
Teleconnection between Decadal Rainfall Variability and 
Global Sea Surface Temperature and imulation of future 

/ 

Climate Scenario over East Africa " 

B 

INGO 

D PARTMENT OF 

IVER lTY OF AIROBl, 

P .. BOX 30197, 

AIROBI KE YA 

A HE I BMI D IN FULFILLMENT OF THE REQUIREME T FOR THE 

DEGREE OF DO TOR OF PHILO OPHY (PHD) IN MET OROLOGY, 

UNIVER ITY OF AIROBI 

KENYA. 

A GU T2010 
UNIVE ... SIT Y OF NAI~Of\'1 

LIBRARY 



D LARATTO 

Thi the i i m original work and has not be n pre nt d for a degr at an other 

Uni er ity. 

ignature: 

ignature: 

-~~~-------------------------
Philip Omondi Amiog o 
D partment of Meteorolog , 

Uni ersity of airobi 

~-----------------
D partment of Meteorolog 

ni ersity of airobi 

ignature: ---;~~;--~~------------------

ignatur : 

Department of Meteorology 

Uni ersit of Nairobi 

-----~---------------------
Dr Jo epb lninda 

D partment of Meteorology 

ni ersit of airobi 

[)ate--------------------

[)ate-----------------------

Date-----~-=~~)! • 



DEDICATIO 

I dedicate thi di ertation to m oth r Helidab cbola who inculcated in me the pirit 

of hard work and determination nece ar for an 1 achie em nt in 1 ifi . 

11 



AC OWLEDGEME 

I wi h to xpre m sine r appreciation Profi or Laban gallo for the 

academic mentoring he in ulcat d in m as m up rvi or. Hi tut approach to 

ientific question and valuable di cu ions mad working with him not only fulfilling 

acad micall but also enriched m p r anality. 

Man thanks to Prof J. . Muthama and Dr J. Ininda for their tireless ad ice. 

aluable guidanc constructi e criticism , constant reading, making of corrections and 

offering of ery aluable ugge tion in the writing of th manuscript that led to the 

succe sful and timel completion of thi final work. 

I am grateful to the IGAD limate Pr diction and Application Centre (I PAC) through 

th Director Profe sor Laban A. Ogallo for pro iding me with the cholarship and 

computer re ources that made the pursuance of this study succe ful. 

Thanks to the Uni er ity of airobi department of met orology and teaching 

taff for the training. I would al o like to sincerely appr ciate the entir members of staff, 

ICPAC for man u eful di cu ions and up port during the period of this tudy. 

I wish to extend my pecial r gards to the support I r ceiv d from my family 

especial! m v.ife Lucy tieno Omondi, who continued to encourage me throughout the 

period of m study and my children who mis ed my fatherly guidance during my tudy 

p riod. 

lll 



T B EO 0 TE T 

[)~ ~f\flJ\1110 ------------------------------------------------------------------------------

[)ED I c 11I 0 -------------------------------------------------------------------------------- II 

C 0 WLEDG EM 11------------------------------------------------------------------ 11 

T AB~E OF CO T~ 11 ------------------------------------------------------------------

~1 ll OF FIG~ ------------------------------------------------------------------------- II 

~I 0 F T AB~E ------------------------------------------------------------------------- X Ill 

LI ll OF ACRO YM --------------------------------------------------------------------- tv 

LI 11 OF ACRONYM 0 JNU 0--------------------------------------------------- x 

f\13 Fll\{:ll----------------------------------------------------------------------------------- XVI 

CHAPTER ONE: INTROD TIO --------------------------------------- 1 
1.2 OBJ 11rvE OF 1rHE TUDY------------------------------------------------------------- 5 

1.3 JU IFICA lliO OF TH TUDY ------------------------------------------------------- 6 

1.4 ARE 0 UDY ND IT PHY ICAL F A TURE ------------------------------- 8 

CHAPTER TWO: LITERAT RE REVIEW----------------------------------- 11 
2.1 RAIN L~ CLIMA TO~OGY OF EA T AFRICA---------------------------------- 11 

2.1.1 INTER TROPI A~ CONVERGE ~ ZO E (111CZ)--------------------------------- 14 

2.1.2 UBTROPICAL A Tl YCLO ----------------------------------------------------- 17 

2.1.3 MO 00 S---------------------------------------------------------------------------------- 18 

2.1.4 EA TERL Y AND W TERL Y WAVES------------------------------------------------ 20 

2.1 . 5 TROPICAL CY LO ------------------------------------------------------------------- 21 

2.1.6 Q A I-BIE AL 0 CIL~A TIO ----------------------------------------------------- 23 

2.1. 7 MAD DE JULIE 0 CILL 10 10)--------------------------------------------- 24 

2.1.8 A URF C TEMPERATURE------------------------------------------------------- 25 

2.2 DECADAL CLIMATE VARIABILITY-------------------------------------------------- 31 

2.2.1 D ADAL RAINFALL PREDI TABILITY AND PROJ CTlON----------------- 34 

2.3 APPLICATIO 0 GLOBAL LIMATE MODEL (GCM) AND REGIONAL 

LIMA TE MODE~ (R M )------------------------------------------------------------- 35 

CHAPTER THREE: DATA AND METHODOLOGY----------------------------- 38 
3.1 DATA---------------------------------------------------------------------------------------- 3 8 

3.1.1 OB ER"~D D lll\------------------------------------------------------------------------- 38 

3.1.2 R DATA----------------------------------------- 39 

3.2 MOD ~ OUTP T DATA----------------------------------------------------------------- 44 

3.2.1 FORCI G DATA FOR THE REGIO AL CIR LATION MODEL------------- 44 

3.2.- ERA-40 RE-ANAL Y I ------------------------------------------------------------------- 44 

3.3 ~TH DO LOGY------------------------------------------------------------------------- 45 

3.3 .1 DATA QUALITY ON ROL HODOLOGY ------------------------------------ 46 

3.3.2 PECTRAL AL Y I METH D --------------------------------------------------- 47 

3.3.3 TRE D A AL Y I ------------------------------------------------------------------------ 49 

3.3.4 PRIN IPAL COMPO T A AL Y I (P A -------------------------------------- 50 



3.3.~ 

3.3.6 THE 

.3.7 
3.3. 

3.3. 

3.4 

IFI T PRIN IP L MP T ------------------------

fl D---------------------------------------------------------------------

55 
55 
56 

56 

56 

57 

. 4 .I TH 0 D---------------------------------------------------------------- 57 

3.4.2 0 ICAL CORRELATION ALY 1 ---------------------------------- 58 

3.4.3 ING LAR V LUE DECOMPO ITIO ( VD ------------------------------------- 61 

3.5 PREDICTIO OF DECAD L RAlNF LL PATfERN ' ----------------------------- 64 

3.5.1 MULTIPLE REGRE IO M D L (MRM)----------------------------------------- 64 

3.5.2 A VA FOR MULTIPLE LI EAR REGRE IO ---------------------------------- 66 

3.5.3 ERIFT ATIO OF THE FOR A T-------------------------------------------------- 67 

3.6 PROJE TIO OF FUTURE RE I L LIMA TE--------------------------------- 68 

3.6.1 MODEL DOMAIN-------------------------------------------------------------------------- 70 

3.6.2 72 

3.6.3 EV ALU TIO AND V ALIDATIO OF GCM 0 TP T AND PRECI 

IMULATIO 73 

3.6.4 PRECIS REGIO AL CLIMATE PROJECTION ------------------------------------- 74 

CHAPTER FOUR: RESULTS AND DI C S 10 ------------------------------- 76 

4.1 DATA QUALITY CO TROL RE UL T ----------------------------------------------- 76 

4.2 DELINE TIO OF EA T AFRf A LIMA TE ZONE BA ED MODES 

OF DECADAL RAI FALL V RIABTLITY -------------------------------------------- 78 

4.3 EXI TANCE OF DECADAL MOD I THE INTERA UAL RAJNF ALL 

RECORD ------------------------------------------------------------------------------------- 84 
4.3 .1 TREND AL Y I ------------------------------------------------------------------------ 84 

4.3.2 PECTRAL A AL YSI -------------------------------------------------------------------- 90 

4.4 TELECO TIO BETWE REGIONAL DEC D L RAINFALL 

RIABILITY P TTERN AND GLOBAL EA SURF A E 

TEMPERATURES--------------------------------------------------------------------------- 91 

4.4.1 INGULAR VAL E DE OMP ITIO ( VD) LT FOR THE 

OCTOBER - DECEMBER EA 0 ----------------------------------------------------- 92 

4.4.2 GULAR VALUE DECOMP ITIO ( VD) FOR THE JUNE - AUGU T 

E 0 --------------------------------------------------------------------------------------- 1 06 

4.4.3 VD RESULT FOR THE MARCH - MAY A 0 -------------------------------- 122 

4.5 USING GLOBAL EA T MODE TO DERIVE FUTURE DE ADAL 

RA FALL VARIABILITY P A TERN -------------------------------------------------- 13 9 

4.5.1 RE LT FROMDECADALRAINFALL OWCASTFORSEPTEMBER -

D ECEMBER SEA 0 ---------------------------------------------------------------------- 13 9 

4.5.2 RE LT FROM DE ADAL RAINFALL NOW CA TS FOR MARCH - MAY 

EA 0 --------------------------------------------------------------------------------------- 142 



4.5.3 

4.6 

4.6.1 

4.6.2 

D L RAI ALL W T F R JU 

0 --------------------------------------------------------------- 143 
GI L LIMAT E ARI 

Tl 0 -------------------------------------------- 146 

-------------------------------------------------------- 148 
-------------------------------------------------------------------------- 149 

4.6.3 PRE I IM LA T 0 PRECIPIT TIO ND TEMP RA TURE 
CLIMA TOL GY ---------------------------------------------------------------------- 152 

4.6.4 TEMPERA T LIMA TOL Y ------------------------------------------------------ 152 

4.6.5 RAINFALL LIMA TO LOGY------------------------------------------------------------- 155 

4.6.6 FURTHER PRE I MOD LV LIDA TION------------------------------------------- 159 

4.6.7 PROJECTIO OF LIMAT FOR THE REGIO ------------------------------------ 164 

MMARY, 0 L 10 SAND 

RECOMMENDATIO 8---------------------------------------------------------------- 170 

5.1 UMMAR Y ----------------------------------------------------------------------------------- 170 

5.2 CO CLU 10 177 

5.3 RECOMMEND A TIO ------------------------------------------------------------------- 177 

5.3.1 RECOMMENDATIO FOR F RTHER RE ARCH WORK-------------------- 177 

5.3.2 RECOMMENDATIO TO POLl Y AKER -------------------------------------- 179 

PRED I CTI 0 PRO 0 U CT -------------------------------------------------------------- 180 

5.3.4 RECOMME DA TIO TO NATIO L METEOROLOGICAL AND 

HYDROLOGICAL ERVIC ----------------------------------------------------------- 180 

llEFERE CES -------------------------------------------------------------------------- 181 



Figur I: 

Figure 2: 

Figur 3a: 

Figure 3b: 

Figure 4: 

Figure 5: 

Figure 6: 

Figure 7: 

Figure 8: 

Figure 9: 

Figure 10: 

Figur II: 

Figur 12: 

Figur 13: 

Figure 14: 

LIT OF FIG 

Topographical featur ofth outer domain. with area higher than 10 Om 
had d ( dopt d from An ah R., 2005) ...... ........ ............................. . 

Mean annual rainfall c cl 
tation o er east Africa 

for a Mb a (b od' ar and (c) Mbarara 
ndj, 2005 ............................. . ............ . 

chematic of the general pattern of wind pressur and con ergence o er 
Africa during Januar adapt d from Nicholson et al.. 1988 . Dotted lines 
indicate th Intertropical Convergence Zone, da hed lines other con ergence 

9 

12 

zone ... . .. ....... .. ...... ...... .. . ........ . ...... ........ . ...... ... .... . . .. ... ..... ........ 14 

chematic of the g n ral patt m of ind , pr ssure and convergence o er 
frica during July/August ea on adapt d from icbolson et al., 1988). 

Dotted lines indicate the lnt rtropical on ergenc Zone dashed lines, other 
15 

con ergence zones ....................... .... .. ..... . . . ..... ..... ...... ....... .... .... . 

The schematic of east-west Walk r global circulation (Adapted from lndeje 
2000) ............................... .. ................................................ .. . 

chematic repre entation of the global thermohaline circulation. Warm 
currents are drawn in red hile blue depict the de p cold ... ....... .... ...... . 

The di tribution of the station r pr enting homog neous rainfall zone o er 
the tudy region .. ...... ....... .. ........ ..... .. ...... . . ... . ........................... . 

Homogeneous climatic zone for March-May season u ed in the tudy ......... 

Homogeneou climatic zones for Octob r-0 cember ea on used in the tud 

Homogeneou climatic zones for June- August eason u ed in the tudy ...... . 

R gion of study in relation to the model domain .................... .... .......... . 

Cumulati e March - Ma MAM ea onal rainfall total o er Zone 1. ...... .. 

ingle mas curve for Zone 2 as repre ented by (Kigoma) ......................... .. 

election of the dominant P A for March-Ma decadal rainfall modes with 
points abo e the dotted lin s significant at the 5% lev !.. ............................ . 

Homogeneou climatic zone o er East Africa obtained from combined P A 

17 

26 

40 

42 

42 

43 

72 
77 

78 

79 

and impl correlation analyses using the Decadal rainfall variability (March-
81 

May) ......... ............................................................................................... .. 

ll 



Figure 1-: lection f th dominant P for 
rn d with p int a o e the dart d lin 

tober - D rnb r d cadal rainfall 
82 

ignjficant at the 5% I el. . .. .. ... .. . 

Figure 16: Hornogen ou limatic zon frica obtained from combined P A 
and irnple correlation anal using th ctob r-D ember Decadal rainfall 
ariability...................................................................... ... . . . . . . . . . 83 

Figur 17a: n mooth d Int rannual rainfall part m for March-Ma for zone I 0 .. . ..... . 
86 

Figure 17b: n mootbed Interannual rainfall patt m for October-D cember for zone 
86 

4 ............................................................................................ . 

Figure 18: moothed inter-annual March - May rainfall anomalies for zone 3 a 
r pr ent d b Voi ..................................................................... . 

87 

Figure 19: Graphical plot of March -Ma decadal rainfall variability for the 
representati e stations o er eastern Africa region ....................... . .... ... . . 88 

Figure 20: Graphical plots of October - Dec rnb r decadal rainfall variability for the 
89 

repre entati e stations o er eastern Africa region ................................. . 

Figure 21: pectral anal sis of the moothed March - Ma sea anal rainfall for zone 8 as 
90 

represented by Mbarara ... ...... . ........ ....... . .... . .......... ... ....... ........ . 

Figure 22: p ctral anal si of the moothed October - December ea anal rainfall for 
91 

zone 6 a repre ented by Gulu ........................................................ . 

Figure 23: patial patterns ( 1 ofth frrst VD mod for (a October-December rainfall 
94 

(b Indian Ocean T pre en ted as homogeneou correlation maps ... 

Figur 23c: Time eri s of expansion co fficients (s 1 of the fir t VD mode for October 
95 

- Decemb r rainfall and Indian Ocean T anomalies ............................ . 

Figure 24: Spatial patt rns ( 2) of the econd VD mode for (a) Octob r-December 
rainfall (b Indian Ocean T pre nted a homogeneou correlation maps... 96 

Figur 24c: Time erie of expansion c efficients ( 2) of the second VD mode for 
ctober- December rainfall and Indian Ocean ST anomalies.................. 97 

Figure 25: patial patterns ( 1) of the fir t VD mode for (a) October-Decemb r rainfall 
(b) Atlantic T pre nted as homogeneous correlation map . . . . . . . . . . . . . . . . . . . . . 98 

Figure 25c: Time serie of expansion coefficient ( 1 of the fir t VD mode for October 
- Decemb r rainfall (bold line ) and Atlantic ean ST (dotted lines).......... 99 

Figure 26: patial patt m ( 2) of th s cond VD mod for (a) Octob r-December 

lU 



rainfall b tlanti 100 

Figure 26c: Tim eri of pansion c ffici nts 2) of th 
ct b r- D c mb r rainfall bold lin and tlanti 

VD mode for 
101 T ....... . ..... . an 

Figure 27: patiaJ patt m ( 1) of the fir t VD mod for a ctober - December I 03 
rainfall b Pacific T pre ented a homogeneou 

Figure 27c: Tim erie of ex pan ion co fficient ( 1) of th fir t VD mode for OND 
104 

rainfall and Pacific Ocean T anomali .......................................... . 

Figure 28: patial patt m 2) of the cond VD mode for (a) October - D cember 105 
rainfall (b Pacific T pr en ted a homogeneous correlation map .......... . 

Figure 28c: Time seri of expansion coefficients ( 2) of the s cond VD mode n r OND 
1 06 

rainfall and Pacific cean T anomalie ............................ .... . ........... . 

Figure 29: patial pattern ( 1) of the fust VD mode for (a JJA rainfall eason (b l 08 
IndianS T pre ented as hom geneou correlation maps ... ......... . . . ....... . 

Figure 29c: Time eries of expan ion c efficient ( 1) of the fir t VD mode for JJA I 09 

rainfall (continuou lines) and Indian Ocean T dotted lines) anomalies .... 

Figure 30: patial patt m 2) of the second VD mode for (a) JJA rainfall eason (b) 110 

Indian T pre ented a homogeneou correlation maps ........................ . 

Figure 30c: Time series of expan ion co fficient ( 2) of the second VD mode for JJA 111 
rainfall (continuous line ) and Indian Ocean ST (dotted lines) anomali s 

Figure 31: patial pattern of the third VD mode for (a) JJA rainfall and (b) Indian 112 
Ocean ST pre ented as homogeneou corr lation maps ........................ . 

Figure 3 lc: Time eri of e pan ion co fficient ( 3 of tbe third VD mode for JJA 113 

rainfall continuous lin ) and Indian Ocean T (dotted lines anomalies .... 

Figure 32: patiaJ pattern ( l) of the fir t VD mod for (a June- Augu t rainfall (b) 114 

Atlantic T pre ented a homog neou correlation map ...................... . 

Figure 32c: Time series of e pansion coefficients ( 1) of the first VD mode for June - 115 
Augu t rainfall and Atlantic Ocean ST anomalie .. . ...... . ..... ............... . 

Figur 33 : patial pattern 3) of the third VD mode for a June- August rainfalJ ) 116 
Atlantic T presented as homogeneous correlation maps ........ .. ........ . 

Figure 33c: Time ries of expansion co fficient ( 3) of the third SVD mode for June - 117 
August rainfall full lines) and Atlantic Ocean T anomalies (dotted lines) ... 

Figure 34: patiaJ part m S2) of the econd VD mode for a) JJA rainfall ea on (b) 

IX 



Pacific pr nt d a homog n us correlation map . .. . . . . . . . . . . . . .. . . . . . . . . 1 18 

Figure 4c: Time eri of xpan ion co ffici nt ( 2) fth cond VD mode for June- 119 
ugust rainfall T anomalie d tted lin ). 

Figur 35: patial patt rn ( 3 of th third D mod for (a Jun - Jul rainfall (b 121 
Pacific T pre en ted as homog ne u corr lation map ....................... . 

Figure 35 Time ri of e pansion co fficient ( 3) of th third VD mod for JJ 122 
rainfall and Pacific Ocean T anomali ........ . .............. .. .............. .. . 

Figure 36: patial patt m of the fir t VD mod for (a MAM rainfall and (b) Indian 124 
cean T pre en ted a homogeneous corr lation map ........................ . 

Figure 36c: Time s ries of expan ion co fficient ( I of th fir t VD mode for March - 125 
Ma rainfall and Indian Ocean T anomalies .................................... . 

Figure 37: patial patterns of the econd VD mod for (a) M M rainfall and (b) Indian 126 
Ocean S T pr nted as homog neous corr 1ation map ......................... .. 

Figure 37c: Time erie of expan ion coefficients 2) of the second VD mode for March 127 
- Ma rainfall and Indian Ocean ST anomalies .................................... . 

Figur 38: patial pattern of the third SVD mod for (a) MAM rainfall and (b) Indian 128 
Oc an S T pr sen ted as homogeneous correlation map .......................... . 

Figure 3 8c: Time seri s of expansion coefficients 3 of the third VD mod for March - 129 
Ma rainfall and Indian Ocean T anomalie ................................. .. 

Figure 39: patial patterns of the cond VD mode 2) for a) MAM rainfall and (b) 130 
tlantic Ocean T pr ented as homogeneous correlation maps ........... .. .. 

Figur 39c: Tim erie of expansion co fficient (s2 of the cond VD mode for March 131 
-May rainfall and Atlantic Ocean T anomali s ........... ......... .... ..... . . . . 

Figure 40: patial pattern of the third VD mod ( 3) for (a) MAM rainfall and (b) 132 
Atlantic Ocean T pre nt d as bomogeneou correlation map ... . .......... . 

Figure 40c: Time series of expan ion co fficients ( 3 of the third D mode for March- 133 
Ma rainfall and Atlantic Oc an T anomalie ................................ . 

Figure 41: patial patterns ( 2 ofth cond YO mode for (a March- May rainfall (b) 135 
Pactfic T pr nted as homogeneou corr lation maps ........................ . 

Figur 4lc: Time ries of expansion coeffici nt ( 2 of the econd VD mode forMAM 136 
rainfall and Pacific 0 ean T anomaJie .......................................... .. 

Figure 42: patial patterns ( 3) of the third VD mode for (a) March - May rainfall (b) 



Pa ific T pr nted ash m gen ou corr lation map .. .... .. . ......... ...... 137 

Figur 42c: ime rie of e pan ion co fficient ( 3) of the third VD mod for MAM 138 
rainfall and Pacific Ocean T anomali .......................................... . 

Figur 43a: Tim eri plot of th ob r ed and model timat of th ctob r - 141 
Decemb r decadal rainfall for z ne 1 a r pr ent d b DIA .................... . 

Figure 43b: Time eri plot of th ob rved and mod I e timat of the October -
Decemb r d cadal rainfall for zone 3 a r pr nt d by Dodoma .............. .. 141 

Figure 44a; Time series plot of the observed and model estimate of the March - May 142 
decadal rainfall for zone 8 as r pre ented b Masindi ............................ . 

Figure 44b: Time serie plot of the observed and mod I estimate of th March - May 143 

Figure 45a: 

Figure 45b: 

Figure 46: 

Figure 47: 

Figure 48: 

Figure 49: 

Figure 50: 

Figure 51: 

Figure 52: 

Figure 53a: 

decadal rainfall for zone 5 as repre ented b Lodwar ............................ .. 

Time serie plot of th ob erved and model e tirnate of the June - August 
decadal rainfall for Kisumu . ........ .... .............. ......... .......... ............. . 144 

Time serie plot of th ob erved and model estimates of the June - August 
decadal rainfall for Mbarara .......................................................... . 144 

Mean urface temperature 1961-1990 (a R M (b) CRU (c) differences 149 
bet een CRU and R M aggregated to the grid of the RCM .................... . 

March-Ma (1961-1990) Mean Rainfall climatolog for (a) G M (b) RCM 151 
and (c) Obs r ed CRU Rainfall aggregated to RCM grid ........ .... ....... .. .. . 

Obser ed and imulated annual c cl of R M m an (a maximum (b) 
minimum temperature patterns using CR . HadAM3P ECHAM4 and ERA 153 
40 forcing data ..... .. ............ ............ ................. ... .. ... .... ......... .... . . 

Mean spatial easonal temp rature climatology during all the sea ons......... 154 

Mean spatial easonal rainfall climatolog aggregated to RCM grid for all 155 
sea ons ..... ......... .. . . ..... .......... ................. .................. ................. .. 

irnulated and ob erved mean annual rainfall cycles for station in the 
region ........................................................................................ . 157 

Ea t Africa topography showing alue of altitude in meters (m) as is 159 
represent d in PRECI R M modeL. ............... .. ........................... .. . 

catter plot for emi-obse ed CRU plotted against ~ CHAM4 model out put 160 

X1 



Figur 53b: catter plot for emi-ob rved R plott d again t Had 3P mod 1 m d I 
out put .................................................... .. ..... . .... ············ · ····· 160 

Figur 53c: catter plot for mi-ob rved R plotted again t RA40 model out put 161 

Figure 53d: catter plot for emi-ob erved CR plotted again t n mble M an RCM 

Figure 54: 

Figure 55: 

Figure 56: 

Figure 57: 

Figure 58: 

Figure 59: 

output. . .. . . ........ ............................. .. ........... . .. .. ............. ········ ·· · 161 

ea onal c cle of th ariou R M model tog ther with mean en mble 162 
output aft r calibration ......... . . . ............ ... . .... .. .. .. . .............. .. ........ . 

Future temp rature for 2020 u ing Mean ~ n emble projection RE 163 
/1\2. .. .. .............. .... .. ........ .. ........ ....... .. .... ... . ...... .. ..... ....... .. . .. ... .. 

Projection f future mean surface t mperature (°C) for the p riod 2100 with 
reference to the baseline of 1961-1990 forth mean en emble RCM under A2 165 
scenario for December-February eason .... .. ........................ .. 

patial pattern of th changes in easonal mean urface air temperature COC) 
for the p riod 2071-2100 with refer nee to the bas line of 1961-1990 und r 
the Mean En mble A2 scenario for (a) Dec rnber-F bruar (b) March-Ma 
c) June- ugu t and (d) ept mb r-December................ .. .. .. ..... ......... 166 

The future chang in March to Ma (MAM) ea onal precipitation for the 
period 2010-2020 in mm/day and al o as a percentag of the pre ent da with 167 
reference to the baseline of 1961-1990 . ....... .... .. .. ... ... ................ . . 

Graphical plot for projected MAM seasonal rainfall for orth-eastern sub- 168 
region a repre ented b Lodwar using smoothed and unsmoothed .... .. ...... . 

XII 



Tabl Ia: 

Table lb: 

Table 2: 

Table 3: 

Table 4: 

Table 5: 

Table 6: 

Table 7: 

Table 8: 

Table9: 

Table 10: 

Table 11 : 

Table 12: 

Table 13: 

Table 14: 

Table 15: 

Table 16: 

Table 17: 

Table 18: 

LI T OF TABLE 

Li t and location of tat ion u d in th tud . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . 41 

Rainfall tat ion u d to repre ent March-Ma (M M I imatic zone ........... ... ...... .. 41 

Rainfall ration u d to repre nt October-December (0 D) climatic zon 43 

Rainfall tati n u ed tor pre ent Jun - ugu t (JJ ) climatic zone . . . . . . .. . . . . .. . . . . 44 

OV table for Multi pi Linear Regre ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 67 

Contingenc table for ob erved and foreca ted model... . . . ...... ..... .. .... ........ .. .. .. 68 

Eiaen alue . ariance and accumulated ariance e tracted b each mode of the 

decadal MAM rainfall... . ......... . . . ..... ..... .. ... .......... .... ... . ... .... ...... ............ 79 

Eig n alue . ariance and accumulated arianc e tracted by ea h mode of the 

decadal 0 D rainfall.... . .... .. ... .. .. ..... .... ................... ....... ... ....... ............ 82 

ummary of orne tati tic from VD anal i for p cific Ocean S Ts and 

decadal 0 D rainfall. ........... .. . .... .......... .. .. .. ..... ..... .. ........ . . .. .. ... ..... ..... 92 

ummary of orne tati tic from D anal i for decadal JJA rainfall eason for 

and pecific Ocean T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 07 

Summar of orne tatistic from D anal is for d cadal MAM rainfall eason 

for the pecific cean ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 

es ment of the kill of the eptember -December regression model ....... ... ..... 140 

Mean 1.5 m urface air t mp rature tati tic for R M and GCM for land point 

on I o er the region. ... .... ..... .. . ... ............ .... .... .. . .. ............ ............ .. .. .... 147 

ea onal land precipitation mm/da tati tic for land points onl aggregated to 

the RCM domain . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 150 

Computed percentag ab olute m an error (AME) between PRECfS RCM output 

and Ob erved rainfall records . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . .. 158 

Statistical re ults from the calibration of the model for the period 1961-1990 . . . . . . ... 162 

A erag change of precipitation under RE A2 and B2 scenario over ea t Africa 

region from PR CJ imulation relati e to ba eline ( 1961-1990) . . . . . . ... . .. . . . . . . . ... . 164 

erage change of mean pr cipitation under RE A2 and B2 cenario o er ea t 

frica region from PRECI imulation (1961-1990) .. . ....................... . ........... 167 

2071-2100 changes of mean ea onal rainfall and temperature under RE A2 

cenario from PRECI relative to 1961-1990.... . ..... .. . . . . . . .. . . .. .. . . . . . .. .. . . . . . . . . .. .. 168 

X Ill 



l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

14 ERO 
15 F 
16 G 
17 GDP 
18 GHA 
19 GRV 
20 HadAM3P 
21 HadCM3 
22 ICPAC 
23 I 
24 IGAD 
25 IOD 
26 IPCC 
27 I DR 
28 IT Z 
29 JJA 
30 KMD 
31 LEV 
32 LDA 
33 MAM 
34 MDGs 
35 MLR 
36 M 
37 AO 
38 CAR 
39 NC P 
40 NIDI 
41 MH 
42 
43 
44 

LI T OF ACRONYM 

Arctic limate Impact 
Atlantic MuJtidecadal 
Analy i of ariance 
Atmo phere 0 ean Global Circulation Mod l 
Arid and emi Arid Lands 

Llmat VARiability 
limate for D elopment in Africa 
limatic Research Unit of the ni ersit of a t nglia 

Democratic Republic of Congo 
Europ an Community Hamburg Model er ion 4 
El ino- outh rn Oscillation 
Empirical Orthogonal Function 
European Centre for Medium-range Weather Foreca ts 
(E MWF) Re-AnaJ sis 40 

arth Resources Ob ervation and cience 
Factor Analysis 
General Circulation Model 
Gro s Dome tic Product 
Greater Hom of Africa 
Great Rift Valle ystem 
Hadle Center Atmosphere-only global Model 
HadJe Center Coupled Model version 3 
lOAD Climate Prediction and pplications entre 
Int rnational Council for Science 
lnt rgo ernmental Authority on De lopment 
Indian Ocean Dipole 
Intergovernmental Panel on Climate hange 
International trategy for Di aster Reduction 
Int r-Tropical Con ergence Zon 
June July August 
Kenya Meteorological Department 

atural Logarithm Method 
Linear Discriminant Anal is 
March April May 
Millennium Development Goal 
Multiple Linear Regre sion 
Meridional Overturning Current 

ortb Atlantic 0 cillation 
ational Center for Atmospheric Re earch 
ational Centers for Environmental Pr diction 
ational Integrated Drought Information y t m 
ational Meteorological!H drological ervice 
ational Meteorological ervice 
ational Oceanic and Atmo pheric dministration 

October - December 

X1 



45 PC 
46 PDO 
47 PRECI 
48 QBO 

49 RCM 
50 RegCM3 
51 LRM 
52 0 
53 or 
54 RE 
55 ST 
56 THC 
57 TMA 
58 TAV 
59 UK 
60 UMD 
61 EP 
62 U G 
63 WCRP 
64 WMO 

LI T OF ACRONYM CONTINUED 

Prin ipal Component Anal , i 
Pacific Decadal 0 cillation 
Providing REgional Climat for Impact tudie 
Quasi-Biennial 0 cillation 

Regional limat Mod I 
Regional limate Model er ion 3 

imple Linear Regr s ion Model 
outbern Oscillation 
outbern 0 cillation Ind x 

Special Report on Emis ion cenarios 
Sea urface Temperature 
Thermohaline Circulation 

anzania Meteorological Agenc 
Tropical Atlantic ariabibty 
United Kingdom 
Uganda Meteorological Department 
United ations En ironment Programme 
United tates Geological urvey 
World Climate Re earch Programme 
World Meteorological Organization 

X 



ABSTRA T 

The o erall obj cti e of thi tud i 

temporal decadal rainfall 

ariability mode of th 

ariabilit mod 

pecific global 

dominant patial and 

and their releconnection with decadal 

eans. Kno l dg d ri ed from the 

tel conn ction i u ed to xamin th pr dictability pot ntial of the mode of decadal 

ariability of East African rainfall. pecific obj cti e that w r und rtaken to acb.ie e 

the o erall objecti e of the tudy in Jude delineation of th r gion into homogenous 

zones with similar decadal ariability mod · in e tigation of the tel connection of the 

regional decadal rainfall ariability patt rn with global ea urface Temperature 

modes· examination of the predictability potential of the regional d cadal rainfall 

variability patterns togeth r with probabl future regional climate cenarios and compare 

near-term projections with predicted decadal rainfall using Regional Climate Model 

(RC 

The data sets u din the tudy include monthl observed rainfall over East Africa 

and global sea surface temperature co ering the period 1950 to 2008. Other data sets used 

include gridded data ofth Uni ersity ofEast Anglia' s CJjmate Research nit (CRU) for 

the period 1961 to 1990; the European Centre for Medium-range Weather Forecasts 

(ECMWF) 40-year Re-Anal is (ERA40) and European Community Hamburg Model 

version 4 (ECHAM4 model output. The obs rv d rainfall and sea surface temperature 

data u ed in th study were moothed using a nine point binomial coefficient filter to 

remove all fluctuations equal to and less than 9 year . 

The method used to in estigate th p cific objecti es included mass curve 

anal sis to as es the quality of data u ed, trend and sp ctral analy to investigate the 

dominant pattern of the e isting decadal rainfaU variability. Principal Component 

Anal si (PCA) was used to delineat th region into homogenous decadal rainfall zones 

while Cannonical Correlation Analysi (CCA) and ingular Value Decomposition SVD) 

techniques were u ed to in estigate tel connection amongst decadal rainfall with Sea 

Surface Temperature mode over variou part of the global oceans. The 

predictability potential of the regional decadal rainfall ariability pattern were assessed 

using correlation and Multiple Linear Regr ssion (MLR methods. A high resolution 
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R gional limate M d I R . PRE I (Pro iding R gional limate for tmpa ts 

tudie , wa appli d to g nerate regional climate cenario . Be id . P l mod 1 

wa applied to produc hindcast . that wer compared with ob rved rainfall. and near­

t rm future proj tion that wer compared with predict d d cadal rainfall. 

The patt rn of decadal araibility hov d that although w t and dry decade 

were recurrent, and ometime extend o er large area there were ry few decades 

when flood or drought co red the whole of Ea t Africa region except for the wet 

decade of J 961-1970 during the short rain (Octob r-Decemb r) eason. Re ult from 

pectral density anal sis of rainfall time serie moothed with a 9-point binomial 

coefficient filter showed dominance of ten ears period that wer significant at 95% 

confidence level when both white and red noi hypoth were u d. The Principal 

Component Anal sis re ults for decadal rainfall records yielded ven and nine 

homogen ou decadal rainfall zon for Octob r-Dec mber (OND) and March-Ma 

(MAM) asons respecti ely. Thus for the first tim this study ba pro ided detailed 

analy is and characterization of decadal rainfall mod s for East Africa and delineated the 

region into homogenous zone based on modes of decadal ariabilit . This can be of 

great use in the long-term planning and management of all rainfall dependent activities in 

the region. 

The results obtained from anal ses ofteleconnection between the regional decadal 

rainfall ariability patterns and the global ea sUJfac temperatures using ingular Valu 

Decompo ition (SVD) anal si showed high alues of quare Co ariance Fractions 

( CF) explained b tb fir t three modes of the global oceans. Th result for the first 

VD modes for Indian tlantic and Pa ific oceans re pecti ely, contributed to 50% 

43% and 38% of the total quare co ariance for March - May 65% 48% and 40% for 

September- December rainfaJJ seasons. During Jun - ugu t season how er the first 

VD modes accounted for 61% 39% and 42% resp ctively for the arne oceans. It was 

ei e ideot that the El iiio modes were prominent o r the Pacific Ocean while Indian 

Ocean dipole was a ke feature o r the Indian Ocean ba in. An inter-hemispheric 

dipole mode that is common during 0 wa a prominent featur in the Atlantic 

Ocean. In general the results from th VD highlighted the significant roles of all the 

global oceans in the ob erved decadal rainfall ariability modes o er th region. Based on 

pre iou studies conducted on the rainfall araiblity over the region this study is the first 
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n t clearl d mon trate trong co arian between decadal rainfall ariability and 

p ci fi global an T o er parts of Ea t Africa. 

R suit from Multiple Linear R gr ion (MLR) method howed ubstantial 

variation of th m d l prediction skill of the decadal rainfall ariability mode within 

variou homog nou z ne and eason . Th Heidke kill cor (H ) valu s deri ed 

from mod 1 simulations were ~ 0.30 at all locations indicating that the models could 

provid forecast with useful skill . The perc ntage of correct for cast in all categori s 

as found to be between 38% and 64% for all zone . Thus, the tud has for the fir t time 

d mon trated that T decadal variability mod can pro ide u eful in ight of decadal 

ra infall ariability over Ea t Africa region. 

The regional model (PRE I ) simulation reproduced realistic annual cycle and 

int r annual variability pattern characteri tic of the regional climate. PRECIS model also 

captured the general tr nd of the interannual rainfall anomalies for the training period of 

the model. The amplitude of th individual extr me rainfall event w re however not 

II r ol ed in most years and ea ons. Howe er the downscaled global climate 

enario using PRECIS model were in g neral agreem nt with proj cted d cadal 

ariations using Multiple Linear Regre sion (MLR) model in mo t locations of the 

r g10n. 

Tbe results of this study therefore have provided som ver useful insights, 

tools. methods and products that can be broad! u ed to inform short to long term 

planning and management of all rainfall dependent acti itie in the region. In particular 

the outcomes of this stud will be u eful mil tone in main treaming decadal climate 

variability information into the r gional economic development strategie . The results 

can be integrated in the de elopment of new climate risk management tools to aid in 

coping with current climate variability and adaptation to future climate changes in East 

Africa. 
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CHAPTER ONE: TROD CTIO 

Mo t of ocio- conomic acti itie in East Africa r gion ar rain dep nd nt. Th 

occurrenc of both too little rainfall droughts) and too much rainfall (flo d ) often lead 

to d astation of mo t economic. o ial and en ironm nt 

past tudie of the r gion ha e concentrated in the in tigation of extreme climate event 

on dail ea onal and inter annual time seal d pite vidence for recurr nces of flood 

and drought at decadal tim cale . The kn wledge of decadal rainfall ariability 

patterns both in time and pace i criti al in climat risk managernenl for medium to long 

term planning and su tainable de elopm nt of all rainfall dependent acti ities in the 

region. The term East Africa is used in this stud to r fer to the thr e countrie nam ly 

K nya, Uganda and Tanzania. 

