is transformed into:

R(xY) 1)

S1'(APR - Avar,)
VIT(AR)Z 3 1(Avar)?

WhereAR is a time series of precipitation anomalies andhr; are the anomalies of
the correlated variable. Although, there are valueR ér all correlations, this does
not mean that all relationships are significant. It couldlwelthat the two variables
are completely independent and just happen to be correlatdabth are influenced
by a third variable not taken into account. To exclude cakesthe latter two, the
significance of the correlation is measured with the prdiigifthrough a student’s t-
test) of azero correlation(called the Null-Hypothesi®?=0). The probability indicates
the chance that the values are not related, from which thefisignce is determined
with a threshold value of the probability, here 5%. The datien is called significant
for 95% if the probability is below the threshold value of 8.0

R(AP, Avar) =

)

3.2 GEV extreme statistics

For the analysis of the extremes in precipitation the GédizeExtreme Value (GEV)
distribution is used to fit to the data. With this method, oae calculate return values
of precipitation for certain return periods or probabd#ti For example, for a return
period of 20 years (once every 20 years, i.e. a 5% probabilityyear), one can find
the return value for the present and for the future climatethos calculate the changes
in extremes.

The GEV distribution is applied to sortedlist of maximum values, which are
calculated with the block maxima approach. This is done byditig the data into
blocks of equal length (in this case 10 years) and taking teimum value from each
block. For example, from a time frame of 50 years, a list of Xima is obtained. In
case of wet extremes the list is sorted from low to high, irecg#dry extremes the list
of minimumvalues is sorted from high to low.

The list of obtained maxima, or minima, is fitted with the GEigtdbution func-
tion, which is given by the following equation:

F(x) = exp(—exp(—Xx)) 3)
where x is called the reduced variate and is given by:

x:ln[lJ&(%)Tﬂf (4)

with the constraint that the term between brackets is latger zero. Furthermore, y is
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the fitted data (list of block maximaj, € R is the location parametes, > 0 is the scale
parameter and € R is the shape parameter. The return values and times artedtiers
with a Gumbel plot, in which the list of block maxima on the yisaare plotted against
the so called Gumbel variate:

x=—In(=In(F(x))) (5)

which is the inverse of equation (3), and equivalent to equd#), the reduced variate.
The function F(x) is defined a&(x) = ﬁ in which i is the position in the sorted list
of maxima and N is the total number of maxima. The fitting eumis obtained by
rewriting equation (4) to y as a function of x:

y(x) = u+§<exp(x£>—1> (6)

In a Gumbel plot, later on shown in Figure 21, this equatiofitied to the data and
can be extrapolated to higher return values and periodsedtigalent return period is
calculated withT = a /(1 — F(x)) which is adjusted to the Gumbel variate as:

Xper = —In(~In(1 - 1)) 7)

The parametea is included to correct for the length of the blocks used tawlalte
the block maxima. Here, a length of 10 years is used and threref= 1/10. To get a
return value for a certain return period, the Gumbel vagatbe return period is calcu-
lated with equation (7), from which the corresponding retalue is obtained through
equation (6), in which the parameters, o and¢ already are known as outcome of
fitting this equation to the list of extremgs

To get an error estimate on the obtained return values, tbiestvap method is used
for computing the 95% confidence interval (Cl). The methodksas followed: the
listed data is resampled a number of times (here 1000), dic@pto theresampling
with replacementgrinciple, for which each list can contain multiple valudslaata
variable of the original list. From each of the 1000 list theee parameterg,, o and
&, are calculated, from which in turn a standard deviationaaheparameter can easily
be obtained. Next, with the standard deviation for eachrpatar the Cl, and thus an
error estimate, for the return values can be calculated.

3.3 Selection of the two zones

The selection of the boundaries of the two zones has maiwly tene for all regions as
shown on: Climate Change in Africa (2006 [17]), in line of thain project concerning
projected changes in extremes in whole Africa.

The zones have been obtained through a so called clustgisaals explained in
Shongwe et al. (2007 [18], for which monthly observed statlata of the Global His-
toric Climatology Network (GHCN) (Peterson et al. 1997 [1B&ve been compared.
The cluster analysis looks for similarity in the charadttes of rainfall, i.e. timing and
duration, and as a result stations are grouped in clust@rsyHich the (in this study
boxed) area is then defined around the position of the sttiBor Northeast Africa
two zones could be defined, i.e. zone 1 and 2.

3.4 ERA-40 Reanalysis dataset

The first part of the research has been done with the ERA-48rRéysis dataset (Up-
pala et al., 2005 [21]) of the ECMWF (European Centre for MetiRange Weather
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Forecasts), in which the data has been obtained from the EE&MA server. For com-
parison with SSTs, the NCDC ERSST.v2 dataset has been useth @ d Reynolds,
2004 [19]). This dataset was constructed from an obsenalti8ST dataset, which
was also used for the ERA-40 reanalysis. The period coreidsisimilar to the obser-
vations, from 1971 to 2000, and from May to October. In cagh@kxtreme analysis,
only July, August and September are investigated, sinceethee the three most ex-
treme months, with the largest anomalies for both zones.

3.5 The ESSENCE project

The second part contains the projected changes in raimfdénclimate change, which
is done with data of the ESSENCE (Ensemble SimulationS afeixt weather events
under Nonlinear Climate changE) project (ESSENCE projegtep [3]). For this
project, the ECHAM5/MPI-OM Coupled Ocean-Atmosphere GGM heen used (doc-
umentation: ECHAMS5: Roeckner et al., 2003 [16], MPI-OM: Néand et al., 2003
[11]), to obtain 17 runs with different initial conditionstarting at 1950 and ending at
2100. For the historical period, until 2000, the runs areddrby observed concen-
trations of greenhouse gases and anthropogenic aerodwsfufire climate forcing,
from 2000, follows the SRES Alb scenario of the IPCC (AR4 2[¥0).

The time frame considered is different than that of ERA-48iny because of the
GEV analysis, for which an as long as possible list of extreiseequired. For the
present climate (as reference) the analyzed time pericgifram 1951 to 2000, while
the period of 2051 to 2100 has been used for the future clinddse here, the analysis
has only been done from May to October. An additional reasothis selected period
is the possible shift of the rain season, i.e. that it moveé®bthe three wettest months
(i.e. July, August and September). So with broadening thgedrom May to October,
this possible shift will definitely be noticed.

3.6 The IPCC SRES Alb future climate scenario

The following part is literally taken from the Intergoverental Panel on Climate
Change (IPCC) Summary for Policymakers report (AR4 2007. [9h the case of
the Alb scenario, the total carbon dioxide emission has lédudt the end of the 21st
century following a "business as usual” scenario.