East Africa i one of the region with er high degree of rainfall variabilit both 

in space and time. Most of the hazard resulting into di aster in th region are climate 

related. Over 70% of the region i classified as Arid and emi Arid Lands (ASALs). 

Agriculture is the mainstay of the economies of th region with o er 78% of the total 

population dependent on rain-fed agriculture. The roo t dominant economic acti it is 

small-scale sub i tence farming in spite oflo and erratic rainfall with recurrent droughts 

in mo t parts of th region. Therefore. fforts to impro e understanding of rainfall 

ariabilit and change at diffi rent time and pace cale forms an .important research 

focu for th entire region. 

0 er 90% of natural di aster in the region are r lated to extr m climat events 

such as floods drought . c cion , among other I DR, 2005 . Tb percentage of 

climate related disasters is higher in the region with the poor being most ulnerable to 

current hazards and to the exp cted climat change impacts. The e climate related 

disasters are often associated with e ere ocio-economic impact such as lack of food 

water energ and man other ba ic ne ds· famine· mas migration of animals and 

people· lo of life and property· and damage to infrastructure among man other socio­

economic miserie . The region undergo regular de astating droughts and floods that 

often lead to near collap e of agro-based economies and 11 eliboods spread of diseases 



and oth r cio- conomi di ast r . Th impa t an r ult into limit d progres and/or 

tagnation of ocio-economic growth of tb r gion. 

Environm ntal d gradati n brought about b extr m climate e n r main a 

maJOr con ern. Th vuln rability of the communitie i e acerbated b high rate of 

unemploym nt among the ouths. constituting 60% of the population. The 

un mplo m nt rat often ri e during the ear of climate e treme hen raw material 

are wiped out: low water le els in dam l ading to power hortage and rationing di ase 

epidemics among man other challenges. The recent climate risks including potential 

impacts of climate change calls fi r immediate attention and actions that can jeopardize 

u tainable e onomic de elopment program of th region. 

orne r cent studies have noted significant chang s in the fr quency and inten ity 

of se er weath r nts on et and cea ession of rainfall eason and climate extremes 

(IPCC 2007 Gitau 2005 Hastenrath and Polzin 2004). At times orne of the extreme 

e ents ha per i ted for month or ear exacerbating the r growing socio-economic 

problems of the region. Changes are also being ob erved in the patterns of many ocio­

economic ariabl s. For example, the highland that w re previously fr e of malaria 

epidemics ha e now becom malaria high-ri k areas (Zhou et al. 2004· van Lieshout et 

al. 2004· IPCC 2007). 

Many studies ha e shown that Atlantic Ocean hav trong influence on the 

climate of the r gions neighbouring it and be ond (Hastenrath and Heller 1977· Moura 

and hukla, 1981· Parker et al. 1988· Hu and Huang 2006· bang et al. 1998· Wang 

2002· Sutton and Hod on, 2007). ignificant teleconnection ha e been observed between 

the Great Ocean Con e or GOC and the associated currents that influence the global 

climate pattern through ocean-atmo pher interactions (Hashizume et al. 2003; Jochum 

et al. 2007; Qiao et al. 2004· Marmorino et al. 2004· Valsala and Ikeda 2007· Zang and 

Gott chalk 2002). The amount of heat transported around b atmosph ric and oceanic 

currents play an important role in determining the mean climate of an region ( hukla 

1 991· Wun ch and Heimbach, 2006 and the ocean wa es have ignificant influence on 

ea urface Temperatures ( Ts). The GOC tran ports arm and low alinity water from 
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the tr pica! Pacifi and Indian ocean round outh Africa t north tlantic near lc land 

(Burroughs. 1999 . 

om r cent tudi ha noted that h a y rains and the a ociat d flood 

affecting part of th r gion ar ob r ed after an averag of fi to t n ear followed b 

anoth r fi e to ten year of depre d rain and as ociated drought (Omondi 2005· 

chreck and emazzi 2004). The Intergo rnmental Panel on lirnate hang IPCC 

2007 a se ment indicat s that both drought and floods ba e incr a din frequency and 

e erity in th recent year and are projected to increase in tb future at many locations 

world wide with far reaching implication on th d maud and availability of quality fresh 

water resourc . There are al o large ear to ear ariations in precipitation recei ed at 

arious Location of Africa (Ogallo, 1979· i hoi on, 2000b ). In orne ears extr me 

floods I droughts are ob erved leading to too much I too little ater on the urface with 

far reaching phy ica1, environmental and ocio-economic impacts. 0 er the region. a 

ingJe drought or flood can draw back man ears of national socio-economic 

de elopment growth. Jimate extreme are also linked to many regional conflicts and 

in ecurity when ocietie compete over limited water food and graze lands. The impacts 

of climate variability including change in the patterns of the extreme e ent ha e 

potential to de tabilize li lihood s stems and future de elopment acti ities. 

Time! a ailability of cJimat in£ rmation through prediction and earl warning 

can pro ide u eful tool for forward planning to reduce th vuln rability and risk of the 

h dro-meteorological hazards. L ad time of th arl warning s stem is important for 

the gen raJ planning and management of the disaster systems. Most of the recent 

prediction and early warning yst m ha e been based on El ifio and the associated 

STs Indeje 2000· Muterni 2003 M ale et al. 2004 Gitau 2005 yak ada, 2009). 

The e ha e been done for periods of days to easons. 

The de elopment of pojjcie useful in addre ing challenge posed b climate 

ariability r quire adequate kno ledge of climate extremes on Longer time cale. The 

knowledge of d cadal rainfall ariability o er the region is therefore essential for 

economic planning in all rainfall d pendent acti ities. This call for quantification of 

3 



how much chang or ariabilit the climat of a parti u]ar region ha tak n place and 

futur likel chang . Ithough pr diction of climate ariabiJit b ond thr months 

r mains a challenge in the ub-region particularl among climat r arch cienti ts there 

is need to attempt to proj t futur climat ariability b ond asonal timescal using 

global and regional circulation model . 

One of the ke challenge of the global ientific community proper 

understanding and forecasting of decadal climat variability. Thi i an isuue and 

chall nge that ha al o been recongnized b the World limate Re earch Programme 

(WCRP) of the World Meteorological Organization (WMO and International Council 

for cience (IC ). Recent sn1dies ba e hown that it i now pos ible to do seamless 

prediction of the climate stem from w kl w ather to ea onal interannual decadal 

and centennial climate ariations (WCRP 2005 . Reliable decadal prediction have 

application in many ectors such a health. agriculture. water management tourism 

forestry fi heries electrical power generation shipping and offshor construction 

(Crawford et al 2006 . The e application would all be irrele ant ithout the additional 

kno ledge of Anthropogenic Climat Change (A C . Ho e er in the Jight of ACC 

many public and pri ate ectors are no facing the problem of assessing what 

infrastructure in estment is needed to adapt to climate change. Whilst mitigation polic is 

rele ant for control ling carbon concentrations a hundred or more ears ahead 

infrastrucrure investment deci ions in climate-sensitive areas are most rele ant on the 

decadal time cale. Hence de eloping a reliable decadal prediction y tern will be a key 

contribution to de eloping appropriate strategi for climate adaptation. 

Whereas there has been rea onable and rele ant capacity building to generate 

skilfull weather and seasonal prediction in the region limited (or none) attempt has been 

made to de elop similar capacit and skill for decadaJ predictions. But, at the same time 

information of extreme climate variations at decadal timescal is b coming extremely 

useful for d cision makers in di er e ar nas from water manag r to public health 

experts medium and long term national de elopment plans· among many other sectors 

that are ensiri e to climate ariability and changes. Information about decadal climate 

ariability and change are necessary in the de eloprnent of climate risk planning tools 
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that are criti al for de 1 pment, fo d ecurity. water r ourc , fi heries, publi health 

among man other ector . 

Therefore. the primary goal of thi di rtation re earcb i to m e tigate 

cbaracteristize and impro our und rstanding of patial and temporal decadal climate 

ariability and near-term (decadal) future climate proje tion o er a t fri a r gion. It 

al o examines the potential u of th deri ed characteristic and modes of present and 

future decadal predictability and predictions in the impro ement of r gional climate risk 

reduction strategie including copping with the curr nt climate xtremes and 

de elopment of reali tic climate change adaptation tools and trategies. 

The overall and p cific obj ctives of this study are decrib d in the subsequent 

ction. 

1.2 OBJECTIVE OF THE STUDY 

The overall objecti e of thi tud is to in estigate the dominant spatial and 

temporal decadal rainfall ariabilit modes and their t leconnection with global sea 

urface temperature mod s. To achieve this primary goal the sp cific objectives ere 

developed as:-

i) Delineate the East African region into zones with similar decadal variability 

modes 

ii) Determine th ignificanc of existing decadal modes m the ob erved 

interannual rainfall r cord . 

iii) In estigate the teleconnection of the regional decadal rainfall variability 

patterns to global ea urface Temperatures 

1v Examine th predictability potential of the regional decadal rainfall 

variability patterns 

v) Examine probable future r gional climate cenario and compar near-term 

projections with predicted decadal rainfall u ing Regional Climate Model 

(RCM). 
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1.3 TIFICA TIO OF THE ST y 

The d cadal tim cale i widely recogniz d as a ke planning horizon for 

go emm nt , bu in and oth r oci tal entitie (V ra t al.. 2009). Decadal climate 

ariability i clo ely related to health, main! appli d to th po ible changes in 

temp rature and rainfall. and the estimation of propagation of di ase ector . Diseases 

carri d b in ects xpand in geographical rang a t mp ratur rise and fall. Warmer 

weath r nables tropical in ect to carry diseases toward higher latitude . Wetter weath r 

allows malaria to pread to new regions and incr ase in s erity in already-infected 

areas. Oecadal prediction will enable societies and agencie to nbance their r spoose 

trategie to spread of di ease in ne territories and al ode eloping mitigation measures 

to combat spr ad of di a under changing climates 

Extreme climatic e ents have often wip d out decades of national development 

m estmeots and infrastructures as many nations are forced to redirect mo t of their 

scarce re ource planned for national development activities to disaster response and 

recovery including mergency relief activitie . The rapid accumulation of climate-related 

ri ks in recent decades and the associated pattern of lo se indicat ineffectiveness and 

even breakdown in spontaneous adaptation and coping NDP 2002 . trategy to reduce 

losse of li es. socio-economic setbacks and envirorun nt degradation b the arious 

climate related hazards requires an effecti e Integrated Di a t r managem nt strategy that 

takes into consideration risks that the arious hazard po e on arious poverty reduction 

and sustainable de lopment s stems dri en by the ocio-economic and li elihood 

s tern of the specific locations of the region. 

Within East Africa r gion. rainfall ariability i trongly influenced by El Nino-

outh rn Oscillation 0) on interannual tim seal (Ogallo 1988 Indeje et al., 2000 

Mutemi 2003). E 0 which is a sociated with the eye! of warm and cold sea surface 

temp rature (SST) anomalies in the central and a tern equatorial Pacific has impacts 

that affect global climate on interannual and interdecadal time cales (e.g. Karoly et al. 

1996). Only a fe climate phenomena have been studi d in depth the most prominent 

being the interannual ariations associated with 0 and global ea urface 

temperature (Ogallo et al., 1988· lnd je et al. 2000· Mutemi 2003· Owiti 2005). Much 
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attention ba b nd oted to how and why precipitation ari in as ociation with th 

E Ogallo 198 . lndeje. 2000· Mut mi 2003: 0 iti 2005 and ea urface 

temp rature gradients akwada 2009 , but r littl ha been done, in terms of 

omprehen i e tudi . to consider ariability on longer time cale and what might 

po sib! be forcing such ariability. 

tudie bas d on ob er ed rainfall records o r the r gion ba e hown strong 

e id nee of decadal ariability with teleconnection to mod of ariabilities o er parts of 

the global ocean Omondi. 2005 · chreck and mazzi 2004 · Muthama et aL 2008). 

There is therefore n ed to impro e forecasting of decadal climate ariability. Such 

forecasts would provide vital information to policy-maker for making long-term 

decisions to prepare th communities for the anticipated impacts of near-tenn ( decadal) 

climactic change . 

The increased p r istence and severity of extreme climatic e ents and the high 

potential for their occurrences in the region need long lead-tim but also skilful forecasts 

and/or knowledge on probable future climate cenarios to enable planners formulate 

decisions on the appropriate a to prepare the communities for th anticipated impacts 

of climate extremes. including climate change. Furthermore the attainment of the 

strategic de elopment plans of the three countries in the r gion as tipulated in (Kenya·s 

Vision 2030 Uganda Vi ion 2035 and Tanzania's Vision 2025) would largely depend 

on how well the predictability and prediction of th se extrem climate events are 

understood and thus main treamed into these de elopmentaJ plans and vi ions. 

ustainable ocioeconomic de elopment of the region requir s integration of 

climate knowledge if the diver ified li elihoods of the ariou communities are to be 

sustained and po erty aile iated; and also if th international community s strategy for 

global sustainable d elopment and poverty reduction targets under Agenda 21 in the 

Millennium Developm nt Goal (MDGs is to be attained. 

The importance of decadal climate variabilit ba al o been recognized by the 

Intergovernmental Panel on Climate Change (IPCC) which will include results from 

e periments pecifically designed to provide decadal climate proje tions in its next, Fifth 
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'"'"''"'""ment r port ( a lor t al. 200 . That importance i aJ o recogniz d through a 

numb r of national initiativ aimed at pr viding futur climate information for ecadal 

and longer time cal M hi t al., 200 . 

In a pre ious stud using ighty-year record of observ d rainfall from th region, 

Omondi 2005 howed pronounc d decadal rainfall fluctuation . Ba ed on om of the 

identified as out tanding i ue and ub qu nt recommendation from tlus earli r tud 

thi work emplo ed modeling t chniqu to proje t into the future with particular interest 

of examining Likely change in rainfall patt rn from tile present to late 21 t centurie (i.e. 

th 2010-2100) ith focu dint ret on decadal projections. With th vulnerable local 

communities and high patial variation of rainfall in the region, this stud probes into 

simulated precipitation chang s at t mporal scales longer than the commonly used 

interannual ariation . Thi re earch is d oted to improving the knowledge on decadal 

scale climate variability and as esses how the derived modes and pattern of regional 

decadaJ rainfall ariability could be u ed to improve regional climate risk reduction 

trat gies that incorporate copping with the current climate extremes as well as 

de eloping realistic climate adaptation trategie . 

The prospect of decadal prediction and its recognized importanc has led, in part 

to the initiation, in se eral countrie , of climate services intend d to bridg the gap 

between the seasonal-to-interannual ( I climate information provided by the National 

Meteorological and H drological ervices and the broad cale longer time horizon 

information considered by the IPCC assessments. 

1.4 AREA OF STUDY AND ITS PHYSICAL FEATURES 

The area co ered in this stud i East Africa. Th t rm ast Africa i used in thi 

stud to r fer to three countrie namely Kenya, Tanzania and ganda located within 

latitudes 5° to l2°S and longitude 29°E to 42°E. 
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Figure l: Topographical features of the outer domain, with areas higher than 
lOOOm shaded {Adopted from An ah, R., 2005) 

Figure 1 shows the topographical features of East Africa region. Most parts ofthe 

region lie above 1000 metres abo e ea level. The land rise gradually from the eastern 

coastline on the Indian Ocean through the remnants of the rain forest to the dry bu h 

country of the yika plateau and to the fore t covered East Africa highlands. The highe t 

mountains in Africa are located in this region with Mt. Kilimanjaro (5895m) and 

Kipengere Range in outh-we tern Tanzania, Mt. Kenya 5199m) and Mt. Elgon 

(4321m) in Kenya together ith Mt. Ruwenzorj 5109 in ganda. From the central 

highlands the land drops graduall a ay to the w t to Lake Victoria at 11 32m abo e 

mean seale el. To the west of the domain the land drop to the Democratic Republic of 

Congo basin 400 to lOOOm AMSL). The central highland make up the eastern and 

western escarpments of th Great Rift Valle , which enters the region from the north 

passes southwards through Ken a into Tanzania and rw1 into th outh Africa countries. 
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In the north ast n ighborh d of the region i the thi pian highland and b tween the 

East frican and Ethi pian Highland i a low le 1 all region called the Turkana 

hann 1 (Kinuthia and nani, 198_ . 

Ea t frica ha ompl x terrain that include m of th well-known tropical 

glacier co r d high mountain ofKilimanjaro. Ken a and Rwenzori a well a th Great 

Rift Valley stem GRV . The GRV that run north- outh aero s the region has 

se eral fre hwater lak that include Lake Victoria (the econd Jarg t fre hwater lake 

after Lake up rior and Lake Tangan ika, th econd deepe t fre h ater lake after Lake 

Baikal (Anyah et a/., _006). As a whole the complex r gional terrain pr ents an 

en ironment within which local and large cal climat system frequently interact to 

create highl ariable climate in both space and time. At the same time complex 

topographic feature . including the large East African fresbwat r Jakes e ten ive and 

high mountain orographic hanneled flow urkana low-lev 1 jet and spatially ariable 

land use/land co er characteristics. are ignificant contributors to th variability of the 

regional climate un et. al., 1999a, 1999b· An ah et al., 2006· Anyah and Semazzi 

2006. 

The largest water bod o er East Africa is Lake Victoria. Others are lakes 

Turkana and Tanganyika found within the floor of the Great Rift Valley. The large ater 

bodie and comple terrains ha e profound effect on the rainfall climatology over the 

region. There are larg spatial and temporal ariations in the rainfall characteristi s o er 

the region due to th com pie topographical patterns th e i t nee of man large inland 

lakes, tog tber with raJ oth r regional fa tor A nani and Kinuthia 1979· Ogallo 

1982· Anyah 2005· jau 2006). The diversit in orography has profound effects on the 

overall climate dynamic and the spatial di tribution of key meteorological parameters 

like wind surface t mp ratures and rainfall (Ininda 1994, 1995). lndeje et al. (2000) 

have tated the dominant roles of orography in climate dynamics. In the region, 

orography determine the positions of the emi-permanent upper tropospheric troughs 

and ridge in the we terli , the orographic con ctive pr cipitation systems the 

de elopment and maintenance of mesoscale circulations. and the blocking and 

channeling effects on the low-le el jet streams. 
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CHAPTER TWO: LITERATURE REVIEW 

In thi chapt r the lit ratur r le ant to thi tud is re iewed. orne literature 

from past studie on patial and temporal rainfaiJ ariability o r the r gion that bas b en 

undertaken is al o r iew d. om rele ant literature from oth r r gion i al o included 

in this ection. Th literature re i wed includ pa t studies as ociated with the s t ms 

that control the spac -tim ariability of rainfall in East Africa. The n xt tion gi e 

re ie on the climatology of rainfall o er ast Africa region. 

2.1 RAINFALL CLIMATOLOGY OF EA T AFRICA 

Unique regional features uch as tb Rift Valle and mountain interact with both 

the synoptic and the large- cale s terns to produce the ob erved rainfall distribution 

(Mukabana, 1992; Asnani, 1993). easonal rainfall pattern ov r East Africa are very 

complex due to the xi tence of complex topograpb (Figure 1) such as the Rift Valley 

ystem. mountains, plateau and large inland water bodies A nani and Kinutbia 1979· 

Ogallo 1979 1980· A nani. 1993, 2005· Inind~ 1995; koala, 1996· Mukabana and 

Pielke, 1996) . The temporal variations of rainfall o er East frica occurs on arious time 

scales which include cliurnal (Johnson 1962· Asnani and Kinuthia 1979· Asnani 1993· 

Barring, 1987) quasi-biweekly Okoola, 1989), intra ea onal/monthl (Toms tt. 1969 

easonal (Ogallo 1988) annual (Ogallo 1980 and decadal (Omondi, 2005· hreck and 

emazzi 2004 . The quasi-periodic fluctuations of time-scales greater than a year have 

also been observed (Rodh and Virji . 1976; enzi 1992· Ogallo 1989). 

There are two major rainfall sea ons experienced o er Ea t Africa these are 

locally referred to a tb long rain (March-May) and the "short rains (October­

December). The long rainfall eason i concentrated within March to Ma (MAM) while 

the bart rainfall season occur about late 'eptember to o ernb r/earl December 
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Figure 2a, 2b and _c ho om e amp! of e onal rainfall ariati n from 

orne r pre entati e rainfall tation in the region. he tations cho en bas d n the 

rainfall regime ar Mb a (south tern Tanzania , Lod ar orthw t rn Ken a and 

Mbarara outhwe t m ganda) (Ornondi. 2005). The outhem ector of the tud 

region, represented by Mb a tation ( igure 2a), which xt nds from c ntral to outhem 

Tanzania bas a unim dal peak rainfall regime experi need betwe n pt mber and April 

(Ogallo, 1980; enzi, 1992 · Bazira, 1997). The equatorial ector (north of about so ) 
co ering northern Tanzania. mo t parts of ganda and Ken a gen rally e -hibit bimodal 

ra infall regime. with p ak during March to Ma (long rains and tob r to December 

(short rains . During northern hemi pher summer some areas recei sub tantial amount 

of rainfall be ides the two long and short rainfall season . The r gions that are, 

commonly referred to as e periencing trimodal regime. are found over the Ea t Africa 

coa t. western Ken a and most aparts of Uganda. They receive incur ions of hallow 

westerly. moist airmas from the Atlantic Ocean and the ongo Basin within the 

Democratic Repuplic of Congo (DR ) (An amba, 1984 . orne areas around Lake 

Victoria and the coastal ectors recei e substantial amount of rainfall throughout the year 

since they are close to large ater b di s. Comprehensi e details of the ea onal rainfall 

di stributions o er the region can be found in lninda (1995) and Ogallo (1979). 

The inter-annual ariability of rainfall in the region is linked to the perturbations 

in the global ea surface temperature. especially over the equatorial Pacific and Indian 

Ocean basins and to som e tent, the Atlantic Ocean Ogallo, 1988· Nicholson and Kim 

1997; Mutai and Ward, 2000; lndeje et al. , 2000; aji et al. 1999; and Goddard and 

Graham 1999). In particular~ EJ ifio/ outhern Oscillation (EN 0) anomaly patterns play 

a dominant influence on the int rannual ariability of the equatorial East Africa rainfall 

(Ogallo, 1988· lndeje et al. 2000). The zonal temperature gradient over the equatorial 

Indian Ocean often r ferred to as the Indian Ocean Dipole Mode (IOD) ( aji et al. 

1999a and 1999b) and the coupled lOD- 0 influence have also been linked to some 

of the wettest period in the region, uch a I 96 I and 2006 (Black et al. 2003 · Bo den 

and Semazzi 2007 . 
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The T anomali occurrin o r th Pa ific. tlanti and Indian 0 ean eith r 

all at th am time r each at different time , intriguing! influ nee the int rannual 

ariability of th regi nal rrunfall. t the arne time. campi x topographic tl ature 

including the larg Ea t frican fre hwat r lake exten i e and high mountain , 

or graphic channeled flo (Turkana Jow-le el j t) and spatial! variable land u /land 

co er characteristic are ignificant contributor to the ariabilit of rainfall ( un t. al., 

1999· Anyah et al .. 2006· Anyah and emazzi 2006a, 2006b in the region. It is 

noteworthy that high rainfall areas ar concentrated o er th higWands and near the large 

water bodies. Arid and emi-arid areas of the r gion including Eastern and orthem 

Ken a, ortheastem ganda and entral Tanzania recei ery low rainfall annual! . 

The sub- ection that follows gives a brief discu ion on ome of the s terns that 

influence weather pattern in the study region. 

2.1.1 I TER TROPICAL CO VERGENCE ZONE (ITCZ) 

January Circulation 

I 

Figure 3a: Schematic of the general pattern of wind , pressure and convergence 
over Africa during January (adapted from ichol on et al., 1988). Dotted lines 
indicate the Intertropical onvergence Zone dashed line , other convergence zone. 
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The IT Z i th mam noptic ale t m that control th int n ity and 

migration of th easonal rainfall o er th east m Africa. It i a b undary f confluence 

of hemi ph ric wind n ar th urfac as a re ult of int r-h mi ph ric mon on wind 

s tern o er the r gi n. Due to th compl x f[i t of topographical eli er ity on low­

le l synoptic circulation. th coo rg nc zon i difficult to locate at lo I el over 

East Africa. The IT Z i howe er d t ctabl in the wind field near 700mb (Kiangi et al., 

1981). OverEat Africa. and during the southern hemi ph re summer, during th months 

of o mber to March , the ITCZ has two unique components i.e. the normal east-w st 

orientation call d th zonal compon nt and th north-south oriented component 1gure 

3a) referred to as meridional component (Nicholson et al., 1988 Ininda 1994 OkooJa 

1999). 

7 July/ August Circulation 

ARABIAN LOW 

Figure 3b: chematic of the general pattern of winds, pressure and convergence 
over Africa during Jul /Augu t ea on (adapted from ichol on et aJ., 1988). Dotted 
line indicate the Intertropical Convergence Zone, dashed line , other convergence 
zones. 

The converging northeaster! ) and outheast rl ( E trade fonn the zonal 

component. The north- outb o cillation of th zonal component is primarily responsible 

for both the long and the short rainfall a on o er East Africa. The trength of ITCZ 

dep nds on the inten ity of the N and SE trade winds, hich in turn are driven b the 

subtropical anticyclones. This weak surface ITCZ is attributed to pre ence of complex 
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topography which in lud the Gr at Rift Vall and hain of high mountain lik Mt. 

Ken a and Mt. Kilimanjaro which ar er 5000m AM L Mukabana. 1992 . Tbi 

weakne i thu p ifi all du to th ffi cts of the th rmall -indue d me o cale 

circulations a ociat d with the complex orograph and th pre enc of large water 

bodies. The meridional ompon nt is formed b the con ergence betwe n the ea t rl 

wind from the Indian c an and the m ist v sterlies from th Atlantic Ocean and the 

Congo basin. It o ciliate roughl b tw n longitudes 25°E and 36° . ometimes it 

couples with the quasi-p rmanent Lake Victoria Trough to gi activ alb r o er much 

of western Kenya throughout th year (Asnani. 1993 2005 . The meridional branch of 

the ITCZ igure 3b) is hifted furthest east during June/July which causes large parts of 

the region to be under a moi t esterl monsoonal current from Atlantic Ocean and the 

moist Congo basin. Thi east ard di placement of the meridi nal arm of ITCZ is often 

a sociated with the influx of th moist w terly airmass which is locall known as 

· Congo Airmass . Anomal in the meridional arm has b en clos ly as ociated with 

anomalous rainfall o er the region as ob er ed in some years (Asnani 1993· Anyamba 

1983· An amba and OgalJo, 1985 . 

The Inter-Tropical Con ergence Zone (ITCZ which migrate in north-south 

direction (Figure 3a and 3b) aero s the region twice a ear irnpo significant influence 

on the rainfall regim s ba ed on the onset spatial-temporal volution and withdrawal 

pattern. The peak rainfall valu s are concentrated during the month when the 

Intertropical Con ergence Zone (ITCZ and the o erhead sun pass over th r gion with 

the former lagging behind the later by 3-4 weeks Okoola 1998 . ince ITCZ is the main 

rain-producing sy tern in East Africa, interannual fluctuation in rainfall amount and 

distribution ha e in the past been gene raJ ly attributed to anomalies in the large-scale 

factors that influence the charact ristics of the ITCZ in the region. For in tance the 1984 

drought was associated with the non- stablishment of the zonal arm of the ITCZ as a 

result of a serie of tropical cyclon in th Indian Ocean that rendered the lo level flow 

over the region cliftlu nt as it was diverted to the low pressure systems o er the ocean 

(Anyamba 1984). Moreo er th meridional arm of the IT Z was w ak as a result of 

anomalous warming of the Atlantic water off the African oast Okoola, 1998 . The 

1972 drought on the other hand wa attribut d to anomalous easterly flow (Minja, 1984). 
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Th 1 61 /62 floo , th wor e p rienc d in the region thi century, w re as o iated 

with a ery trong low-1 el e terl wind anomal An amb~ 1984· An ah and 

emazzi. 2006). 

2.1.2 UBTROPICAL ANTICYCLO 

Tb e are ynoptic- cale quasi-perman nt high-pr sure belt due to desc nding 

arm of th Hadley circulation Figure 4 . The are characteri ed b anticyclonic 

circulation whjch gi es ri to ub ideoce and low I el horizontal elocity divergence of 

airmas e . These anticyclones create pres ure differ nee between th equatorial r gions 

and the sub-tropics nee ssar for dri ing the tropical trade winds. The anticyclones 

affecting the flow o er East Africa are the Arabian, Mascarene, the Azores and the t. 

Helena high (Figure 3a and 3b). The Azores and th Arabian antic clones control the 

flow of the northeasterlie from the orthern Hemi ph re whi le the flow of the outhea t 

mon oon from the Southern Hemisphere i controlled by the Mascarene and th t. 

Helena anticyclones. The sy tern are most inten e during th winter season of each 

hemisphere and weaker during summer. 

Pacific 
Ocean 

South Atlantic 
America Ocean 

150° UMt 

Africa Indian Australia 
Ocean 

Figure 4: The schematic of ea t-west Walker global circuJation (Adapted from 
Indeje, 2000) 

The Arabian high generates stronger orth a terlies (NE) during the short 

rainfall period than the outh Easterlie E) from the relative! weaker Ma carene high. 

Howe er, ince the orth Easterli s do not ha e long trajector over the ocean, as 

compared to outh Easterlies which have a longer trajectory over south West Indian 

Ocean IT Z yields le er rainfall during the ept mb r- ovember period. During the 
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Mar b-May ea on tb Mascar n high dri e trong r and m i t r E into East Africa 

Con rgence of E with the E, both of' hich ha e tronger a t rly component re ult 

into Long rainfall eas n. lot nsification in tb treogtb of the t. Helena high implies 

stronger m i t we terlie and therefore a trong r meridiona1 ann of the I CZ. 

The charact ri tic of these antic clone together with th other weathers stems 

o er the Indian Ocean and the Congo/DR basin like the ea t rly a es, equatorial 

we terli and tropical torm ) ar the major source of moi tur tran port into the region. 

For example, the intensification of the t. Helena antic clones o er the outh m Atlantic 

reacti ates th Congo Air Boundary pushing it ea tward to couple with Lake Victoria 

Trough and and initiat active con ection ov r we t m parts of the region (Trewartha, 

1981 . Thi incursion of the Congo airmass causes the third peak in rainfall within a year 

over the e tern parts ofthe region centred on July/August. 

2.1.3 MONSOONS 

Monsoons are defined a the seasonal re ersal of the cro -equatorial winds that 

follow the o erhead un and the ITCZ. Th differential h ating of the land and sea 

enhanced b other dynamical and physical features has been considered as the main 

dri ing force of the monsoon circulation. Monsoon are al o known to be controlled b 

circulation feature within the whole depth of the atmo phere, especially tropospheric and 

lower tratospheric circulations. Mon oons are fundamentally th atmosph ric response 

complicated by the presence of water vapour to the shift of the overhead sun, and 

therefor zone of maximum heating. from the Tropic of Capricorn in late December to 

the Tropic of Cancer in late June. A sociated with this r spon are major changes in jet 

stream movement and a meridional shift of the rain-bringing ITZC. Mon oons are 

characterised b major wind s stems that seasonally r r e direction (e.g. one that 

blows for six months from the northeast and si." months from the outheast). The primary 

cau e of monsoons is the difference between annual temp rature trends o er land and sea 

easonaJ change in temp rature are large o er land but small o er oceans. Monsoons 

blow from cold towards arm regions from sea to ard land in summer and from land 

toward ea in winter. Most swnmer monsoons produce large amount of rain hile winter 

monsoon tend to cau e drought. 
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Th climat of Ea t Afri a r gion i int1u need b th northea t and outhea t 

mon oon which ar ·p rienced during outhem and northern summ r re pecti el 

(Tr wartha 1981 An arnba 1983. 1993; FindJater 1971 . Th northeast monsoons are 

gen rall contin ntal dry hallow and diffluent. During the int nnediate equatorial 

a on (March-May and eptember- o emb r) both monsoonal wind currents are 

pre ent with one withdrawing" hile the other advancing. The mon oonal wind which 

occur during the transitional ea on , ha e a strong zonal comp nent and bring equatorial 

wann and moist air into th Equatorial East Africa r gion from the Indian Ocean. Sadler 

et a/., (1987) have shown warm urface waters T) o er equatorial Indian Ocean 

during the transition month of April and o ember. Thi moist equatorial air has a 

condjtionally unstable lapse rate and responds rapidly to low-level convergence with 

widespread claudine s, bowers and thunder torm . 

Many extreme rainfall anomalie in East Africa during the major rainy seasons 

ha e been associated with anomalie in th monsoonal wind s stems ince th y ar the 

major transport mechani m of moisture into the region. Both monsoon currents are 

generally diffluent in the Jo le els and flo paralJel to th coast o that they do not 

ad ect much moisture inland. The are relati el shallow extending up to about 600hPa· 

and are capped aloft by an easter} flow. The southeast monsoon i cool and moist and 

the warm easterly curr nt aloft re ults in a persistent inversion near 600hPa ruch 

inhibits cloud de elopment. This inver ion is occasionally broken by incursions of 

e terlies. The convergence of tb se winds determines the location of ITCZ. The 

characteristics of these winds o r the region are controlled by the location intensity and 

ori ntation of the major semi-p rmanent anticyclones of frica. together with other 

related general circulation parameter jau 2006). The outheast monsoon from 

Mascarene high is relati ely moi ter compared to the northea t monsoon with land 

trajectory originating from the Arabian ridge. 

In the next section. the ea terly and westerly wa es are discussed. 
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2.1.4 EA TERLY AND WE TERLY AVE 

Th ast rl wa e are we tward propagating a lik p nurbati ns within th 

ea terl current. h are ob r ed equator- ard of the subtropical high-pr ur belts 

in the neighbourhood of the ITCZ and are as ociated with the origin of tropical c clones. 

Th ir conditions at a p ific location will d p nd on wh ther it i the lo ation of origin, 

enhancement or deca . Ea terl a e forming in th Pacific ba e b nob er ed to cro s 

the Indian ubcontinent into the Arabian a and weaken toward the W stern Arabian 

ea (A nani 1993). The arrival of an easter! wa i r cogniz d b the disturbance of 

the weather condition and changes in th surfac pre ur . 

Asnani 1993 gi es a detailed di cus ion of tropical easterl wa es. The ea terly 

aves are known to influence the weather of the region. Fr mming (1970 observed rain 

a ociated with an easterl wa e disturbance that affected the coast and mainland areas of 

East Africa region during outh east monsoon in epternber 1967. Cadet and Olory­

Togb 1977 Cadet 1978 tudied time longitude section of cloudiness o er the Indian 

Ocean during the northern ummer between 25 June and 10 August 1975. They found 

the existence of westward propagating di turbance in the Indian Ocean to the south of 

the equator (7.5° and 12.5° ) and eastward propagating ones to the n011h of the 

equator. According to their ftndings the p rturbations to the outh of the equator 

di pia ed wa elength of 7, '00 km, p riodicity of about two we ks and phase p d of 

about 5°- 6° longitude per day. The development of d p westerlies u ually presages 

imminent wide pread of rains o er East Africa. The we terlies are accompanied by deep 

tratifted cloud ith mb dded cumulonimbus. The seasonal characteristics of the ITCZ 

occasional! induce west rl winds ov r the equator particularly when the monsoon 

wind change direction after eros ing th equator through the influence of the Coriolis 

force. 

In their tud of easterl and westerly wa es, Kabanda and Jury (1999), found 

that the convecti n is enhanced by an incr ase of upp r westerlies in the equatorial band 

which assists o ertu.rrUng and con ecti e outflow. During July and August the 

phenomena mo tly affects Uganda and west rn Kenya while in January through March it 

affects mainly central and southern Tanzania. The e we terli are relatively moist and 
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un tabl and gi e wide pread rain over quatorial astern fri a (Tr v artha 1981 . An 

mer as in the west rli oft n lead to wid pr ad h avy rain during th major rainfall 

on of pril-Ma and tob r- o mb r when wind ar pr dominant! 

B r ford (1982 . 

akamura ( 1968 di tingui h d two regime of west rli o r Ea t frica, tho 

o curring in January- Mar h o r th outhem Tanzania and the Ma ctober 

w t rlie . The latter v ere ob er ed to affect a wider area of the astern parts of the 

r gion. e ·tending from 1 oo . aero the equator into the north m h misphere at 700-500 

hPa embedded in asterly current . tudie . how the occurr nee of equatorial westerlies 

over the West Indian Ocean during normal ears maximum intensity of west rlies ar 

general! ob erv d at 700 hPa I vel, while ea terlie were dominant at the upp r levels 

during the long-rains ason (Murakami and umathipala, 1989· Okoola 1989 1999). 

he 1961 /62 floods, one of th wor t floods experienced in the a t Africa region were 

a o iated with aver strong low le el we terly anomal (Anyamba, 1993). 

The next sub-section di cusses tropical cyclones. which are amongst the noptic 

fi ature with significant influenc on th rainfall ofthe region. 

2.1.5 TROPICAL CYCLONES 

The tropical c clone that influence weather o er East Africa form in the We t 

Indian Ocean region. equator ward of 20° latitude. orth of the equator th y form in 

northern spring and lat fa11 and mo e northward into the Arabian ea. Th are cyclonic 

ortices whose origin are almo t invariabl in the low latitude between 50 and 200 

orth or outh of the equator. In the latitudes the deft cting force of the earth s 

rotation (Corioli force i ufficientl larg to produce c clonic circulation. According to 

World Meteorological Organization (WMO) tropical tonn i a low pre ure sy tern 

who e sustained wind spe d i 34-63 knots and becomes a tropical cyclone when the 

u tained wind speed is qual to or in excess of 64 knots (R iter 1961 ). Intense 

depre sions occur in ev ral tropical outhern!we tern Indian Ocean regwn during 

c rtain periods of the ear and the e are popular! known as cyclones in the southwest 

Indian Ocean and Arabian ea and a Will -Will in Au tralia. There are other regional 
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nam s gi ven to imilar w ath r t m app aring in differ nt part of th world ( naru. 

1993). 

Tropical c clone usually reach th ir maximum fr qu ncy in ugust- ept mber 

in the orthem Hemispher and January-Februar in outhern H mi ph r . Th cause 

se re weather that i destructi e to both life and prop rty (A nani 1993). The e s stem 

rar 1 reach the East Africa coast, howe er. there ha e been few o casion like in 

October 1972 and 1984 when th reached the coast and caused in reas d rainfall as far 

as omalia and north m Ken a. Their effects are fi lt and can cau hea precipitation 

for one or two da s as far as 200 km awa from the Ea t Africa coa t. On the other hand, 

if a tropical cyclone pas es further outh and ttles over Madagascar, it caus s de iation 

of moisture lad n south ea terlies toward tlli low-pressure ortex thereby causing a dry 

spell over East Africa. ln 1984 for xample. high frequency of tropical c clones in the 

Mozambique Channel contributed to the failure of the rains in many countries in eastem 

Africa (An amba and Ogallo, 1985 . The monsoon wind accelerated into the channel 

and resulted into the non-establishment of the lTCZ in the region. 