The Al story line and scenario family describe a future waorfldery rapid eco-
nomic growth, global population that peaks in mid-centunyg @eclines thereafter,
and the rapid introduction of new and more efficient techgigls. Major underlying
themes are convergence among regions, capacity builditginareased cultural and
social interactions, with a substantial reduction in regiadifferences in per capita
income. The Al scenario family develops into three groups tlescribe alternative
directions of technological change in the energy systene. thilee A1 groups are dis-
tinguished by their technological emphasis, in which thé Atenario is defined as a
balance across fossil and non-fossil energy sources. Heamded is defined as not
relying too heavily on one particular energy source, on th&umption that similar
improvement rates apply to all energy supply and end-uset#agies.
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4 Analysis of rainfall extremes in ERA-40

To get a better understanding of the climate in the regiod,tarknow what kind of

changes to expect in the GCM simulations, this section aantn analysis of rainfall
extremes in the ERA-40 reanalysis dataset. Several fielishvare influenced by, or
have influence on rainfall, have been analyzed on theirioglstiip with precipitation

in the region.

4.1 Fields during rainfall extremes

To select the extreme months in the dataset the rainfall atiesnwhere sorted for
each of the six months included in the rain season. The anesitelve been computed
with respect to the 1971 to 2000 monthly mean climatologynfithe area averaged
time series of the two zones, shown in Figure 3. Especialtyyears stand out with
coinciding wet, or dry, anomalies in more than one month. dsecof wet extremes,
July, August and September (JAS, i.e. the boreal summer® o5 hre identified as
anomalously wet months, while for the dry months JAS of 1988 been analyzed.
The precipitation anomalies of these two years are showalieT2.

Table 2: The selected dates of wet and dry extremes in ERAet@mpanied by their
precipitation anomalies (mm/day). The number betweerketaéndicates the position
in the sorted list of anomalies.

Month Year Zone 1 AP Zone 2AP
July 1975 2.357 (5) 2.336 (21)
August 1975 1.661 (8) 5.852 (1)
September 1975 4.167 (1) 5.435 (2)
July 1993 -1.202 (8) -2.853 (9)
August 1993 -1.702 (2) -3.863 (2)
September 1993 -1.524 (4) -3.454 (4)

4.1.1 Precipitation

Shown in Figure 9a and b, are respectively the anomalieséaigtation for JAS 1975
and 1993. Naturally no surprises here, not only there isrdathdifference within the
two zones, also outside the zones rainfall anomalies ariéasimlso the temperature
anomalies (not shown) are what one should expect. Tempesaduwe lower (higher)
associated with more (less) rainfall in the region, whictsyeeviously explained in
Section 2.

Next, Figure 10a and b shows the temporal correlation betwesarea-averaged
time series of the precipitation of the two zones with rdinfas explained in Sec-
tion 3.1. The result are similar for both zones. Large sigaiit (on the 95% confidence
level) positive correlation with rainfall is found in botlozes. Small, but significant,
negative correlation is found with rainfall around the GotfGuinea, similar to the
rainfall anomalies shown in Figure 9.
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Figure 9: Anomalies of precipitation (mm/day) for (a) JAS759wet extremes and (b)
JAS 1993, dry extremes, difference with the 1971-2000 méarate. Boxes indicate
the areas of zone 1 and zone 2.
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Figure 10: CorrelatioR of the rainfall time series of (a) zone 1 and (b) zone 2 with
rainfall, for May to October. Solid (dashed) black linesigate the 95% significant
level of Rfor positive (negative) correlation.

4.1.2 Sea Surface Temperatures

The SST anomalies during wet and dry extremes are resplgcivewn in Figure 11a
and b. Both show clearly an ENSO pattern in the Pacific Ocetin negative (positive)
SST anomalies 2 months in advance of the wet (dry) monthsd&ethe Pacific Ocean
SSTs, the signal in the other large ocean basins are a loterveak

Also, correlation of the rainfall time series with ENSO ioés$ (from the NCDC
ERSST.v2 dataset; Smith and Reynolds, 2004 [19]), showntbdgtive relation. As
can be seen in Figure 12, the ENSO indices, which are areaga®iof the boxes
indicated in Figure 11, have a negative and significant &atiozm with both rainfall
time series for a lag of 2 months, i.e. SST anomalies are 2mdntadvance of the
rainfall anomalies.
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Figure 11: SST anomaliesQ) for (a) MJJ 1975 and (b) MJJ 1993, 2 months in ad-
vance of the rainfall anomalies. The two boxes over the egighPacific indicate the
averaging area for the NINO 4 index (left) and the NINO 3 in@féght) time series.
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Figure 12: The correlation for May to October precipitatiozone 1 and 2 as function
of the lag with two ENSO indices, i.e. the NINO 4 and NINO 3, ahiare shown

in Figure 11. The grey line indicate the 95% confidence le¥&,osalues above this
threshold, in absolute sense, are considered significa86&h.
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4.1.3 Upper level winds

Furthermore, also the wind field at 200 hPa (representingrth# shows a strong
difference with the climatology during JAS in 1975, as ithased in Figure 13. The
largestanomaly is located over the southern hemisphergeba the equator and 19.
Since the maximum of the TEJ is located aroundN,Othis could indicate a more
southerly position of the jet. This is illustrated by Figuré, which shows the zonal
averaged from 2% to 52E, west to east velocity at 200 hPa. Clearly the TEJ is
stronger for the wet months and is also located more to théhsoln case of the
dry months (not shown) this signature is much less clear,damed not show a large
difference with the mean climate.
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Figure 14: The zonal mean west to east wind speed at 200 hBy @uéraged from
25°E to 52E. The black line indicated the mean 1971-2000 JAS climaith, gvey the
95% ClI, the blue line is the JAS 1975 zonal wind during wetextes, the red line is
the difference of JAS 1975 with the mean, with light red th&mGl.
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4.1.4 Moisture advection

As already explained at the beginning of this section, moéstdvection is an im-
portant parameter with respect to rainfall. Figure 15a arsthdws the total column
of moisture advection during extreme months, and as candmetbere is an appar-
ent connection between the moisture advection and raiediémes. While the mean
climatology shows a more prominent supply from the Indiae&rinto the region (Su-
dan and Ethiopia), the strongest signal for both wet andramyever, is in the moisture
advection from the southwest, indicating a difference m shpply from the Atlantic
Ocean. In case of the wet (dry) months the moisture adveftttomthe southwest, over
central Africa and indicated by the box in Figure 15, is ldygamhanced (reduced), and
gives the strongest climate signal of all investigatedalads.
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Figure 15: Anomalies of the vertical integrated moisturesation (kgm~1s~1) for (a)
JAS 1975, wet extremes and (b) JAS 1993, dry extremes. Thbedefindicates the
averaging area used for the time series, also indicatethate¢ations of zone 1 and 2.

For an even more thorough analysis, the moisture advectisnbkeen analyzed
during two single months, the wet month of July 1975 and thendonth of August
1993, both shown in Table 2. Both months are a good indicatiovhat is different in
the moisture advection during extreme events.
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Figure 16: The total vertical integrated moisture advectigm1s~1) of (a) July 1975

and (b) August 1993. The box indicates the averaging areé fosehe hodographs
time series.