Jury et al., 1999 ho ed that tropical cyclone da ov r Indian Ocean contains 

prominent decadal c cles higher frequencies linked to QBO and ha e positi e 

r lation hips with T over the entir outh west Indian Oc an from eptember to 

March. The presence of the c cion near East Africa coast increases the pre sure 

gradients between north m Africa and the Atlantic and the outhwe t Indian Ocean 

causing moist westerlie to conv rg into eastern Africa. uch was the case during the 

floods of 1961/62 (Anyamba 1983). ccording to Jury 1993) and Rocha and 

immonds (1996) a arm Indian Ocean i frequent] a sociated with an increased 

frequency of tropical c clone and strengthened equatorial urface we terl ies. However 

high frequenc of occurrence of tropical c clones in the outh West Indian Ocean 

( WTO) during the rainfall eason lead to widespread rainfall deficit and drought in the 

East Africa region. The 1984 Mar h-Ma drought was associated with the non­

establishment of the zonal arm of the TTCZ a a result of a eries of tropical cyclones in 

the Indian Ocean which rendered the low le el flow over ea tern African diffluent as it 

was di erted to the low pre sure s terns over the ocean (Anyamba and Ogallo 1985). 
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It can, ther for , b concluded that th influ n e of th tropical c clone on 

rainfall of the region d p nd on the ea n. track and locati n of th c clone . be 

tropical c cion can ith r nhanc or r duce rainfall d pending on the above 

haract ristic . 

2.1.6 QUASI-BIE AL 0 CILLA TIO 

The Qua i-Bi nnial 0 cillation (QBO) is the alternation in pha e of the zonal 

winds in the lower trato ph re with p riod of 26-30 month . There is rtical 

propagation in the pha e of the zonal winds leading to change in ertical wind shear 

and the associated tabilit . e eral tudies have reported th pr enc of th QBO in 

arious atmospheric parameters and at different regions of the globe. orne of the 

atmospheric ariable that ha e exhibited QBO includ temp ratur (Ra mu son et al., 

1981) ozone (Funk and Garnbam, 1962 · lase be 1980) Indian monsoon (Mukherjee et 

al. , 1979) and African rainfall (Rodh and Virji. 1976· Ogallo. 1982· icholson and 

Entekhabi 1986· Tndeje and emazzi, 2000). 

Indeje et al. 2000 found a statistical association b twe n rainfall o er East 

Africa and QBO to be strongest during the boreal summ r sea on (June-Augu t) and 

weakest in boreal winter (December-Februar . The strongest correlation were found 

o er western parts of East frica. Their r suit further indicated a significant relationship 

between QBO and the Indian Ocean Dip le Mode Index MI). Ogallo et a!. , (1994) 

have investigated the cbaracteri tic of QBO over tropical eastern Africa using zonal 

wind composites from airobi Kenya for the period 1966-1987. Their results based on 

spectral anal sis indicated the dominance of a 28 months p riod in the zonal wind 

component. Their re ults al o indicated signifi,cant association at 5% l el) between 

rainfall and QBO ignal ba d on th re er al in zonal wind . 

Distinct QB spectral peaks in East Africa ha e been r ported in se eral studies 

[e.g. Rodhe and Virji 1976); Ogallo 19R2 · ichol on and Entekhabi (1986)]. 

ichol on and Entekhabi (1986) presented evidence of e eral quasi-periodicities 

common to African rainfall, especially over southern and quatorial regions of the 

continent. In the low latitudes. pectral peaks in the ranges of 2.2 to 2.4 and 5.0 to 6.3 
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ear ar common. R curren f B mod has b n r port d b e ral author 

Ind je and mazzi 2000)· Claud and T rry (2007 among th r . 

tudies hav d mon trat d that th QBO pia an unp rtant role in linking th 

diffi rent Ia) er of th atmosphere b d c nt from middl tratospher after a few 

month affecting e ral trope ph ric and urfa parameter uch a rainfall Jau 

2006). Thi uggests that the global wind circulation in the lower trato ph re can after a 

few month produc orne ffects on tb major w ather ent that occur o er th globe. 

The lower tratospheric QBO pla s a role in modulating rainfall o er outh Africa 

(Mason and T on 1992) and East Africa Jury et al., 1994; Kabanda and Jury 1999 and 

Ind je t al. 2000). The Walker circulation c ll conn cting frica and the Indian Ocean 

(Figure 4) interacts with the QBO, and during its we terl phase rising tropospheric 

motion occurs over Africa. During the QBO ea terly pha e tropical cyclones are more 

frequent in the Indian Ocean and convection incr a es significantly over Madagascar 

(Jury et.al. 1995). A study by Kabanda and Jury (1999) found a positi e correlation of 

0.32 between the long-rains season and QBO with a 6-month lag over northern Tanzania 

region. 

2.1.7 MADDEN JULIEN OSCILLATIO (MJO) 

nother westerly wave with ignificant influence on rainfall o er East Africa 

region is the Madden-Julian 0 cillation (MJO . The Madden-Julian Oscillation (MJO) is 

a coupled ocean-atmosphere phenomenon characterized b eastward progression of 

tropical con ection o er the Indian and we tern Pacific Oceans (Wheeler and Hendon. 

2004; Omeny 2006). Th MJO which con i ts of puJ of strong winds and pressure 

surges, has a strong influence on regional rainfall (Burroughs 1999; Matthews, 2008: 

Om n 2006). The MJO i at its stronge t during the months of December and Ma 

(Burroughs, 1999). Enhanced MJO acti ity in W stern Pacific Ocean in spring is 

associated with an ea tward-expanded warm pool and low frequency westerly surfac 

zonal wind anomalies which fa our the de elopment of El iiio (H ndon et al. 2007). 

The mo t fa cured location for formation of primary MJO is the Indian and maritime 

continent of we t rn Pacific oc an (Matthew , 2008). 
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MJO account for mo t f th v ather ariabiliti that o ur in the tropic 

(Madd nand Julian, 1972. 19 4: rn n 2006) at intrasea on a) tim cale (l 0-90 da 

n amba, 1 0 , amb din and k ola 2003 d mon trat d a ciation b tw n the 

e tr m rainfall nts that occur ov r ast Africa at intra a onal tim cal and the 

MJ . Pohl and amb rlin (2006 attributed the int rannual ariability in March-Ma 

rainfall ov r Ea t Africa to fluctuation in the amplitude f th MJO. R uJts of MJO 

tud b men 2007 re ealed strong as ociation b twe n a t Africa rainfall and the 

MJ to the west of the region e p ciaJl around the Lake Victoria. The rainfall is al o 

hown to dep nd on the configuration of the wind at low and upper le el . Based on 

composite analysi . xtrem rainfall e ent are hown too cur during preferential phases 

of the MJO (Omen . 2006). Phase 2 coincide with nhanc d rainfall high negati e 

Outgoing Longwave Radiation ( LR) alue a w II as westerly and easterly winds 

configuration at 700hpa and 200hpa whil phase 5 and 6 are as ociated with depr s ed 

rainfall. 

2.1.8 SEA SURF ACE TEMPERATURE 

The amount of h at tran ported around by atmospheric and oceanic currents plays 

an important role in determining the mean climate of an region on earth (Wunsch and 

Heimbach 2006) and the ocean waves ha e ignificant influ nee on ea urface 

Temperatures ( Ts) Zang and Gott chalk. 2002: Ha bizume et al. 2003 · Marmorino et 

al. 2004; Qiao et al .. 2004; Jochum t al. , 2007· Valsala and Ikeda, 2007). Figur 5 

how an illustration that describes the flow pattern of the major subsurface ocean 

currents. rus system i continuou I mo ing wat r from th surface to deep within the 

oceans and back to the top of th ocean. The therrnohalin circulation, in olving high 

latitude inking and distributed upwelling and mixing at lower latitudes is believed to be 

r ponsible for the longer time cates of climate ariabilit (Oeser et al. 2004· Lee et al. 

2006; Boer and Lambert. 2008 · Keen) ide et al. 2008 and Meehl et al. 2009 ). 

The term thermohalin circulation (TH ) refi r to the part of the large- cale 

ocean circulation that is dri en b global densit gradi nt created by surface heat and 

fre hwater fluxes. The thermohalin irculation i om time called the ocean con e or 
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belt th gr at oc an c n ~or, or th global con or b It (Figure 5). It i al o u ed in 

om occasion t refer to the Meridional rtuming ir uJation (MO . Th 

th rmohaJine circulati n pla an imp rtant role in upplying and r di tribution of heat to 

the arious regions and thu in r guJating the amount of h at region . hanges in the 

thermohaline circulation ha e ignificant impact on th earth' radiation budget. A the 

thermohaline circulation gov rn the rat at which d ep water ar po d to the surface, 

it at the arne time pla important role in determining the concentration of carbon dioxide 

in the atrno pbere. 

Figure 5: chematic repre entation of the global thermohaline circulation. Warm 
current are drawn in red while blue depicts the deep cold ( ource: Gro s 1972) 

East Africa rainfall is influenced b T o er the Atlantic Indian and Pacific 

Ocean (Frederiksen et al.. 2001; Goddard and Graham 1999· Ogallo et al. 1988· 

Okoola_ 1996· Omondi, 2005· Owiti. 2005· akwad~ 2009). Ogallo e/ a/., (1988) and 

Ogallo (1988) ba e hown that rainfall in the coastal and estern part of East Africa has 

significant corr lation with the outbern 0 cillation [nd · ( 01) and ST o er parts of 

the Pacific and Indian Oceans. The tudy by ichol on and Entekhabi (1987) indicated a 

strong relationship between Ea t Africa rainfall and sea surfac temperatures along the 
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B ngu la oast. In hi in e tigati n f interannual ariability f urface fi ld o er the 

Indian cean, adet and Beltrando 1 87 , and adet and Diehl (19 4 indicated that 

Indian ignificant influenc on East frica ' eath r. lth ugh the 

land surface pr e c uld b pla ing an important rol in modifying th climate 

conditions globally, a larg bod of r ults based on munerical and tati tical modeling 

ha firm! establish d that T anomal for ing i the major climate forcing factor due 

to its high memor (Ha tenratb. 1990· Rep Ui and obre, 2004 . 

The larg -scale oc an-atmo ph r 0 phenomenon and T r lated indjces 

are two major factors that control climat ariability o er the region. El Nino I outhem 

0 cillation 0) occur as a re ult of in tabilities in air-sea interaction in the Pacific 

Ocean and it has impacts on regional c limate extreme in man parts of the globe 

(Ropelewski and Halpert 1987 1996· Ogallo, 1988· Ogallo et al., 1988· Beltrando 1990; 

Ha tenratb et al., 1993· ichol on and Kim. 1997a· ichol on and Kim 1997b; Indeje 

2000· Indeje et al. 2000; Schreck and emazzi 2004· Korecha and Bamston 2007). 

E 0 i an event wh n Ts are high and sea surface pressure difference across the 

equatorial Pacific is low. The influence of ENSO on climat i as ociated with its 

di ruption of the general circulation and influence on ea surfac temp ratures Ort and 

Yienger, 1996· Chevrin and Dru an, 1984· Krisbnamurthy and Kirtman, 2003; Colberg 

and Reason. 2004· Schreck and emazzi 2004· Tanaka et al,. 2004· Kug and Kang, 

2006· Rao et aL 2007· An11amalai et al., 2007). E SO has a trong influence on trade 

winds (Colberg and Rea on 2004) and climate of the region (OgaLLo and uJeiman, 1987· 

Rop lewski and Halpert 1987· Was ila et al. 1999· Wang and Eltahir 1999). El ino 

has been observed to weaken the Hadle circulation olberg and Rea on, 2004· Rao et 

al., 2007). The E 0 phenomenon has b en studied larg I in the cant xt of the Pacific 

Ocean and adjacent region · although re earch has long established that it i a global 

cale phenomenon (Wallace t al. 1998). Major E 0 epi odes lead to massive 

di plac ment of rainfaU regions of th tropics. bringing drought to ast areas and 

torrential rains to other region . 

Man sludi~ · ha in e ·tigated the relation hip bet een Eru;l Africa rdinfaJJ and 

E 0 (Ropelewski and Halpert 1987· Ogallo et al. 1988· Indeje 2000· Mutemi 2003· 
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among oth r . ha been b rved to pla dominant role f interannual climate 

variability pattern o er astern frica gallo and ul iman 1987. Ma on et a! 1999, 

Ropelew ki and Halp rt. 1987. 1996· Ogallo et al. 1988: B ln·and 1990; Hastenrath et 

a/. , 199": icbol on and Kim. 1997a; Indeje, 2000· Indeje t al., 200 ; chreck and 

emazzi. 2004; Korecba and Bam ton, 2007: Mut mi, 200 . lnd je, 2000 N akv ada 

_009 . Interannual ariability in rainfall o er a t Africa during th October to Decemb r 

season correlate str ngly with the 

tropical Pacific as::;ociated .., ith the E 

2000; Indeje et al., 2000; chreck and 

a urface Temperature T changes in the 

0 phenomenon gallo et al. 1988· Indeje, 

mmazzi 2004 ). Muterni (2003 for example 

found a strong relation hip b tween rainfall over East Africa and e olutionar phases of 

E 0. The results showed that E 0 pla s a significant role in d terrnining the monthl 

and easonal rainfall patterns in East Africa region. Mutemi (2003) al o ob erved shjfls in 

th onset I essation of rainfall patterns o er orne regions wrule in other a significant 

reduction in the seasonal peak was e ident. icholson and Kim 1997a) found that N 0 

bas little influence on long rainfall season (MAM) but significantly modulates the short 

rains (OND . Ogallo 1988 found ignificant instantaneous and time lagged correlation 

between East Africa ea onal rainfall and the outhem 0 cillation Ind x ( 01). Ogallo et 

al. 1988) suggested that about 36% of th short rainfall variation in East Africa could be 

explain d by S T ariation in west rn Pacific and mo t of Indian Ocean where 

correlation value are near 0.6. 

Indian Ocean Dipole Mode (IOD) is the variability in Indian Ocean T that is 

characterized by a perturb d zonal gradient in T and anomalous low-1 el winds ( aji 

et al. 1999; Black 2004· Owi6. 2005). The strength of the dipole is measured b the 

Dipole Mode Ind (DMl , which i defined as the difference in T anomal between 

the Western and Ea tern Indian Ocean aji et al., 1999· Black 2004· witi, 2005). The 

DMr varies between - 1 and 1.5° itb a standard de iation of 0.3. Rainfall in the region 

has be n shown to b abo e average during the eptember-Dec mber eason when the 

DMI is greater than one standard de iation abo e the mean. This implies that the Indian 

Ocean Dipole exerts some control on rainfall in East Africa (Black et al.. 2003· Black, 

2004. 
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Mo t important finding from th r c nt studie on the Tr pica! Indian Ocean 

variability mode ar the exi tence of an cean-atmo ph r coupled mod typified b the 

dip le structure in T anomalie Beltrando and ad t, 1990; B ltrando and Camb rlin. 

1993; Reason tal., 2000: aji t al., 1999: Web t r et al. 1999· B hera et al. 2005. 

2006· Murtugudde t al., 2000· Ha tenratb. 2000. 2002; Hastenrath and Polzin 2003· 

Owiti 2005 . Detailed d cription of th Indian cean Dipole (TOO) mode ba been 

pre ented b aji et al. 1999: Black 2004 and witi 2005. 

The wann we tern and cool a tern Indian Ocean is a ociated with enhanced 

October- December seasonal rainfall over the region Bebera et al., 2005· Black et al., 

2003; Black 2004· Clark et al. 2003· Owiti 2005· aji and Yamagata 2003a. 

Anomalous latent heat flux and ertical heat convergence associated with the modified 

Walker circulation contribute to the alteration of e tern anomalie . The heavy rains of 

1961 hich co ered the entire region were due to the strong positi e phase of Indian 

Ocean Dipole (An amba, 1983). Owiti 2005) showed that the extreme rainfall 

conditions over East Africa during the short rainfall season are associated with positive 

rOD pha es. 

There is good evidence that the ob erved teleconnection between Ea t Africa 

rainfall and E SO is a manifestation of a link between ENSO and the Indian Ocean 

Dipol . Each of the previous four, strongest E 0 warm phases a sociated with high 

rainfall in Eat Africa (1963 1972 1982 and 1997) coincided with a dipol event (Black 

2004; Owiti 2005 . Moreo er, there is a significant correlation (R = 0.57) between the 

Dipole Mode Index and iiio 3.0 T (Black, 2004· 0 iti 2005). Th relation hip 

between the JOD and El ifio is howe er. ery compl (Black, 2004). Som studies 

ha e indicated that IOD is not related to E 0 ( aji and Yamagata, 2003b; ong et al., 

2007) while orne have indicated some relation hips (Huang and Shukla 2007· Tozuka et 

a/., 2006. 2007 and some ha e indicated that some e ents are independent from EN 0 

but orne co-occur with E 0 (Ibara et a/. 2008). roo events that occur at the same 

time with E 0 e ents are stronger than those that occur indep ndentl ( aji and 

Yamagata, 2003a, 2003b- ong et al. 2007 . An example is the 1997/98 El Nino and 

positi e phase roo related floods that creat d ha oc and destruction of properties worth 
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biJJions of dollars in th region. In orne lOD ear . uch as 1961, there was no I iiio: 

in other ear , uch as 1 86. th r was an ino but no I D. lo r anal i , how er. 

re eal that an I D only ifth ino is trong during autumn (Black. 2004). For 

exampl . in 1986-1987 th trongest 1 ino not as ociat d with an I D), th event 

p aked in th umm r of 1986 and was w ak during the autumn of both 1986 and 1987. 

Th occurrence of TOD e ent wh n there i no El iiio mo t notabl during 1961) 

ugge ts that the IOD can b trigg red b factors other thanE 0 aji et al., 2005). 

The north-south mo ement of the sun cau e easonal ariations in the strengths 

of meridional ea urfac Temperature gradient , and the intensity and po ition of 

southeast trade wind u and Rienecker 2000; yak\ ada 2009). The intensity and 

location of tbe ITZC i highly dependent on temperature gradient through their influence 

on pre ure gradients id urunala et al. 2007). Zonal ea urface Temperature 

gradient that influence climate of the region and beyond include the ST gradients in the 

Indian Ocean as ociated with the IOD (Behera et al.. 2005: Clark et al., 2003 · Owiti 

2005: aji et al. 1999· inghrattna et al.. 2005· Web t r tal. 1999· Yu and Riennecker 

200 ; N akwada 2009 . T gradients together with the associated pressure gradients 

ha e significant influence on the winds and precipitation pattern in the tropical region 

(Moura and hukla 1981 · Lindzen and igam 1987 · lark et al. 2003 · Nyakwada, 

2009). 

There ha been impro ement in the skills of seasonal rainfall prediction over East 

Africa region through the us of sea surface temperature gradient modes within March­

Ma and Septemb r-D cember months akwada 2009). The e meridional and zonal 

gradients that ha significant influence on regional rainfall ha e been mainly 

cone ntrated in both the Atlantic and Indian Ocean . 

Quite a lot of research has been undertaken linking orne of variability of east 

African rainfall with E 0 and IOD ariability modes (Ropelew ki and Halpert 1987; 

Ogallo and uleiman 1987- Ogallo 1988· Wallace et al. 1998· Camberlin et al., 2004; 

Yamaguchi and oda, 2005· Owiti 2005· Wang and Eltahir 1999. ev ral studies have 

noted orne increa e in EN 0 recurrences in the recent year (IPC , 2007b· 
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Kri hnamurth and Kirtman. 2 O.J; Colb rg and R ason. 20 4; ngland and Huang, 

_oo-: Kug and Kang, 2006: agura et al.. 2 08). fe oth r tudie ha a ciat d 

om of the r c nt chang in global. regional and local climate ariability patt rns to 

climate chang Kri hnamurth and Kirtman. 200"; lP 2007b· agura et al., 2008 . 

2.2 DECADAL CLIMATE VARIABILITY 

everal studi s ba e dem n trated evid nc of trong d cadal pattern of climate 

ariability (Latif and Barnett 1994· Trenberth and Hurr IL 1994· Zhang et al. 1997· 

Bader and Latif 2003; De r et al., 2 04· Omondi 2005· L e et al. 2006· Boer and 

Lambert 2008· Ke nl sid et al. 2008 and M ebl et al., 2009 . Other tudie uggests 

that decadal ariability in the Pacific rna b either linked to chang in the l iiio I La 

ina signal in the equatorial Pacific (Trenberth and Hurrell 1994· De r et al. 2004) or 

to rnidlatitude air- ea in tabilities (Latif and Barn tt 1994). As a hole. tropical SST 

changes displa decadal trends and strong correlations with long-term rain and drought 

cycles as well as tropical storm frequency (Tyson et al., 1975· icholson 2000b· Ty on 

et al.. 2002). 

A number of tudie ha e examined decadal tropical and midlatitude Atlantic 

climate ariability. orne of these tudie (Rajagopalan el at. 1998· Rob rt on et al. , 

2000· Tourre et. al., 1999; Bader and Latif 2003 · Deser et at.. 2004 uggest that tropical 

ocean-atmo phere int raction can p rturb th.e orth Atlantic. This tropic -midlatitude 

connection i mo tly identified through in pection of patial patterns from modeling 

experiments (Robertson et at., 2000· Latif et al. 2006) and mpirical analyses (Tourre et. 

a/., 1999· Rajagopalan el a/. . 1998). Mehta(l998a, 1998b) ugg sted the existence ofa 

relationship between tropical and extra tropical annual T anomali but concluded that 

there wa nod namical-thermod namical dipole mode of T variation . Modeling and 

mpirical studie show that extratropical forcing of the Tropic at decadal timescale, 

excited b the North tlantic sci llation 0) can force a dipole pattern linking the 

two hemi phcres (Xie and Tanimoto 1998· Tanimoto and Xie 1999). Power e/ al. 1999) 

linked d cadal filter d T in the Tasman ea to th ea tern Au tralia annual rainfall. 

The showed that when Ts in the Tasman Sea w re abo e average then Australian 

rainfall as also abo e a erage. 
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Perhap th most triking finding i the linkag of decadal drought fr qu nc in 

the abel to a urfac temp rature (Hulme, 1992· Lamb and Peppi r 19 2· icholson 

et al. _QOOa: L H te t al., 2002· Zhang and D !worth, 2006 . Other drought on 

decadal-tim cale such as th ·'dust-bowl'· in the outh rn in the 1930 ha b en 

link d to ariation in T Worster. 1979~ Woodhou and Overp ck. 1998· Bark, 

1978 . ichol on 2000b ho\l ed rainfall time eri for 1901-1994 of thr e African 

regi ns di playing decadal rainfall ariations. In outh frica, and some neighbouring 

areas. an au tral ummer rainfall signal at near bi-decadal scales has been known for 

some time (Tyson et al.. 1975: Ty on and Preston-Whyte 2000). In tb Pacific/Indian 

Ocean basin there ar trong signals of decadal ariability associat d with the Pacific 

Decadal Oscillation (PD with statistical links to the climate of th surrounding regions. 

For example. during the 20th centur El iiio- like phase of the PDO coincided with 

decades in which E Os impact on Australia wa weak hereas La Nina- like pha es of 

the PDO coincided with decade in which E Os impact on Australia was strong (Power 

et al, 1999). 

There i clear e idence, howe er, of decadal ariability in the heat and freshwater 

content of the Atlantic Ocean (e.g .. Lozier et al. 2008 as well as e idence of ocean 

circulation changes in recent decades e.g., Hakkinen and Rhine 2004· Curry and 

Mauritzen 2005). The e have likely played an important role in the e olution of the 

Atlantic Ts. The low changes in Atlantic Ts ha e affected regional climate trend 

over parts of orth America and urope e.g. nfield et al. 2001; utton and Hodson 

2005) and hemisph ric temperatur anomalies (Zhang et al. 2007). ea ice concentration 

in tbe Greenland ea (Venegas and Mysak 2000) and hurricane activity in the tropical 

Atlantic and aribbean .g., Goldenberg et al. 2001· Webster et al., 2005· Zhang and 

Delworth 2006· Tr nb rth and h a 2006) have also b en affected. In addition tropical 

Atlantic T anomalies ba e contributed to rainfaJI anomali s over the Caribbean and the 

onbern r gion of Brazil and ha e also been associated with per istent and severe multi­

ear drought o er part of Africa including the ahel (Bader and Latif2003 Giannini et 

al., 2003, Lu and Del worth 2005· Hoerling et al., 2006). Tropical Atlantic ST variations 

are also linked to drought conditions o er portion of orth America although tropical 
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Pa ific T ariations app ar to play a more dollllnant role ( chub rt tal., 2004· ager 

et al.. 2005. _008; ager, _007 . 

ver East Africa region. there ubstantial e idence for d cadal climat 

variability in the ob erved climate y t m ichol on 2000b: chreck and mazzi 2004; 

Bowden et al., 2004 Omondi. 2005. Mutbama et al. 200 . Decadal rainfall ignal in 

East Africa are linked with the Pacific D cadal 0 cillation (PO ) ( LIVAR VACS 

2007 . e eral parts of the region e perience strong d cadal ignal during the short rain 

eason of October - December chreck and ernazzi 2004: Bowden et al., 2004· 

Omondi 2005· LIV AR VA 2007: Muthama et al.. 2008 . Pre iou studies (Omondi, 

2005; Schreck and emazzi. 2004· Muthama et al., 2008 hav xamin d modes of 

decadal signal in the rainfall patt rn over equatorial eastern Africa. Muthama et al. 

2008, found that among t the num rous mathematical function considered the fourth 

degre polynomial fitted b st for prediction purpo es of both the short (October­

December) and the long (March-Ma ) decadal rains over airobi. They u ed th fourth 

degree polynomial function to generate ten-year periodicity of rainfall ariations 

corresponding to the sun pots ycl of approximately 1 1.3 years. 

Anal sis of Octob r- Dec mb r rainfall inde o er Lake Victoria region reveals 

insignificant ariability at decadal time cales (Mi tr and Conway 2003). Oth r parts of 

the region ha e also e perienced decadaJ signals in the impacts of EN 0 and the Indian 

Ocean Zonal Mode ( lark et al .• 2003 on rainfall during the short rains eason. 

chreck and emazzi (2004) in their study isolated a mode link d to decadal trend during 

the past two decades using the EOF m thod. They suggested that the northern sector of 

GHA i getting wett r while th southern ector is becoming drier. Their analysis 

explored the po sible as ociation of the trend with global warming and found similar 

trend to the global warming index constructed by globall a eraging surface temperature 

data from the CRU archi . A imilar and con istent trend wa found by Dai tal., 1997. 

Omondi (2005) aJ o indicated decadal ignal in filtered obser d rainfall record arying 

after e ery 10 ear during th major rainfall season of March - May and econd season 

of ctober - December. Howe er, the third minor rainfall eason of June - August 

di played 20-year signal in th ir time series patterns. 
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2.2.1 DECADAL RAI FALL PREDICT ABILITY A D 
PROJECTIO 

new field of tud , "d cadal prediction·· i m rging m limate ience 

(CLIV R 2007: Me hl t al. 2007: eager et al. , 2007; Knut on and Tul a. 2004· 

Me hJ et al. , 2009). De adal predi tion lie betv een ea onallinterannual forecasting and 

long r term climate change projections. and fo us on tim -e ol ing regional climate 

condition o er th ne t l0-30 year . umerous a e ments of climate information user 

need ha e identified this time cale as being important to infrastru tur planner water 

resource manager , and many others. 

Extreme event such as frequent droughts floods h at wa e .t.c as well a the 

need to adapt to time-e ol ing climate change and increasing temperature ha e raised 

concern among policy and decision maker about climate chang in the near term i.e., 

out to I 0 to 30 ears (M ehl, 2009; Rea on et al. 2006). r ferred to a the decadal ' 

time cale. Impact due to these conditions have ignificant social economic and 

en ironmental implications and are consistent with the climat change projections of 

some models ( eager et al. 2007· Knutson and Tul ya 2004· Me hi et al., 2007). 

om studi s sugge t that much of the ob erved inber nt decadal variability 

particular! that in th Atlantic. arises from slow ariations in the ocean circulation, and 

that thi ariability may be pr dictable ifth ocean state could be properly initialized (e.g. 

Collins et al 2006). Pr dictability of decadal oceanic mod s could lead to regional 

prediction skill in om ar as over and above that arising from commitment and forcing 

(Meehl et al .. 2009). Pr viou research has demonstrated that mod of climate variability 

influence mean and extreme climate over large part of the globe through teleconnections 

(Mantua et al. 1997· Knight et al .. 2006~ and Heg rl eager et al. 2005). 

If the initial tate of the coupled climates tern could be captured especially the 

de adal m chanism that reside primaril in the oceans and if their time e olution could 

be predicted by models started from that state, then decadal ariation in regional climate 

including the beha ior of xtremes. could b better pr dieted. 
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2. APPLICATIO OF GLOBA CLIM TE MODEL (GCM) 
AND REGIO AL CLIMATE MODEL (RCM ) 

Th G neraJ ir ulation Mod l M ) ar u d to imulate the e olution of th 

atmo phere through tim from orne initial tat . Th importance of the GCM for 

climat tudie i th ir ability to mod I the elution of th atmo phere in re pon to 

external forcing mechani m such a doubling of carbon di xide, increa e in oil 

moi ture, and increa tn a urfac temperature . Global limate Model (GCMs) are 

currently the mo t appropriat and w1del us d tool to g n rat future climate change 

sc narios. For example hongwe t al., 2008), demon trated a po iti e shift in rainfall 

di tribution in Ea t Africa during the wet eason u ing G M projections of future 

clirnat of the region. Howe r in order to formulate adaptation policies in re pon to 

climate change impact , reliable limate change information is u ually required at finer 

spatial caJe than that of a typical GCM grid-cell which i usuaiJ in the order of 300 x 

300 krn. 

Though G M can satisfactoril imulate th atmo pheric general circulation at 

the continental scale. they are not necessarily capable of capturing the detailed proces es 

as ociat d with regiona1/local climate variability and change that are required for 

regional and national climate change as e sm nts. Thi is particular! true for 

heterogeneous regions, wher ub-G M grid-scale ariations in topograph vegetation, 

soil and coastlines ha e a significant effect on th climate. In addition at coarse grid 

re lution the magnitude and int nsity of extreme e ent uch as cyclones or heavy 

rainfall (floods) are often not captured, nor reali tically reproduced. G Ms al o have 

difficultie with the r gional climate which is influenced by local factor uch as teep 

orograph that may not be repre nted b the relati e coar e r olution. Therefore. one 

po ibl elution to thi model d ficiency ha b en to combin a GCM with a high­

re olution Regional lirnat Model (R M) a teclmique commonly referred to as 

·· e ted or Regional climate modeling hich pro id fmer spatial and temporal details 

than the G M. · e ted' Regional Climate Modeling i thus a strat gy to local! increa e 

the model r olution. In this wa the GCM imulate the re pon e of the general 
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cir ulati n to the larg al ~ rcing \\bil th R imulat tb ffi t of ub- M-

grid cal forcings and pr ide fin cal r gional informati n. 

r gional l imat mod l R M 

all of the important camp n nts of th climat 

ical mod l r pr nting 

t m. In a re i w b Wang et al., 

2004 , e raJ tudi s ha e demon trat d the u e of high patial re elution to r ol e 

compte ' lower boundary conditions and me o- al ' ath r that make R M 

id al in e tigati e tool for studying r gionaJ climate proce s and ariability. It has a 

higher r elution than a G M and co ers a limited area of the glob . uch numerical 

climat model ha e al o be n emplo ed in climate studi o er parts of Africa with 

encouraging re ult (Folland et al . 1991· Rocha and immond . 1996· Kida et al. 1991· 

[ndeje 2000; An ab and mazzi, 2006· 2007 . The initial conditions IC) and lateral 

boundary conditions (LB ) for th RCM are obtain d from th GCM or analyses of 

obs rvations .. one-wa nesting· . Wh reas th initial condition in RCMs become less 

important with time though still relevant and the simulated climate i largely determined 

by the internal dynamic of the r gion of intere t. The regional climate modeling 

approach i howe er very dependent on lateral boundar forcing which i either supplied 

by the GCMs or ob er ational data. 

The GCM-R M ne ting approach has been irnpl mented in hart-range weather 

and climate foreca ts as well Giorgi and Marinucci 1996· Giorgi and Meam 1999· 

Gi rgi t al. 1993a 1993b· un et al. 1999~ 1999b; An ah et al. 2006 . The one way 

ne ting technique that bas been used in many previous studi consists of using the output 

of G M global climate imulations to pro ide driving initial and time-dependent lateral 

boundar condition for high-re elution regional climat model simulations o er areas of 

int r t. With this methodolog the regional climatic effect of the sub-G M grid- cale 

forcing . (e.g. effe ts of complex topographical feature coa tlines and large lak etc) 

ar represented in a phy ically based way (Giorgi and Mearn 1991 . chr ck and 

emazzi (2004 demon trated how a high-resolution R M could b u ed to resol e the 

detailed regional feature as ociat d with the East frica climat variability. 
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eral R M-based tudi hav b en arri d oul o er East frica un t al., 

l999a, l999b: Ind j et al .. 2000· An ah taL 2006· An ab and emazzi. 2006 2007: 

abiti 2008 . un tal. 1999a. 1 99b) u ed a 60 km resoluti n R M (R g M2 from 

NCAR, to in e tigate rainfall o er east rn Africa. An ab t al. 2006 u ed an 

nhanced ver ion of the RegCM3 modified at orth Carolina tate ni er ity for multi­

ear imulations of the East Africa climate. Jndeje 2000 stud focu ed on prediction of 

equatorial ea t m Africa climat using AR Regional Climat Model (Reg M2) 

simulations. He demonstrated the added alue of the nesting approach in impro ing 

regional climat imulations. Th model r aJistically reproduced the ob erved 

characteri tic of the Turkana low-1 vel j t. Preliminary application of th Reg M2 in 

the prognostic mode successfully produced 3-months projection of the extr me seasonal 

anomalie a ociated with the 1997 E 0 nt. 

HadRM3P RCM is a high resolution mod I that can be applied ea iJy to an area 

of the glob to g nerate detailed climate change projections (I lam et al., 2007). 

Examples of climate change c narios u ing Hadley Centre RCMs (HadRM3P) o er 

other parts of the globe have been documented. A ingle 30- ear climate change 

simulation using the A2 RE emission enario, was performed with th RCM 

(HadRM3P) over South Africa (Hudson and Jones, 2002). It bas been applied in China 

(Yinlong et al. 2006), Eritrea Beraki 2005). outh Africa (Hudson and R.G. Jones 

2002) Bangladesh (Islam et al. 2007) India (Kolli et al. 2006), o er Lake Victoria basin 

( a iti 2008) among other . In thi tudy the Radle enter current version of the 

Regional Climate Model (HadRM3P) has b en used. The full model description is 

pro ided in the next section 3.6.1. 
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CH PTER THRE : D T A D METHODOLOGY 

Thi chapt r di u d tail of tb data u d and meth dolog mpl d to 

addr th pecifi objecti e of thi tud . 

3.1 DATA 

This tion outlines th data t that wer adopt d t acrue e the bj cti e of 

the tud . The data used in th.i tud include rainfalL m an urface temperature, ea 

urfac Temp rature T) that include station ob ervation , global and regional 

limate model output and r analyzed data. Detailed d cription of the data ets are 

pre nted in the next sub- ections. 

3.1.1 OBSERVED DATA 

The rain gauge ob ervation network o er Ea t Africa i quit parse. 

Furthermore the a ailable data are also riddled with numerou gap in both space and 

time. These limitations in the quantit and quality of in ilu observation irnpo e 

ub tantial constraints on diagnostic studies ofthe r gional clirnat (rainfaU variability. 

Monthly rainfall data c ering th period 1920 to 2008 wa u ed. The data as obtained 

from IGAD Climate Prediction and Appljcation entre (ICPAC), the Kenya 

M teorologicaJ Department (K.MD), Tanzania Meteorological Agenc (TMA) and 

ganda Meteorological Department (UMD . The ob erved monthly rainfall data u d 

ar from 37 tations (Figure 6 une enl distributed o er ast frica. Th s together 

with Tables 1 2 and 3 ar th e that had the highe t loading with the Principal 

Component (PC modes domjnant in pecific zones and also had high correlation ith 

mo t tation within the r specti zon s. 

The rainfall data u ed for th compari on and validation of the model output 

\ ere the ob erved dai ly tation and th niversity of Ea t Anglia Climate R search 

Unit (CRU) gridd d rainfall data. Dail rainfall data covering th period 1961 to 1990 

for orne selected station in th outhem central and northern ector of ast Africa 

\ ere used for e aluating the model imulatioos. These tations were selected ba d on 
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their long re ord of data with le than _% mi ing and their unjque rrunfall regime i.e 

unimodal bimodal and trimodal. Th dail data \J a obtained from the M teor Logjcal 

en ice ofth thre Eat Africa countri wh r . th dail limat data archi e are kept 

and not I P C a ith oth robs rv d monthly data. 

3.1.2 CLIMATE RESEARCH T(CR DATA 

The niver ity of East Anglia limate Research nit CRU) T 2.0 dataset 

used in thi tudy c mprise of 1200 station ob erved monthly data for the p riod 1901-

2000 covering the global land urface and ha e b en jnterpolated onto regular 0.5 0.5° 

grid spacing (Mitchel et al. 2005). h dataset contains fi e climatic variables; 

precipitation surface temperature, diurnal temperature range (DTR) cloud cover and 

vapor pr ssure. It is a re ised and extended er ion of similar data constructed by New 

et al .. (1999 .In thj stud only the urfac t mp rature and precipitation ariables have 

been used for model e aluation. 