As can be seen in Figure 16a and b, respectively the moistlwecdon for July
1975 and August 1993, the patterns are quite similar to thdteeshown in Figure 15.
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Hodograph of moisture advection averaged over 4N to 10N and 10E to 30E

meridional moisture advection (kg m-1s-1)
meridional maisture advection (kg m-1s-1)
N o N » (=2} =]

\

10 8 6 4 2 0 2 4 6 8 10 12 14 14 12 10 8 6 4 2 0 2 4 6 8 10

zonal moisture advection (kg m-1 s-1) zonal moisture advection (kg m-1 s-1)

(@) (b)

Figure 17: Hodographs of the moisture advectionitkg's1) for (a) July 1975 and
(b) August 1993. The red dots are drawn each 5 model levelgjrg} with level 60

(surface) to level 30 (200 hPa), anticlockwise. The blackwiindicates the direction
of the total vertical integrated moisture flux within the arevith its value between
brackets.

Within the box southwest of the region, moisture advectarihanced and directed
towards the east for the wet month, while for the dry montipthigern is reversed. The
moisture advection as a function of height is illustrate&igure 17, which is called a
hodograph, which shows the area averaged moisture adwedtthe box indicated in
Figure 16.

The moisture advection time series as function of height@ERA-40 dataset is
obtained from 60 model levels, starting from level 60 with Hurface pressure to level
1 with a pressure of 0.10 hPa, and an elevation of about 65 lawneagea level. The
black arrow in Figure 17 indicates the direction of the tet@lmn moisture advection
(the magnitude is indicated with the number) and can be usédentify the largest
contributor to this value, i.e. the level at which most mwistis transported. For both
months the maximum in moisture supply is located betweenefledel 55 and 50, i.e.
between 1 and 2.5 km height.
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Figure 18: Anomalies of the total column of water (kg) for (a) JAS 1975, wet
extremes and (b) JAS 1993, dry extremes.

4.1.5 Total column of water

The anomalies of the total column of water (TCW), shown inulrégg18, correspond
well with the moisture advection differences during exteegwents. In case of a wet
event, Figure 18a, the TCW is increased over the regiongcibing with the increase
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in rainfall. But furthermore, the TCW is decreased over thdf ®f Guinea. The
moisture advection anomaly thus indicates the position@NTanomalies, i.e. it is
directed from the negative to the positive anomaly in TCWriBgidry months, the
pattern is reversed, as shown in Figure 18b.

4.2 Concluding remarks

As mentioned before, results from the analysis of the ERAa@set will be used later
on to investigate the projected changes in the ECHAM5 GCMeiide. The largest
climate signal during extreme events was found in the mastdvection. For both wet
and dry months the moisture advection from the southwestslaadistinct difference
with the mean climate. In case of a wet month the inflow is iase&l, while for the

dry months the anomaly is reversed. Furthermore, there égative connection with
rainfall upstream of the positive anomaly. This conneci®also found in the total

column of water, and through correlation of rainfall withethrea averaged rainfall
anomalies of both zones.

Clearly the moisture supply from the Gulf of Guinea influenca&infall anomalies
in both Northeast and West Africa. In the mean climate thgdsirpart of the moisture,
taken up from the southern Atlantic Ocean and over the Coisgagvected towards
West Africa. Hence, during wet extremes in Northeast Aftlwa supply is reduced
and serves more as a source for Sudan and Ethiopia. On thehathé, during dry
extremes the supply towards West Africa is enhanced. Al$@astbeen shown that
the largest amount of moisture is advected in the lower mdrtise atmosphere. The
anomaly of the moisture advection thus seems to be more act @ff changes in the
low level wind than an effect of changes in the moisture uptaikthe atmosphere.

Next to the moisture advection also a clear signal duringeex¢ months is found
in the upper level winds. Especially during wet extremes Thd, located around
1N, is stronger and has a more southerly position, as showigiuré&14. In case
of dry extremes the difference with the mean climate is vemals Other results, as
discussed by Hulme and Tosdevin (1989 [7]), showed a strofigé during wet years
and a weaker TEJ during dry years. Furthermore, the resslitsissed by Hulme and
Tosdevin mostly focus on the position of the TEJ relativén®ITCZ, for which the jet
is located more to the south (north) during dry (wet) years.

The results presented here are thus in partly agreementhvigle shown in Hulme
and Tosdevin, which also found a stronger jet during wet tm@nthe juxtaposition of
the TEJ and the ITCZ has not been investigated here, but ffeamt shift to the south
as shown in Figure 14 is not in agreement with their resultgs @ifference could be
address to the use of a different dataset or observations.

In case of SSTs, the relationship of ENSO with rainfall in tegion has been ana-
lyzed. As was shown in Figure 11, the field during wet extresiesvs a large negative
anomalies (a La Nina) over the equatorial Pacific. Althoughdnomaly during dry
extremes is less strong, it is still positive and supporteéFigure 12, which shows a
negative and significant (on the 95% confidence level) catitai of both zones with
two ENSO indices. Significant relationship with the otheg&aocean basins could
not be found. Although there have been studies that linkiefiadavariability with SST
variations in the Atlantic or Indian Ocean (e.g. Hoerlinglet2006 [6]), the SST-signal
during extreme rainfall in ERA-40 in the latter two oceanswauch weaker compared
to the ENSO signal.

The dynamics behind this connection is beyond the scopésafdbearch. Nonethe-
less, other studies have shown possible explanationsdaethtionship of the ENSO
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phenomenon with the African climate. For example, Gianatral. (2005 [4]) stated
that during a warm ENSO (an El Nino) the entire tropical trgpieere warms up, and
the vertical profile becomes more stable in the tropicalmegHence, deep convection
is reduced in the tropical regions, which reduces the amourdinfall. Also, in the
study of Yeshanew and Jury (2007 [23]) it is shown that bo#2D0 hPa easterly wind
and the low level wind from the Atlantic (connected to the staie advection), are
enhanced and related to the Walker circulation, which in tsiinfluenced by ENSO.

Concluding, Table 3 sums up the found climatological fezdlin ERA-40 during
high and low rainfall events in Northeast Africa.

Table 3: Largest climate signals during wet/dry rainfalirermes in Northeast Africa.

Variable wet/dry difference with mean climate
ENSO SSTs wet Negative anomalies, La Nina
dry Positive anomalies, EIl Nino
Moist. adv. wet Stronger inflow from southwest
dry Weaker inflow from southwest
200 hPa wind wet Stronger TEJ and winds above the SH

dry

Somewhat weaker easterlies above SH



5 CLIMATE CHANGE AS PROJECTED WITH THE ECHAM5 ENSEMBLE 26

5 Climate change as projected with the ECHAMS en-
semble

5.1 \Verification of the model

As explained in Section 3.5, the 17 model runs of the ECHAMBINDOM GCM of the

ESSENCE project are used for projection of future chang@senipitation in North-
east Africa. Here, the present climate, spanning from 18621000, is compared with
the future climate between 2051 and 2100, which is compuiéd the SRES Alb
scenario of the IPCC (AR4 2007 [9]).
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Figure 19: The 1951-2000 monthly mean precipitation of @)ezl and (b) zone 2.
ESSENCE rainfall is shown by the blue bars, with the rangécatdd by the black
lines. The observed CRU data is shown by the grey bars.