Figures 7 8 and 9 show th delineated homogeneous rainfall region o er East 

Africa for the March- May October- December and June - August rainfall seasons 

resp cti ely. The homogeneous climate zones delineated through principal component 

anal is (P ) used in this stud are adopted from ICPAC (1999) and are being used 

for operational work. imilar climate zones are normally adopted for use during annual 

capacity building workshops at ICPA (I PAC, 1999). Man r c nt studies including 

Owiti (2005)· Omondi (2005)· Komutunga 2006 · Njau (2006)· Omeny (2007) and 

Nyakwada (2009) used the same homogenous zones in order to reduce th number of 

rainfall tations used in their studie . 
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30 32 34 36 38 40 

Figure 6: The di tribution of tbe tation representing bomogeneou rainfall zones 
over the tudy region 
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Table la: Li t and location of tation u ed in the tud 

l o. tation Abr Lat/0 Lon/0 No. Station br Lat/0 Lon/0 

rame a me 

I Lodwar Lod 3.1 35.6 20 Tabora Tab -5.0 32.5 

- K.i umu Kis -0.1 34.7 21 Tanga Tan -5.0 39.0 

3 Narok Nar -1.1 35.8 22 Mahenge Mah -8.6 36.7 

4 Dagor tti Dag -1.3 36.7 23 D doma Dod -6.1 35.4 

5 Mandera Man 3.9 41.8 24 DI DIA -6.5 39.1 

6 Wajir Waj 1.7 40.0 25 Iring a Iri -7.3 35.4 

7 Marsabit Mar 2.3 37.9 26 Mbe a Mb -8.5 33.2 

8 Garis a Gar 0.5 38.5 27 Songea Son -10.4 35.3 

9 Moyale Moy 3.5 39.0 28 Mtwara Mtw -10.2 40.1 

10 Voi Voi -3.4 38.5 29 Mbulu Mbu -3 .8 35.5 

11 MaJindi MaJ -3.2 40.1 30 Gulu Gul 2.7 32.2 

12 Momba a Mom -4. 39.6 31 Lira Lir 2.3 32.9 

13 Lamu Lam -2.2 40.9 32 Soroti Sor 1.7 33.6 

14 Bukoba Buk -1.2 31.4 33 Tororo Tor 0.6 34.1 

15 Musoma Mus -1.3 33.4 34 Entebbe Ent 0.1 32.4 

16 Mwanza Mwa -2.2 32.5 35 Masindi Mas 1.6 31.7 

17 Arusba Aru -3.2 36.3 36 Mbarara Mba -0.6 30.6 

18 K.igoma Kio 
0 -4.5 29.4 37 Kabete Kabt -1.2 36.7 

19 Same Sam -4.0 37.4 38 Kabale Kab -1.4 29.2 

KEY: egative ign preceeding Latitude implie ' outh' 

Table 1 b: Rainfall station u ed to repre ent March-May (MAM) climatic zones 

ZONE REPRESENTATIVE ZONE REPRESENTATIVE ZONE REPRESENTATIVE 

TATION TATIO TATIO 

I GULU 10 KABALE 19 VOl 

2 LIRA II EN TEBBE 20 DODOMA 
., 

MASfNDI 12 BUKOBA 21 MOMBASA 

4 SERER£ 13 MBULU 22 LAMU 

5 KIT ALE 14 KABETE 23 IRlNGA 

6 LODWAR 15 MOYALE 24 MAHENGE 

7 MANDERA 16 GARJSSA 25 MTWARA 

8 MARSABIT 17 KIGOMA 26 KJSUMU 

9 MBARARA 18 TABORA 27 MWANZA 
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Figure 7: Homogeneou climatic zone for March-May sea on u ed in the study 
(source: ICPAC 1999) 

Figure 8: Homogeneous climatic zone for October-December ea on used in the 
tudy ( ource: ICP C, 1999) 
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Table 2: Rainfall tation u ed to repre ent October-December (0 D) climatic 
zon 

zo E REPRESENTATIVE ZONE REPRESENTATIV E ZONE REPRESENTATIVE 

TATIO T TIO TATIO 

I GULU 9 KABALE 17 TABORA 

1 LI RA 10 MOYALE 18 KJGOMA 

3 LODWAR II MANDERA 19 DODOMA 

4 NAKURU 12 WAJIR 20 MBEYA 

j KABETE 13 GARISSA 2 1 MAHENGE 

6 MASIN OJ 14 MALINDI 22 MTWARA 

7 NAMU LONGE 15 MOMBASA 23 BUKOBA 

8 KISUMU 16 SAME 24 MWANZA 

40(1 

200 

20 

' 
BOO 

·10 00 

:30 oc o~ co :::~<~- oo 4 C 0(1 

Figu re 9: Homogeneou climatic zone for June- Augu t ea on used in the tudy 
( ource: lCPA 1999) 
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Table 3: Rainfall tati n used to repr ent June- ugu t (JJ ) climatic zone 

ZONE REPRESENT A TrV E ZONE REPRESENTATIVE ZONE REPRESENTATIVE 

TATlO T TIO TATIO 

I LODWAR 9 NAKURU 17 NAMULONGE 

2 MARSABIT 10 NAROK 18 ENTEBBE 
~ WAJlR 11 MARALAL 19 KABALE .) 

4 VOl 12 TOR ORO 20 MBARARA 

5 LAMU 13 SO ROT! 21 BUSENYI 

6 MOMBASA 14 GULU 

7 MAKINDU 15 LrRA 

8 KABETE 16 MASINO I 

3.2 MODEL OUTPUT DATA 

Often ob erved temperature and precipitation are often u ed to evaluate and 

validate regional and global climate model simulation (Gordon et al., 2000 . Howe er 

ERA-40reanalysis ECHAM4 and HadAMJP general circulation model (GCM) output 

have been u ed to force the PRECI (Providing Regional Climate for Impact tudies). 

3.2.1 FORCING DATA FOR THE REGIONAL CIRCULATION 
MODEL 

The Hadley C nter tmospheric global Climate Model (HadAMJP) European 

Community Hamburg Model ersion 4 (E HAM4) output as well as ERA-40 reanal sis 

wer us d to pro ide initial and boundary conditions for the PRECI model. Detailed 

de cription of the PRE I model is provided later. 

3.2.2 ERA-40 RE-ANALYSIS 

The Europ an entre pro ides atmosph ric data for Medium-Range Weather 

For casts (ECMWF 40-yr Re-Anal si ~ RA-40 , including mean monthly rainfall and 

temperature. These data are a ailable on 2.5° x 2.5° latitude-Longitude regular grid 

global ly for the period 1979 to 2001. The data were obtained from th ECMWF Web 
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analy i d e ha e man hort orning in high outh rn latitud Bromwich and Fogt 

_004 that limit it applicabili b for 1 79. Howe er. the datas t \ as pr fi rred in thi 

tud du to its up rior p rforman e o r ast Africa. in particular during the modern 

at llite ra o er the 1ational nt r for Eo ironmental Prediction- ational C nt r for 

EP- AR) reanal i (Bromwi h and Fogt, 2004 but. in 

thi till, th CEP- AR reanal i wa used occasional! to indep ndentl alidate 

the RA-40 results and in mo t cas sho\1 d imilar result . 

The T data u ed in thi tudy was obtained from the ational Center for 

En ironrnental Prediction/Climate Prediction Center C ... p; P ). The global T data 

u d is the OAA I CDC Optimum lnt rpolation (OI) ea urface Temperature (SST) 

Ver ion 2 (OI T .2). The data ar on 1.0° x 1.0° grid point re olution and is often 

known a optimal interpolation (OI) T in literature following Reynold and Smith 

(1994). The data set is a blend of insitu and satellite S Ts but also includes those 

simulated by sea-ice co er (Re nold and Marsico 1993; Reynold and mith, 1994· 

Re nold et al. 2002· mith and R ynold, 2002). The T data, u ed by ICPAC in 

ea onal rainfall foreca to er the region extended within the period 1950 - 2008. SSTs 

ha e long memory and therefor have wide u age in most climate prediction models 

(Kirtman et al. 1997; Mutemi 2003· Owiti 2005· Omondi 2005· mith et al. 2007· 

mith et al., 2008· yakwada, 2009). e eral efforts have been made to impro e the 

qualit of SST records du to their alue in climat predicti n mith and Reynolds, 

2004: mith et al. 2008). Kanamitsu et al. 2002· McPhaden t al., 1 998· rnith and 

Reynolds, 2002 2004· mitb et al. 2008 among other author . ha e discussed the 

d tail of the e data. It i important to note that quality of T data to the south of 30°S 

may not be of good quality for a tud (Weare I 977). 

The next section is de oted to the various methods that wer used to achieve 

both the o er all and specific objectives of the study. 

3.3 METHODOLOGY 

As highlighted in ction 1.2 the o erall objective of thi tud i to investigate 

dominant spatial and temporal decadal climate ariability patterns over East Africa, and 
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e, amine th potential us of th d ri d chara teri tic in th pr diction of d cadal 

limat ariability mod . Th pecific obj ti in thi tud include 

, amining tati ticall ignificant decadal mod in th ob erv d int rannual rainfall 

record with the to delin ating th r gion into zone with imj)ar d cadal 

ariability mode · det rmin th r ality of the decadal mode ob rv d from the 

a ailable record through climate mod ling imulations; in e tigat th ~ leconnection 

of the regional d cadal rainfaJI ariability pattern with global a urface 

mperature · examtne th pr dictability potentials of the regional deeadal rainfall 

variability pattern · examine probabl futur regional climate cenario and compare 

near-term projection with predicted d cadal rainfall u ing Regional Climate Model 

R M). 

The methods adopted included th method used to organiz the data to meet the 

need of the tud such as estimating mi sing records. generating areal rainfall 

e timate , data standardization, empirical orthogonal function (EOF) singular alue 

d composition ( VD and canonical correlation anal sis (CCA). 

3.3.1 DATA QUALITY CONTROL METHODOLOGY 

tation with missing rainfaU data ere fill d using cross-station correlation 

matri which enables identification of be t station (source station) at which rainfall is 

significantly correlated with the target station. Onl stations with a maximum of 1 0% of 

the total .data mi sing were e timated at any location in order to minimize erroneous 

result which ma be du to the chance that the estimated data can be a poor 

repr entation of reality. In practis . th ource station mu t have a rainfall value (Z at 

that point on the time eries and the equation e timating the mis ing valu i : 

ztarg~/ = ;argel X z .\1'1UI'Ce ••••••• •••• 0 0 0 0 0 0 ••• 0 •••• 0. 0. 0 0 0 0 0. 0 0 0 0 • ••••• 0 •• 0 0. 0. 0 ••• 0 0 0 •• 0 0 0 0 •• 0 •• 0 ••• (1) 
0 111'<'11 

It hould be noted that the two pair of stations mu t ba e high valu of correlation 

coefficient. 

The quality of the estimated data wa xamined using cumulative single and 

double rna s curves. The e invol e the plotting of the cumulati e rainfall totals against 
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rim for a particular l cation. linear r lati n hip as indicati e of homog n u data 

and henc good estimation of mi ing data. F r h t rog n ou data. mor than one lin 

v comm n. 

3.3.2 SPECTRAL AL Y I METHODS 

time eries pro ides u fu1 information about the ph ical biological or 

ocio conomic s stem that it repr nts. Th purpo e of time en s analysis is to 

det nnine orne of the sy tern k propertie b quantifying certain features of the 

time eries (Ghil et. al. 2002). The e prop rtie can then help und r tand and predict 

the stem' future behaviour. 

pectral analysis method on th other hand is a technique employed to detect 

periodic or quasi-periodic fluctuation in time eri s by transforming the data into a 

:frequenc domain. Various methods ha e been developed to estimate the pectrum from 

an observed time serie . Details of pectral anal is are given in standard tatistical 

textbooks such as J nkins and Watt 1968) hatfield (1975) Bloomfield 1976 Wilks 

(1995) gallo 1977, 1981 1982) Omondi 2005 among others. 

tati tically significant peaks in d cadaJ rainfaJJ modes ar determin d using 

pectral analysi technique (Ghil, t. al. 2002, Mutbama et al. 2008). Tlus analysis is 

useful in identifying significant frequ nc band that are shared by most decadal rainfall 

record . Mutbama et al. 2008 used stepwi regression technique and elected th fourth 

degr e polynomial function to determine significant peaks and the general pattern of 

March-Ma and October - December seasonal rainfall o er airobi with minimal 

ace ptable error values. ome attempts ha e been made by chreck and emazzi 2004 

Omondi. 2005) among other to delineate the major decadal mode of rainfall variability 

of the region. Theses studies however did not e amine the statistical significance and 

onfi dence level of the delineated d cadal modes. 

In thi tudy th focu is on time ries in di crete time and consider therefore 

fir t the simple case of a scalar. linear ordinary differential equation with random 

forcing, 
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M 

X(t + 1 = L:a
1 

t - 1 + j +~ (t .......... . . . . . .............. . ................ <-
f=l 

It c nstant coefficient a
1 

determine th olution X (I) at di r t times t = 0, 1.. .. n ... 

In equation 2 tb random for ing ~(t i as umed to b whit in tim , i ... uncorrelated 

from I to t 1. and Gau ian at acb /, with con tant arianc qual to unity. In th Yule 

( 1927) and Walker (19" 1 m thod for the time domain approach n computes the 

coefficients a 
1 

and the ariance a 2 from a realization of X ha ing length 

V. X t):lS t SN} . 

Both deterministic (Eckmann and Ruelle 1985 and tocha tic (Hannan 1960) 

pro esses can in principal , be characterized b a function of frequ ncy f (in tead of time 

t) . This function S (f) i call d th po er spectrum in the engineering literature or the 

p ctral density .in the mathematic . Thus a er irregular motion pos sses a smooth 

and continuous spectrum which indicat that all frequencies in a gi en band are excited 

by such a proce s. On the other band a pur ly periodic or qua i-p riodic process is 

de ribed by a single line or a (finite numb r of Lines in the frequency domain. Between 

lh se two extremes nonlinear d termini tic but 'chaotic proc sse can ha e spectral 

peak uperimposed on a continuou and wiggly background (Ghil and Childress 1987 

Ghi l and Jiang, 1998). 

The most commonl used methods are the analysis of ariance (A OVA) 

techniques the use of polynomial functions and method based on rank statistics such as 

Mann-Kendall and the p arman rank t t KendaJJ 1938 1945. 1948· Kendall and 

tuart 1961 ; iegel 1956· WMO, 1966). The statistical igniftcanc of the spectral 

peak centered around ten year decadal modes) is tested using tandard bite and red 

noi hypotheses (KendaJl 1938, Ogallo 1980. 1981 ). 

The next ub-section presents methodology on statistical te ts used in 

d tennining stati tical significance trend in the peaks d lineat d. 

-48-



3.3.3. TREND LY I 

Tr nd pr ent th lon0 term rno em nt of th time erie . Th mo t common 

method of computations include auto orr lation tran form. Fa t Fourier Tran form 

(FTT), and Maximum Entrap m thad. Tr nd patt rn can be d ri d fTom isual 

part rns deri ed from graphs or various tati tical techniques Ogalio, 1980 1981; 

Omondi 2005· Muthama et al., 2008). The isual methods of d t rmining modes of 

decadal trend from moothed graph are ery ubj ctive. The most commonly u ed 

methods are the anal is of ariance ( OV ) techniques the u e of polynomial 

functions (Ogallo 1980 1981: Muthama et al. 2008) and non-parametric m thods 

based on rank stati tic uch a Mann-Kendall and the p arman rank te ts. Detail on 

the method can be found in Omondi (2005). Oth r d tails can be obtained from 

Kendall (1938. 1945, and 1948), Kendall and tuart (1961 ). ieg J 1956) WMO 

(1966). Climatological data are usually not normally distTibuted but skewed and 

ometimes have e tr m values (outliers . 

on-parametric or distribution free, te ts are superior for hypothe is testing of 

thi type of data. because they do not as ume that the data follow a particular 

distTibution. Information is extracted from the data by comparing each valu with all 

other (ranking the data in tead of computing param t r (such as mean and standard 

de iation . orne parametric te ts require data to b normally distributed and may 

produce erroneou conclusion when applied to non-normall distributed data depending 

on the degree of non-normalit of the data erie . Blackman-Tuke Monte Carlo A 

(MC- A spectrum maximum entrop and multitaper can pro ide confid nee 

int rvals for the estimates it produces (Ghil and Taricco, 1997; Ghil and Vautard 1991· 

Ghjl, M. and P. Yiou 1996· Ghil et al. 2002). 

Methods for delineation of the spatial pattern of decadal modes are presented in 

the next section 
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3.3.4 p CIP AL COMPO E T AL (PCA) 

easonal rainfall pattern er Ea t Africa are complex part] due to local 

forcing as a re ult of complex terrain and otb r urfac feature that include large inland 

Jak . valle and mountains. Thi ha r ult d into ariation of asonal rainfall and 

E -related impacts o er East Africa (OgaUo, 1988~ lndeje 2000 o er relati I 

hort di tance . Hence, there is ne d to combine both empirical and num rical mod lling 

approaches to study mechanism as ociated ith decadal rainfall ariabilit o er 

different parts of the region. 

The u e of normalized regionally av raged ties reduce two problems inherent 

in the anal sis of rainfall in sub-humid tropical areas namely; the highly diver e means 

and variabilities and the randomne of the con ecti e proces refl cted in indi idual 

tation totals (Ogallo. 1988· lndeje, 2000 . patial a erages are more repre entati es of 

th large-scale conditions than are data for indi idual stations icbolson 1986). 

Reduction of regional data and delineation of homogeneous climate zone i critical in 

stud ing mechanism a ociated with the mode of variability. Regionalization and 

a eraging of rainfall over large but homogeneou regions ha e the advantage of 

r ducing meteorological noise in the data as weH as minimizing th number of ariables 

which de cribe th regional climate variabilit (Ogallo 1988· Indeje 2000· Mutemi 

2003: akwada 2009). 

Principal Component nal i (PCA) d ri ed from Factor Analy i (FA) is a 

stati tical technique used in identifying a relati l mall number of fa tor that can be 

u ed to represent relationship among ts of many interrelated ariable . Th ba ic 

as umption of Factor Analysis is that underl ing dimen ions. or factor , can be used to 

explain complex climatological variables. This method has been widely used in 

d tennining regional homogeneous rainfall zone o er Ken a and East Africa Ogallo, 

1988. 1989· ludhe 1987· BasaJirwa, 1979 1991· Ininda 1994: Okoola, 1996· Indeje. 

2000: Omondi, 2005· Komutunga, 2006· yak ada 2009 . Ca tell 1966 or Herman 

I 967 al o presents detailed di cus ion on tbi method. Es entially PCA method 

con i ts of a transformation of a greater number of un-orthogonal ariables into a 
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mall r number 

variable hange . 

rthogonal ariabl . which pr nt common cau of manife t 

If th param t r und r study uch as rainfall i fix d. th n it i p sible to 

g nerate the orr lation data matri · b tw n ariou locations -Mode) o er a et of 

peri d . or b tw n periods (T -Mod ) o r a et of location . Th -mod yield 

grouping of lo ation in term of the change o er time while th T -mode can yield 

grouping of period with similar spatial pattern . In an -mode anal si . the ariables 

are tation and the observation are the alue at each time. The prindpal component 

loading matri contains the correlation of each tation with each component. h se can 

b plotted on a map to depict the patial pattern of each component. 

Man fundamental principal of the empirical orthogonal anal sis are deri ed 

from the concept of ariance. The first tep of the empirical orthogonal analysis in ol es 

the calculation of the appropriate measure of association for th t of variable, 

followed by a construction of a et of orthogonal functions that represent the measured 

ariables. In Factor Analy is, the orthogonal function ar defmed a exact mathematical 

linear transformation of the original data. It therefore considers the unique variance 

which i not accounted for by the common linear et of orthogonal functions (factors). 

The fact that the olutions are mathematical! orthogonal do not alwa imply 

that the underlying physical proces e must be orthogonal. Adju tments to th frames of 

refer nee of the orthogonal ector ma b u d to reduce th ambiguiti s hi.ch often 

accompan the direct solutions and thi i often referred to as 'rotation'. The rotation 

does not affect the total variance explain d b the eigenvalue . Th two common 

methods of rotation ar the 'orthogonal' and 'oblique' rotations. In the orthogonal rotation 

the reference axes ar maintained at 90° while in oblique case the components are 

partiall coiTelated. 

The type of orthogonal r tation includes the Varimax Quantimax and qmmax 

methods (Gregory 1975 Ogallo 1988 Basalirwa 1991 . The oblique typ of rotation 

include the oblimax, oblirnin. promax. and man others. The patial patt rns of the 

dominant PCA modes may then b u ed to group together tations with common 
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ommunality at each 

indi idual r gion is u ed to identif)' a r pre ntati tation in ea h region for further 

regory 1 75). Ogallo 1988 . and Basalin a 1991 . 

Factor loading are u uall imilar to corr lation o ffici nt and th can 

th r fore b treated in the same way as correlation coefficients during te t for 

ace ptabl le el of significanc . It has howev r been noted that a one progr s from one 

factor to another in a cending order, the acceptable level of ignificance for a patticular 

loading becomes harder to attain Ogall 1988 Basalirwa 1991, Indej 2000). As a rule 

of thumb, factor loadings having alu s ± 0.3 or greater ar tak n as ignificant for 

ample size greater than 100. Because f the uncertainty surrounding the as e sment of 

rror in mall amples and also the gradual intrusion of the unique ariance into higher 

factors. it is necessary to adjust th lev 1 of significance. 

In this tudy th decadal rainfall data from the 3 7 station spread all o er the 

region were anomalized with 1961-1990 climatological m an b fore subjected to 

principal component anal is. tat1ons were then annotated on the map according to the 

igenvectors to which they were most trongl related. Stations retained through this 

pro s in each sub-region were re-subjected to PCA analy is and the important PC time 

erie were correlated with the stations within that region. The tations with correlation 

coefficients le s than 0.5 with the dominant PC were reject d 1n this iterati e process. 

The basic principl of P A are deri ed from the concept of variance. The first 

tep u uall involves the computation of orne measures of a sociation between the set 

of ariables used. Thi i u uall foUowed by construction of a linear set of orthogonal 

ectors (eigen ector which are finally u ed to represent the various ariables. Under 

PCA. the eigenvectors are caled by the quare root of the corresponding eigenvalue. 

The PCA model for any ariabl j rna take the form: 

- =a F +a F + ... +a F (j = l, 2 ... m) .................. ...... . ............... ...... (3) 
~ I /I 1 ;1 l ,.. lfl 

and 
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F,.p _, ·· ·F, repr nt the principal compon nt z
1 

then rmalized rainfall re ords 

a jm th r gr ion weight (loading on the m'• principal component. 

Principal component (P s ar lin ar ombination from ali predet rmined 

variable . Thi m an that the ar ab tract construction . which can not b direct! 

interpreted as b ing ph ically meaningful. Its implicity lies in its re triction to linear 

function of the original ariabl and while thi is a good approximation of the 

under) ing variability in some data t it ha b n demonstrated that phy ical proce es 

an highly be non-linear (Wilks 2006). The fir t PC is that linear function which has 

the maximum po sible arianc . the second P A is th linear function with maximum 

po ible arianc subject to being uncorr lated with the first P A, and the third PCA is 

the linear function which maximises ariance ubject to being uncorrelat d with th first 

and econd PCA and o on. Each mode or P A e plains successi ely le of the total 

ariability in the original data et. In climatological studies the term PCA is often 

r ferr d to as Empirical Orthogonal Function OF). Thus, this method finds the spatial 

patt m of variability loadings or EOFs their time variation (seer s or PCA), and 

gi es a measure of the importance of each pattern Jolliffe 2002). 

The PCA anal sis is based on th co anance matrix of a pace and time 

d pendent field with zero temporal mean. The covariance matri of the field is 

constructed and diagonalised resulting in a et of eigen alues and to each eigen alue is 

a corresponding eigen ector. ach eigen e tor is referred to as an OF and repre ents a 

pac pattern of the field variabl and can be literall regarded a a map. The number of 

map quais the numb r of eigenvalue and in general these maps are very useful in 

met orological analysis. To see bow a given spatial pattern e olve in time, the 

igenvector is projected onto th original field to obtain a time seri . Mathemati.cally, 

th t mporal amplitudes (um are gi en b : 

K 

u, = e:,-'= L: ehllzk' m=12 .... M .................. ......... . . . .......... . .. . . ....... . . (4) 
k: l 

her M is the numb r of the ftrst eigenv ctor (PCA) taken from the whol eigenvector 

( e et of the ariance-covariance matrix of the normalized rainfall field (Z'). 

-53 -



Ju t as th P are orthogonal in pac . th a ociat d time ar orthogonal 

in time. Tb fra ti n of the total ariance in the riginal data. which i accounted b a 

gi\·en P A, i prop rtional to the a so iated eig n alue. Together an igen alue with its 

orr sp nding PC and temp ral amplitud d fin a mode of variability. The leading 

mode i I' lated to the larg t ig n alu and extract the large t fraction of total 

arianc ; the econd mode tracts th largest fraction of the remaining ariance and o 

on (Richman. 1981 ; Ogallo, 1981. 1986, 1988 and 1989· Ba alirwa 1999; Basalirwa et 

al., 1999: Indeje 2000). 

ln T -mode anal si of P . the standardized data matrix i tran posed so that 

each of the individual time period is changed to a variabl whil the station names 

become ob er ations. Thi analysis produc components with loadings on the 

individual time and an1plitudes or scores on the observation (stations) gi e the spatial 

pattern. The factor loading in T -mode anal i . are also time coefficients hich can be 

used as weights in areal a eraging. While -mode can be used to classify location with 

imilar temporal anomalie T -mode can be u d to classify ears during hich the 

specific ub-regions experienc d imilar patial anomalies. 

To effectively provide a better understanding of the physical processes 

responsible for decadal climate variability o er the region the study in olved 

performance of cluster analysis on the rainfall tations network to group them into 

homogeneou decadal rainfall zones. The delineation of homogeneous zone was 

thereafter followed by identifying the station with the large t correlation with the 

Principal omponent PC tim ries a ociated with the fir t eigen ector of the 

decadal rainfall anomal .Th P concept wa used in thjs study to establish the 

dominant modes in the ob erv d decadaJ rainfall and T data. Th spatial patterns of 

the donlinant mode observed in the ST fields were useful in s lection of STs modes 

from the major global basin for the model de eloped. The u e of PCA, ho e r 

requires the identification of the number of factors, which mu t be included in the 

olutions. 

- 54 -



m m th d u ful in det rmining the numb r of th P ' to in lude in th 

olution are di cu d in the next tion. 

3.3.5 NUMBER OF IGNIFIC TPRI CIPALCOMPONE TS 

om of th basic tep in P A include the choi e of the number of fa tor 

olution , rotation of component and the determination of th tabilit of the principal 

c mpon nts. Mo t m thods u d in d ciding the number of factor olutions to be 

retained try to ensure that only the component extracting substantial amount of the total 

variance that rna not b considered a noise ar r tained in the final solutions. The 

PCA technique r duces the dimensionality of a gi en data et b de cribing it fully u ing 

ne ariables (principal components that ha e two fundamental propertie namely· (i) 

an two different components ar uncorr lated, and ii) that each compon ntis deri ed 

from an empirical orthogonal ariable accounting for a maximum in residual total 

variance of the original date set ( hrendorfer 1 987). The u e of P A. howe er requires 

the identification of the numb r of factors which must be included in the solutions 

(Ogallo, 1981, 1989; lndeje 2000· yakwada.. 2009 . 

Each of the new ariable explains a certain percentage of the ariance in the 

original data and the all cumulati el . explain the total ariance. The number of 

factors considered would normall affect the configuration of the type map achie ed. It 

is. therefore critical to identify onJ those mod that produce patterns that may be 

ph icall interpretabl as opposed to tho e that em rge only due to random processes 

(noi e). e eral te ts e i t for the determination of the appropriate number of 

components to retain. 

3.3.6 THE SCREE METHOD 

This method plots each raw etgen alue against each mode producing an 

e ponential curve that d crease a the number of mode increa e. The point where the 

curv of the graph break become nearly linear i the determining number of significant 

principal components. The principal component aft r this point hich ha e nearl 

qual eigen alues theoreticall represent random noi e and rna be di carded (Cattel 
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I 6 . Cob n 19 3 ariation thi t t wher th data is rotat d b for 

a mor di inct break in th 

Th CT tst at 11 1966) wh r the eig n alue are plotted again t 

th factor number . th highe t eigen alu orr pond to the first ordinate point wh r 

the graph d elops to a linear r lation hip ugge t that th Kaiser's riterion might be 

mor reliable onJ when the numb r of variabl are b tween _Q and 50. 

3.3. 7 KAISER'S CRITERIO 

This method de eloped by Kaiser (1959). is one of the implest methods of 

determining the significant principal components (PCs . Thi method a sumes that aU 

PC who e corre ponding eigen alues ar great r than or equal to on are significant. It 

r tains only those PCs that extract ariance at least as much a the equivalent of on 

original ariable. Thus in Kaiser's riterion (Kaiser. 1958), onl the latent roots 

(eigenvalues) greater than unity are considered. 

3.3.8 LOGARITHM OF EIGENV ALVES (LEV) 

An adaptation of the scree graph i the log-eigenvalue diagram where log (A.k) is 

plotted against k. It is ba ed on the conjecture that eigen alue corr sponding to 'noise' 

hould decay geometrically· therefore tho eigenvalues hould appear linear 

(Craddock. 1973 . Farmer 1971) inve tigated the procedure b tud ing LEV diagrams 

from different grouping of 6000 random number . He cont nd that the LEV diagram is 

u ful in determining the dimen ion of the data. 

3.3.9 SAMPLING ERRORS OF EIGENVALUES 

orth et at., (1982 u e the ampling error of the as ociated eigenvalue m 

determining ignificant principal components. The aim of the method is to d tennine 

" hether a sample component faithfully repre ents a real eigen alue. The method 

a ume that the sampling rrors are of the order 2 112
, where is the total number 

fob ervations. Dealing witb first order, tbe bift in the eigenvector can be shown to 
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d pend trongl on th spa ing of th ig n alu 

do not. 

her as th hift of th ig n alu 

If the sampling error of a particular ig n alu . A.a. gi n by SA..a :::: Aa 2 112 ° 
. I 

comparable to or larger than th pa ing betw n Aa and A..b . a neighbouring eig n alue, 

th n the component a ociated with A.8 will b comparabl to the size of the 

neighbouring comp n nt as ociated ith l~b. The abo e r ult in th rul of thumb that 

te t for degeneracy b examining if A.a - / ... b > 2 Yz 0 

and r tam onl the principal 

compon nts that satisfy the condition. h Kai r' criterion, cr e t t and North e/ al. , 

arnpling error test ere used to ascertain ignificant numb r of principal components 

tor tain for rotation. 

Th next ection gi e brief de cription of the method adopted to tud 

teleconnection betw en regional decadal rainfall variability part rn and global S Ts. 

3.4 TELECONNECTION BETWEEN REGIO AL DECADAL 
RAINFALL VARIABILITY PATTERNS AND GLOBAL SEA 

URFACETEMWERATURES 

Three method are adopted to inve tigat the teleconnection b tween the regional 

decadal rainfall variability patterns and global T . These include simple carr lation 

method Canonical Corr lation Analysi (CCA) and ingular Value Decompo ition 

( VD). 

3.4.1 CORRELATIONMETHOD 

Correlation anal sis examines the relation hip b tween pair of ariables namely 

the dependent ariable Y) and the independent ariable (X). The degree of relation hip 

between the pair of variable Y and X i often quantified u ing correlation co fficient 

(Equation 5). This simple carr lation coefficient r ) between two ariables may b 
.ty 

xpressed as:-

1 n - -- L: <x, -x) Y,- y 
n I=! r = ----'-=-'---------

q ] n - ] n - I [ -L x, -x)2 - L( - y)2 ]2 
n 1~1 n 1=t 

0 0 0 ••• 0 0 0 0 0 0 0 0 0 ••• 0 0 •••• 0 0 0 0 00000 •••• 5) 

-57-



here X, and Y, ar ea urfa temp ratur and d ada! rainfall for th 

-
reg1 ns at time 1. and, X and y arithm tic m ans of , and Y, at time 1 re p cti el . 1\ 

i th length of r ords. Th alu of r.c, li b tw n -1 and + L ifit is equal + 1. then 

X and Y are perfect! correlat d, whil it i zero wb n there is no relation hip b twe n 

the ariables. egati and po iti e valu s of r .. , r fl ct n gati as tb 

other decreas and po itive (both increa and decrea e imultaneou ly) r lationsbip 

between X and Y. 

Correlation anal is alone is not ufficient to d lin ate linkage b twe n multiple 

d pendent I ind p nd nt ariables. It is also weak in identifying linkage that ar not 

temporall s mmetrical for xample high Hnkag with ma>Umum ea urface 

temperatures ( ST) alue but no linkage ith minimum T alues. The tati tical 

ignificance of r rna b e timated, using th tandard t - test (Equation 6 . 
xy 

l .v-2 = r~ 
- r ............. .... .. ............. ............ ..... ..... ..... .. ..... .......... . . . . . ..... . .......... . . (6 

'-"-- is the student 1 - distribution alue with -2 degr of freedom and N i the length 

of records. The detail oft- t st can b obtained in man standard r ferences (WMO 

1966· Wannacott and Wannacott 1985· Wilks. 2006). 

In thi study correlation m thod is adopted to inve t igate if 1he main modes of 

variation in the decadal rainfall fields ar relat d to the arne frequenci s of variation in 

s eral S T inde e hosen in key-areas (e.g. yakwada, 2009). 

3.4.2 CA ONICAL CORRELATION A ALYSIS (CCA) 

Unlike P A, Canonical Correlation Analy is (CCA) i a statistical technique that 

identifies a sequenc of pair of patterns in two multi ariate data sets and con tructs sets 

of transformed variable by projecting the original data onto these patterns. The patterns 

are chosen such that new ariables defined by projection of the two data set onto these 

patterns exhibit maximum correlation but are uncorr lated with the projections of the 

data onto any of the other identified patterns. CA is a multi ariate statistical technique 
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that calculat Linear combinatio ns of a t f pr dictor that maximize relation hip in 

a I t quar en e to th imilarl a lcuJat d linear c mbination of a et of pr di tand. 

Th up riorit of ral technique i it ability to perat on full 

field of information and to obj ti el defme the mo t highl r lated patt m of 

predictor and pr dictand (Barn tt and Prei ndorfer 1987; Ind nje 2000· Mut mi 2003; 

Omondi 2005; akwada 2009 . 

Canonical CotTelation Analysis CA) go s b ond tb limitation of the imple 

correlation anal si ·· by taking into consideration the full space and rime dimension of 

the field analyzed and thi i an xceptional skill capabilit of the technique. CA al o 

gi e an extensive set of diagno tics that offer orne insight into the physical base of the 

relationships u ed to form the predictions. Th ad antages of C A includ ability to 

operate on full fields of information and to objective! define the most highly related 

patt m of predictors and predictand . Its capability to define both the space and time 

e olution of the predictor data et that best predict an a sociated pattern of a predi tand 

powerful. The disad antage of CA include the timation of th re ers matrices 

n ded in C which may b impo sible for highly inter-c rrelated data fields since 

the matrices may be deg nerati e. The transformation of the ariables into orthogonal 

variates helps reduce the problems associated with inter-relationship in the data set 

R pelli and obre 2004). CCA can a1 o be unstable if the records are not long enough 

or if there is noise in the data. 

The CA selects pairs of spatial patterns of two space I time dependent ariable 

sets uch that the time dependent) pattern amplitude are optimall correlated. The 

trength and the sign of the corresponding pattern ar de cribed by th canonical 

correlation coordinate . ince the canonical serie are normalized to unit variance the 

canonical correlation patt m ar expres ed in the units of the variable they represent 

and indicate the "typical" strength of th mode of co- ariation de cribed by the pattern . 

The correlation between th canonical coordinates measures the degre of a ociation 

between the canonical pattern of predictor and predictand variables (Cheery 1997· von 

torch and Zwiers 1999 Xoplaki et al . 2003). 
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Prior to the 

of u ing th P in th 

the original data ar proj ted onto their P A. An ad antag 

C i that th input data ar ind p nd nt, ince th P A ar 

uncorrelated. The lection pro edur for the nwnb r f P from the predi tand and 

the predictor fi ld for the sub equ nt CC i of great imp rtance. On the one hand, too 

fe~ P A will omit part of the significant ignal. thu re ulting in a poorer prediction of 

the overaU C model . On th other hand, u ing too many P A will fit the tati tical 

models too trongl to particular data et consider d, and mo t likely re ulting in 

missing an adequate d scription of th underlying process. 

I 

C A transform pair of original centr d data ector X and y into t of 

new ariable . called canonical ariate v and w . defined by th dot products 
m m 

v 
m 

T I I 

am X =Lam,~ X m=1, ... min (I J); . . ........ . ......................... . ... .. .. (7a) 
t >= l 

and 

T I J 
w =b y = "b y m=1 , .... min (I J); ........... . .......... . ..................... (7b) m m L..J m.) 

J z l 

Tbi on truction of canonical variates i imilar to that of the principal compon nts u . m 

(Equation 4) in that each is a linear combination of (a sort of eighted average of 

I 

elements of the respective data vectors X andy . These ectors of eights 

a"' and bm are called the canonical vectors. One data- and canonical- ector pair need 

not ha e the same dimension as the other. The ectors X and am each ha e I elements 

and the vectors y and bm each ha e J lements. The number of pair , M of canonical 

variate that can b e ·tracted from the two data sets i qual to the smaller of the 

dimension of x andy that i , M = min I J). 

The canonical vectors a andb are the uniqu choices that result m the m m 

canonical ariates ha ing the prop Jties 

corr["1, w1] ~ corr[vz w2] 2:: ... 2:: corr[, ", WM ] 2:: O· ....... . .............. . ... ... . . ... ... .. . .. (8a) 
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{

r k=m cm-
corr[v* wJ = . 

O,k=:J=m 
b 

and 

Var[v ]=ad,.... la = ar[w ]= br f,.... ]b = 1, ...................................... 8c m m [0' r,.x m m m I.J)' ..,_.. m 

Equation 8a show that each of the M ucce pair of canonical ariate e hi bit no 

great r correlation than the previou pau. These correlati n b tween th pair of 

can nical are called the canonical correlations, r c • quation 8b states that ach 

can nical ariate is uncorrelated with all of the other canonical variate exc pt it 

spe ific counterpart in th m''' pair. Finally, quation 8c tat that each canonical 

variat ha unit ariance. 

In thj tud the CA wa computed for the T (predictor) and the station 

rainfall (predictand) to extract the dominant patt rns of linear co ariability while 

ingular Value Decompo ition ( VD wa perform d on the correlation matrix of the 

truncated PCs of the two data ts. he r sults form d the foundation for the 

de elopment of empirical relation hips between decadal rainfall and SST mod s. 

3.4.3 SINGULAR VALUE DECOMPOSITION (SVD) 

in gular Value Decomp ition (SVD) anal si i a techruque emplo ed in 

g opb sical cience to id ntify pairs of spatial patterns who e time eri ar 

characterized b maximum temporal co ariance. It tend to compress complicated 

temporal co ariance betwe n two fi Ids into a relative! few pair of spatial pattern by 

maximizing temporal co ariance xplained by each pair of spatial patterns while 

constraining them to be spatiaH orthogonal to the preceding ones of the same fi ld. 