For comparison with the CRU data, the mean monthly rainfathe model ensem-
ble and the CRU data are shown in Figure 19, both averaged 85t to 2000. As
was mentioned before in Section 1, the correlation betwkenrtodel and the CRU
observations is quite high, which, as can be seen, inditaé¢she pattern of monthly
rainfall is simulated well, with high rainfall in July, Augtiand September. However,
the model underestimates the rainfall amount of most moegpecially for zone 1.

5.2 Projected changes in the mean precipitation

Percentage change of mean precipitation for zone 1 Percentage change of mean precipitation for zone 2
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Figure 20: Projected percentage change of the 2051-210€higanean precipitation
with respect to 1951-2000, of (a) zone 1 and (b) zone 2. Tharsi&cates the mean
value, the black bars the 95% CI and the grey bars the ensemge, limits outside
the boundaries are indicated with the small numbers.

The projected changes of the mean climate in the model astréited in Figure 20a
and b, respectively for zone 1 and zone 2. The changes andatald separately for
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each realization, and as a resul€anfidence interva[Cl) is obtained of these 17 runs,
which indicates the spread among the members. In other wibrithe 95% CI does
not include 'zero percentage’, one can state (with 95% cenfid) that the change is
much likely to occur in the ensemble.

For both zones the model projects an apparent shift in thes@ison. In case
of zone 1, there is a definitive decrease in precipitationuily and an increase in
September and October. The CI of both June and August are lzelwm, but close to
no change, i.e. there are a fewer members which show an seneg@recipitation. In
case of zone 2, the spread is much smaller than for zone 1pEixaeMay, all months
show a Cl on one side of the zero percentage line. Theretoeeyrojected decrease
in June and July, and increase in precipitation in Augugpt&Seber and October are
significant.

5.3 Projected changes of wet and dry extremes

The projected changes in precipitation extremes for thezwvees are calculated with
the GEV distribution, as explained in Section 3.2. Two exkspf a Gumbel plot are
shown in Figure 21a and b, respectively for the 10 year bloickma of zone 1 and the
10 year block maxima of zone 2.

As explained in section 3.2, a list of 10 year block maximamimima in case of
dry extremes, is obtained from each area averaged timesseSi@ce the time span
used here ranges 50 years (i.e. a comparison of 1951-200Q@0@4t1-2100), a list of
5 extreme values is obtained from each ensemble member. dMaatage of using a
model ensemble like ESSENCE now comes into play. On its ownig of 5 extremes
is way too short for making a good fit with this method. But, loynbining the whole
ensemble of 17 members, the list consist of 85 values (jplatseblocks in Figure 21),
which is more than sufficient.
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Figure 21: Gumbel plot of the present climate for (a) 10 ydackhminima of zone 1
and (b) 10 year block maxima of zone 2. The extreme valued{oeks) are averages
from May to October. The green line is the GEV fit as explaine&éction 3.2, with
the 95% CI.

As can be seen in Figure 21, the return values decreaseds&reith longer return
periods for the dry (wet) extremes. The Cl interval of the edtemes becomes wider
for larger values, i.e. more uncertainty, while for the dxyremes it stays close to the
actual fit, more a cause of the small values, than it is a sidmgbf confidence.

Similar to the projections for the mean climate, the pr@gdathanges in wet and
dry extremes return values are also calculated separaielgaich month, shown in
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Figure 22: Projected percentage change of the 2051-210€hiydii20 year wet (top)

and dry (bottom) rainfall extremes (GEV return values) wikpect to 1951-2000, of
(a) zone 1 and (b) zone 2. The star indicates the mean vakiblabk bars the 95% ClI
(obtained with the bootstrap method), limits outside thermaries are indicated with
the small numbers.

Figure 22. The changes of the extremes look similar to thibses in Figure 20, with
higher confidence for zone 2 and months with higher rainfadk zone 1, Figure 22a,
the uncertainty is especially large for May and June, butbfath wet (top) and dry
(bottom) extremes, the projected rainfall intensity dasss for July, and increases for
September and October. In case for zone 2, Figure 22b, thexcped changes are more
clear, with a decrease in rainfall intensity for June ang,anid an increase for August,
September and October.

Concluding from these results for the projected rainfatlroes, the following list
sums up theexpectecclimate change projections in the ECHAMS ensemble of the
three climate signals found in the ERA-40 analysis. Thegeebed changes directly
follow from their relation with rainfall extremes, as wasgin in Table 3.

e For both tails of the rainfall distribution the changes auéesimilar, and thus
also the expected changes for the moisture advection fren@thif of Guinea
over central Africa should be similar for both the wet and exremes. Since
the correlation is positive, the moisture advection dugrggeme rainfall events
is likely to decrease in June and July, and increase in Au@egttember and
October. The signal during dry extremes could be less etiden

e Although the signal of the TEJ is not that evident, it is lik¢hat the model
projects a decrease in strength during high and low raifdalJune and July,
and a stronger TEJ during September and October. Furtherriar easterlies
over the Southern Hemisphere are also likely to show siroitanges.

e Since SSTs are likely to warm, following global warming, tthiéerences as
they occurred in ERA-40, which is lower SSTs during wet esgeate difficult to
distinguish from the already warmer SSTs. Still, ENSO esshbuld be present
in the ECHAMS ensemble and warm (cold) anomalies are likelgdcur about
2 or 3 months in advance of low (high) rainfall events in thgioa.
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5.4 Climate change of other variables

This section contains the projected changes in 2051-2160 nespect to the 1951-
2000 mean climate for other fields. With these results, andeHhater on shown in
Section 5.6, the aim is teerify the changes listed at the end of the previous section.

5.4.1 Temperature

The largest signal of the projected changes by GCMs is inltiteagitemperature, both
SST and land temperature are very likely to increase glploaiting the 21st century.
As is shown by the IPCC (AR4 2007 [9]), the annual temperaituceease for East
Africa is projected to be between 1.8 and 4@ This is computed by comparing the
last 20 years of the 20th and 21st century, under the same 8REScenario. As can
be seen in Figure 23, the temperature increase of the ECHAId&meble is similar to
the projected range of the IPCC, but on the high end of thigaaklVith respect to the
observations (black boxes), the model captures most texyerextremes in the 20th
century. Furthermore, both regions have about the samerpait the 20th century,
with low temperatures during the 1950s and 1960s and andseti@ temperature after
the mid 1970s.
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Figure 23: mean May to October temperature anomatfi€$ from the 1951-2000
mean for zone 1 (top) and zone 2 (bottom). Black bars are tHé @#gervations, the
blue line the ECHAM5 ensemble mean and the grey area the m@ndpe 17 GCM
runs.

5.4.2 Sea Surface Temperatures

Similar to temperatures above land, also SSTs are likelyd¢oease during the 21st
century. The difference between the future and presentttitngy in the ECHAMS
ensemble are shown in Figure 24, averaged from May to Octdbaturally, as can
be seen there is no uniform warming over the globe. The madeetvdifferences
concerning all oceans is the stronger increase of the NortHemisphere and the
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stronger increase of the equatorial Pacific area. For eaciinseparately (not shown),
the changes look similar, with the strongest differencethénequatorial Pacific area,
for which in May and June the increase is stronger than in therdour months.
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Figure 24: Difference in SSTSC) between the future and present climatology, aver-
aged from May to October.

5.4.3 Upper level winds

For most months the mean climate of the TEJ at 200 hPa is pedjéz show a small
decrease in strength. Except for the last two months of thesemson, when the retreat
of the TEJ is in full progress, the changes are very small atiter insignificant.

5.4.4 Moisture advection

As was shown in the ERA-40 analysis, an evident signal wasddor the moisture ad-
vection during wet and dry months. The projected monthlym@anges (not shown)
however, do not give such a good indication for changes ioipitation. The region of
interest, i.e. central Africa, has very little changes.\yOnlthe first three months of the
rain season the mean moisture transported towards thenrisgioojected to decrease.
However, the difference between future and present clilbgyas very small.

5.5 Fields during rainfall extremes

Similar to the analysis of the ERA-40 dataset, the averagexwéme events in July,
August and September (JAS) have been analyzed for both zmklsoth tails of the
distribution in the ECHAM5 model ensemble. First, the threest extreme events
in the whole ensemble of each of these three months (so adb&levents) have
been selected for both the present and the future climatetifythe fields found

in the reanalysis data, as shown in Section 4.1. A furthelyaisaof the changes
during rainfall extremes can be found in Section 5.6, folovby the final results and
conclusions of the ECHAMS5 ensemble analysis.

5.5.1 Precipitation and temperature

The precipitation signal of the selected months is weakdehf®dry months, and some-
what weaker for zone 1 with respect to the anomalies in zongh2. largest precip-
itation anomalies for JAS are thus found in zone 2. Similatheresults found with
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ERA-40, see Section 4.1, temperatures above the surfaceveee during the wet
months and higher during the dry months. This is both the ftagbe present and for
the future climate. Since temperatures show a strong ieer@athe ECHAMS5 ensem-
ble, as was shown in Figure 23, the anomalies for the futuneaté where analyzed
with respect to the mean climate of the future.

5.5.2 Sea Surface Temperatures

The signal of the SSTs is again strongest in the equatorédi®®cean, i.e. the ENSO
region. As shown in Figure 25a and b, respectively the SSTnaties during wet
and dry months in zone 2, the signal is clear for the NINO 4 xnddowever, in the
eastern equatorial Pacific the signal is positive, but sfalthe wet extremes and thus
opposite to the results shown in Section 4.1.
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Figure 25: Averaged SST anomalié€] of 9 wet months in JAS for zone 2 (a) wet
and (b) dry extremes in the present climate. Indicated adtxes of NINO 4 (west
Pacific) and NINO 3 (east Pacific), and the box of zone 2 in Nea#ih Africa.

5.5.3 Upper level winds

The second strong climate signal listed in Table 3 is fourtiénwind field at 200 hPa.
Again the fields look similar the those found in the reanalgsita, with strong anoma-
lies in the TEJ area (around 10) and over the Southern Hemisphere. The anomalies
are directed westward during the wet months and eastwaidgddry months. Espe-
cially for zone 2 the signal is strong, as shown in Figure 2§.Z6ne 1 the anomaly is
much less pronounced and is also much less zonally direletedthe anomaly shown

in Figure 26.
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5.5.4 Moisture advection

One of the strongest signals found in the ERA-40 analysis niso&sture advection
anomaly directed towards the region, and located overalefdfrica, southwest of the
region. Also, this anomaly is found in the ECHAM5 ensembde,foth present and
future climate and for both zones. The signal is similar #® ¢me found previously,
although it has a slightly more northerly position. One eghmis shown in Figure 27,
for the JAS wet months of zone 2 in the present climate. Duttiegdry months, the
signal is weaker and opposite to the one shown in Figure 27.
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Figure 26: Averaged 200 hPa wind anomalies anomalies (nfi/8)veet months in
JAS for zone 2 in the present climate. The larger box indg#te boundary of the
averaging area for the TEJ time series, with the smaller bdicates the boundary of
zone 2.
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Figure 27: Averaged moisture advection anomaliesrtkgs 1) of 9 wet months in
JAS for zone 2 in the present climate. The right box indictltesaveraging area for
the time series, the left box shows the boundaries of zone 2.
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5.6 Projected changes during rainfall extremes

Generally, the fields discussed in the previous section stimilar results to the ones
found in the reanalysis dataset of ERA-40, so this is a goditation that the model
simulates the climate well. But there is still one final gi@sto answer here: what
could be the cause of the projected precipitation chang®esrsin Section 5.3?

5.6.1 Climate change and ENSO

The ENSO climate signal is widely used to predict climate amyparts of the world.
For example, its connection with tropical cyclones in théaAtic is used to make a
seasonal forecast for the hurricane season, i.e. what exthected number of storms
and how many will grow into a hurricane. In case of its influena Northeast Africa,
the climate signal could be used as a forecast for severesflmodroughts.
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Figure 28: Averaged rainfall anomalies from May to Octolmen{/day) for (a) zone 1
and (b) zone 2, plotted against the NINO 4 index SSTQ) for the future climate sce-
nario Alb, averaged from March to August. The dashed lindsate the boundaries
for the largest (blue) and lowest (red) 10% precipitatiooraalies, the horizontal solid
line shows the mean value for the NINO 4 SSTs index.

But what about ENSO in a changing climate, is there a changeeirirequency
and strength of ENSO? This has been already investigateddsn@orgh et al. (2005
[14]), in which exactly this question is answered for a langenber of GCMs used by
the IPCC (AR4 2007 [9]). The climate change influence on thdetwis investigated
with changes in the sea level pressure, representativied@® index, the atmospheric
part of ENSO.

In case of the ECHAMS5/MPI-OM model, the change of ENSO is stigated un-
der the SRES A2 scenario. Although different from the heedus1b scenario, the
results are labeled as ’highly confident’, and thus are asdutm be representable.
The ECHAMS5/MPI-OM model does show a small shift, but the allezonclusion of
Oldenborgh et al. is that the influence of Global Warming orSENs very small.