In general. VD tecbniqu i a basic matri op ration in linear algebra that 

i olates pair of spatial patterns between two data field through decompo ition of their 

temporal covariance matrix and their associated tim eries. Both CCA and VD are 

generalization of PCA analy i , d igned for a ingle data field to two data fields and 
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id ntify lin ar combination o ariabl (or patial pattem in two field that are mo t 

trongl r lat d to acb other (Br thenon et al.. 19 2· Wallac t al.. 1992: Xinhua and 

Timoth . 1995 . Th diffi renee b twe n CCA and D i that CA id ntifie patial 

patt rn b maximizing th temporal c rrelation b tween two data field . wher as VD 

rna: imiz th temporal co arianc b tween two data fields. 

The VD metb d has b en u ed in this tudy to further e amine the detailed 

patt m of tb dominant mode of d cadaJ variation in rainfall and their teleconne tion 

to the global T change . D tail d de cription of V 0 anal sis can be found in 

Bretherton et al. (1992) and von torch and a arra (1995 . Exploiting th patiaJ 

coh renee of climate ignal in data series with low signal to nois ratios facilitate their 

identification (Mann and Park. 1996) while pr rving patiat information and allowing 

the i olation of signals that might largely cancel in coar e patial averaging e.g. ignals 

whi h largely involve dipole and quadrupole pattern . brief outline of the VD 

proce s in atmospheric ci nee applications is giv n b lo , following Cherry (1997). 

Let x and y be n, p and n, q data matrices. where the means of th 

column of x and y are all equal to z ro. Let Cxy = (I/ n,)xrY be the p q matri 

who e elements are the covariances between the time serie in the two fields. VD fmds 

lin ar combinations of the data X a
1 
and Yh, [i = 1 2, ... ,r r = min(p q)]. with the 

rna imum covariance. subject to the p x 1 ve tors a, and q x 1 ectors b, 

ati fy ing the orthogonality con traints: 

aT I] = bTl]= 81j · ............... ......... .......... ... ......... ... .... ... .......... (9) 

Where 81; = 1 if i = j el 8 tJ = 0 if i * j . 

Th olution: Cxy = ADB' define the ingular alu decomposition, and A i a 

p x r erniorthogonal matrix, D is an r x r diagonal matri , and B i a 
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q ' r miorth gonal matrix. Th ith column of A and B c ntain the l ft and right 

w ight ( in gular ector a, and b,· and th (" I m nt of D (th z 11 
ingular alu ) i 

the c varianc of X ()I and Yh, . The ectors X m and Y,, ar r fl rr d to a th t pair 

f VD xpansion coeffici nt . The t\ ets of e pan ion co ffici nt which are time 

will t nd to b correlated' ith one another b cau e: 

ov(x 
01

• Yh, ) = cor{x w . Yh,)J[ ar(X w)var(Yh, ~.................. . ........ ... .. . . . 10 

Thu finding a, and b, to maximize the co ariance of th e pansion coefficients 

will tend to produce pairs of expansion coefficient that are correlated. In practical 

appli ation , it i desirable to find the directions in ·• p space and •· q space· o that 

""h n the ariabl in the two et of data are proj cted onto the e t o axe the are as 

imilar a pos ible. The next tep is to find a econd set of direction orthogonal to the 

fi r t. with imilar properties and o on up to·' r ., uch pairs of direction . 

In CCA formulation, th VD is used to ol e e plicitl the eights X and y 

by appl ing it on the triple product matrix: 

c ==. - 1 2 - 1/ 2 

IJ r- = .............................................................................. {11) 

Obtaining th olutions x and with the Ts at concurr nt season ith rainfall would 

gi e th CCA sp cification kill whit letting th 

prediction kills. 

slags rainfall give the CCA model 

The quare Co ariance Fraction CF) explained b each mode and the 

correlation co fficient (r) between th xpansion coefficient of both oc an Ts and 

D rainfall are presented as indicators of the strength of th coupling between th two 

variabl s. In this stud th co ariability between the atmosphere and ocean was 

explor d by performing VD anal si of rainfall and T anomalie at decadal time 

-cal e. 

-63-



3.5 PREDICTIO OF DEC DAL RAINFALL P TIER 

This ection highlight th m th dology used to pr diet decadal rainfall o er the 

r gt 1 dge of climat information b ond a onal time ale has 

constant! b n h wn b p lie mak r and plann r and had al o be orne a 

comp lling i sue that emerged fr m fP C Fourth A s ssment Report R4) IPCC 

2007). This i a time frame of int re t for man acti itie that upport decision-making 

r garding impact of climate ariability and change et it ha not been emphasized in 

the current climate change projection and a sociated tudies. he techniques adopted in 

this study include Multiple Lin ar R gres ion (MLR) and verification procedures to test 

the ki lls of the forecast dev loped. Regr ssion and correlation analyse which are 

standard linear methods that only xtract the linear tructures of th data (Hsieh 2004) 

were also used as discus ed in Omondi 2005. 

The VD and PC anal se are mplo ed fir t, to reduce the large 

dimensionality of the T and rainfall data and the leading igenmodes of T retained 

as predictors of decadal rainfall variability in the delineated homog n ous climate zones. 

The longitude and latitude of the ocean areas expres d as boxe greater or equal to 10° 

and ith correlation gr ater or equal to ±0.3 orth et al. 1982) were elected as 

predictors for rainfall in the specific homogeneous zones delineated o er East Africa. 

Skilful decadal forecasts would be useful in reducing and managing the risks 

as ociated with rainfall extrem s. They would further pro ide useful inputs to the 

improvement of earl warnings of extreme rainfall e ent and also offer valueable 

contribution toward disaster ri k reduction and ustainable socio-economic 

de eloprnent in the region. 

3.5.1 MULTIPLE REGRESSIO MODELS (MRM) 

Multiple Linear Regres ion MLR) anal sis aim to produce predictand value of a 

dependent variable from a linear t of principal predictors that efficient! describe the 

collecti e variability of independent ariable. MLR models the relationsbjp between 

two or more explanatory variable and a response ariable by fitting a linear equation to 

ob erved data. E ery value of the independent ariable x, is a sociated with a value of 
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the d pendent ariable, . The r gr ion equation ar u uaU deri ed u ing tepwi e 

MLR. in hich each p t ntial pr di tor ariabl aluated for its indi idual 

igni ficance le el b for b ing includ d in th quation and, with each addition; each 

ariable within the quation i then e aluated for it ignificanc as part of th model. 

Fitting a Multi pi R gre ion Model MRM) i imilar to that of a impl Linear 

Regre sion Model LRM which i u uaU don through th lea t quar method. In a 

multipl r gres ion mod I a ingl pr ructand, Y has mor than on predi tor ariabl . 

X. L t k denote the numb r of pr dictor ariable . then the prediction equation i 

or 

n 

Y = b0 + "" b.x. + & . L...J /1 ! ...... . .... .. ......... .. . . . .. .......................... . 12b) 
i= l 

wher bo and bi are the intercept and regre sion co ffici nt for the predictor X; . 

Th am steps are followed for determining the prediction equation as for the cas of 

LRM. Howe er in this case the variance of the error t rm i 

S2 = SSE 

n - ( k + 1) ........... ..................... .... .. ... ....... ...... ............. ( 12c) 

A test of the adequac of the model is done b computing R2 which is th 

multiple coefficient of determination given by 

'E 
R2 =1-----, 

L (Y-Y 2 

te l . ••. •• ••• ••• ••• • •. •• .• • ·• .•••... •• ....••••. • ••• . . ............... (12d) 

For R2 ~ 0 it impli lack offit, while R2 = 1 impli s perfect fit. 

Tot t the utility of this model a ull h potb is is d fine as:-

again t ......... . .. . ........... .. .......................... 13) 

H1: At least one of the b, :1= 0 
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tati tic i : 

the r jection r gion i if F:abutated > F',;(n-A-t/ (a ................................. (14b) 

lnferenc about a particular alu would b mad follow : 

H0 : b2 = 0 (No relation hip ith T of outh Pacific) 

against H
1
: b

2 
;t: 0 i.e b

2 
> 0 or b

2 
< 0 ··················· Cl 4c 

The te t tati tic i 

b 
, 

, ~( -)' t=~ ~ X;-X-

s 1=1 

with V= n-2 ..................................... (14d) 

Cho e a= 0.05 and reject the null hypothesi if 1 < -2.306 or t > 2.306. An ample 

of.A OVA tab! for Multiple Linear R gr sion Mod 1 is discussed in th next sub­

e tion. 

3.5.2 ANOV A FOR MULTIPLE LINEAR REGRESSION 

Th OVA calculations for multiple regre sion ar nearly identical to the calculations 

for imple linear regression, xc pt that th d gre of freedom are adjusted to reflect the 

numb r of explanatory ariables in luded in the model. For k explanatory variable , the 

model d grees of fre dom (DFM) ar equal to k. the error degre offr edom (DF are 

equal to (n- k- 1) and the total degr offr edom DFT) are equal to n- I) the sum 

of DFM and DFE. An example of OVA table for a multiple linear r gre sion is 

giv n in Table 4. 
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Table 4: OV table for Multiple Lin ar Regre ion 

df F 

k 

Re idual n-k-1 E/n - k - 1 Lar 0 er value of F 

Total n-1 

impli a 
tronger 

r lationship while 
maller alu s ofF 

indicate 
weaker relationshi 

quare. 

In multiple regres ion. the test statistic M RIM E ha an F (k, n - k - 1) distribution. 

The ratio M/ T = R2 is known as the squared multiple corr lation coefficient. This 

alue i the proportion of the ariation in the re pon ariabl that is e plained by the 

response ariables. 

3.5.3 VERIFICATION OF THE FORECAST 

To as s th true skill of a forecast tern it is ital to minimize the risk of 

artificial kill that ari es because the system has information that would not be a ailable 

in r a)-time application. he afest solution is to define a p riod for model de elopment 

and a complet ly independent period for mod 1 testing. It i de irable that the 

development p riod b as long as possible to increase the reliabi lit of the statistical 

v r-fitting the model re ults from the u e of too many predictors while under­

fitting th model r suit from use of too fe pr dictors. It i de irable to u e a erage 

number of predictors giving a erage model efficiency R2 
. 

tatistics u d to assess the forecast skill from a regres ion equation include the 

tandard correlation between the forecast (/)and ob e ed ( ) ariable (equation 5). F-

ratio and the p- alue . ummaries of the model fore a ts and ob erved scores are 

pr ented in th form of contingenc table for ach tation. Table 5 hows a ample of a 

conting ocy table with arbitral· scores for both foreca t and the obser ations. 
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Table 5: ontinoenc table for ob erved and for a ted model 

Dry 
Ob ervation Normal 

Wet 
Total 

Perc nt orr ct = a + e + i x l 00% 
T 

Dry 
a 
d 
g 
M 

a 
Po t gr ement = -

j\tf 

e i 
- . - forDry 
I 0 

Forecast 
Normal Wet 

b c 
e f 
b I 

N 0 

ormal and W t categories. 

Total 
J 
K 
L 
T 

Th Fal e Ala1m Ratio, (FAR =I- ~or= l - ~ for extreme dry or w t cases 
M 0 

respectively. Other statistics that rna b used include the root-mean-square error 

(RM. E) th ab olute error AB E) and the bia (BIA ) : 

RM. E =[_!_I(/- v) 2]1 2 ...................................................................... (15) 
I;J 

BIA = __!_ ± (f - , ) · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · . · · ............ ( 16) 
I= I 

} N 
ABSE = - I If - I .............................................................................. ( 1 7) 

1=1 

wber the ummation ext nds over the foreca t year . It is worth mentioning 

that RMSE and BIA do not mea ure skill relative to reference core. 

3.6 PROJECTION OF FUTURE REGIONAL CLIMATE 

An attempt i al o made in this stud to generate (downscale) future climate 

projection (scenario ofth East Africa using d narnical downscaling (regional climate 

modelling) technique. Th Regional Climate Model (R M) used in thi study is the 
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Pro iding REgional limat for Impacts tudie . hi i th Hadle nter 

ver i n of th R gi nal limat M del HadRM3P baed on HadAM3P. which i an 

improved er ion of th atmo ph ric c mponent of the !at t Radle entre coupled 

tmo ph re Oc an Global ircuJation Model ( OG M . Had M3 ordon et al. 

_000). 

Th PRE I model use the arne formulation of tb climate t m a in the 

mother GCM, HadAM3P that en ure the RCM pro ide high-r elution regional 

limate change projection generaJJy consi tent with the continental cale climate 

change projected b the GCM. The PRECI climate model is thu an atmo pheric and 

land urface model of limited area and high resolution. PRECJ is a hydrostatic 

primiti e quation gridpoint model containing 19 le els de cribed by a h br:id vertical 

oordinate ( immon and Burridg , 1981 · imon et al.. 2004 . In thi stud PRECIS has 

b en u ed with horizontal r solution of 50 km with 19 l el in the atmo phere (with 

th model top at about 30 km in th strato pher ) and four oil Ia er . be mod I has 

been applied in downscaling to 25 km horizontal resolution to capture finer details of 

climat impacts. Howe r for a bigger r gion like the whole of Greater Hom of Africa 

the high computational costs and torage implication limited its u e at 50k.m spatial 

resolution. 

The model runs were p rformed for the pr sent climate (1961-1990) usmg 

diffi r nt base-line lateral boundary condition (LBCs) and for future scenarios (2010-

_1 00) using the sp cia] report on emi ion cenarios ( RE ) of the Intergo emmental 

Panel on Climate hange (IP . The model is dri en at it lateral boundaries b 

relaxing urface pressure (p* , the horizontal wind compon nts (u and a ailable on the 

19 model levels and cloud-con rved temperature and moisture ariables (theta and qt 

on the 19 model Ie el towards value int rpolated in time from data saved every 6 

hour from the G M integration. 

Dynamical flow, the atmospheric ulphur c cle clouds and precipitation, 

radiative processe the land surface and the deep soil are all de cribed and information 

from e er aspect is diagno ed from within the model ( imon et al. 2004). The PRECIS 

mod I. like all other R Ms require prescribed surface and lateral boundar conditions. 
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urfa boundar condition ar onl r quir d o r water, wh r th m del ne ds time 

en of urfac t mp rature and ice tent . Lat ral b undar c ndition provide 

dynamical atmo ph ric infoonation at th latitudinal and longitudinal edge of the 

mod I domain. There i no pr ribed con traint at the upp r boundar of the model. 

The lateral boundary condition comprise the tandard atmospheric ariabJe of urface 

pre ure, horizontal ind component and measure of atrno pheric t mperature and 

humidit . The e lateral boundar conditions are updated e ry 6 hours, while the surface 

boundary condition are updated e er da . The detail ofthi model de cription can be 

obtained from the UK Met Office PRECIS training Handbook ManuaJ (Richard et al. 

003). 

3.6.1 MODEL DOMAIN 

The i ue of optimum domain size has received significant attention in regional 

climate modeling (Deni eta/. , 2002). In the choice of an R M domain, it is desirable to 

el ct a domain that is both large enough that the regionaJ model can develop its own 

internal regional- cale circulations. but not too larg that the climate of the RCM 

deviates significantly from the GCM in the centre of the domain (Denis et al. 2002 

Jones et al. 1995 eth and Giorgi 1998 · Kumar et al., 2006). Often the choice of model 

domain size is a compromise between requirement for a higher resolution and 

computational costs. However, other aspects such as the appropriate model physics 

parameterizations and/or local climate feature /system al o count significantly. 

Jones et al. (1995 in e tigated the influence of lateral boundary forcing on one­

\Va nested RCM imuJations u ing domains of four differ nt izes and bowed that th 

larg t domain produced ignificant deviations of R M from G M solutions. On the 

other hand the smallest domain exhibited too trong larg - caJ control on the RCM 

olutions and thus howed ery lirnjt d added value to tb GCM output. Seth and Giorgi 

( 1998) u ed analysis of ob ervations (ECMWF r anal si ) as lateral boundary driving 

field for RegCM2 and demonstrated that with a smaller domain the simuJated 

precipitation was clo er to observation compared to imulation with a larger domain. 

Howe er, the climate ensiti ity to the internal forcing was better captured with larger 

domain. This means that the optimum domain size should be one where large-scaJe 
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ir ulation in R M i on train d to follow the dri in0 M fi ld , but th finer 

m cal tern al o ha n ugh pac to fully d elop. 

un et al..( 1999a) p rform d a uite of imulations with differ nt domain LZe 

o er east rn Africa during the initial cu torruzation of Reg M2 to imulat the Limate 

of th region and h w d that the domain which co red the main regional and large 

cal feature i.e. Ea t Africa and Ethiopian Highlands, tern Indian Ocean 

Tropical(Congo) rainfore t larg inland lakes (Victoria, angan ika and Malawi) 

produced more realistic di tribution of imulated precipitation and other meteorological 

field . 

In this tudy the PRECI R M for the eastern Africa region wa configur d for 

a domain extending from about 13° to 16° and 24°E to 52°E (Figure 10) based on 

un tal., 1999a criteria. ensiti ity simulations were performed in order to determine 

an appropriate domain size. Two domains were tested both ext nding from ab ut l3°S 

to 5° and 29°E to 44°E, but with one having a 0.44° r solution (-SO km) and the other 

a 0.22° re olution - 25 km as well as a large domain (13° to 16° and 24°E to 52°E) 

at 0.44° resolution. 

The model domain (13° to 16° and 24°E to 52° lect d wa sufficiently 

large o that ynoptic and me o cal circulations generated within th RCM were not 

und irably damped and at the same time, reasonabl small o that th deviation of the 

large- ale seasonall a rag d RCM circulation from the dri ing OGCM is not 

o erwhelmingly large to impl a ignificant perturbation to the planetary-scale di ergent 

circulation. These condition are n ces ary to ensure ph si al on i tency between the 

RCM olution and the pr -d terrnined AOGCM solution ext rna! to the RCM domain 

( eth and Giorgi 1998· Jones et al .. 1995 and Denis et al., 2002). The control simulation 

of PRECI model was inve tigated for December - February (DJF), March - May 

(MAM), June - Augu t (JJA and October - December OND) seasons. 
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40•o"'-e 44°0"0""E •I ~O"'"E 

Figure 10: Region of tudy in relation to the model domain 

3.6.2 DESCRIPTIO OF MODEL EXPERJMENTS 

The RCM wa set up for the eastern Africa domain (Figure 1 0) and run to 

imulate the climate for the present 1961-1990) and a futur period 2010-2100 u ing 

ERA-40 reanalysi , HadAM3P and ECHAM4 GCM output a initial and boundary 

forcing. The RCM model projections for 2010-2020 decad w re compared with the 

predicted regional d cadal rainfaiJ ariability pattern outlined in ction 3.5. The A2 

and 82 GCM future scenario or storyline wer u d. ote that, A2 cenario i based 

on heterogen ous world with a large gap between the rich and the poor, high rates of 

population growth and slower economic development. In the A2 cenario the 

distribution of new techno log i assumed to b low, and energ need are largely met 

through fossil resource . Thi scheme results in medium to high emissions with 

atmo pheric 02 concentrations r aching 715ppm and global temperatures expe ted to 

increa e b around 3 ..... °C b tbe 2080 (1P C 2007). o the other hand the B2 storyline 

describ s technologicall imbalanced world a world with mphasis on local solutions 
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for con mic. o ial. and n ironm ntal u tainability. In me ar a . technolog will 

d v lop rapidly, " hile oth r ar a will be forced to mak do with outdated t chnology. 

It d crib s a world with ontinuou I in reasing global p pulation at a rate lower than 

2. intermediate l f economic dev lopment. Whil the c nario i al o riented 

n ironmental prole tion and ocial equity, it £ cu e on local and regional 

level . The accompanying emi ions c nario is medium low. with 0 2 cone ntration 

at ~ 6-ppm and global t mp rature e pected to increa e by around 2.3°C. 

3.6.3 EV ALUATIO AND VALIDATIO OF GCM OUTPUT AND 
PRECIS SIMULATIONS 

Model evaluation and a.lidation are essential parts of the model de elopment 

proces if model are to provid useful information to upport decision-making. Model 

valuation is done to en ure that the model is satisfactoril cu tomised for different 

regions and the ph sics parameterizations ha e been impl ment d prop rly and are 

consi tent with ob erved climatology. The ultimate goal of model e aluation/ alidation 

i to make the model u efu1 for application to specific regions and that it pro ides 

rea onably a.ccurat information about th regional climate s stem b ing modelled. 

A measure of the confidence in the projection of climate change from a 

particular climate model i based on the moders capability in imulating contemporary 

climate. Therefore, the regional climate model (PRE I ) was fir t run for a baseline 

period and result compared with the observed climatology over the sam period i.e 

1961-1990). ompari on i done for daH monthl and seasonal means and frequenc 

di tribution over peci:fic grid boxe or points. 

The PRECI simulations ere al o compared with the GCM output and 

observations at scales resolved b tbe GCM. This helps to to valuate the bias s between 

the RCM and the par nt GCM and also an indication of the alue added by using RCM. 

To achie e thi mod 1 e aluation trategy, the PRECJ (R M) and CRU data have been 

di id d into large-scale (L ) and mesoscale (M ) components as suggested in some 

tudies Jones et al.. 1995· oguer et al. 1998 and Deni t al. 2002 . The LS 

omponent is obtained through aggr gation of the data to the cale of the GCM by 
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v ragmg all land points lying ~'thin ea h G M grid b x, and th me ale 

component i obtain d b calculating the difTerenc b t n the large- ca l component 

and the original data. The en embl m an PRE l output' a obtain d wh n en emble 

memb r fE HAM4 and Had M3P \Jere a raged and us d as a fir ing. 

The PRE I simulated temperatur and pr cipitation ha e bia e typical of 

man other G Ms or RCM used in ral tudie cit d h r . But the M bia are 

orr cted before simulated temperature and precipitation are ompared to ob ervations. 

A imple bias correction approach as used b Dmman et al., 2001 was applied. In this 

approach a monthly factor baed on th ratio of present day simulated value to CRU 

ob erved alues on a grid box basis i applied to the modelled climatic variables. 

Recentl , Fowler et al ., (2007) al o u ed thi approach to stud the impact of climate 

change on the water re ource in north-we t England. 

3.6.4 PRECIS REGIONAL CLIMATE PROJECTIO S 

To generate climate change proje tion , two time- lice period were used to 

drive the RCM. The first period is u ually when th re are no increase in mi ions (i.e. 

to represent pre-industrial climate or can be for a r cent climate period. 1961 -1990 is 

often chosen a it is the current WMO 30-year averaging period. The cond period can 

be any p riod in the future although will often be taken at the end of the centur (for 

example, 2071-21 00) when the climate chang ignal will be cleare t against the noise 

of climate variability. The projected r gional cljmate model in thi tudy are based on 

the difference of two 30-year simulated climate r gimes· the future climat a erage for 

2071 to 2100) minu the pre ent day climate a erage for 1961 to 1990). 

The model simulations were p rformed with and without including sulphur 

cycle. to understand the role of regional patt rns of ulphate aerosols in climate change. 

However, the effect of black carbon ( oot was not included in the imulation 

experiments. Using the model output from th e experiments. high-resolution climate 

chang scenarios ba e been d eloped for arious urface and upper air parameters of 

critical importance to the impact a es ment for East Africa region. 
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An effi ti e way of xploring a m d r int mal ariability i to u e ns mbl 

ffi ti 1 incr asing imulation length while minimi ing th effi ct of the change in 

e ·t mal fo rcing du to atmo ph ric compo ition. To increa e the range of climate tat 

captured, a s t of realizations of a particular climat can be produced each u ing th 

am evol ution of atmo pheric composition (r cent or futur . The individual memb r 

of the dri ing model ensemble are initialized with differ nt but quall plausible) 

tat . The deterministic nature of th model produce a differ nt but again equall 

plausible representation of the subsequent climate for each initial tate. 

In thi stud the regional climate projections were computed by weighting 

output of en emble members of the two GCMs, CHAM4 and HadAM3P, used as 

forcings to PRECI R M for a high rni ion scenario ( RE A2 and also low 

emis ion scenario RES B2 . 
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CHAPTER FO R: RE LT DDI C IO 

Thi chapt r pr nts and discuss th r sult that were obtain d from the ariou 

m th d that wer u d to addr th obj cti ofthi tudy. The in lud r ults from 

(a) orrelation anal sis and Principal omponent P A u d for d lin ating 

zone with similar d cadal variability mod ; (b) p ctral and trend analy es together 

\o\ith the as ociat d statistical tests u d to pre nt orne difference in decadal modes of 

variability for the sp cific delin at d zones· (c inguJar Value Decomposition Anal sis 

VD ) used for in estigating the t L connection of the regional d cadal rainfall 

variability patterns with global s a urface temperatures and (d) Multiple Linear 

Regre sion method that were u d to e amin the predictability of th decadal 

variability mode in East Africa. The last ection of the chapter pre ents th r ult from 

examination of probable future regional climate scenarios and compared the near-term 

projection with predicted decadal rainfall u ing Regional Climate Model. The results 

from arious method are pres nt d eparatel and compared in th folio ing sections. 

The quality of the rainfall record u d i ho\ e er presented fir t in the following ub-

ection. 

4.1 DATA QUALITY CONTROL RESULTS 

The quality control of the fe mi sing data i presented in thi section. It was 

indicated ins ction 3.3.1 that both corr Jation and regression were the ke methods used 

to examine the quality of data used in thi tudy. Le s than 10% of the total records ere 

e timated at all locations. 

Examples of the r suits from the mas curves analysis are gi en in figures 11 and 

12. Figure 11 bows an example ofth mas cur es that were obtained at most locations. 

The mas curves showed that in general only traight single line could be fitted to 

cumulative rainfall records which is indicati e of hornogen ity of the record u d in the 

tud . Examples of the deri ed mass curves for heterog neous record that wer ob erved 

at few locations are shown in Figure 12. In thi case more that one line could be fitted to 

the cumulati e rainfall records. Th non homogenou records that were included in the 

tud were adjusted using double mas cur e analyses. orne de cription of the single 
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mas and doubl rna urve m th d w r pr ent d in ction 3.3.1. D tails of the 

method are a ai labl in man tandard climatoJogical r fer nc includin WM 1966. 

1986. Ogal lo 1987 . 

ln gen raJ the quali ty contr I analy declared mo t of the r cord being u d to 

be of good quality. The data formed the foundation of most th analys s that wer 

undenak n to in estigate arious pecific objective in thi tud . The re ults from 

delin ation of th patial pattern of th d cadal mode o er the r gion are pre nted in 

then xt ectioo. 
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Figure 11 : Cumulative March - May (MAM) easonal rainfaU totals over Zone 1 
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Figure 12: ingle mass curve for Zone 2 as represented by Kigoma. 

4.2 DELINEATION OF EAST AFRICA CLIMATE ZONES BASED 
ON MODES OF DECADAL RAINFALL VARIABILITY 

The primary objecti e of this analysis was to examine if ther were any spatial 

difference in the modes of d cadal ariabi I i ty of East Africa rainfall u ing the Principal 

omponents Analysis (PCA and imple correlation analysi approaches. Correlation 

method as used to onfirm the clo e linkage in the interannual patterns of the arious 

rainfall tations that were clu tered togeth r b PCA. Detail of PCA and correlation 

methods were presented earlier in section 3.3.4 and 3.4.1 re p cti Jy. It should be noted 

that the time serie data u d in ariou anal e in thi tudy are rainfall records from 

p cific locations that ha e been filtered with a nine point binomial co-efficient filter to 

r mo e all fluctuation less than 9 ear . Thus onJ fluctuations with periods equal to or 

greater than 10 ears are retained for all analys s. 

The discussion of the r sult for the March-Ma (MAM) rainfalJ season ts 

ho er presented fir t. 
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abl 6: igenvalue , ariance and accumulated Yariance tra ted b ach mode of 
the d cadal rainfall 

PERIOD FACTOR EIGENVALUE ARI lCE CUMULATIVE 
E TRA T D VARIA E 

(%) (%) 
I 7.3 19.7 19.7 
2 6.9 18.6 38.7 
3 5.9 15.9 54.8 

M 4 4.2 11.4 66.3 
5 3.0 8.1 74.4 

6 2.3 6.4 80.8 
7 1.8 5.0 85.8 
8 1.2 3.3 89.1 
9 1.1 2.9 92.0 

BOO 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 16 19 a! 21 22 23 24 25 26 27 28 29 30 

Rule N Results with dot= 30 

Figure 13: election of the dominant PCA for March-May decadal rainfall mode 
with point above the dotted line ignificant at 5% level 

Tabl 6 and Figure 13 giv orne examples of the re ult that wer obtained from 

P A analysis. The result includ cr test; Kaiser' criterion and orth et al. (1982) 
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npling rror t t. All th r ults indicated that nine P mod w r ignificant. 

The ace unt d for 92% of total MAM ea on d cadal rainfall arianc . Th nin PCA 

mod ubj ct d to furth r anal es including orthogonal arima.x rotation. Th 

result indicat d that th arian account d for b each f th fir t four PCA mod 

w re relati ely low ach of them accounted for I than 20%. Th fir t four P A mode 

accountedfornan1el 19.7.18.6.15.9,and 11.4%repecti el .Thi rna beduetotb 

moothing of fluctuations le that 9 ears u ing bin mial co ffi ient filt r as highlighted 

under data analy i methodology. 

The Location that had hlgh degree of as ciation with on or a combination of 

PCA mode l 2 3 4 etc w re clu tered together a homogenous locations with similar 

t mporal ariability with p riods greater than 9 ear . A location wa con idered to ha e 

ignificant association with any particular PCA mode wh n the loading coefficient for the 

tation onto the PCA mode was greater than 0.3. Th thre hold value of0.3 wa based on 

1 orth t al.. (1982 sampling rror test. The results that were obtained for the March -

Ma s ason is shown in figure 14. in homogeneou region were delineated over East 

Africa i.e. Zone 1 (Mahenge) covering southern part of Tanzania· Zone 2 (Tabora) 

central and western part of Tanzania· Zone 3 (Voi) coa tal areas of Kenya and 

Tanzania· Zone 4 (Mbulu) part of northern Tanzania and central Kenya highlands· Zone 

- (M u oma) eastern part of Lake Victoria· Zone 6 (Gari a) eastern highlands of Ken a· 

Zone 7 (Moyal ) central and northeastern part of Ken a· Zone 8 (Mbarara central and 

west rn ganda and· Zone 9 (Lodwar northern Uganda and nortbw stem parts of 

Ken a. Correlation betw eo the stations with highest communality in ach group were 

computed and mapped. High interstations corr lations ere observed for the stations 

within the pecific homog nous zones for example· in zon 1, correlation of 0.91 0.74 

and 0.54 wa obtain d between Mahenge and Iringa Mtwara and Iringa, Mbeya and 

Mtwara re pecti ely. 

Tw nty two (22) groupings ere obtained hen homog n ou zones d ri ed for 

the MAM eason using unsmoothed rainfall records for the thre countries of the study 

region w re merged (ICP 1999· ICPAC 2006· 0\ iti 2005). Delineation of East 

Africa region using interannual rainfall record b Ogallo (1981 a, 1989) and Indeje 
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(-000 i ld d 12 and zon r p cti 1 . h ffi ct of m othing rainfall rec rd i 

b rved to m rg orne grouping ' ith imilar de ada) rainfall characteri tic int am 

zone and ther for z n in the curr nt stud ar ignifi and differ nt fr m th patt rn 

that ha e b en obtain d from pa t tudi b gallo 19 9); Mutua t al.. (1999 · 1 P C 

( 1999 ; Ind je 2000) and I P 20 6) among other . When aU r cord are u ed, the 

tir t fi w P A mod plain ery high p rc ntage of arianc . Thi rna b a ociat d 

with e ·ist nee of dominant r currence of ariability mod of about 2 y ars (QBO 

mode 3-7 ear (IOD and E 0 modes among other (Rasmusson et al. , 1981; 

gaUo. 1977· 1994; Indej , 2000· and Mutemi 2003 . High frequenc of ariability is 

as ociated with regional factors ( ystem ) that are al o aried Ogallo. 1977 1994· 

Indeje _QQO). 

4 

2 

0 

Zone2 

-8 
MAH . 

·10 Zone 1 

·12 
28 30 32 34 36 38 40 42 

Fi~re 14: Homogeneous climatic zone over Ea t Africa obtained from combined 
PCA and simple correlation analy e u ing the Decadal rainfaJI variability (March­
May). 
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able : Ei en alu . arianc and accumulated ariance tra ted by each mode of 
the decadal 0 D rainfall 

PERIOD FACTORS IGENVALUE VARIANCE CUMULATIVE 
E TRA T D V RIANCE 

(%) (%) 
1 15.87 42.9 42.9 

2 -.25 14.2 57.1 

3 3.87 10.5 67.6 
0 D 4 2.67 7.2 74.8 

5 2.40 6.5 81.3 

6 2.32 6.3 87.6 

7 1.38 3.7 91.3 

18.00 

16.00 

14.00 

12.00 

10.00 

8.00 

6.00 

4.00 

2.00 ----....: ~ = ::-= =.. = = =:: = = = = _-.: =. = =: = = :-.: = = .:= = 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Rule N Results with dof .. 30 

Fi(Jure 15: election of the dominant PC for October- December decadal rainfall 
mode with point above the dotted tine significant at the 5% level 

The result for the October-December OND) eason are pre ented in table 7 and 

figure 15. able 7 and Figure 15 how eigen alues ariance and accumulated variance 
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\ tra ted b ea h P 

r uJ indicate that 

mod of d adal ariabiliry for th rainfall ea n. The 

n P m d . a counting for 91.3% f th total 

rainfall anance wer ignificant. nlike the MAM ea n, th 

moothed 

m d for 

rainfall ariability with fluctuati n great r than or equal to 9 ears account d for very 

large p rc ntage of arian e 42.9 %). The e ond and third P mod ac ount d for 

14.2 and 1 0.5% re pe ti I . Th patial coherence of OND rainfall ha been pr ented 

man author gumba. 1985; Ogall . 1989: Hastenrath tal . 1 93· Indej 2000; 

Indejc et al. 2000· Black et al. 2003· lark et al., 2003· Mutemi 2003· chreck and 

emazzi 2004· Beh ra et al. 2005· An ah et al., 2006 . 

WAJ 
• 

GAR 
• 

MBU 
• 

ZONE 3 

DOD 
• 

JRJ 
• 

MBE MAH 
• • 

28 30 32 34 36 38 40 42 

Figure 16: Homogeneou climatic zone over East Africa obtained from combined 
P A and simple correlation analy e u ing the October-December Decadal rainfall 

ariability 
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Th patial patt rns of th dominant P mod w r u d t group together 

regions. The PCA tati tic 

( ommunality) at ach individual r gion was th ren re us d t id ntif a r pre entativ 

tation in ea h region for furth r detail d anal Or gory. 1975; Ogallo. 1988 1989: 

B alirv a 1991: Indeje 2000; Okoola 1996: I P . 1999· am ng man other ). F r 

xample correlation between the tations with highe t communalit in ery cluster was 

mput d and this h lp d in the mapping of tation into zon . orrelation coefficient 

alue as high a 0.94 ere ob erved b tween Dare alaam lnl roa1ional Airport (DIA) 

and stations within zone 5. 

verall. thi tud ha pro ided detail d zoning of patial patterns of decadal 

ariability modes during the main rainfalls ason of MAM and OND over Ea t Africa 

which can be of great u e in the planning and manag ment of all rainfall dependent 

activiti in the region. uch information are al o critical in di aster management and 

other climate risk reduction acti ities that ha e be n called for under the H ogo 

Framework of building resilience of oci ty world wide by 2015 (I DR 2005). 

4.3 EXISTANCE OF DECADAL MODES IN THE INTERANNUAL 
RAINFALL RECORDS 

R suits for interannual ariability togeth r with the ignificant decadal modes are 

pr sented in the next section. The station with the highe t communality in each zone was 

u ed in tr nd and spectral analyses. The patterns of the time eries of th dominant PCA 

mode for the homogenous zone was al o xarnined and compared ith results from the 

r presentative station that was identified through communality anal sis. The results fi·om 

tr nd and pectral analy s are presented indep nd ntly in th following two sections. 

4.3. I TREND ANALYSIS 

The interannual patterns of unsmoothed time nes for the MAM and OND 

a on are given in Figures 17a and 17b re pectivel wllile mootbed time series is 

given in Figure 18. It as e ident from trend anal sis that om trends were discernible 

in orne of the smoothed and un mooth d tim eri s. Trends analy es of unsmoothed 

rainfall ha e been pre ente.d b many author (Land berg, 1975· Bunting et al. 1975· 

-84-



~ on t al., 19T, 2002; 0 aJlo 1977. 19 Ob. 1981 b; ich l on. 2000b and Omondi. 

2005. 

Th un mo th d r cord ho high recurr nc f flood and drought ith 

period I than 9 ar Figure 17a and 17b . The unsmooth d re ord how that too 

much I too little rainfall r c i d in on or two ar determin th g neral trend of the 

decadal mean rainfall. Exampl are the 1997 I 1998 1 ifio r lated heavy rains and 

1961 trong po itiv phas of Indian Ocean Dipol I D related heavy rain that made 

1990 and 1960 wet d cades whi 1 the 1999 I 2000 La ina relat d drought made 2000 

be a dry decade in most locations. Many recent studie ha e hown that within timescales 

of les than 9 ears the mo t common recurrence ar of period 2-3 years and 3-7 

y ar . These ha e b en as ociat d with Quasi Biannual 0 cillation, lndian Ocean Dipole 

mode and El iiio outhern 0 cillations yst m ( galle, 1982 1988· icholson and 

Entekhabi 1986· Indeje and emazzi, 2000· ollimor 2003: laud and Terry 2007; 

Ropele ski and Halpert 1987· Ogallo and uleiman 1987· Wallace et al. 1998; 

Camberlin tal.. 2004 Yamaguchi and Noda 2005· Owiti, 2007). 