The relationship between ENSO SSTs and rainfall for theréuttimate in the
ECHAMS5 ensemble is shown in Figure 28a and b, respectivelydoe 1 and zone 2.
The figures show the correlation between May to October geeraainfall with the
NINO 4 index, in case of a 2 months lag of the rainfall. For bodhes the correlation
is significant on a 95% confidence level, thus showing thangative relationship
also holds for the future climate.
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5.6.2 Changes of the 200 hPa wind field

The climate signal of the TEJ is especially noticed during exremes. Not only for

the TEJ the changes are evident, also over the Southern pleenssanomalies of the
zonal 200 hPa wind are clearly present during high or lowfafliextremes in zone
1 and 2. The link of the upper level winds with rainfall is marfevious for the TEJ,

through its connection with the ITCZ, than it is in case of wiads over the southern
hemisphere.
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Figure 29: Projected (a) absolute changes in precipitdtion/day) and (b) zonal av-
eraged (from 2% to 52E) zonal wind at 200 hPa (m/s) during the 20 wettest rainfall
events in zone 1 for October. In figure (b), the black (red® Bhows the zonal wind
for the present (future) climate.
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Figure 30: Projected (a) absolute changes in precipitdtion/day) and (b) zonal av-
eraged (from 2% to 52E) zonal wind at 200 hPa (m/s) during the 20 wettest rainfall
events in zone 2 for October. In figure (b), the black (red® Bhows the zonal wind
for the present (future) climate.

To explain the projected changes in rainfall, shown in Fé22, the averaged fields
of the 20 largest and smallest rainfall events for each moatie been analyzed, which
are equivalent to approximately a once every 50 years eFenthe TEJ, the relation-
ship with rainfall in the region is not in complete agreenfentll months. Obviously,
rainfall is connected to more variables, and not only depesrdthe TEJ, for which
disagreement does not directly mean that the relationgiép dot hold at all.

The projected changes of the once every 50 year wet extrengetha coinciding
zonal wind field changes in October are shown in Figure 29 @hde&pectively for
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zone 1 and 2. In this month, the increased rainfall coincidi¢is a stronger TEJ in
October. Actually, the normal conditions in October showaimost complete with-
draw of the TEJ, but as is shown in both figures the TEJ is s@éent, although not
as strong as in July or August. Also, the changes above the&Birailar to those in
the TEJ region, but for this region the correlation was nghiicant. Therefore this
region was not analyzed any further. Correlation of the TEA vainfall was similar

to that found for ENSO, as was shown in Figure 28.

5.6.3 The TEJ as a proxy for rainfall extremes

To further analyze the relationship between the TEJ andaidgxtremes in zone 1 and
2 inthe ECHAMS5 ensemble, anomalies of the upper level wiredglbeen investigated
analogous to the extremes in rainfall, to answer the folhgnguestion:

Can the projected changes in rainfall extremes betweendwnd present climate,
in zone 1 and 2, be addressed to changes in the TEJ extremes?

Time series of the TEJ have been obtained from the area avefage box indi-
cated in Figure 26, which partly overlies zone 1 and 2. Theeex¢s of the TEJ have
been selected on the 10% (1/10 years) largest or smalledtR&@onal wind anoma-
lies (85 dates), for which the most negative values repteska maxima, and the less
negative, or even positive, values represent the minimdoesaf the TEJ.

TEJ maximum values: absolute change of 200 hPa easterlies TEJ minimum values: absolute change of 200 hPa easterlies
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Figure 31: Projected changes of (a) absolute zonal 200 hRd, wind percentage
change of (b) precipitation zone 1 and (c) precipitationez®luring the maxima of the
easterly 200 hPa wind anomalies over Sudai( 12°N and 20E to 40°E). Similar
for figures d-f, but for the minimum values of the easterly 2% wind anomalies.
The star indicates the mean value, the bars the 95% CI.
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The absolute changes of the 1/10 years easterly winds maaienshown in Fig-
ure 31a, which show some similarity with the correspondaigfall changes shown
in Figure 31b and c. Although the changes of the TEJ wind speeduite small, the
increase in TEJ strength in September and October coingidleincreased rainfall in
both zone 1 and 2. Furthermore, the transition from deangdsiincreasing easterlies
is somewhat different from the changes in rainfall.

Although small, the changes of the 1/10 year easterly windéma look similar to
the changes for the maxima, as can be seen in Figure 31d. ¥djplect to the rainfall
changes, for zone 2 the changes look quite similar, showmgiar& 31f, but for zone
1, shown in Figure 31e, the percentage change of the raisfalbstly positive for all
months. Clearly the influence on rainfall in zone 1 is muss leonounced than for
zone 2, similar to the results shown in Section 5.5.3.

5.6.4 Changes in moisture advection

Similar to the TEJ, the same analysis has been done for theun@iadvection. Again

the 20 most wet or dry rainfall extremes have been selecteddoh month, as ex-
plained in Section 5.6.2. Figure 32 shows the average of@hadst extreme rainfall

events in September, clearly the increase in rainfall isgmg which is accompanied
by a strong increase in moisture advection from the southwes
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Figure 32: Projected absolute changes in (a) precipitgdtion/day) and (b) moisture
advection (kgn—1s~1) during the 20 wettest rainfall events in zone 2 for Septambe

In most other wet months for zone 2, the correlation betweerfall extremes and
moisture advection is present and thus supports the chamgeamfall. For the dry
months of zone 1 and 2 the changes are much less significdhtsevne months show
the same relationship and others have a much less clearfenedif pattern.

The correlation between moisture advection and rainfalttie future climate is
shown in Figure 33a and b, respectively for zone 1 and 2. Gurating on the ex-
tremes, shown in red and blue, almost all extreme valueseahtbisture advection are
connected to extreme values of rainfall, which furthermsrpports the influence of
moisture advection on rainfall.
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Figure 33: Moisture advection anomalies (kg's 1) southwest of the region, plotted
against rainfall (mm/day) in (a) zone 1 and (b) zone 2 for ttere climate scenario
Alb, both averaged from May to October. The dashed linec@tdithe boundaries
for the largest (blue) and lowest (red) 10% precipitatiooraalies, the horizontal solid
line shows the mean value for the rainfall.

5.6.5 Moisture advection as a proxy for rainfall extremes

Also, similar to the analysis of the TEJ shown in SectionJ.6oisture advection
extremes have been analyzed on their influence on rainfatime 1 and 2. Certainly,
the moisture advection is one of the key parameters whichanties the rainfall in the
region, and thus the same question is asked:

Can the projected changes in rainfall extremes betweendund present climate,
in zone 1 and 2, be addressed to changes in the moisture amlvegtremes southwest
of the region?

The time series for the moisture advection have been olatahreugh area aver-
aging over the box indicated in Figure 27, similar to the bezdifor ERA-40, as was
shown in Figure 16. Since the moisture advection anomalinduwxtremes shows the
biggest change in its zonal component, the extremes havededected on the 10%
(1/10 years) largest or smallest zonal moisture advectmmalies (again 85 dates),
respectively called the upper or lower tail. The actual galof the zonal moisture
advection are on average negative, so the lower tail censfdarge negative values
(directed towards the west), while the upper tail consisall negative, or positive
values (the latter directed towards the east).

The absolute changes of the 1/10 year upper tail of zonaltoreisdvection are
shown in Figure 34a. The CI of all months is rather small,éating that the spread of
the 85 maximum values is small. Coinciding with the changéké zonal moisture ad-
vection are the percentage changes in rainfall, shown iareig4a and b, respectively
for zone 1 and 2. Rainfall changes are calculated with theshetlues, not anomalies,
but for both the present and the future climate the mean alesnat both zones are
definitely positive, and thus indicating wet extremes.

The changes in rainfall during the upper tail moisture atteeanomalies, shown
in Figure 34a and b, look similar to the changes of rainfattexes shown in Fig-
ure 22a, and thus supporting the fact that positive moistduection anomalies in the
area southwest of the region do have an effect on positivéathenomalies in both
zone 1 and zone 2.
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Figure 34: Projected changes of (a) absolute zonal moiatiwection, and percentage
change of (b) precipitation zone 1 and (c) precipitationez@nof the upper tail of
the zonal moisture advection anomalies over central Afdédl to 10°N and 10E to
30°E). Similar for figures d-f, but for the lower tail of the zomabisture advection
anomalies. The star indicates the mean value, the bars #%e295

Unlike the percentage change of the upper tail, the lowénfehe moisture ad-
vection shows a decrease for all months, as shown in Figute BHis is equivalent
to an increase in easterly moisture advection directed dweany the region. By as-
suming that the known (positive) connection holds, thefadlichanges should also be
negative.

But, as is shown in Figure 34e and f, the changes in rainfalhdithe lower tail
moisture advection anomalies do not match the changes mdksture advection min-
ima. Although they do show quite some similarity with themes in rainfall extremes
shown in Figure 22b.
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6 Summary and conclusions

Northeast Africa is highly vulnerable to rainfall variabjl and thus to climate change.
Naturally, variability in rainfall is not strange to the wieocontinent of Africa. In
the twentieth century the continent experienced quite sextiemes, with both long
periods of above normal rainfall and periods of severe dnoug

In this study, these extremes in rainfall have been invaeti, First, the last 30
years of the twentieth century with the ERA-40 dataset haemlanalyzed. In order to
identify climate signal during rainfall extremes in Norést Africa. Second, the impact
of climate change on rainfall extremes has been investigaitth a GCM ensemble.

The main results of this study are the projected changesiofathextremes in
the ESSENCE ensemble, a 17 member ensemble run of the ECHARIZDM GCM
with the SRES Alb scenario. The future climate changes acalated for the period
2051 to 2100, with respect to the present climatology of 1®51000. The projected
changes in the mean precipitation, in both zone 1 (Sudan? é&thiopian highlands),
show a shift in the rain season. For both zones, the meanpjiegmn is projected
to decrease in June and July, while for September and Octbbeprecipitation is
projected to increase. Furthermore, for zone 2 the shifaigér’ with respect to zone
1, for which also August is projected to increase, while fone 1 there is a small
decrease in this month.

The changes for the extremes have been calculated with thed@Eibution theo-
rem, for which the once every 20 years return values are wsathfinges in extremes.
For both zones the projected changes of extreme valuesrailarsto the projected
changes of the mean precipitation. In June and July bothrebtiey extremes are pro-
jected to decrease in magnitude, while for September andb®@cthe model projects
an increase in rainfall intensity. The probability of wetrexnes is equivalent to these
projected changes. In case of dry extremes this is revesseaah increase in probabil-
ity for June and July, and a decrease for September and Qdtwlimth zones, and in
August for zone 2.

As was shown in Section 4.2, the analysis with the ERA-40 abais dataset
showed three clear climate signals during rainfall extremdoth zone 1 and 2, which
are summed up in Table 3. First of all, a clear signal was fdantle SST field dur-
ing wet and dry extremes, profoundly in the equatorial Pa€itean, i.e. the ENSO
region. The ENSO climate signal, in general, is known to relerge impact on the
climate all over the globe. Although the teleconnectiorhwitortheast Africa is not
that well known, fairly large negative SST anomalies whewnfl two months in ad-
vance of wet months in both zone 1 and 2 in ERA-40. This conmeatas found
for the JAS rain season and was furthermore supported byatfielation of rainfall
time series with ENSO indices, for which all relations shdwassignificant (on a 95%
confidence level) negative correlation.

After the link between ENSO and rainfall variability wasastshed with results
from the ERA-40 analysis, the connection was then invetgyan the ECHAMS en-
semble. Inthe model, the relationship is also negativenbwtthe positive SST anoma-
lies (an El Nino) show the strongest signal during dry exeenm both zone 1 and 2.
The signal was strongest for zone 2, which also showed tbagtst differences in
rainfall. Again the correlation was found to be negative aigphificant, for both the
present and the future climate, but only for the NINO4 indesthie western Pacific
Ocean.

Although the impact of climate change on ENSO was not ingagtid, Oldenborgh
et al. (2005 [14]) showed that the influence of Global WarnandENSO is very small,
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and thus the ENSO could not be used to explain the projectédrstine rain season in
Northeast Africa. Still, the connection in the future climaf the ECHAM5 ensemble
was found to be significant. This does not mean that all laaggall anomalies, neg-
ative or positive, are directly linked to large SST anonsiiethe (western) equatorial
Pacific Ocean. But, it does show that the model projects d@ramation of the telecon-
nection between ENSO and rainfall variability in the regidmerefore, ENSO could
be used as a predictor for rainfall extremes in the region.

The TEJ is know to have an influence on rainfall via its conioaatvith the ITCZ
(Hulme and Tosdevin 1989 [7]). Although large changes cawtlbe found for the
latter, the TEJ did show a strong signal in the ERA-40 angJysr which it is positively
correlated with rainfall in both zone 1 and 2. The signal wgseeially strong for zone
2, and even more pronounced in the ECHAM5 ensemble analykis.mean change
of the TEJ strength is not that pronounced, but shows a stightease in strength
during its peak months, July and August. However, the cotmmebetween the TEJ
and rainfall does not show a strong change, and is quiteairfioif both the future and
present climate.

To investigate the influence of the TEJ on rainfall extreneetr,eme values of the
TEJ (zonal 200 hPa wind) are used as a proxy, analogue to tthechased for the rain-
fall extremes. So instead of the changes of rainfall extsermieganges of TEJ extremes
are analyzed, with their accompanied changes in rainfall beth tails of the distribu-
tion, the largest and smallest 10%, the TEJ shows an absidatease in strength from
May to August, whereas the maxima show a slight increasepte8®er and both tails
show an increase in October. Relatively, the changes atbatgpronounced, but show
quite some similarity with the accompanied rainfall cha)gespecially for zone 2.

These changes in rainfall do concern mostly positive (negaanomalies during
the upper (lower) tail of the TEJ distribution, and thus skdhat TEJ has a positive
connection with rainfall in the two zones. The projectedrades of the rainfall ex-
tremes, however, could not completely be explained by chaingTEJ extremes, but it
is shown that there is a connection between the projectathelsan the two variables.

The third and most pronounced signal found during rainfetleames is that in the
vertical integrated moisture advection, for which a streigmal was found southwest
of the region, over central Africa. During wet extremes ia ERA-40 dataset, a much
stronger inflow of moisture from the southwest was found, nehs during dry ex-
tremes the moisture advection is more directed towards #st. wFurthermore, this
anomaly was shown to be most prominent between 1 and 2.5 kve délhe surface, i.e.
at pressure levels between 850 and 700 hPa.