This tudy howe er, focused on decadal ariability and thu . the long term trends 

brought about by wa es less than ten ears ha e been remo ed before subjecting the 

smoothed time eri s to trend and spectral anal ses. Figur 1 8 shows orne pattern of the 

decadal ariability mode a were discernible from th smoothed time seri but with 

tr nd for MAM s ason. It has b en noted that after the removal of the long t rm trends 

and the ob erved rainfall record passed through a low-pass filter using a 9-point 

binomial coeffici nt filter in all season decadal mod were clearl di cernible. Various 

stati stical te ts wer applied in order to te t the tatistical significance of the observed 

m des of decadal variability. Therefore to i olate d cadal trend mode in interannual 

rainfall rec rd it i important to filter out noi e in tb data. xample of decadal rainfall 

ariation for ]ected regions ar shown in Figure 19 and 20 for zones 1 to 4 for 

moothed data here trends have been remo ed and data smoothed b a nine-point 

binomial coefficient filter to remo e all fluctuation with les than 9 ears. 
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Figure 17a: Unsmoothed Interannual rainfall pattern for March-May for zone 10 
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Figure 17b: nsmoothed Interannual rainfall pattern for October-December for 
zone 4 

It is evident that although wet and dry decades were recurrent and sometimes 

. tendo er large areas, th r wer v r few decades when floods or drought co ered the 

whole of East Africa region except for the wet decade of 1961-70 during the 0 D 

eason. This is due to the modification of climate b the regional ystems that include the 

xi :tence of the large inland lake and complex topographical featur s that significantly 

modify large scale circulations over the region (e.g Mukabana and Peilke 1996· Anyah et 

al., 2006, among others). 
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Fiour 18: moothed inter-annual March- May rainfall anomalie: for zone 3 a 
repre ented by Voi 

eral tudies have indicated d cadal rainfall ariabiJit for the regJOn 

( ichol on and Chervin 1983· Nichol on and Yin. 1998· chreck and mazzi 2004: 

B wd n et al. 2004· Omondi. 2005: Muthama et al. 2008). Outside the region arious 

tudie ha e shown strong evidence for the existence of decadal pattern of climate 

\ariability (Latif and Barnett 1994: Trenb rth and Hurrell 1994: Zhang et al. 1997; 

M hta, 1995· Bader and Latif, 2003· D ser t al. 2004; Lee et al. 2006· IV AR 

C . 2007: Bo rand Lambert 2008· K enJy ide et al., 2008· Meehl et al. 2009 . 

Howe er the studies done o er Ea t Africa region did not examine the 

compl xit of decadal ariability w.ithin ears and seasons. Thi tud therefore has for 

the fir t time pro ided detailed empirical and d narnicaJ in e tigation of climat factors 

and ariability at tim and pa e cales that can contribute not only to climat change 

adaptation tudies but a] o for medium and long-t nn de elopm nt plan for the region. 

om differ nee in th impact of th decadal variability at various locations over East 

Africa reflect strong influence of th comple regional climate sy t ms/forcing on 

fluctuations of the background global circulation ystems. Thi has b en hown in the 

ob er d teleconnection between regional climate extremes and global circulations 

induced b IOD E 0 QBO and MJ (OgaJio 1988· Hastenrath 1990: lndeje et al. 

2000: Mut mi 2003· Repelli and obre, 2004· Owiti 2005 · Omen et al. 2009). 
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Figure 19: Graphical plot of March -May decadal rainfall variability for the repre entative tation over a t frica r 'on 
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4.3.2 P CTRAL ANAL Y I 

~1 M and 0 

d cadal tim 

I vel u ing both white and red nois 

i ar gi en in Figur 21 and 22 for 

how significant p ctral peak within 

er ignificant at 95% confid nee 

The decadal sp ctral p ak wer 

d minant at aU location during all th eason . It hould al o be noted that with a erage 

length of record of about 80 ears. and with the r moval of aU fluctuation l than 9 

ar , the id ntification of decadal spectral p ak and spectral band ' er po sibl 

pectral peaks analysis tudies for un moothed data have b n di cu d by man 

author u h a Jenkins and Watts (1968)· Rodhe and Virji 1976) and Ogallo (1977. 

1980b. 1982) among many others. om of th past tudies ha e linked 2.0-3.3 years 

c ·cle to QBO Holton and Lindzen 1972· Ogallo, 1982· Indeje et al., 2000 5.0-7.5 

ars c cles toE 0 mode of ariability (Ogallo, 1988· Mutemi 2003 and 10.0 - 11.0 

ear to solar ariability (Craddock 1968· Wagner 1971 and Rodh 1974). ucb 

fluctuation have al o been indicated in the rainfall records from other parts of Af1ica 

(Ty on et al. 1975· icholson and Entekhabi 1986). 

5 . . ...•.... ·••• · .• ·- .... 

4 - •.•••• 

2 . . .... 

I . 

Figure 21: pectral analysi of the mootbed March- May easonal rainfall for zone 
8 a represented by Mbarara 
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Fi!!llre 22: Spectral analy i of the moothed October- December ea onal rainfaD 
for zone 6 as repre en ted by Gulu 

The stud ha thu d monstrated the dominance of decadal ariability in rainfall 

pattern over East Africa. There are however significant differences in the amplitudes 

and sp ctral band of the pectral peaks from the var:i us regions, which signified orne 

differences in the impact of the decadal variability of arious parts of East Africa due to 

the modification of the complex regional cJimate s terns. 

Next section pr ents re ult obtained from t Leconnection of the r gional decadal 

rainfall ariability pattern to th global s a surfa e temperatures. 

4.4 TELECONNECTION BETWEE REGIONAL DECADAL 
RAINFALL VARIABILITY PATTERNS AND GLOBAL SEA 

URFACETEMPERATURES 

DecadaJ T and rainfall anomalies are anal zed and compared h re usmg 

ingular Value Decompo ition (SVD anal i in order to delineate exi tenc of 

c variance amongst a t Africa rainfall and the individual global Oc an basin Ts. 

0 can be u ed to detect coupled pattern b tween different components of climate 

y t m . In this ection, results for coupled pattem b tween modes of d cadaJ rainfall 

variabilit and specific ocean are discu s d. D tails of VD anal si method empJo ed 
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I 

in tni tud w r di cu ed in ction 3.4.3. Tb D r ul for th thre as ns ar 

pr ent d in lb next ction . 

4.4.1 ARVAL E DECOMPO ITION ( VD) RE LT FOR 
OCTOBER- DECEMBER EA 0 

In thi ection. the VD re ult for a on and sp cific global Ts are 

d. Man auth r ba e tudied the ND rainfall a on o er the region due to 

high p tential of its predictability than an other a on 

_005; Black et al .. 2003 ; Muterni 2003· iti. 2005· 

nd je 20 0· Behera t al. 

yakwada, 2009). The VD 

r ults that wer obtained with Indian Ocean and D rainfall ea on are presented 

in Tab! 8 and Figure 23. Table 8 pr vid a ummary of the re ults from SVD analy is 

for all th three basins and OND rainfall eason o er Ea t frica The I ading modes in 

each ca were cho en for discu sion in thi section. 

Table 8: ummary of some tati tics from VD anal for pecific Ocean SST 
and decadal 0 D rainfall 

Ocean OND Square %of total Cwnulative Correlation 
Mod Co arianc mode % coefficient 

fraction co ariance co ariance (r 
(SCF) 

1 26.7 65.2 65.2 0.99 

INDIAN 2 6.8 16.5 81.7 0.98 

3 3.6 8.8 90.5 0.94 

1 18.7 47.8 47.8 0.97 

ATLANTIC 2 9.0 23.1 71.0 0.94 

3 4.9 12.5 83.5 0.76 

1 40.0 39.2 39.2 0.99 

PACIFIC 2 28.0 27.5 66.7 0.96 

3 13.8 13.6 80.3 0.94 

r i the correlation coefficient between the expan ion coefficient of T. and OND 
rainfall mode 

[ndian Ocean L the near t ocean to Eat Africa and the eastern coast of the 

r gion i bounded b the ocean. The ocean is therefore the major source of the moisture 
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for inland rainfall. Pr ious tudi indicat d that th o r th Indian an reach 

ak r lati n hips\ 'th rainfall in thi p riod ( utai, 2003 . 

Indian cean T and 0 D a onal rainfall VD m de account d for 90.5% f 

the total quare co arianc . Th c nd and third D mod a counted for 65.2, 

16.5. and 8.8 % of th total quare c arianc of 0 D decadal rainfall ariabilit . The 

fir t and cond mod togeth r explained mo t of th o ean-rainfall co ariance (82%) 

and therefore th co ariance of remaining VD mode are not ubject of discus ion in 

thi ction. 

Th fir t VD mode ( VD-1) betwe n OND rainfaJJ and Indian Ocean T field 

is characterized b n gati e loading patterns of rainfall o r th southern ector and 

po itive loading o er the northern ctor of th r gion (Figur 23a). The corr spending 

pattern in the Indian Ocean basin shows a djpole-like pattern with po iti e loading 

centred around eastern Indian Ocean (25° -1 0°S. 80° -l10°E) and n gative loadings 

over the we tern Indian Ocean (20° -30° 50°E-70°E) (Figur 23b . This mode explains 

6~% of the total coupling co ariance b tween Indian cean T and 0 D rainfall 

(Table 9). 

Thi mode se ms to represent th m an seasonal pattern of T over the ocean 

(Behera et al . 2005· chr ck and emazzi 2004· Terray and Domiruak 2005· Tozuka et 

al. _QQ7). uch part rns o er the Indian cean depicted by VD mode 1 have be n 

b erved in some pre ious studies but using PCA and correlation anal ses between 

Tnd ian Ocean T and the hort rainfall ea on o er East frica (Behera et al. , 2005. 

_006; Beltrando and Cadet, 1990; akwada 2009). 
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(a) OND rainfall Mode 1 

(b) Ind ian OceanS T Mode 1 

. 0.55-059 
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- -0 73- -0.69 

F igure 23: patial pattern 
rainfall (b) Indian Ocean 

1) of the fir t VD mode for (a) October-December 
T pre ented a homogeoeou correlation maps. 
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Figure 23c: Time eries of expan ion coefficient ( 1) of the fir t SVD mode for 
October - December rainfall (bold line) and Indian Ocean S T (dotted line) 
anomalies. 

The time eries of expansion coefficients (SVD-1) mode of both rainfall and ST 

anomalies repre ent d by Figure 23c demonstrates decreasing trends with S T leading 

d cadal rainfall ariations. 

Table 8 further how that the cond VD mode ( VD-2) between the two fields 

explain 16.5% of the total covariance of the OND rainfall. The spatial pattern of Indian 

Ocean VD mode 2 i shown in Figure 24b. Tbi pattern xhibits large coherent negative 

loading over the central equatorial Indian Ocean with mall positi e tongue over the 

Indo-Pacific Ocean . his ignal is generally associated ith negati loading pattern 

ver mo t parts of the region esp cially o er areas that rec i e substantial rainfall during 

ND season (Figure 24a). Previou author including Harrison and Carson (2007); [hara 

et a! .. (2008)· and Nyakwada (2009), ob rved similar patt ms dominated by VD-2 in 

their tudie on correlations berwe n Indian Ocean T and a t African rainfall. 
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a) OND rainfall Mode 2 

(b) T Mode2 

Figure 24: patial pattern ( 2) of the econd SVD mode for (a) October-December 
rainfall (b) Indian Ocean T pre ented a homogeneou correlation map . 
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Figure 24c: Time erie of expan ion coefficient ( 2) of the second VD mode for 
October- December rainfaU and Indian Ocean T anomalies. 

The time eries of expan ion coeffici nt of mode 2 is pres nted in igure 24c. 

The correlation between th e pan ion coefficient of th econd SVD mode VD-2) for 

fD rainfall and Indian Ocean ST anomalies is 0.98. The time serie also indicates 

tronger decadal variability signals during 1960 ; wh.ile depressed negati e phases 

between 1970 and earl 1980s. 

Table 8 tog th r ith figures 25 and 26 pro ide ummary of the results from 

ingular Value Decompo ition ( VD) anal si for a t Africa OND rainfaJI eason and 

the Atlantic Oc an T . ote that the Atlantic Ocean is to th we t of the r gion of 

tudy. Moisture influx from the ocean i a ociated with enhanced wester! circulation 

that al o favours the incursions of moisture from the aJwa s wet tropical forests of 

ongo, Zaire and otb r c ntral African countrie . The T ariability in the Atlantic 

cean reaches its maximum in the period January to May (Wu et al. 2007). Th fir t 

three VD mode for Atlantic Ocean T and ctober-December seasonal rainfall 

accounted for about 84 % of the total squar co ariance. The first D mode ( VD-1 ) 

tween 0 D rainfall and T fields (47.8%) i characterized b a meridional dipole 

like pattern with n gati e loadings over the northern equatoriaJ Atlantic Ocean and 

positive loading over the outhem equatorial tlantic basin (Figure 25b). 
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(a OND rainfall Mode 1 

(b) T Mode 1 
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Figure 25: patial pattern ( 1) of the fir t VD mode for a) October-December 
rainfall (b) Atlantic T pre ented a homogeneou correlation map 

The OND rainfall camp nent of this mode is characteri ed by E - W dipole 

part m wi th n gativ loadings over the outh- ast rn sub- ector while positive loading 

- 98 -



v r nortb-w t rn gm nt of th r gion (Figur 2-a . Th tim 

D oe:fficient of b th rainfall and anomali has a corr lation 

of . pansion f 

fficient of 0.97 

C Figur _5 al o om tr nd and nhanc ment of th d adal amplitud in orne 

' ar just a was b rved for the Indian cean (Figur _4c). 

1 . 500 

- raln1 - - sst1 
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0 .500 
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-1 .500 , 

-2.000 

-2.500 ..__ ____ __. _____________ ~ ___ .___. _ ___. _ __J 

Years 

Figure 2Sc: Time erie of expansion coefficient ( L) of the fir t VD mode for 
October - December rainfaU (bold line ) and Atlantic Ocean T (dotted line) 
anomalies. 

The econd mode ( VD-2) between OND rainfall and Atlantic S T fields 

explains 23.1% of the total covariance of the OND rainfall. Figure 26b indicates that the 

VD-2 mode repr nts an inter-hemispheric dipole with the n gati e loading centred 

around 5°W- l5°E 20° -5° ) and the positi loading around (50°W-40°W. 2° -

I oo ) of the tropical Atlantic Ocean. The spatial pattern of the rainfall seems to be 

opposite to tho e ob erved for SVD-lmode. 

Th results from VD anal sis between OND decadal rainfall and Atlantic Ts 

ha hown that a flip in the interhemi pheric loading patterns in the Ocean causes 

corresponding flip in the spatial and temporal regjonal rainfall loading pattern . When the 

loading pattern in the tlantic Ocean is positi e in the north and negative in the south the 

regional rainfall pattern is associated with negative loading in the northern sector and 

po iti e loading in the southern sector and vice ver a. imilar change takes place in the 

time eries ex pan ion coefficients of the two field . 
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(a) 0 D rainfall Mode 2 

(b)S TMode2 
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Figure 26: patial pattern ( 2) of the econd SVD mode for (a) October-December 
l"ainfa ll (b) Atlantic T presented a homogeneou correlation map 
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Figure 26c: Time serie of expan ion coefficient ( 2) of the second VD mode for 
October- December rainfall (bold line ·) and Atlantic Ocean SST dotted lines) 

The t mporal baracteristic ofth VD-2 mode ofthe observ d rainfall and T 

(Figure 26c) indicate that the mode ar as o iated with interdecadal and decadal 

variability. Decadal and multidecadal variabilit as ociated with the variation of 

thermohal ine circulation ha e b en ob er ed in the Atlantic Ocean (Latif et al .. 2006 . 

The year of larg positi e I negati e alue of the time coefficients correspond to some 

of the major wet I dry years over parts of central and eastern parts of th a tern Africa 

regi n ichol on 2000b). 

It i ob erved that SVD-1 mode of Atlantic Ocean ST has imilar impacts to 

0 ·o d cadal rainfall (Figures 23a and 25a) as VD-1 mode of tl1e Indian Ocean T. 

Thi suggest that the large cale changes in the global ocean ba ins Ts ha e 

ignificant influ nee on regional climate variability. This emphasizes the importance of 

c an currents and the as ociated T patterns in tb stud of climat variability and 

prediction. trong relationship between ocean current and climate have be n e tablished 

to b the major influence of regional cl imates ( alsa]a and Ikeda, 2007; ai and Cowan 

200 : Keller et a l. , 2007). 
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u h Dipole loading patt m in th tlanti 0 ean ha e b n ob er ed b man 

author including Weare 1977 ; M ura and hukla 1981 ): Park r et al., 1988): obre 

hang et al. (1 98 · Li t aJ., 2007): Rep lli and obr 2004 · Wu 

et aJ.. 2007 and ·akwada (2009) among man other author . Wh ne er ther 

enhanc ment of I ifio outbem 0 cillation 0 . thi mode bas alway b n 

manifi ted (Li et al., 2007· Wu et al., -007 and il i al o linked to th orth Atlantic 

0 illati n AO (Wu t al.. 2007 . 

The VD re ult for the Pacific cean and OND d adal rainfall are 

pre nted in table 8 and figure 27. Although Pacific i the furthe t ocean from the r gion 

it ha orne strong teleconnections to the ast Africa climate especiall during EN 0 

and other years with large S T anomalie (OgaHo and uleiman, 1987: Rop lewski and 

Halpert. 1987· icholson and Kim, 1997; Wassila 1999; Wang and Eltahir 1999· Indeje 

2000: Indeje el al. 2000· Schreck and emmazzi. 2004· Korecha and Barnston 2007). 

Pa t tudies have hown that the influence of Pacific Ocean on East Africa rainfall will 

dep nd on the circulation anomalies o er and abo e Indian and Atlantic Oc ans and the 

urrounding land areas (Wolter 1987). Man studies have also hown that strong 

circulation anomalies in Pacific Ocean ha ignificant impacts on both Indian and 

Atlantic oceans (Wolter 1987· Terra and Dominiak. 2005). 

able 8 hows results obtained when VD technique was u d to analyze 

couplin0 betw en global ocean Ts and OND rainfall ason for ast Africa region. The 

first three Pacific and OND modes contribute to about 80% of the decadal rainfall 

co arianc . The VD-1 mode for the Pacific T contribute about 39% of the total 

co ariance and is characterized by the El ifio T pattern (Figure 27b). The valu of 

corr lation ob erved with this SVD-1 mod wa 0.99 indicating that it accounted for 

about 39% of 0 D rainfall co ariance (Figure 27c). The impact of this VD-1 on ast 

Africa rainfall eems to bear some similaril to those observed for VD-1 mode of the 

Indian Oc an (Figure 23a). This may be due to clo ere ponses of the irculation amongst 

the thr ocean (Burroughs 1999). 
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Figure 27: patial pattern 1) of the fir t VD mode for a) October - December 
rainfall (b) Pacific S T pr ented a homogeneou correlation map . 
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Figure 27c: Time series of expan ion coefficient ( 1) of the frr t VD mode for 
0 ·o rainfall and Pacific Ocean T anomalie . 

Variou tudie have shown that E 0 i linked to the Indian Ocean ariability 

thr ugh th modulation of alker circulation (Xi et al. , 2 02· Krishnamurty and 

Kirtman, 2003· Kug et al., 2005· Kug eta/. 2006). The Ts over the southern Indian 

Ocean during the December to February have b en ob rved to influ nee climate shift in 

the Indian and Pacific Ocean and thu predictor of El ifio (Terra and Dominiak, 

200-). 

Th SVD-2 mode (SVD-2 b twe n 0 D rainfall and T field for the Pacific 

contribute about 28% of the covariance. It i cbaractetized by the La iiia T pattern 

~~th large negati e loaclings over the eastern quatorial Pacific c an. and po iti e 

loading er the western equatorial Pacific Ocean (Figure 28b). uch loading patt rn i 

a ciat d with negati e loading o er the region and therefore depres ed rainfall 1gure 

28a). Pa t tudies have shown clo t I conn ction within ariou Pacific Ocean mode . 

Th e include the recent studie that ha e e amined tel c nnection b tween E 0 fu t 

Pacific mode) and the so called ifio Modoki that oft n appear as a different mode 

of . More on El ifio Modoki and associated impacts on regional and global 

climate i di cus din ection 4.4.2. 
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Figure 28: patial pattern (S2) of the econd VD mode for (a) October -
December rainfall (b) Pacific T pre eoted a homogeoeou correlation maps. 
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Figure 28c: Time erie of expan ion coefficient (s2) of the ecood VD mode for 
0 D rainfall and Pacific Ocean S T anomalie . 

4.4.2 SI GULAR VALUE DECOMPOSITION (SVD) FOR THE JUNE 
TO AUGUST SEASON 

In this section. the ingular Value Decomposition ( VD re uJts for June-August 

(JJA) eason are presented and di cussed. During the JJA season the western and coastal 

parts of the region recei e substantial amount of rainfall. Part of the equatorial ector 

covering northern Tanzania western part of ast Africa and th coa taJ areas generall 

exhibit a trimodal rainfall regime centred around March-Ma , June - August and October 

-December month . The r suit are pre ented based on the quare ovariance Fractions 

( F) e plained by each mod , together with the correlation coefficient r between the 

expansion coefficient for ach of the three global oceans S Ts and JJ rainfall. 

The SVD analysi r suit for June-August easonal rainfall and global ST ar 

pre nted in table 9 and figure 29. able 9 pro ide a summar of tb r ult from VD 

analysis for all the three basins and JJA rainfall eason over a t frica. The leading 

modes in each ca e are di cu ed separately in thi section. 
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D anal i t r p ifi d adal JJ1 

quare 
Co arianc 
fraction c arian varian e 
( F) 

25.1 61.1 

U\:DIA 
2 6.9 16. 

3 3.6 8.7 

15.1 38.6 

ATL TI 
2 11.4 29.2 0.97 

3 5.5 14.1 8 

1 43.0 42.1 42.1 

PACIFI 
2 20.4 20.0 62.1 

3 15.6 15.3 77.4 

r i the orrelalion coefficienl between the expan ion coefficiem of, T. · and JJA rainfall 
modes 

Forth Indian Ocean STs table 9 show that thr e d minant VD mode . 

accounting for about 87% of the JJA rainfall a on coupling with Indian cean ar 

dominant. The VD-1 mode b tween JJA rainfall and T Ii ld account for 61% of th 

covariance and is characterized by a dipole mode with p ol of negative and po iti e 

loading to the western and ea t rn part of th equatorial Indian cean igur 29b). 

a ociated with depressed decadal rainfall o er parts f the region with trong Jun -

August rainfall seasonal mode. ime eries of e pansion of VD coeffici n of oth 

rainfall and T anomalie hown in Figure 29c demon trat trong decadal ariati n 

in both time serie with expan ion coefficient of0.98. 

The spatial and temporal characteri tic of thi mod imilar to the on 

ob erved with the VD-2 mode b tween the Octob r-December rainfall and Indian 

Ocean Ts (Figure 24a . The dominance of a ingle mode and dipole T patterns such 

as the Indian ocean dipole ha e been a common feature in many past analy e . 
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(a) JJA Rainfall Mode 1 

(b) S TMode 1 
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Figure 29: patial pattern ( 1) of the fir t VD mode for (a) JJA rainfaU ea on (b) 
Indian ST pre ented a homogeneous correlation map 
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Dipol T pattern o r Indian an ha be n o rved b Harri on and 

Car on 2007)· lhara et al., 2008 ; akwada 20 9 . am ng man oth r . The p tt rn 

al o r mbl the negati Indian Oc an Dip 1 (I D) " hich has r ei ed a l t of 

an ntion with r gard to the as ociated T ariabilit and r gional rainfall pattern aji 

and Yamagata 2003· Black t al. 2003; B hera tal. 2005; witi, 2005; T zuka tal. , 

_007; Yu and Rienecker 2000: M y r et aL 2007· Huang and hukla, 2007 . An 

int re ting dipole mode of ariabilit i en in th VD-1 m de of the Ts and JJ 

rainfall anomali . 
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- - SST 

10 

05 
, 

, 

00 
1956 1958 1960 1968 1970 1972 1974 

·l 0 

-1 5 

-20~--------------------------------------------~--~------~ 

Figure 29c: (c) Time eries of expan ion coefficient sl ) of the fir t VD mode for 
JJA rainfa ll (continuou line ) and Indian Ocean T (dotted line anomalie 

The VD-2 mod betw en JJA rainfall and T field explains 16.8% of the total 

ovarianc of the JJA rainfall. h patial pattern oflndian cean VD-2 mode ( igure 

30b) i characterized by n gati loading o er mo t of the Indian Ocean basin with 

reali tic long period of T data. Th JJ rainfall component of this mode gen rally 

depict positi e loadings over the coastal ector and ' e tern area · and negative loading 

o er th rt t of the region that are often dry dw-ing June - August p riod Figure 30a). 
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a) JJA Rainfall Mode 2 

(b STMode2 

0 3·0 

0 7S 8? 
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Figure 30: patial patterns ( 2) of the ecood VD mode for a) JJA rainfaU ea oo 
{b) Indian T presented a bomogeneou correlation maps 
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Therefor . th ugh thi mod ·plain r lati ely I w o arian , it m b a 

k y m de for Jun - ugust rainfall ariability. imilar pattern in 

in the econd mod of 0 D rainfall and Indian c an Figur 

xpan ion o :ffici nts f VD-2 mode for JJA rainfall and lndian 

id nt 

of 

an T anomali 

(Figure 30 ) how trong coh r nee among t the d cadal rainfall and T m d with 

orr lation coefficient of 0.96 with de adal ignal within thi ea on. Th d minance of 

negativ phase i e ident in th r cent ear . 

20,---------------------------------------------------~ 
- Decadal Rainfall 

15 I .- - -
- • SST 

~DL-------------~--------------------------~--~~--~ 
Years 

Figure 30c: Time eries of expan ion coefficient 
JJA rainfall (continuou line ) and Indian Ocean 

2) of the econd VD mode for 
T (dotted line ) anomaHe 

The VD-3 mode that plain d 8.7% of the total co ariance had dipole loading 

pattern that were close to tho e observed for mode 1. e cept for wider pread of the 

po iti e modes o r the tropical ocean basins (Figure 31 b . This mode e ms to signify 

the role of the c ntral highland and the Great Rift all.e that runs north- outh across th 

central of the r gion ith chain of mountain on b th ides of the Rift Valley that hav 

at o significant modification to the large-scale circulation over the region Figure 31 a . 

The time series of expansion coefficient of this mod i charact -ri ed with me 

decrea ing trend during the decade of 1970s and arty 1980s (Figure 31 c). Many parts of 

th region were under drought during these decade icbolson 2000b). chreck and 

emazzi 2004 i olated a decadal tr nd mode during these two decades influenced by 
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fi und b, Dai t aL (19 7 . 

(a) JJA Rainfall Mode 3 

b ST ode3 

cean. imilar and on i t nt trend ' a al o 

Figure 31 : patiaJ pattern (83) of the third VD mode for (a) JJA rainfaiJ easoo 
(b) Indian T pre ented a homogeneou correlation map 
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Thu the tud ha d lineat d orne coherence bet\ e n Jun - ugu t rainfall er 

E Africa wi th tr ng t leconne tion to decadal T ariability er part of th Indian 

0 an basin. orne f th delineated pattern were on i t nt with tho ob rved during 

0 'D ea on. Th result are con i tent with orne of the pa t tudi that ha e hown 

linkage between inter-annual ariability of th r gional limat and p rturbation in the 

global Ts (Ogallo, 1988· ichol on and Kim 1997· aji tal .. 1999; Goddard and 

Graham, 1999 Mutai and Ward 2000~ lndeje et al.. 2000: and akwada 2009 amongst 

oth rs). 
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Figure 31c: Time erie of expan ion coefficient ( 3) of the third VD mode for JJA 
rainfall (continuous line ) and Indian Ocean T (dotted lines) anomalie 

The re ults of VD anal si for th tlanti Ocean T and decadal JJA rainfall 

are presented in table 9 together with Figure 32 and 33. The patial characteristics of the 

fir t two dominant modes explain 68% of th co ariance. The VD-1 mode between the 

t\.\·o field account for 38.6% of the covariance and it r pre ent an inter-hemispheric 

dipole with po iti e loading in the outhern (0° -15°£. 30° -15° ) and the negative pole 

in the northern part ofthe t1opical Atlantic Ocean (50°W-35°W 0° -15° . Tlli mod 

is opposite to VD-2 mode of 0 D rainfall and Atlantic Ocean (Figure 26b). Th 

modes ha e been ob erved in som of the past ST ariability studi over the Atlantic 
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ean akwada, 2009: Wu et aJ., 2007· hang tal. 1997: i t al. 2 07: Bowd n t 

al .. 004; R p IIi and obre, 2004· obr and hukla 1 96; among man other auth r ). 

(a) JJA rainfaU Mode 1 

.(104-.(102 -.(116-.Q 13 - .Q28-.Q25 - .(140-.(137 

(b SST Mode 1 

Figure 32: Spatial pattern ( 1) of the fir t VD mode for (a) June- Augu t rainfall 
{b) Atlantic ST pre ented a homogeneou correlation maps 
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Figure 32c: Time erie of e pan ion coefficient ( 1) of tbe fir t VD mode for June 
ugust rainfall and Atlantic Ocean SST anomalie . 

The VD-1 mode of the Jun - August rainfall and Ts ha e shown strong 

de adal signal in their time eries of expansion coeffici nts. This ob er ed pattern over 

th tlantic Ocean can possibl b linked to the strong decadal rainfall ariability over 

th reg1on. 

The econd dominant VD mode ( VD-2 xplain 29.2% ofth total JJA rainfall 

and T covariance. Its spatial characteristic is oppo ite to that of OND rainfall and 

tlantic 0 ean (Figures 25b hence not shown in this study. There are howe er some 

difference in the magnitude and patial pread o er some areas with high positi e I 

negati e loadings. 

The third ( VD-3 mode of Atlantic 0 ean and JJA rainfall accounting for 14% 

co arianc showed unique patial patterns with n gati e loading along th equatorial 

Atlantic Ocean and positive loading along the 30° latitude (Figure 33b). The results 

hoY\ that although the mode explain relative! low co ariance T variability o er 

the e area ha e homogenou impact over a t Africa. The corresponding regional 

rainfall pattern as ociated with this mode showed general n gati e loadings over the 

region (Figure 33a). The mode how ignificant positive trend since 1960 igure 33c) 
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in tim ne of xpan ion co ffici nt with Jun - ugu t and tlanti T. 

Po iti tr nd in tlanti T coupling v ith r gional climat ha al o be n r p rt d in 

om past studie (Bowd n tat. 2004· Dai tat.. 1997; Zhang tat. 2007 . 

--011--010 

-025--018 

- -033--026 

(a) JJA Rainfall Mode 3 

(b) T Mode 3 

Figure 33: patial pattern ( 3) of the third VD mode for (a) June- August rainfall 
(b) tlantic T pre ented a bomogeneou correlation map 
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Figure 33c: Time serie of expan ion coefficient · (s3) of the third VD mode for 
June- Augu t rainfall (full line ) and Atlantic Ocean T anomalie (dotted line ). 

The e results signify the importance of Atlantic Ocean VD modes on decadal 

rainfall o er East Africa. Th characteristics of the VD modes are clo el associated 

with om climate extremes affecting the region. These could be a sociated with the 

implication of these modes on the cjrculations energy and moi ture induced b the 

ocean. and other inland rain gen rating stem . Bam ton et al. 1996 demonstrated that 

the time-space beha iour of the T field alone influence the JJ seasonal rainfall o er 

the r gion both on interannual and inter-decadal time-scale . Oth r similar re ults with 

JJA season ha e been docum nted by Gis ila et al. (2004)· egele and Lamb (2005 · 

Korecha and Barnston (2007)· Zewdu t aJ (2009) among others. 

The result for SVD anal si for Pacific Ocean Ts and JJA easonal rainfaU ar 

pre nted in table 9 together ith Figures 34 and 3-. The fir t three D mode 

contributed to about 42% 20% and 15% (Table 9) re pectiveJy of the total JJA decadal 

rainfall ariability. The spatial characteri tic of tlli fust dominant mode that explains 

about 42% of the JJA covariance i characterised by ~ 1 ifio-like ariability pattern 

similar to one presented by mod I of the OND rainfaU and Pacific Ocean in Figure 27b. 
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Latif and Barnett 1994 argued that th tropical Pacifi T ariabilit an be 

chara terized b thr e mod 1. .• an int rannual mode [the El iiio- uthern 

0 illation, 

variability. 

)]. a decadal mod and a trend or unre ol d ultra low-fr u nc 

(a) JJA rainfall Mode 2 
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(b) T Mode 2 

Figure 34: patial pattern (S2) of the econd VD mode for (a) JJ rainfall ea on 
(b Pacific T presented a homogen ou correlation map 
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Th y ar0 U d that on iderable T ariability can b attribut d t a lin ar tr nd that 

might be related to gr enhou \ armmg. Lau and W ng I 9 argued that a fa t 

\\arming in th pa t few d cad i roo tl du to the ad ent of th warm ph of a 

d adal-interd cadal To cillation which i sup rimp ed on lin artrend. Th e r ult 

u._.gest that variabi liti of on interannual decadal t en long r timescal s ar all 

rei ant factor a ociated with global warming ignal ( hreck and emazzi 20 4· 

Ram a t al .. 2008). 
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Fioure 34c: Time eries of expan ion coefficient ( 2) of the econd VD mode for 
June- Augu t rainfall (fuJI lines) and Pacific Ocean T anomalie (dotted lines). 

The SVD-2 mode b tween Pa ific Ocean and JJA rainfall fields is characterized 

b large pool ofpo itive loading over the central quatorial Pacific and negati e loadings 

in the equatorial western and eastern parts of the basin (Figure 34b). The corr sponding 

impa t of thi mode on r gional rainfall is charact riz d by po itive loading in th 

western parts of th region and negati e loading o r the ea t m highlands (Figure 34a . 

Thi mod of tropical Pacifi T variability wa fir t ob rved and referred to as trans­

, ifio index Trenberth and tepaniak, 200 I· Trenb rth et al. , 2002) and later by shok et 

al., 2007 'i ho named it 'El iito Modoki · (" Modoki · is a clas ical Japanes word, which 

mean · a imilar but different thing ). This mode that takes a hor - hoe pattern flanked 

b a colder sea urface temp rature anornal ( T A) on both sides along th equator 

(Trenberth and tepaniak 2001· Trenberth et al., 2002, A hok tal. , 2007; Me er et al. 
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_007~ hok et al.. 2009; H e-Mi Kim et aJ .. 2009) i chara t rized b enhan d and 

depre d rainfall re p ctiv l er we tern and ea t rn tor of ast frica r gion. 

ince majorit of uch e nt form in th Central Pacific, rather than th Ea tern 

Pa ific a the typical El ino olution do s th phenom non i referr d to a El ifto 

Ytodoki. El iiio Modoki in olve ocean-atmosphere coupling proce es hich includ a 

unique tripolar sea le el pre ure pattern during th evolution anal gous to the outbern 

0 illation in cas of EJ iiio Ashok et al. , 2007· M y r et aJ . 2007· bok et at.. 

_009; Hye-Mi Kim. et al. 2009. This anomalous warming event that is different from 

conventionaJ El iiio e ents but both take place in quatorial Pacific bas rec ntly 

generated counter argument amongst lead researchers a to whether it should be classified 

as a new mode in Pacific Ocean or just e ol ing phas s of El ifto. 

It is noteworthy that El ifio ears typicaJJ result in fe er hurricane forming in 

the Atlantic Ocean (Yamagata and Masumoto 1992· Trenberth and tepanjak 2001; 

Trenbenh et al. 2002· Huang et al. 2002). but El ino Modoki results in a gr ater 

number of hurricane with greater frequency and more pot ntial to make landfall (W ng 

tal ., 2007· Weng et al .. 2008; Webster. et al .. 1999). A hok et al. , 2007 suggested that 

the El Niiio Modoki may be changing potentially cau ing not onJy a greater number of 

hurricane than in average years. but also a greater chance of hurricanes making landfall 

along the Gulf coast and the coast of Central America. tudies show that 0 

influences the tropical Atlantic T primarily through the Tropo phere Temperatur (TT) 

mechanism, which pr diets a uniform warming in the tropical Atlantic following the 

mature phase of l iiio (Huang et al. 2002 and Yu 2005 . A to wh ther it is El iiio 

that is changing to iiio Modoki is not clear y t but everal authors postulate that it 

could be part of different pha es of evolving I iiio, or I Nino's response to a warmjng 

atmo phere. There are runts tha1 the trade winds of the Pacific ha e become weaker with 

time and this may lead to the warming occurring further to the west (Weng tal. , 2007; 

eng et al. 2008). 
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Figure 35: patial pattern ( 3) of the third VD mode for (a) June- Augu t rainfall 
(b) acific Ocean T presented a homogeneou correlation map 

The VD-3 mod b t\! e n Pacific cean and JJA rainfall fields I 5%) i 

characterized b positive loading o er the we tern and eastern equatorial Pacific and 

negative loading in the central equatorial parts of the basin Figure 35b . Th impact of 

thi mod on East Africa rainfall i a sociated with positi e loading in the eastern 

highland and negati e loading o er th est rn parts of th r gion igure 35a). Tbi 
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m e h part rns e actl oppo ite t the on ob r d for D-2 mod fi r JJ and 

Pa ific T fi ld . near imilar part m in rainfall wa al o ob rved in VD-_ m d 

b tween ND rainfall and Atlantic T field m to confirm that 

robu t t l conn ction b tween global cean ar at o manifi ted in th ir ffi ct on 

re .... ional limate a well. 

.so .--------
Correlation coefficient = 0.99 

1.00 

0.50 

,; 0.00 +--.----c:-r~-r--.· 

iii 
E 
g -0.50 .. 
0 
1-
.., -1.00 

-1 .50 

-2.00 

Years 

Figure 3-c: Time erie of expan ion coefficient ( 3) of the third SVD mode for JJA 
rainfaJI and Pacific Ocean T anomalies. 

The tim serie of expan ion co fficient of VD-3 mod for JJA rainfall and 

Pacific Ocean T anomali (Figur 35c) show trong coh renee amongst the decadal 

rainfall and S T mod with correlation coefficient of0.99 ith decadal signals. 

4.4.3 SVD RESULTS FOR THE MARCH- MAY SEASON 

ln this ection modes of d cadal variability for th individual global ocean T 

and March-Ma (MAM) rainfall anomalie are anal z d and compared bas d on VD 

analy is t chniqu . The VD r ult for the thre ocean ba in and MAM rainfall ar 

pre nted in table 10 and figures 36-42. 

The VD result for th MAM rainfall ea on and Indian cean T are 

pr ent d in table 10 and figure 36 and 7. Table 10 pro ide a ummary of th r ults 

from VD anal sis for all the three basin and MAM rainfall eason over East Africa. 
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Table 10: ummary of orne tati tic from D anal i for decadal M M rainfall 
ea on f, r the pecific Ocean T 

Oceans MAM Square %of total Cumulati e Corr lation 
Mode ovanance mod % co ffici nt 

fraction co ariance co ariance ( r 
F) 

1 20.5 49.9 49.9 0.73 

INDIAN 2 6.1 14.8 64.7 0.64 

3 4.1 9.9 74.6 0.38 

1 16.9 43.4 43.4 0.99 

ATLANTIC 2 9.0 23.1 66.5 0.98 

3 5.0 12.8 79.3 0.97 

1 38.6 37.8 37.8 0.99 

PACIFIC 2 25.5 25.0 62.8 0.98 

3 17.0 16.7 79.4 0.88 

r i the correlation coefficient between the expan ion coefficient ofS Ts and MAM 
rainfall mode 

I 

MAM is the major rainfall eason for the region that contributes about 80% of the 

total annual rainfall at some Locations in East Africa (Hastenrath et al. 1993 . Although it 

i the main and most important season for the region the skiiJ of its predictability with 

S T bas d predictors is still ver low compared to the second main season of OND 

(Black et al. 2003 ; Clark et al. 2003· Ha tenrath, J 995; Hastenrath et al. 1993· Mutemi 

200"': Omondi 2005· Owiti 2005· N akwada 2009· Ogallo 1989). Some kill for this 

season with empirical methods howe er, bas been r ported by Njau 2006) Ind ~e and 

Semazi (2000) Owiti (2005) Omeny (2006), N akwada 2009) among other . 