The moisture advection anomaly not only influences raiifathe two zones, also
rainfall in the Gulf of Guinea, upstream of the positive armtynseems to be connected.
As was shown in Figure 10 there is a negative correlation éetwainfall in both zone
1 and 2 and rainfall in the countries situated along the GuGwinea. This reduction
is thought to be an effect of the lower moisture supply to Hitet region, since the
moisture is advected more towards the northeast. Furtherarmmalies of the total
column of water showed the same relation, a positive (negedinomaly downstream
(upstream) of the moisture advection anomaly.

Also in the ECHAMS5 ensemble the moisture advection was shtovine the largest
signal during rainfall extremes in both zones, whereasitireaswas more pronounced
during wet extremes. The correlation was largest for thimate signal, and much
better correlated with the rainfall than both the TEJ and ENftne series. Further-
more, the correlation between the moisture advection tienes (averaged fron#l
to 10°N and 10E to 30°E) and rainfall (not shown) illustrates the positive cortimt
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with rainfall in zone 1 and 2, and the negative connectiomwatnfall along the Gulf
of Guinea.

Similar to the TEJ, also changes in the 10% largest and sshaltmal moisture
advection are analyzed whether they match the changesifaltaxtremes. As was
shown in Figure 34a-c, changes in precipitation for bothegostrongly match the
projected changes in the 10% most westerly zonal moistweciion anomalies. In
the case of the 10% smallest moisture advection anomakeshinges do not match
at all, whereas the 10% lowest moisture advection extremeeprajected to decrease
for all months.

Naturally, rainfall variability does not solely depend @is§one variable. In case of
wet extremes in both zones the projected changes can besaddre both the moisture
advection and the TEJ. The most westerly extremes of thetameiadvection, shownin
Figure 34a, show strong similarity to the projected chamgeget extremes, shown in
Figure 22. Also, the changes of the TEJ maxima, illustratefigure 31a, show quite
some similarity. Although these changes are relativelyllsithee projected increase in
October could well be a source for extreme rainfall in bothe

The projected changes in dry extremes, however, could naifgletely explained
by changes in the TEJ or moisture advection extremes. Inafdbe moisture advec-
tion this is not so surprising, since the most westerly emgrgare already directed away
from the region, and thus variability of the moisture adigtis largely unnoticed in
the two zones. Therefore, changes of these moisture admentiremes, shown in Fig-
ure 34d, have little impact on both zones, and thus do not strgnwconnection with
the coinciding rainfall changes, shown in Figure 34e and the projected changes of
rainfall extremes, shown in Figure 22a.

It should be noted that the method to calculate the extrefuesaf the TEJ and
the moisture advection is different from the GEV theorendusecompute the rainfall
extremes. The latter are theoretically computed returaeslequivalent to a once in
every 20 years probability. The extreme values of the TEJthednoisture advection
are averages of the largest or smallest 10% of all values/agut to a once in every 10
years probability. Nonetheless, both are extremes vahussgpresentable for changes
in extreme events.

Still, there are a lot of unanswered questions, such as thet eause of the change
in the moisture advection. Is it caused by a change in the Vighd|, or is their more
moisture uptake over central Africa? Furthermore, whaltiésdontribution of the At-
lantic Ocean/central Africa moisture flow and the Indian &@deLJ moisture flow to
the two zones? In other words, can the sources of moisturthdorainfall in the two
zones be traced back and quantified?

Furthermore, what was also stated in Section 4.2 and whéatowrsin a recent
study of Yeshanew and Jury (2007 [23]), their could be a cotime between the in-
creased moisture advection from the southwest and theaseri@ 200 hPa easterlies
over the Southern Hemisphere. The latter has not been igatsd thoroughly, since
correlation with rainfall time series where not significarBut, as is suggested by
Yeshanew and Jury, this anomaly and the lower level enhamestérlies are linked to
the zonal Walker circulation, which in turn interacts witBTs in the Atlantic, and is
linked to ENSO in the Pacific Ocean. Also, Williams and No##g006 [22]) showed
that on a historical point of view high rainfall events in Smdand Ethiopia are related
to a La Nina, a stronger TEJ and a more northerly position@iTiCZ. Therefore al-
lowing more moisture to be advected from the Atlantic, athgreement with findings
of this study.

The main shortcoming in this study is that only one climatedeidgs used in pro-
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jecting the changes in rainfall for the region. Althoughsitai 'state of the art’ GCM,
and that the model simulates the rainfall pattern quite feelihe region, a wider range
of GCMs will give a better perspective on the projected clesrfgr the future climate.
There are a number of studies whom did include more GCMs Kugme et al. 2001
[8] and Shongwe et al. 2007, [18]), for which the projectidmisthis region show a
non uniform image for the future climate, and a large rang@®en results of different
GCMS. Similar to the finding of the IPCC, (AR4 2007 [9]), théféient model projec-
tions for rainfall diverge in Northeast Africa, especidlty the wet season (as shown
in Table 11.1 in Chapter 11 of the AR4).

Nonetheless, climate change will have its impact on theoregihether it will be a
more dry season or a more wet season, the climate will always some variability.
However, large deviations from the mean will naturally htve largest impact on the
rural areas of the region, for which in case of Ethiopia 80%sopopulation is part of
this group. This large number of people are highly dependeragriculture for their
survival, which in turn is highly dependent on rainfall,.igevere drought leads to no
growth at all, while flooding lead to the inability to harvéise crops, or even to reach
the farmlands.

Therefore, itis important for this region to know the chamgperainfall, not only on
this longer climatological scale but also short term weagiedictions are very useful
in order to adapt to expected rainfall changes.
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Symbols and acronyms

IPCC Intergovernmental Panel on Climate Change

AR4 Fourth Assessment Report

GCM Global Circulation Model

SSTs Sea Surface Temperatures

ENSO El Nino/Southern Oscillation

CRU Climate Research Unit

°N degrees North (latitude)

°S degrees South (latitude)

°E degrees East (longitude)

°wW degrees West (longitude)

ITCZ Intertropical Convergence Zone

mm rainfall amount in millimeters, equivalent
to liters per square meter

°C degrees Celsius

ZAB Zaire Air Boundary

TEJ Tropical Easterly Jet

hPa hectoPascal

R linear correlation

AP Precipitation anomaly

GEV Generalized Extreme Value

GHCN Global Historic Climatology Network

RMS Root Mean Square

ECMWF European Centre for Medium-Range Weather Forecasts

ERA ECMWF ReAnalysis

NCDC National Climatic Data Center

ERSST.v2 Enhanced Reconstructed SST version 2

ESSENCE Ensemble SimulationS of Extreme weather evenerund

Nonlinear Climate changE

SRES Special Report on Emissions Scenarios
P-E Precipitation minus Evaporation
kgm's! kilograms per meter per second

LLJ Low Level Jet

JAS July, August and September

m/s meters per second

tcw total column of water

kg/m? kilograms per square meter

SH Southern Hemisphere

Cl Confidence Interval
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