Indian Ocean STand MAM . asonaJ rainfall VD modes accounted for 74.6% 

of the total quare co ariance. The fir t econd and third VD mode account d for 

49.9. 14.8 and 9.9% respecti el of the total quare co ariance ofMAM rainfall ea on 

and Indian Ocean T. 
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(a MAM Rainfall Mode 1 
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Figure 36: patial pattern of tbe fir t VD mode for (a) MAM rainfall and (b) 
lndian Ocean T pre ented a homogeneou correlation map 
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Correlation s1 (SST) and s1 (Rain)= 0.73 

2.50 ,.--------------------------------. 

2.00 

1.50 

1.00 

~ 0.50 
c: 
j 

-g 0.00 +--r-----r---.--1--., 
N 

~ 
01 ~.50 . 
'0 
c: 
~ -1.00 

-1 .50 

-2.00 

-2.50 . 

-3.00 ..__ ___________________________ _J 

Years 

Fi!!llre 36c: Time serie of expansion coefficient ( 1) of the fir t VD mode for 
March- May rainfall and Indian Ocean ST anomalies 

The fir t VD-1 mode i characterized b large pool of positi e warming over 

we tern Indian Ocean and negative loading over eastern Indian Ocean (Figur 36b). The 

corre ponding precipitation pattern shows positi e loailings o er mo t part of the region 

e peciall where MAM rains are dominant (Figure 36a). The time rie of the ex pan ion 

coefficient of both T and rainfall fields has corr lation coefficient of0.73 (Figure 36c). 

Thi first VD mode that is characterised with east- est dipol pattern and associated 

with much rainfall o er mo t part of th region has been referr d to in som pr vious 

tudies as the positi e Indian Ocean Dipol (IOD) Mode (Webster et al. , 1999; aji tal. , 

1999: Yu and Rienecker 2000; aji and Yamagata 2003· Black tal.. 2003· Ha tenrath 

and Polzin. 2004; Behera tal. 2005· inghrattna et al. , 2005· witi, 2005· T zuka et al .. 

2007: Me er et al., 2007· Huang and hukla, 2007 . During the p ak of positive IOD 

phase in boreal falL IOD rigorously afti ct rainfall over ast frica and Indonesia (e.g. 

aj i t a!., 1999· Bebera et al. 2005~ Beh ra t al. 2006 in addition to everal other 

regions of the globe ( aji and Yamagata, 2003). egati e loading pread o er we tern 

and positi e loading over eastern i.e oppo ite pattern Indian cean ' as e ident in frr t 

m de for JJA and Indian Oc an T that results in depres ed rainfall over the region 

(Figure 29). 
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(a) MAM RainfaU Mode 2 

(b) T Mode 2 

Fi ure 37: patial pattern of tbe econd VD mode for (a) M M rainfaU and (b) 
Indian Ocean ST presented a homogeneou correlation map . 
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The VD-- m de e, plain about 15% of th total MAM eas nal rainfall 

O\arianc (Table 10 . Th patia1 pattern has negati e coh rene loading centred on the 

entraJ quatorial Indian cean and po iti e loading o er the uth- e t m parts of the 

0 ean basin (Figur 37b . This pattern i also charact riz d with negati e I ading er 

th north rn sector a well a coastal ectors while po iti e loading i on:fin d v r the 

outhem ector of the region. Thi Mode (correlation co fficient. r. = 0.64 s m t b 

opposite to that of VD-1 mode interm of spatial spr ad in rainfall and al o in time 

en expansion coefficient. But VD-2 mode showed trong decadal trend mode igure 

37c in time erie of e pansion coefficient unlike in D-1 mode. uch patt rn in 

Indian Ocean ha e been ob er ed in past studie (Ward and Folland. 1991· Yu and 

Ri necker, 1999· hamb rs et al. 1999· Behera et al. 2005· chreck and emazzi , 2004· 

Terray and Dominiak 2005; Tozuka et al. , 2007· yakwada, 2009 wher it has b en 

attributed to the mean easonal T pattern o er the oc an when the ov rhead sun 

cro es the equator. imilar modes of ariabilil were ident for oth r season (Figure 

30 uch as the JJA rainfall season and Indian Ocean basin VD-2 mod . 

Correlation s1 (SST) and s1 (Rain) = 0.64 - s2(SST) -s2 (Rain) 

Years 

Figure 37c: T ime erie of expan ion coefficient ( 2) of the econd VD mode for 
March - May rainfall and Indian Ocean ST anomalie 
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(a MAM Rainfa11Mode3 

(b) T Mode 3 
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Figure 38: patial patterns of the third SVD mode for a) MAM rainfall and (b) 
Indian Ocean ST presented a homogeneou correlation map . 
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Correlation s1 (SST) and s1 (Rain) =0.38 -sJ (SST) - sJ (Rain) 
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Figure 38c: Time erie of expan ion coefficient (s3) of the third VD mode for 
;\ arch - May rainfalJ and I ndian Ocean ST anomalies 

The third VD-3 mod accounted for 9.9% of the total covarianc of tbe MAM 

ea onal rainfall and Indian Ocean Ts. Thi co ariance mode repre nt positi e 

loadings o er the entire Indian Ocean ith the highe t loading concentrated in the area 

betv.·een _oo and J 5° (Figure 38b). This pattern is further as ociated with strong 

po iti loadings in rainfall over the astern sector and negati e loadings o er western 

e tor of East frica region with strong decadal signal Figure 38c) in the tim serie of 

expansion coefficients (Figure 38c). It i worth noting that alth ugh thi mode explains 

relaLivel lo co ariance, it was abl to still di play trong d cadal ariability for the 

MAM rainfall eason (Rao and Yamagata, 2004; Rao and Behera, 2005· Rao et al., 

-007). 

B and large e ideotl the re ults from VD analysi di cussed her confirm th 

complexity of rainfall ariability o er Ea t Africa during MAM rainfall ason. VD has 

how ver del ineated three mode that could give mor insight into th mode of decadal 

rainfal l ariability in Ea t Africa. The dominance of the mode representing zonal 

variabifjty in the Indian cean which may be associated with the strong influence of this 

ocean on the climate of the region ba been indicated and con istent with observation 
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aruly e by man oth r uth r including koola l 96): Mutai t al., 1998 · ddard 

an Graham 1999): Mutai (2003 · akwada 2009) among oth r . 

(a) MAM rainfall Mode 2 

. OU -0.7-0.Jl · H Q ·03110.011-f 

(b) T Mode 2 

051-069 

031-050 

012-030 

..() 09-0 11 

..() 21--00 

..() 46 . 028 

..() 66.-0 47 

..() 85--067 

Figure 39: Spatial pattern of the econd VD mode ( 2) for (a) MAM rainfall and 
(b) tJantic Ocean SST pre ented a homogeneou correlation maps 
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Th VD re ult for tb M rainfall eason and tlanlic an ar 

pr· ·ented in tab! lO and figure 39 and 40. Th an 

T and M rainfall eason field plains about 43% f total co ariance. Th patial 

pan rn f tbi mode is ob rv d to b VD-1 m d for 0 D 

rainfall and tlanti Figur 23 h nee not h wn in thi ction. 

The and VD-2 mod between M rainfall and tlantic 0 an field 

explain _J% of the total co ariance (Tab! 10). The patial pattern of Atlantic cean 

D-2 mod (Figure 39b) show large coherent po iti e loading o er the quatorial 

Atlanti cean (20°W -1 0°E, !5° -5° ) in association with larg po iti e loading in mo t 

region wher MAM rainfall are ignificant (Figure 39a). Figur 39c how tim eries of 

ex pan ton co fficient of thi mode with correlation of 0.98. Tb time seri further show 

tr ng d cadal ariation with trong po iti e pbas in lhe 1960 and 1980s. 

1.50 

1.00 

.. 0.50 
£! = E 
g 0.00 

Correlation coefficient= 0.98 

~ 954 1956 

tn -o.so 
1 

-1 .00 1 

-1.50 

- sst2 - rain2 

-2.00 -'--------------------------------' 

Years 

Figure 39c: Time erie of e pan ion coefficient ( 2) of the econd VD mode for 
March - May rainfall and Atlantic Ocean S T anomalie 
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Figure 40: Spatial patterns of the third VD mode 3) for (a) MAM rainfall and (b) 
Atlantic Ocean T pre ented a homogeneou correlation map 
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Th D-3 mod forMAM rainfall and tlantic c an that xplain J_.8o/o 

or the total o ariance i characteri d b int r-h mi ph ri positi I ading o r th 

· th m Atlantic 0 ean and n gati loading o er north rn hemi ph r with cenlr at 

-15° of the ba in (Figure 40b). h r gional rainfall ariability 

as iated b thi mode Figur 40a) i more or le s oppo ite to that f VD-2 m de 

(Fi_ure 39a). Th times ri of e pan i n co fficients of thi mod i hara t ri d with 

in reasing trend igure 40 ) in the 1960 and 1970s decade . hi eem to b con i tent 

\\ith Lindzen and Nigam 1987) tudy whicht indicated that such gradient ha e a 

Lronger influence on the climate in the tropical regions. 

Correlation (s3) SST and (s3) Rain 3 = 0.97 - sst3 -raln3 
~00 .-------------------------------------------------------------------------------. 
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Figure 40c: Time erie of expan ion coefficient (s3) of the third SVD mode for 
~arch - May rainfaU and Atlantic Ocean S T anomalie 

imilar patterns to VD-3 mode have been ob erved in the ariability of T 

over the Atlantic Ocean by man authors including Chang et al. (1997)" Li et al ., (2007)· 

Moura and Shukla (1981 )· obr and hukla ( 1996)· Park r t al. (1988 ; R p lli and 

. 'obre (2004)· Weare 1977); Wu et al., (2007) and ak. ada 2009 among many other 

authors. uch T mode has been as ociated with the de lopment of E 0 (Li et al . 

2007: Wu et al. 2007 and has linkag with the orth Atlantic Oscillation AO (Wu et 

al., 2007). It bas a strong influence on the climate of the regions neighbouring the 
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\Lianri 0 an and be nd hang et al.. 1997· Ha t nrath and Hell r, 1977· Hu and 

Huang. _Q06: Moura and hukla, 1981; Park ret al., 19 8: utton and Hod on. 2007 . 

This VD-3 mod di pia ed both zonal and m ridional T ariability that ha 

n ob rved to ha ignificant influ nee on th rainfall o r we t rn frica (Wasilla, 

_007). The T patt rn o er the area repre ented b the negati e pol along th coast 

of We t Africa are negati el carr Jated to rainfall o er part f the r gion ichol on 

and Entekhabi 1987: Okoola. 1996). 

The VD re ult for th MAM rainfall ea on and Pacific cean Ts are 

pre ented in table 10 and figur 39 and 41. Table 10 how results obtained when VD 

was u ed to analyze coupling betw en Pacific Ocean T and MAM rainfall eason for 

East Africa The first thr e Pacifi and MAM modes contribute about 79% of the decadal 

rainfall covariance. The SVD-1 mode that contributes to about 38% of tb total 

covariance i characterized by warming over the eastern and cooling o er w stem Pacific 

0 ean reminiscent of El ifio T patt rn discussed in detail under ection 4.4.1 and 

pr ented in Figure 27b. There i e idence that shorter-term phenomena, uch as El iiio-

outhem Oscillation (E SO) event heavy rainfall . vents, and oc urrence of tropical 

cyclones, undergo significant decadal modulation. In particular, the fr qu ncy intensity 

spatial patt m and predictability of int rannua] EN 0 e ent ha e been found to 

undergo decadal-muJtidecadal variability (e.g. Gu and Philander 1995· Kestio et al. 

1998; Torrence and Webster 1999· White and Cayan, 2000). 

A number of researcher found that the dominant pattern of T variability in the 

xtratropical orth Pacific varied at time scales of on or mar decades and that thi T 

pattern is a sociated with the orth Pacific Oscillation (NPO (Walker 1925· Walker 

Bli . 1932) in the atmosphere. This dominant T pattern is known a the Pacific 

Decadal 0 ci Uation (PDQ· Mantua et al., 1997). The lnterdecadal Pacific Oscillation 

(Power et al. 1999) i a Pacific-wide T pattern covering both hemispheres bowing a 

imilar pattern of variabili ty to the PDO in the orth Pa ific Folland et al., 2002). 
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(a) MAM rainfall Mode 2 
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Figure 41 : patial pattern ( 2) of the econd VD mode for (a) March - May 
rainfall (b) Pacific T pre ented a homogeneou correlation map . 
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Th IP i hara t riz d by ear-t - ear and longer-t nn. pr d minantl d adal-

-multid cadal. ariability f th Pacific c an 

pi al- ubtropi al Pacifi 0 an and th mid-latitude Pa ifi 

b tw nth 

ean in b th 

h mi ph r Parker t al. _007). 

Th VD-2 mode MAM rainfall and T field for the Pa ific 

ntribute to about 25% of the co ariance. It i chara t rized b trong n gativ 

I adi ng o er th eastern and po iti e loading o er w t m quatorial Pacific cean 

Figur 41 b . Thi i the cold phas of La iiia T part rn that i a ociat d with 

d ficient ea onal rainfall o er most part of the region ourr and Rasmu on, 1984· 

nlield, 1989· Ropelewski and Halp rt, 1989; Bigg 1990· Indej -000; Mutemi, 2003). 

·jau ( 1987, 2005) observed that mo t of the se ere droughts o er Kenya were 

experienc d during the MAM rainfall a on preceding 

~1 M following El- iiio peak in D cemb r. 

Correlation coefficient = 0.98 

1- iii e ent and rar ly in 

- Rmn2 -sST2 
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Fi ure 4Ic: Time erie of expan ion coefficient ( 2) of the econd VD mode for 
M M rainfall and Pacific Ocean T anomalie . 

The VD-3 for MAM rainfall and T fields for the Pacific Ocean contribute 

O\' rall 17% of th total co ariance. It i characterized by uniqu n gati e loadings o er 
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tb east m and ' tern ' "th p iti loading o er the c ntral quat rial Pa ifi 

(figur -Lb . Thi ·Modoki· ino like pattern di cu d in d tail in ction 4.4.2 .. 

imilar ecadal climat patt rn 

(a .MAM rainfaU Mode 3 

r the region. 
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Figure 42: patial pattern ( 3) of the third VD mode for a) March - May rainfaU 
(b) Pacific T pre ented a bomoo-eneous correlation map . 
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Fhrure 42c: Time erie of expan ion coefficient ( 3) of the third VD mode for 
:\1 1 rainfall and Pacific Ocean T anomalie 

0 erall, this section of the tudy involving comprehen i e empirical (SVD) 

analyse has demonstrated that although decadal rainfall variability modes were gen rally 

ommon at all location some trong signals were only re tricted to p cific areas. But 

th e signals were e ident for all eason o er the entire Ea t frica r gion. The e re ult 

are consi tent with a number of pr ious studies that ha hown that few climate 

extremes uch floods and drought spr ad over the whole of ea tern frica. e ample are 

the floods of the early 1960 , and 1997/98 that extended over most part of the region. 

Based on the e idence from th results present d in this ection o far, it can be 

concluded that for the first time VD ha been u d to delineate trong co ariance for 

rainfall and T modes o er parts of Ea t Africa. T o er specific ar a of the global 

oc ans delineated in this tudy could b u ed as new predictors in prediction tool as well 

as for general impro ement of num rical model kill prediction and early warning of 

decadal rainfall ariability. The u of simple correlation analysis and A pro ided 

some lead to uch linkage but such linkages ha e b n pr ad o er man areas of the 

same basin often leading to the u e of man dependent predictor gallo 1988)· 

- 138-



(lnd je. -000: utemi. 2003; lark et al., 2003~ Owiti. 2005: inghrattna t al., 2005~ 

. yak\ ada. 2009) among other methods. In thi tud VD m tbod has b en u ed. for 

th ftrst tim o er Ea t Africa, to produce unique patt rns that are not nJ u eful for 

impro ing unde tanding of the coupled rainfall and global oc an 

but VD al o provid opp rtunitie for the development of simple rainfaJl for ca ting 

tool . Thi is important in characterizing the predictability potential of anomalies. 

4.5 US G GLOBAL OCEANS SST MODES TO DERIVE FUTURE 
DECADAL RAINFALL VARIABILITY PATERNS 

Thls sub- ection examine the potential use of mode of ariability of th T 

over th various global ocean in deriving anticipated d cadal rainfall patterns o er ast 

Africa. This is based on the high degree of covarianc that ere observed in the pre ious 

ection among decadal rainfall variability o er many parts of ast Africa and Ts o er 

various parts of the global oceans. The results for the specific easons are presented and 

di cussed in the fo llowing sections. The VD modes of T from the arious oceans 

~,-,·ere used to extrapolate decadal rainfall variabi lity pattern for specific regions of East 

frica u ing multiple regression technique. The details of the method can be found in 

Camberlin and Philippon. (2001), an.d Hsieh (2004) as highlighted in ction 3.5. 1. The 

thirty ear period 1954-1983 was u ed for fitting and training the regre sion models 

while the data for the period 1984-2008 was u ed to test the kill of regression models 

before the model was u d to extrapolat decadal rainfall estimates be ond 2009. It 

hould b noted that when the data i smoothed by a nine-point binomial co fficient 

filter. four year are mootbed out in the b ginning and nd of tbe training period and 

hence use of the period 1954-1983 rather than the 1951-19 0. 

4.5.1RESULTS FROM DECADAL RAINFALL NOW CAST FOR 
EPTEMBER - DECEMBER SEASON 

Figure 43a and 43b gi e the time series of the r suits obtain d for two 

repres ntative zones 1 and 3 during ptember - Decemb r OND p riod that i a 

primary rainfall eason ( bort rains o er the region. It i e ident from Table 11 that 

although there were significant ariation of th skill of the models from r gion to region. 

as r pre ented b the alues of Heidk kill core (H the H alues were ~0.30 at 
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all location indicating th mod I could pro id for ca ts with u ful kill . Th re ults 

tU.rther indicate ubstantiaJ ariation of the model kill within arious r gi n with 

d adal rainfall ariance e plained b mod s ranging from 39% Lo 78%. he kill 

- ore of the ultipl Lin ar R gression (MLR) mod ls ar al o rified u ing 

onting ncy tabl for observations er us foreca ts in ach zone for 1984-2004 te ting 

period. The percentage cotTect forecast in all categories a found to b between 38% 

and 64%. In po t agreement cores the model were found to b unbiased toward 

forecasting enhanced ( et decade ) or depressed dr decad s rainfall. The highest 

orrect Percentage for forecasting dr was 70% (Zon s 12) normal was 80 % (zone 12) 

and 85 % zone - and 9) for wet. The nowcast pr diction was howe er able to clear! 

d lineat the wet and dry decades as is evident figures 43a and 43b. Thi can provide 

\'ery useful planning tool for mainstrearning rainfall ri ks in planning and management of 

all rainfall sensiti e socio-economic sectors ofEast Africa. 

Table 11: As es ment of the kill of the September -December regre ion model 

Zone Pear on' s RMSE Hit Bias HSS Mean 

correlation 
Absolute 

core 
Error 

Zone1 0.67 20.3 65.0 3.40 0.47 17.0 

Zone2 0.62 10.0 63 .0 0.03 0.44 8.4 

Zone3 0.32 14.5 57.5 0.06 0.36 11.2 

Zooe4 0.53 14.1 57.5 0.06 0.35 12.3 

ZoneS -0.66 11.9 12.5 1.15 0.63 9.4 

Zone6 0.54 13.1 50.0 -0.20 0.35 11.2 

Zone7 0.41 11.4 60.0 1.60 0.41 0.93 

Zone8 0.46 18.0 48.0 -0.29 0.32 15.4 

Zone9 0.46 16.2 62.5 0.72 0.44 12.6 
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Fi!1llre 43a: Time eries plot of the ob erved and modele timates of the eptember­
December decadal rainfall for zone 1 a represented b Mbeya 
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Figure 43b: Time series plot of the ob erved and model e timates of the October­
December decadal rainfall for zone 3 a repre ented by Dodoma 

In ection 4.5.2 re ults for March - 1a (MAM) decadal rainfall prediction u ing 

multiple regre sion analysi is di cu ed. 
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LT FROM DECADAL RA FALL OW CA T FOR 
CH- MAY SEASO 

The r uJt for tb MAM rainfall sea on indicate that th re w r ignificant 

ifferen e in the percentag of th variance e plained b the T pr dictor from 

J ation to locations. The percentage variance explain d during thi season ari d from 

40- 0% between region . As di cernable from Figure 44a and 44b, the model 

performance i consistent with the ob er ed magnitude of the dry/wet decade well 

estimated in most zones. The regression models accounted for over 40% of s a on' s 

rainfall ariability during MAM ea on and the model skill increa ed ignificantly during 

the trong E 0 /IOD ears. 

3.0.--------------------------------------------------------. 
Observed and Predicted Rainfall for zone 8 (Masindl) 

2.5 

2.0 

1.5 

• 1.0 

-0.5 

-1 .0 

·1.5 
-Observed rainfall - Predicted rainfall 

·2.0 .L_ _________________________________________ ___, 

Figure 44a: Time cries plot of the ob erved and model e timate of the March -
May decadal rainfall for zone 8 a repre ented by Ma indi 
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Observed and Predicted rainfall for zone 5 (Lodwar) 
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figure 44b: Time serie plot of the observed and model e timates of the March -
May decadal rainfall for zone 5 as repre en ted by Lodwar 

Figure 44a and 44b demonstrate that the model d veloped h r can be u ed to 

provide r asonable good information for climate risk management. 

ection 4.5.3 pre ents re ults from decadal June - ugust (JJA) rainfall prediction 

using multiple regression analy i . 

4.5.3 RES LTS FROM DECADAL RAINFALL NOWCASTS FOR 
JUNE- AUGUST (JJA) SEA 0 

Figure 45a and 45b show ome e ample of observed and predicted decadal 

rainfall for some locations in Ea t Africa. Both mod ls capture the decadal peak fairly 

'' ell in most location . Th re wa al o ignificant r gjon to r gion ariability in the 

per entage of the rainfall arianc accounted for by mode of T ariability. Th re ults 

from th d cadal rainfall nowcast for JJA a on had H ield kill c re of 0.60 over zon 

~ and hence reasonable skill. 
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Figure 45a: Time erie plot of the observed and model estimate of the June­
Au~ru t decadal rainfall for Kisumu 
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Figure 45b: Time eries plot of the ob erved and model estimates of the June­
Augu t decadaJ rainfall for Mbarara 

The results of ection 4.5 have th refore indicated that for the first time it ts 

po ible to pro ide some reliable att mpt of decadaJ rainfall prediction over the region. 
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e t 1 \\ill contribute t n w po sibilitie and opportunitie r de eloping longer 

d tim operational pr diction of rainfall and thu integrate into earl warning tern 

f r East African region. The finding in thi stud ill undoubted] contribute 

information that can be ad anced to enhan e the early warning and di aster prepar dne s 

-~ tern for timely planning management and mitigation from ad ere impacts of the 

weather and climate r lated catastrophe that threaten li lihoods and u tainable 

d ,·elopment in the region. 

It ho uld. howe er. be noted that the ability to pro ide meaningful decadal 

predictions using both empirical and dynamical models i yet to be firmly establish d, but 

pioneering efforts at irutialized coupled ocean-atmosphere 1 0- ear predictions ha e 

begun ( mith et al. 2007 · Keenlyside et al. , 2008 · Pohlmann et al. , 2009 . The prospect 

of decadal prediction and its recognized importance has led in part, to the initiation in 

everal countries of climate ervices intended to bridge the gap between the short-term. 

easonal-to-interannual climate information provided by the National Meteorological and 

Hydrological ervices (NMHSs) and the broad scale longer time horizon information 

considered b the IPCC asse sments. 

It is further important to note that decadal predictions need proper understanding 

of the important proces es that determine predictability on the e time cale (CLIV AR, 

-007; Raine et al. , 2009). Currently it is a major challenge to make climate model 

forecasts wi th a range of 1- 10 ears ahead an important intermediat period between the 

easonal forecasting range and climate scenario pr dictions (Al e tal. 2004· Ander on 

_QQ8). Thus thi study only attempts to de elop some simple empirical equations based 

on T predictors. Cam berlin and Philippon (200 1) presented a forecast of the 2001 

\1 M rainfall sea on in East Africa, using complementar tati tical techniqu s the 

Yfultiple Linear Regression MLR) and th Linear Discriminant Anal sis (LDA) as in 

Folland et al. , (1991). Their prediction heme invol ed the u e of ea urface 

Temperatures T) indices and other atmospheric predictors. 

Thi study, therefore. pro ides for the fu t time some break through in providing 

decadal scale rainfall estimates for East Africa with specifi regional details. The resuJts 

from the tud indicated that VD derived T modes could provide realistic decadal 
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rainfall now- a ts. El wh re in th world. attemp to pro id fi r cast fi r th fir t ar 

f the de ad r ferred to a a now-ca t of th d cadal state ariation has b n pr · d d 

Al et al .. -004; mith et al .. 2007· Anderson .. 2 08; Raine et al., 2009· among 

oth rs. 

In the next ectio~ the R gionaJ Jimate Mod I (R M), PRECI imulations are 

\aluat d to xamine if th mod 1 produc reali tic outputs as well a climate bang 

nario in compari on with observ d d cadal climat ariability for arious part of 

East Africa. 

4.6 DECADAL PREDICTIONS AND REGIONAL CLIMATE 
SCE ARIOS DERIVED FROM PRECIS SIMULATIONS 

This section pre nts the results from regional imulations that were g nerated 

using th PRECI model. PRECI wa used in this tudy to gen rate regional climate 

change cenarios hich were compared to the predi t d decadaJ rainfall for the period 

_QJ0-_020 that were presented in section 4.5. The model output were extracted at similar 

latitude and longitude with the various observed stations used a r pre entative for the 

limatological zone ubj cted to binomial filter b £ r compared to pr di ted value . 

In the time between the second (IP C, 1996 and fourth (IPCC, 2007) asse ment 

reports there has been a marked incr ase in the number of R M imulations. How r, 

there ha e been ery few R M studie done o er East Africa ( un t al. , l999a 1999b· 

Indeje et al . 2000· An ah 2005· An ah et al. 2006· Anyah and emazzi 2006a, 2006b· 

abiti 2008 . un et al. (l999a, 1999b) u ed a 60 km resolution RCM (Reg M2 from 

. CAR U A) to investigate rainfall over east m frica. eith r of the e tudi 

addressed future climat changes be ond 20 10. Furth rmor climate change tudie of 

the region ha e mostly t1 cu ed on the changes in mean aJue o er orne past decad s. 

However, it is now being increasing! recognized that the manife tation of uch changes 

in the occurrence of e treme weather and climatic nts particular! on th regional and 

local scale are of paramount importanc in as e ing th socio-economic impacts of 

climate. 
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The PRE l imuJation are first c mpared with output of the dri ing G 

CIUtput in order to e aluate the impact of incr a in re elution. Fir t. a numb r of 

PRECI te t imulation were p rformed to xamin general en iti ity to domain iz 

(Denis et al.. 2002). In the end. the domain which co ered the main r gional and larg 

ale feature i.e. a t frica and Ethjopian Highlands. e tern Indian ean. ropicaJ 

Congo) rainfore t. large inlands lakes ictoria Tanoanyika and Malawi) r produc d 

more reali tic di tribution of imulat d pr cipitation and other m teorologicaJ fields. 

Table 12: Mean 1.5 m urface air temperature tati tic for R M and GCM for 
land point only over the region. 

DJF MAM JJA OND 

Mean: 

OB 24.5 21.7 17.3 23.5 

GCvt 22.8 20.2 16.3 22.1 

RCM 23.2 21.0 16.9 22.4 

Spatial taodard deviation: 

OBS 2.2 2.6 3.7 2.7 

GCM 1.7 2.8 2.9 3.1 

RCYl 1.3 2.4 2.3 2.4 

RM error: 

GC.M 2.3 1.5 1.7 1.9 

RCM 2.1 1.3 1.6 1.4 

Spatial correlations: 

RCM-OBS LS 0.51 0.74 0.75 0.81 

GCM-OB LS 0.73 0.80 0.83 0.87 

RCM-GCMLS 0.91 0.89 0.91 0.98 

RCYI-OB M 0.72 0.71 0.70 0.69 

GCM-OB M -0.76 -0.80 -0.77 -0.78 

RCM-GCM MS -0.69 -0.72 -0.74 -0.75 

Key : L -Large-scale MS - Meso-scale 
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Tabl 12 0 i swnmar tati tic of r sult obtain d from th imulation o mean 

a e air temperature by th GCM and PRECl mod I . RU limatol gical data 

a\ailable o er land point at th 0.5° x 0. -o resolution e et a!., 1999 hown 

in me sam table 12. For all the analysis in thi tud th GCM and R data wer 

im rpolated to th RCM grid. and onl land points are u d in tb discu ion of the 

results. 

It is important to note that the RU data may uffer from error in ertain areas 

due to inadequate tation co erage ew et al., 1999). Result from control imulation of 

mean urface air temperature over the land how that the PRECI output are closer to 

rh ob erved CR alues compared to the HadAM3P in all sea on . The differ nces 

range from 0.4°C in JJ to 1.3°C in DJF b tween PRECI and RU, but l °C to 1.7°C 

between GCM adAM3P) and CR . The result from root-mean- quare error (RM E) 

how that the largest errors about 2°C) in botln PRE I and HadAM3 P are found in 

DJF. In all seasons the HadAM3P had a higher spatial tandard deviation in temperature 

than PRECI . This rna b attributed to the increa ed fine- cale detail as ociated with the 

land urface and topography that are re olvable in PRE I and not HadAM3P. 

Table 12 further show re ult obtained from the patial corr lation betwe n the 

\·arious large-scale components, as w 11 as the meso cale components of the PRECI and 

the CR climatology. ote that the large- cale component i obtained through 

aggregation of the data to the cale of the HadAM3P by a eraging all land points Jying 

within each HadAM3P grid box and the me oscale compon ntis obtained by calculating 

the difference b tween the large- cale component and th original data. Both the PRE I 

and HadAM3P capture the basic large-scale temp rature pattern in all seasons with 

orrelations abo e 0.51. The large-scale patterns of the PRE I and dri ing HadAM3P 

are highl correlated maxjmum corr lations about 0.98 . The results furth r shov ed that 

PRECIS captured the spatial patterns of the obser ed me o cale signal. The e impacts of 

impro ed resolution in the P I are clearly depicted in Figure 46c wher th patial 

difference between the PRECI and HadAM3P fie lds during Decemb r-February (DJF) 

wa computed. 
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(a (b) 
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Figure 46: Mean urface temperature 1961-1990 (a) PRECI (b) CR (c) 
difference between CRU and PRECIS aggregated to the grid of the PRECIS 

4.6.2 PRECIPITATION 

Table 13 shows the result of patial corr lations bet een the anou large- cale 

components as weU a the m o cale compon nts of th PRE I and the CRU 

climatology. The PRECI simulat d precipitation amount i greater than tb HadAM3P 

over the land in all ea ons with largest ab olute differ nces in DJF and MAM (i .. 0.1 

and 0.4 mm/day resp cti el . The root-mean- quare error results show that the large t 

errors in precipitation are in MAM for both the GCM and R M (1.87 mm/day for the 

RC 1 and 3.01 mm/da for the G M). The G M and RCM captur the large-scale 

- 149-



' 

I 

terns of th CR climat log r asonabJy ell (th low t corr Iation i +0.64 . but th 

RC. r ho s b tter kill in reproducing the me o cal compon nt than th 

( orrelation rang from 0.35 to 0.48 . h correlation f the ob r 

mponent of precipitation with orograph ar mall a are the orr p nding 

orrelations b tween th R M and orograph . In both th mod I and ob r ed, th e 

correlations are larger in 0 D compar d to MAM. 

Table 13: ea onalland precipitation (mm/day tati tic for land point only 
a gregated to the R M domain 

DJF MAM JJA OND 

Mean: 

OB 1.33 4.52 2.11 3.01 

GCM 1.29 3.99 2.01 2.79 

RCM 1.43 4.12 2.19 2.98 

Spatial standard deviation: 

OBS 1.57 2.45 0.82 1.64 

GCM 2.02 3.54 0.54 2.21 

RCM 1.42 2.37 0.67 1.57 

IL'vfS error: 

GCM 1.53 3.01 0.57 1.77 

RCM 1.36 l.87 0.33 1.01 

Spatial correlations: 

RCM-OBS LS 0.67 0.81 0.78 0.87 

GCM-OBS L 0.64 0.70 0.72 0.82 

RCM-GCM LS 0.69 0.87 0.92 0.93 

RCM-OBS MS 0.35 0.40 0.45 0.48 

GCM-OBS MS 0.26 0.35 0.24 0.40 

RCM-GCM MS 0.27 0.33 -0.21 0.36 

The resuJt further showed that correlation during December-February s ason rnainl 

for outhem Tanzania) were low r compared to aH other sea on . It i noteworthy that 
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durin~ thi on. m t part of th r gion are dry c pt uth rn ctor mainl 

south rn Tanzania and tbu with uch small rainfall total it difficult to a hi e 

meaningful corr lation . If howe r. ju t th outh rn anzania i con id red th n the 

corr lation b tween the me osca1 omponent of the model and 

inc e to 0.76 (Tabl 14 

-
- '""' 0000~ 

(a) (b) 

(c) (d) 

Figure 47: March-May 1961-1990) Mean Rainfall climatology for (a) GCM (b) 
RCM and c) Observed CR Rainfall aggregated to RCM grid 

In summary, this ction wa focu ed on evaluating how the PRE I model 

imuJated both large-scale and m o- cale feature of Ea t Africa climate in compari on 

v.ith the output of Had.AM3 0 M that wa used to provide initial and boundary 

conditions. The large-scale part m simulated b PRE I and those of tb HadAM3P 
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\1 ar highly corr lated and aJ o con i t nt \ ith ob r ation ( R . How r. nJ 

PRECI aptur d the detail d patial patt rns of tb ob erv d m al feature . t th 

sam time the PRECI m d I tend too ere timate rainfall amount c mpar d to th M 

o\er land point during all a ons. But ov rail th PRE I model imulat th 

lirnatological feature of regional climate frurl well ompar d to th G M. 

4.6.3 PRECIS SIMULATED PRECIPITATIO A D 
TEMPERATURECL~TOLOGY 

Th PRECJ mod I climatolog for March - Ma M M . June - ugust JJ ) 

and October- December (OND) ea ons hav been aluated agrunst ob er ed RU) 

lirnatology. Rrunfall climatology were deri ed for the ba period 1961-1990 and ba ed 

on PRECl simulations fore d with output from two lobal Jimate Model (G M ) 

namely: HadAM3P ECHAM4 and RA40 r anal i data. Details of the methodolog 

w re highlighted in section 3.6.3. 

The rainfalJ and temperature climatology result for the variou seasons are 

pre nted independent! in the next sections . 

.t.6.4 TEMPERATURE CLIMATOLOGY 

Re ults from the interannual variability of PRECI simulat d urface au 

temperature show d that during JJA eas n, om ctions of th region record d the 

low t mperatur and the warmest temperature during the December-February period 

(Figur 48). The model simulated considerabl warm r temperature o er mo t part of 

onh-eastem Kenya. The model re ult reasonabl agre with the ob erved patterns in 

term of the spatial Location of the extreme maximum temperature (Figure 49 . For the 

minimum temperature the model simulations ha e a cold bias o er eastern highlands 

during JJA ea on but the patial pattern wer quit imilar to ob er ed pattern . Th 

warm bias in PRE I R M simulations may b becau of the deficiencies of the GCM 

' irnulation (McGregor 1997). However the cold bias obser ed ov r mountrun regions 

was a common featur of regional climate simulation o er different r gions of the world 

(Giorgi et aJ. 2004· lman et al. 2008). This might be du to th fact that the model 
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overestimate pr cipitati no er tb mountain areas impl ing m r con cti nand loud 

O\ rand h nc le radiation r aching th mountain top and thu cold r t mp ratur 

.AN UAL CYCLE FOR SIMULATED AND OBSERVED MAXIMUM TEMPERATURE 

~ ~--~------------------------------------------~------------~ 
JAN FI;.B MAR APR MAY JUN JUL AUG SEP OCT NOV OEC 

a) Maximum temperature 

ANNUAL CYCLE FOR SIMULATED AND OBSERVED MINIMUM TEMPERATURE 

z.----------------------------------------------
- OBSERVED - ECHAM4 -ERA40 

10 ~------------------~------------------------------------------4 
FEB MAR APR MAY JUN .JUL OCT NOV OEC 

(b) Minimum temperature 

Figure 48: Ob erved and imulated annual cycle ofRCM mean (a) maximum (b) 
minimum temperature pattern u ing CR , HadAM3P, ECHAM4 and ERA 40 
forcing data 
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.. 

a) December-February (DJF) (b) March-May (MAM) 

l Ill 

" 
(c) June- August (JJA) (d) October- December (OND) 

Figure 49: Mean patial ea onal temperature climatology during all the ea on 

The result from mean spatial asonaJ urface air temperature patterns o er th 

region when compared with the ob rved fi lds also showed a gen raJ agreement of gros 

feature . The differences between simulated and obs r ed m an urfac temperature was 

computed by interpolating tbe ob r ed temperature to the PRE I grids. Results 

howed no ignificant differenc b twe n the two data cept for the outhern 

sector that had ignificant differ nc compared to the northern gment igure 49). 

Average t mperature differences of 1° and 2° exi t over th arid and erni-arid ub 
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of orth- tern K n a and ntral anzania. r ti rv d warm r 

mperatur in th orth- ast rn ctor f th r g10o ar w ll captur d b the m d I. 

~.6.5 RAI ALL CLIM TO LOGY 
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• ~J ,.4 

e> r 
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- .). '=' • • 
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" ' 
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JS 55 

(a March -Ma (b) June- Augu t 

'l 

14 22 Ill 14 

(c) October- December d) December- February 

Figure 50: Mean patial ea onal rainfall climatology aggregated to RCM grid for 
all ea on 
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Th PRECI imulated patial patt ms of ea onal rainfall forth ba lin p riod 

(19 l-19 0 of the four a on . in compari on with the b rved (gridd d data b don 

th CR data t aggr gated to the R M grid) are shown in Figur 50. h re ults ho\ 

thaL ompared to ob r ations R the model und re timate rainfall o er most parts 

of tern highlands during 0 D Figur SOc while o er th c ntraJ ector Lake 

·i toria ar a) the model o ere timate rainfall during DJF (Figure SOb). On the contrar . 

over northern ctor the model produces th ob erved rainfall rea onabl welL It is thus 

evid nt that the PRECI model imulated rainfaJJ is fairly consistent with the ob rvcd 

value o er most parts of the study area. he rainfall rna imum over Lak Victoria and 

western sectors in generaJ are well simulated by the model in all sea on . imilar results 

\Ver obtained by abiti 2008 in his study u ing PRECI mod 1 o er Lake Victoria basin. 

The result of mean annuaJ cycles for precipitation o er the southern central or 

Lak Victoria basin sector under RES A2 scenario for the base p riod ( 1961-1990) are 

pre ented in Figure 51 a and 51 b. The climatology of rainfall for the outhern sector 

which starts in Octob r to May the following year wa captured by the model with 

easonaJ peak in Januar fF bruary (Figure 51a). Although the direction i well simulated, 

the model as observed to overestimate rainfall compared to the observed data. imilar 

re ults were obtained for simulated rainfaJI over Lake Victoria basin Figure 51 b). 

The seasonal precipitation patterns in the baseline simulation are quite similar to 

tho e observed indicating that the baseline imulations provide an adequat 

repre entation of present-day condition . However ome quantitative bia es do exist in 

the patial patterns. A conspicuou bias is the considerabl lower than ob erved rainfall 

oYer astern highland and coastal ctors of the region in the ba line simulation. This 

bias al o exists in the GCM (HadAM3P), which indicat that the regional model i 

influenced by bias s from the dri ing global mod l. 

- 156 -



250.00 ------------------------------------------

200.00 

e 
§. 150.00 
::: .g 
.s 
Q. 

g 100.00 
Q. 

50.00 

0.00 

aug 

(a) outhem 

E 
E 
c: 

2500 

2000 

0 150 0 • :w 
~ ... 
Q. 

l 100 0 J 
c 
~ 

~ 
50 0 -

-CRU - model -observed 

sep oct nov dec jan feb mar apr may jun 

months 

ector 

-cru - model - Observed 

0 0 ----~----~--~----~--~----~--------~--------~--~ 

Jan feb mar apr may jun jul aug sep oct nov 

period (months) 

(b) Lake Victoria basin 

jul 

dec 

figure 51: Simulated and ob erved mean annual rainfall cycle for tations in the 
region 

The r suit also show that although the annual c cle wer ell captured the 

bias in precipitation of PRECI RCM simulations wer id nt during all the three 

season examined here. The magnitude of biases in HadAM3P G M is somewhat les 

compared to PRECI simulations forced with ECHAM4 and ERA40 initial and boundary 

- 157-



I 

onditions, whi h indicat that the ab olut m an rror b tw n m d 1- imulat d and 

CR rainfall ar r lati el lo" o er man part of the r gi n during all th 

(Tabl 14 . 

Table 14: Computed percentage ab olu te mean error (AM ) between PR 
R . 1 outputs and G M output 

Sector/ MAM JJA OND 
season 

ECHAM4 HadAM3P ECHAM4 HadAM3P ECHAM4 HadAM3P 
1 :-.lorthem 28 25 28 34 37 28 
\\'estern 34 42 31 39 34 33 
Eastern 48 49 40 42 44 46 

I Southern 32 27 35 25 35 29 

It · important to inve tigate how the model capture the appar nt effect of the 

complex regional topograph . Where terrain i flat for thou ands of kilometr and away 

from coastal features, th coars resolution of a G M rna not matter. Giorgi and 

.\larinucci 1996) showed that the simulation of precipitation rna be ensiti to model 

re olution regard1es of the topographic forcing. In tb ir model exp rim nt . tb bowed 

that precipitation tends to increase at fmer re olutions. hey conclud d that greater 

topographic forcing at higher resolution would then further strengthen this effect. East 

Africa region has compl x orographic features (Figure 1) and era! mountains 

e. ceeding 4000 ti et. Th output of R M would b affected ery much by it 

topographical configuration An ah et aL 2006· ong t al. , 2002; un et al. 1999a, 

1999b . It would be imperative therefore to xamine wh tber the regi nal topograph i 

well represented by the model. 

Figure 52 shows the topogaph f the PRE I R M model while th actual 

elevation for the region i shown in igure 1. It i obs rved that th topograph of 

PRECIS RCM i general I similar to the actual topograph of the r gion· howe er, orne 

maj r featur s that influence con ection over the r gion I ike the Rift Vall and orne 

important highland are not well represented igur 52 . This could ba contribut d to 

th model bias in simulating rainfall o er the eastern highlands. 
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Figure 52: Ea t Africa topography showing value of altitude in meters (m) a 
repre ented in PRECI RCM model. 

In summary tbe interannual ariabilit of ob r ed t mperature o er th 

Africa region i captured fairly well by the model. Thi could be attributed to the gen raJ 

homogeneity in temperature o er the region. The annual cycle of rainfall is al o w ll 

captured in both GCM output and PRECI imulation , although some bia m 

PRECI imulated rainfall are e ident during all the tbr ea on . 

4.6.6 FURTHER PRECIS MODEL VALIDATION 

In an att mpt to project the future climate of the r gi n it wa critical to validat 

the PRE I model. Validation of rainfall and temp rature imulated by PRE I wa 

performed for the region using limate R earch nit RU) data for the period 1 961-

199 . The re uJts forth period 1961 - 1 90 were u ed a r 'D renee to amine variation 

of PRECI -projected rainfall and temperature. The tati tical ummar result of the 

validation are hown in Table 15 while Figure 53 show catt r plot ofCRU data plotted 

again t . imu lated data for each dri ing data i. . M3P ERA 40 and 

ensembl mean oftbe GCM u ed as input forcing to PRE 1 HAM4 and HadAM3P 

are yery similar but lightly underestimated rainfall amount with R2=53% and R2=51% 

(Figure 53a and 53b respe ti ely. RA40 (R2=54% timate rainfall fairl well in all 

th ub- ector (Figur 53c and Table 15 . The catter plot of the ensemble mean of all 
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Lhe mod 1 Figur 5 d howed th highe t mod I regre ion coeffici nt (R2=7 %) with 

o rved CR data. 
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Figure 54: ea onal cycle of the variou RCM model together with en emble mean 
output after calibration. 

F.\ EMBLE MEAN = 1.3*HadAM3P-0.3*E HAM4 + 0.6201 (R2 = 70% ............. (18) 

Table 15: tatistical re ults from the calibration of the model for the period 1961-
1990 

CRU ECHAM4 HadAM3P ERA40 Ensemble 
[1961 -1990] [1961-1990] [1961-1990] [1958-2001] Mean 

[1961-1990] 
Mean 93.0 78.0 93 .0 120.0 95.0 

SD 0.87 0.70 0.95 1.10 0.78 

R!\1S (%) 65.0 43.0 48.0 54.0 70.0 

Correlation 1.00 0.49 0.67 0.53 0.84 
co fficient 

In general the validation of the PRE [ model simulations, using R data 

h w that the ensemble mean of P CI R M is more consistent with ob ervation 

compared to indi idual GCM-dri n PRE I simulations. The regional climate 

projection was obtained from weighting when en emble members of the ECHAM4 and 
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" P w re us d as input forcing to P parat I und r and 

12 

I 
l2 

c) JJ (d)O D 

Figure 55: Future temperature for 2020 u ing Mean En emble projection RE A2 

R ults of th PRECl R M regional climate projecti n of li mate ar pre nted 

in th ne t ection. 
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.... 7 PROJECTIO OF CLIM TE FOR THE RE 10 

di d in ction 3.6.4 t\i o mi ion cenari A2 and 82 de lo d for 

th lPCC p ial Report on Emi sions r u d parat I for futur 

pr ~ tion with th en ernble m an P r output obtained b weighting output of th 

e mble rn mb r of the HAM4 and HadAM3P u ed a forcing . Result from 

imulations of future Jimate of the region u ing mean n mble PRE I for future 

periods 2010-2100 for n o different o io-economic scenario both hara teriz d by 

re.)onall focu ed de elopment but with priority to economi i ue in one A2 scenario) 

and to nvironmental issues in the other (82 cenario) are pr nted. 

Table 16 and Figure 55 show re ults for projected mean urface temp rature by 

2020 from mean ensemble PRE I using th A2 mission c nario. The r sult show a 

mean increase of 0.5°C in Jun -Augu t and 0.1° in March-Ma o er East Africa. For 

the B2 cenario results ho ed a mean increase of 0.3° in Decemb r-February and 

0._ °C for June-Augu t. 

Table 16: Average change of urface air temperature under RE A2 and B2 
cenarios over East Africa region from PRECIS simulation relative to ba elioe 

{1961-1990) 

HADAM3P SRES A2 SRES B2 

1961 - 1990 2010- 2020 1961 - 1990 2010-2020 

MAM Mean/0c 21.4 21.5 20.8 22 
Sd 0.8 0.6 0.8 0.7 

JJA Mean/ 0c 18.1 18.6 19.1 19.3 
Sd 0.9 0.7 0.6 0.5 

so: ·o Mean! °C 21.2 21.9 20.1 21.3 
Sd 0.2_ 0.7 0.4 0.4 

DJF Mean/ 0c 22 .5 22.7 21.7 22 
Sd 0.7 0.5 0.8 0.8 

The PRECI projection for 2071- 2100 indicate increa ing trend in warming o er 

th region associated with increasing greenhou e gas concentrations (Figure 56 and 

Figure -7). The annual mean surfac ai r temp rature rise b tbe end of the century ranges 
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from -·2 to 3.1 °C in A2 enario. wher then li b tw n 2. and 3.4° m th B2 

nario \ ith more pr nounced warming o er th north rn tor. h n rth rn t r 

(for ample Turkana area) i projected to wann up b 0.3 ° mor than th r t of the 

rs b the nd of2010 decade. Th outhem ector, in parti ular the emi-arid c ntral 

Tanzania. bowed le warming than the urrounding regi n b about 0.1 o 

during Decemb r - Februar s a on under A2 cenario. 
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Figure 56: Projection of future mean surface temperature (°C) for the period 2100 
with reference to the ba eline of 1961-1990 for the mean en emble RCM under A2 
cenario fo r December-February ea on 

Th PRECI projections f the rainfall show that all th ub-regions ( ector ) 

depi l d fairly well the north- outh rainfall pattern that follow the migration of th IT Z 

v.ith as ociated locations of maximum rainfall. The differenc in resolution b twe n 

CR and model data was resolved by r griding th RU to th PRE I R M grid. 

Tab! 17 haws the av rage changes of Ensemble mean P RCM simulated 

precipitation under RES A2 and B2 scenario o er Ea t Africa for 2 time slice i.e the 

bas line 1961 -1990 and th projected d cad of2010-2020. 
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lD " ,. 

a December-February (b) March-May 

" " .. ,. .. 
(c) June-Augu t (d) September-December 

Figure 57: patial patterns of the changes in ea onal m an urface air temperature 
(°C for the period 2071-2100 with reference to the ba eline of 1961-1990 under the 
lean En emble A2 cenario for a) December-February b March-May (c) June­
ugu t and (d) eptember-December. 

The spatial patterns of rainfall change indicate that m t part of the ast Africa 

would ha in ignificant chang in rainfall b the end of the centur (Figure 58). h 

graprncal projection igure 59) aJ o how d creas in th M M ea ona1 rainfall o r 

outh-eastem ctor during the decade 2010-2020. This com par fairl well to the 

predicted alue in Figure 44b as repre nt d by Lodwar. Rainfall was al o ob erved to 

increase in the north-eastern and uth-we t rn ectors in all th eason . patial part m 

of rainfal l change indicate maximum incr a e over the e tern s ctor for both A2 and B2 

scenarios (figure 58). 
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Ta le 17: erage change of2010-2020 mean ea onal pr ipitati n und r RE 
Aland B2 cenario over Ea t frica region from PRE I imulation relati e to 
bas line 1961-1990) 

I Ensemble Mean SRES A2 SRES B2 
1961 - 1990 2010-2020 1961 - 1990 2010-2020 

MAM Mean/mrn 155 .1 192.3 197.7 229.5 
I Sd 1.7 1.9 1.7 1.7 
I JJ Mean/mm 49.8 50.4 42.2 64.4 

Sd 0.6 0.4 0.8 0.9 
SOND Meanlmm 120.3 157.2 193.2 237.9 

Sd 0.8 0.5 1.4 1.5 

I DJF Mean/mm 118.2 146.4 122.7 129.6 
Sd 0.9 1.3 1.3 0.9 

a) RE A2 (b) RE B2 

Figure 58: The future change in March to May (MAM) ea onal precipitation for 
the period 2010-2020 in mrnlday and also a a percentage of the pr ent day with 
reference to the ba eline of 1961-1990. 

Re uJts for the proj ction of both rainfall and temperatur for th period 2071 -

-100 under A2 c nario i hown in Table 18. The future change ar expre d a 

percentage relati to the bas lin p ri d 1961-1990. P 1 proj ction for 2071 -

2100 indicate an all-round warming over the region as ociated with increasing 

greenbou gas concentration (Figur 56). 
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Figure 59: Graphical plot for projected MAM seasonal rainfall for Nortb-ea tern 
sub-region a represented by Lodwar using smoothed (dotted lines and 
un moothed (completed lines) 

Table 18: 2071-2100 changes of mean seasonal rainfall and temperature under 
SRE A2 cenario from PRECIS relative to 1961-1990 

Sector Rainfall change/% Temperature change/% 

DJF MAM JJA OND DJF MAM JJA OND 
Nonb-we tern 2.6 3.8 2.9 3.5 2.1 2.0 1.1 1.1 

Nonh-Eastem -2. 1 4.2 -3.0 3.7 1.9 1.8 1.9 1.9 

Western 2.7 4.7# 3.1 3.9 2.0 0.9 2.1 1.4 

Eastern 2.0 2.9 2.4 2.8 2.2 2.1 1.2 l.2 

South-western 2.8 3.0 3. 1 2.9 2.2 1.9 1.0 2.2 

South-eastern 1.9 3.1 2.6 3.1 1.8 1.5 1.8 2.1 

it ignificant change 

Again during the long rams of MAM eason most parts of the regwn are 

projected to ha e increase in rainfall by 2100 under both A2 and 8 2 scenarios. However 

the largest increase occur over tb areas neighbouring Lake Victoria. During the short 

rains of September-December the increase in rainfall would be confined to the western 
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parts of th Rift all ' and th r t of th r i o will p nen e light decrea e in 

rainf: II. These results are om what in contrast with th IP R4 global m del 

proj tions wher almo t all th models bow wetter condition during the hort rain . 

er ion are among t th 20 model u ed in th rP 

AR (2007). The proj ction of p sitive rainfall change o er b th th w tern part and 

the Rift Valley. which ha e er contrasting terrain, rna b an indication of the 

defi ienc of the global model tor olve the important terrain d tail . 

In ummary, PRE I proj cts l 0% deer ase in MAM rainfall in future ceoario 

forth year 2010-2020 a compar d to the present. lncrea ed rainfall i projected o er 

mo t zone . with the mo t ignificant increase o er Lake Victoria ctor for the p riod 

-01 --020. The projection indicate East Africa ill be om warmer than present in all 

ea ons in the forthcoming decades with an a erage warming of about 1° to 4 ° acros 

the \\hole region, but more so in th northern ector. banges in rainfall easonality o r 

forthcoming decades ar unlikely but trend towards more e tr m l et sea ons i likel 

for the eptember-Decemb r rain particular! in northern ctor, in the forthcoming 

decades. PRECI regional model imulations show wetter conditions in the Long Rain 

although in the bort rain the changes are confined to we t_m ector. Droughts are 

likely to continue particularly in northern sector, with more frequent drought event than 

pr ent. 

The uruque resuJt of thi th sis research are provided in the next chapter on the 

ummary and conclusions. Recomm ndations arising from re arch p rformed under thi 

study are al o presented. 
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CHAP ER FIVE: SUMMARY, CO CL 10 
RECOMMENDATIONS 

AND 

Thi chapter provides the major conclusion that wer drawn from th ari u 

r uJ from the stud . orne recommendations and sugge tion are also gi en for future 

re earch. 

5.1 UMMARY 

Thi thesis was organized into five chapters. The Introduction, Chapter One, 

highlights the objectives and motivation of this research. Among other thing the 

hapter highlighted the occnrrences of extreme climatic e ents that often lead to 

devastation of most economic social and en ironrnental systems in the region. It 

emphasized that most socio-economic developments in the region are rain dependent yet 

rery little efforts have been made in the region to main trearn climate risks in the 

planning and development of all climate sensitive sectors. The knowledge of decadal 

rainfall variabiUty patterns both in time and space is therefore er essential for 

sustainable socio-economic planning of all rainfall dependent activities. Mainstreaming 

climate risks in the planning and development requires good knowledg of the past 

climate variability and change together with Long tem1 future predictions and projections. 

Ylany of the past studies in the region ha e concentrated in climate studies within the 

temporal range running from sub-diurnal easonal to interannual time scales. This study 

was therefore de oted to improving our understanding of climate variability over East 

Africa at decadal ten-year) time scale that is critical for development of m dium to long 

term climate risk management strategies. 

The o erall objective of this stud is to in estigate the dominant spatial and 

temporal decadal rainfall variability modes o er East Africa r gion and their 

teleconnection with decadal variability modes of the specific global oceans. Th study 

recogni es that knowledge of extreme climate variations at decadal timescale is 

extremely useful for planning and decision making of long term climate risk management 

strategies for sustainable socioeconomic development. In order to adequately address the 

overall objecti e the study, several specific objectiv s were fmmulated. 
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Tb fir t sp cific objecti invol ed us of Principal omponent Anal i P A) 

an simpl carr lation analy i approacbe to d lin ate the r gi n into zon with imilar 

mo of de adal rainfall ariability. Thi anal i was mainl t group together tations 

with common decadal rainfall characteristic into homogeneou zone . The tation 

high!_ correlated with each other were identified a repre entative tation fore r zone 

us d forth analy es in the study. The econd pe ific obje ti e in ol ed ubjection of 

the repre ntati e station in each zone to sp ctral and trend analy es. The third pecific 

obje rive in ol ed the use of ingular Value Decompo ition VD anal is in order to 

delin ate existence of co ariance amongst regional rainfall and the individual global 

basin ea urface Temperatures ( Ts). The r suit from analyses perfomed to address 

the first to third specific objecti e w re th n u d to demonstrate the po ibilit of 

providing orne reliable information about decadal rainfall pr dictabilit and prediction 

and thus early warning tools for the region. Be ides delineation and prediction of regional 

decadal rainfall pattern an attempt was further made to generate regional climate change 

cenario using high resolution R gional Jimate Model (RCM) PRECI and results 

compared to the predicted decadal rainfall during the period 2010-2020 u ing empirical 

model deri ed from this stud . 

The data s ts used in the study included monthly ob erved rainfall o er East 

Africa and global SSTs covering the period 1950 to 2008. Other data sets u ed include 

gridd d data base from University of Ea t Anglia limatic Research Unit (CRU) for the 

period 1961 to 1990 and the "uropean ntre for Medium-range Weather Forecasts 

(EC lWF- 40 ears Re-Anal sis RA40) products. The data used in th study were 

moothed u ing a nine point binomial coefficient filt r tor move all fluctuations qual to 

and les than 9 years. 

The specific objecti e were in estigated using arious methods. The method for 

as ing the quality of data us d in the tud included standard param tric and non 

param tric methods uch as Man-Kendall rank tati tic ; while both trend analysi and 

pectral analysis were u ed to in e tigate the pattern of the existing decadal rainfall 

variabil ity. Principle Component Anal si (P A) and ingular Value Decompo ition 

( VD) techniques were on the otber hand u d to delineate the a t Africa into 
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h m ~ nous zone with imilar mod of de adal ariability u ing mpiri al mod I 

d rired from thi tud . and aJ o to in e tigat linkage among t th ob erved r gional 

d adal rainfalJ variability mode with d cadal mode of ariability o r ari u parts of 

the lobal T . The predictability pot ntials of th regional d ada! rainfall ariability 

part rn wer a e ed u ing corr lation and Multipl Linear Regre ion (MLR) m thod . 

M elling stems using high r olution P R M was emplo ed to gen rat 

regional climate change cenarios that th ir re ults were compared with the predicted 

d adal rainfalJ mode for the p riod 2011-2020. The results obtain d from th artous 

method are pre ented in chapter four. 

Re ults from quality control anal s indicat d that most of the r cords u ed were 

of good quality, and this formed the foundation of the analy es that were undertaken in 

thi tud . Results from trend analysi bowed discernible trends in som of the smoothed 

and unsmoothed time series. The inter annual pattern showed that although wet and dry 

decades were recurrent, and sometimes extend o er large area there were v r few 

decades when floods or drought covered the whole of East Africa region except for the 

wet decad of 1961-1970 during October-Dec mb r sea on. 

Re ults from spectral density anal sis showed dominance of ignificant spectral 

peak within decadal period for the data wh re fluctuations less than or equal to nine 

year had been removed. The observed pectral peaks were significant at 95% confidence 

level when both white and red noi e hypotheses w re used. The results bowed that 

although decadal spectral peaks wer dominant at all locations in all the sea n , there 

were howe er significant differenc s in the amplitud s and pectral bands of the spectral 

peak from arious parts of East Africa. This could be a r flection of the complex nature 

of tb regional climate systems that includ compte topograph and larg at r b die 

that include Lake Victoria (the second large t fre h water lake in thew rld . Therefor 

the re ults from this study show that although decadal rainfall ariabi lity mod were 

gen ral ly common at all locations some decadal variability modes were restricted to 

orne pecific areas and sea ons over East Africa region. The Principal ompon nt 

A.naly is re uJts from decadal rainfall records yielded even to nine homogeneous 

d cadal rainfall zones for the eason that were u ed in the study (i.e. OND and MAM) 
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re tiveJ . Qy r 27 homogenou regions have b en ob rv d v. ·th int rannuaJ rainfall 

records in pre iou studie . Thu for the first time th stud ha pro ided detailed d adal 

rainfall m des for East frica. and further categorize th m into homogenou zone that 

an be of great use in the planning and management of all rainfall d p ndent acti itie in 

the region. 

Th results obtained from the teleconnections of th r gional decadal rainfall 

rariabil ity patterns to the global Ts using Singular Value Decompo ition ( VD) 

anal · is showed that decadal variability of the Ts in the Pacific. Atlantic and Indian 

Oceans all ha e significant influence on regional decadal rainfall variability o er East 

Africa. ignificant coupling of the SSTs and rainfall field were ob erved with high 

value of quare Covariance Fractions (SCF) explained by th fir t three mode for each 

of the three oceans. In general the study re ealed that even when decadal ariability of 

one of the oceans contributed most of the variance of decadal rainfall variability the roles 

of the other two oceans were still ery significant. This signifie the close interaction 

among the global oceans (SSTs and the complex regional scale climate proc es. The 

first three VD modes of the basin SSTs and decadal rainfall accounted for over 75% of 

ttte total square co ariance for all the seasons with statistically significant expansion 

coefficients of time series ofthe SVD mod ofthe two fields anomalies. 

As an example the result for Singular Value Decomposition analysis for March­

~lay (YIAM) rainfall season with Indian, Atlantic and Pacific Ocean ST modes showed 

the first modes accounted for 49.9% 43.4% and 37.9 % respectively of the total square 

covariance. The results indicated that decadal rainfall over the region during th major 

rainfall season of March - May (MAM) was influenced mainl by the east/west zonal 

mod o er the Indian Ocean. The dipol -l ike pattern ith negative I positive loading 

centred on western/eastern Indian Ocean basin was characterized by negative/po iti e 

loading patterns of rainfall over the southern/northern sector of the region. The VD 

results for AM rainfall and S T fields o er the Atlan ic Ocean as characteriz d by a 

meridional dipole like pattern with negati e loading over the northern equatorial 

Atlantic Ocean and positive loadings over the southern equatorial Atlantic ba in coupled 

with outheast - northwest dipole pattern in decadal rainfall with negati e loadings over 

the south-eastern higWands while positi e loading o er north-we tern highlands of th 

- 173 -



re!ri n. Th tim erie of expan ion f VO o fficient f b th rainfall and T 

anomalies howed decadal trend mod with nhanced amplitude in orne ear . D 

anal~ is r ults forMAM rainfall ason and Pacifi T mode bowed that th 

gional decadal rainfall pattern wer affect d by d cad at ariabilit m d of th 0 

pben menon. 

Re ults for VD anal i for October-Dec mb r ( ND) rainfall ea on with 

Indian. Atlantic and Pacific Ocean T mod s show d the fir t mode a count d for 

6-._ %. 47.8% and 39.2 % respecti ely of the total quar co ariance. Decadal rainfall 

Yariability for this season was dominantly characterized by decadal variability mod of 

the 0 phenomenon over the equatorial Pacific Oc an. The 0 mode r uJts for 

0_ :U rainfaJI and Indian Ocean T field showed dipol -like pattern with po iti 

loading centred on eastern Indian Ocean Indian Oc an basin and negati e loadings o er 

the v•estem Indian Ocean. The first 0 mod b tween 0 0 rainfall and Atlantic cean 

T fields di played meridional dipole like pattern ith negati e loading o r the 

northern equatorial Atlantic Ocean and positive loadings o r the outh rn equatorial 

Atlantic basin with OND rainfaJl component of thi mode characteri ed b E - W 

dipole pattern with negative loading ov r the south-eastern highlands while po iti e 

loading over north-western highJan of the region 

Re ults for VD analysis for the third rainfall a on of June - Augu t JJ ) with 

Indi~ Atlantic and Pacific Oc ans T modes bowed the first modes accounting for 

61.1%. 38.6% and 42.1% re pectively of the total quare c variance. The key m de of 

Yariabil ity that seemed to dri e th June - Augu t rainfall ignificantly wa the 

interhemi pheric tropical Atlantic variability with meridional dipole pattern in th 

Atlantic Ocean. A unique tripolar mode of ariability ob erved during this a on was 

haracterized by large pool of po itive loading o er th central equatorial Pacific and 

negati e loadings in the equatorial e tern and a tern parts of the basin. This mod i 

associated with regional rainfall ariability characteriz d by po iti e loading in the 

"'-'est m parts of the region and ncgati loadjng o er the eastern highlands. he third 

D mode that explained 8.7% of the total co ariance had dipole loading pattern that 

were clo to those observed for mod one. except for wider pread of the po iti e mod 
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O\ the tropical oc an basin. Thi mode m to signif the role of the central highlands 

the Great Rift alley that run north- outh aero th c ntral f th region. ith 

of mountain on both sid of th Rift that ba e ignificant modificati n t th 

lar.7 - cal circulation o er the region 

In conclusion tb re ult for ingular Value Decompo ition D anal i ha e 

able to d lineate unique covariances among decadal rainfall ariability mod m 

East Africa and T decadal ariability modes o er part of the global oceans. 

Tel onnection between global T and regional rainfall extremes ha e b en 

d umented in many pre ious studies at ea onal to interannual time scaJe , especially 

.tho linked to E 0 and IOD modes and th results of this stud are con i tent with 

some of the e earl studies. 

Re ults from the regression analy e showed significant relationship b tw en 

spe ific seasons I basin SST mod s and decadal rainfall indices o er the r gion. The 

results showed sub tantial ariation of the SSTs based rainfall estimates model skiiJ 

within various zones with decadal rainfall ariance explained by T mode ranging 

&om 39% to 78%. The results further indicated that although there were significant 

variations in the skill of the models there were significant differences not only from 

eason to season but al o from one decadal homogenous rainfall zon to another. The 

Heidke kill core (HS ) alue w r ;:::0.30 at all locations indicating that the model 

ould pro ide foreca t with u eful kill . This component of tb study has for tb fir t 

time indicated that simple statistical models can be used to tran late decadal variability 

signal over various part of the global oceans to decadal rainfall ariability implications 

over East Africa region. These tools offer new opportunities for interpreting the potential 

impact of global climate changes uch as rising global T at regional I els. This 

would help in the de elopment of realistic local regional and global climate change 

mitjgarion and adaptation strategies. 

Results from PRECI Regional limate Model (R M imulated rainfall and 

temperature climatology over the land point howed that the model outputs were closer 

o the ob erved RU values compar d to the GCM (HadAM3P and ECHAM4 output for 

aJJ easons. The simulated temperature indicated the largest root-mean-square error of 
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_ oc in both P CI and the tw G Ms during th dry n fDcm r-

. In all ea ons th PRE I imulation gen rally h m 

mes cal clirnat component when compared to th M . Th 

renee wer howe er, not ery ignificant during the ear with large gl bal T 

maties like during trong e nts. This rna be du to th fa t that both mod I 

::redriven by Ts and becau PRE I was driven by G M output. 

The re ult from the g nerated regional climate change nario u ing high 

lution Regional Climate Model R M) showed that en mble mean PRE I wa 

m h superior compared to singl model dri ing PRE I output . The temperatur 

p ~ection were however more con i tent compared to regional rainfall changes. For 

example the PRE IS regional projection showed a mean increase of 0.5°C in June­

Augu t and 0.1 °C in March-May o r the region by 2020 under A2 c nario. For the B2 

· nario r sult showed a mean incr a e of 0.3°C in Decemb r-February and 0.2° for 

lun -August. here ults how ver howed an aU-round arming for 2071-2100 o er the 

region. The annual mean surface air temperatur ri e b the end of the centur rang d 

from -.2 to 3.1 °C in A2 scenario, whereas th ri e ranged between 2.3 and 3.4° in the 

B_ enario. and with more pronoW1ced warming o er the north rn se tor. 

PRECI project 10% deer as in MAM rainfall in future cenario for the ear 

-010-2020 as compared to th pr nt. Increased rainfalJ i projected over mo t zone , 

~ith the most significant increase o er Lake Victoria sector for th period 2010-2020. 

The spatial pattern of project d rainfall change indicated inconsi t nc in the rainfall 

change patterns like ha e b en ob erv d by IPCC and man proj ction of rainfall 

enarios in previou tudies. The re ults howe er showed that mo t parts of the region 

would have in ignificant change in rainfall. patial patterns of rainfall change indicated 

maximum increase o er the we t m ctor for both A2 and B2 cenario . A d cr a as 

observed in March -May rainfall during the 2010-2020 decade o er outh- ast rn ector. 

Rainfall was howe er ob erved to increase in the north-ea tern and outh-westem ctor 

in all the easons. om of thes re ult compared well with the proj ction from 

~fultiple Linear Regres ion anal si for the 2011-2020 decade. The tudy therefor 

produ ed regional climate change cenario redible enough to inform climat impact 

ruin rability and mitigation as s ment and adaptation strategi for the region. 
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Th ne t ction pre: nts the major conclu ion from the tud . 

5.- CO CLUSIO S 

Thi tud has d lineated and furth r categorized ignificant decadal rainfall 

mode into bomogenou zone over ast Africa region. It ha furth r £; und trong 

O\ananc of these rainfall ariability and specific global T mode . Th trong 

linkage pro ided useful kill in predicting decadal rainfalJ ariability that ompar d 

lo I with projected value from regional climate model for th n ar-t rm p riod 

(_QJ0-2020). The re ults of this study could therefore potentially contribute and add 

ralu in the planning and management trategies of all rainfall depend nt 

a ti\'itie I ectors in the region. These re ults further pro id s useful isight and potential 

input for the impro ement of tools d eloped for early warnings of extrem rainfall 

\'ent and di aster risk reduction necessary for sustainable socio- conomic d elopment 

in the region. Results obtained from statistical analysi of pre ent day climate ariabilit 

and tho e deri ed from numerical model simulations of the present and future climate can 

contribute to and provide new climate risk management capability for coping and 

adaptation to climate change challenge alread prevalent in ast Africa region. 

The next section pro ide some p cific recommendations for future studi 

together with some specific application areas 

5.3 RECOMMENDATIONS 

The recommendations of this tud ba e been gear d toward climate re earcb 

cientists, policy makers National Meteorological and Hydrological ervice (NMH ) 

regional climate centers (e.g I PAC) and ariou profes iona] takeholder s in all sector 

that are directl and indirectly affected b rainfall. uch sector includ met oralogy 

hydrology. agriculture industries energy and researchers among many other . 

5.3.1 RECOMMENDATIONS FOR FURTHER RESEARCH WORK 

A Jot of research on decadal atmosph ric variability in relation to changes in the 

nearby oceans as well as near-global T ha e b en undertaken. Ho e er knowledge on 
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ban"'e m th pan m of decadal rainfall ariabilit m relation to land urfac 

cham ter· tics, sea pr ur field and oth r atmo ph ri cir ulation patt m at 

al time cale needs to b further tr ngth n d ba d n finding of thi ground-

r aking tud since the are major c mponents of low-fr qu nc rainfall ariability 

· m both regional to global- cale climate proce ses contributing to decadal climal 

variabilit CLIV AR. 1995). It is important to kno th e tent of decadal ariability of 

th regional climate in observations and model imulation , as a background to 

und rstanding ea onal to interannual pr dictabilit . Further r search stud is n ded to 

link the observed c cle in the decadal rainfall ariability to mode of ariabilit of om 

of the local regional or global scale climate controUing stem ther than the ea 

urfa e Temperature . Particular} the modulation of the modes of d cadal ariability b 

im ra tions between large scale and local scale climate forcings i ery critical and need 

to be pur ued in future re earch in this area 

Re earch studies ha e shown that ocean temperatures in the orthem Pacific 

0 ean o ciliate between warm and cool conditions o er twenty to thirty ear time p riod 

Jon and Moberg 2003). These oscillation ar termed the Pacific D cadal 0 cillation 

PDO), and the ha e their counterpart in the orth Atlantic Ocean which is named tb 

·onh Atlantic Oscillation AO). Rainfall patterns along the Pacific Coast correlate ith 

the PDO in that coastal areas from c ntral California north ard receive more 

precipitation during the cool cycles and south California and Arizona recei e mor 

rainfall during the warm c cl s. There is therefore need to e plore if ther i any 

f lation hip between the e indices to a t Africa rainfall pattern especiall at longer 

tim cale or similar decadal o cillation o er the Indian Ocean. 

In this stud the global Ocean basin are consider d to b link d to r gional 

rainfall a separate ntities yet in thi tudy situation hereby the interact 

imultaneously to impact the regional climate ere apparent. Therefore, there i n ed to 

Cart") out further re earch to investigate rainfaJI variability when all th global basins ar 

con idered to be acting together as single entity in influ ncing the regional climate. 

Thi study employed Multiple Linear Regression analysi method to develop 

model to predict decadal rainfall modes. It was ob er ed that the method had arying 
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bilitie b th in the fitting of lh m d I and kill. Dynamical appr a h hould b 

""'!played to imulat and preclict d cadaJ climat ariability and al tabli h th 

h~ icaJ and d narnical factors a o iat d with th linkag b tw n T oth r 

p ictor and de adaJ rainfaJJ ariability. 

Further re arch i als n eded to tren0 then a e m nt and redu uncertainty 

in pr diction mod I . There has b n r lati el littl regional climate modellin
0 

carried 

out in tb region and there i much uncertaint io th climate modelling carried out in this 

ru y e en though th best a aiJable mod 1 . data and scenario ha e b n u ed. The 

un rtainties in the future projection apply more to rainfaJl than temp ratur . To addre 

thi challenge it would n ed multiple regional model and emi ion scenario . 

Re earchers al o ne d to provid a wide rang of po sible future climate projections 

orre ponding to a number ofthe most eli tant time period n eded (2071 -2100 and for a 

high emissions scenario (for example RE AlFI). This will gi e a clear signal. of 

climate change against the noise of natural variability and thus provicling robust patterns 

of change. 

It would al o be important to that future re arch extend the orne of the finding 

and recommedations in this tudy to look at regionaJ impacts vuln rability and 

adaptation issues based on the gen rat d cenarios. 

5.3.2 RECOMMENDATIONS TO POLICY MAKERS 

The policy maker and planner of the re pective go ernmeot are challenged to 

main tream climate in their de elopment plan and aJ o improve on their long term 

planning by using the products of this tudy as a tepping stone to in est in and irnpro 

und r tanding, characterization and pr dictability of decadaJ climat ariability and 

changes for the East Africa. Thi information ill help put in place mitigation and/or 

adaptation mea ure in place and build the required infrastructure to ad ocate for change 

in polic due to the potential irnpa t of climate anomalies, including climate change. 

The re ult of this study has offered unique opportunity and foundational 

information that the governments of the three countrie , donors and trategic partners can 

incorporate in building regionaJ climat change adaptation capacity. 
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5 OMMENDATIO TO ER OF CL 
ORMATIO AND PREDICTIO 

Informed de isi ns could b made if information ab ut th r gional climate, 

delin ated into zan with imilar decadal rainfall ariabilit cbaracteri tic i a ailable. 

{; e of tb produc from this stud hould enable the limate information user 

communi tie in the zon stake advantage of th po itive asp ct of climate extrem and 

minimize th relat d n gative ri k . U er of climat information hould take joint 

re pon ibility with the climate expert in developm nt of detailed climate information 

relevant to their applications. Thi can be achieved through the survey of the user need , 

for ample. the climate e ent(s) to hich the producti ity of a gi en sector i 

vuln rable the for cast quality required b specific s ctor, and the co t and lo e 

invoh·ed in the application of climate information. 

5.3.4 RECOMMENDATIONS TO NATIO AL METEOROLOGICAL 
AND HYDROLOGICAL SERVICES 

The ational Meteorological and Hydrological r Ices MH s) over the region 

are re ponsible for data collection, data proce sing data archiving, and data 

di ruination and exchange. The existing rainfaU observation network is not adequate to 

give a complete co rage of the stud region. orne remote and inacce sible areas do not 

have an representative stations. orne of tbe existing stations o er th region are spar e 

with orne station having incomplete and/or short p riod data. It i therefore necessar to 

maintain an optimal efficient and continuously op rational network of ground station 

for rainfal l observation . There is n ed to et aside adequate fmancial resources for 

maintaining of per onnel and instrument for ob ervations recording and archiving the 

recorded observation . 

There is need to strengthen climate data acqui ition, anal si and communication 

o enhance easonal fo reca ting early warning of extr me e ent and near long-t rm 

projections. in particular impro ing th capability of Ea t Africa s meteorological and 

climate forecasting services, building/enhancing on the incipient regional climat 

infonnation capability. 
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