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2023 Kenyan floods: A climatological study and future perspectives
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89f: 20239 114, ALk AHollA L Ft 12.5 mm/day] 0|2+ 7|52 971 YR o0, 53] 7]FolofA= U3t 21
ZF4eo] 1,178.8 mmeo] @FTHKMD, 2023). 0|23t F-9-2 13)) Alvfoll A Azet 917 wjsfel A2 &4do] sttt & A
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o 715 2 AlEF ol dS AT 23, Ay 1) FRE Sk o] Mk} ot SIS AR AEH, FF-80d
Woll= = =1 | =2 A3te o B Azt =3t 7 A 4= 9leS HAlnh 2 A7 A= 2023 Al A g
AR S 73 A7 ol Aol ek 7] T gtel WAt Aol glom, nlFjof= o] 23t Aol A&E THsAdol S AR

FQO0|: Tot U, QIEQF WKL AL |k, 7|2 K3}

ABSTRACT: In November 2023, Kenya experienced record-breaking rainfall with a daily average of 12.5 mmy/day, particularly in Kitui,
where the monthly maximum rainfall reached 1,178.8 mm (KMD, 2023). This extreme rainfall led to severe human and economic losses
across the country. This study investigates the causes of 2023 extreme rainfall and analyzes the impact of climate change on the future occurrence
of extreme rainfall events. Compared to past extreme rainfall cases, it was found that the amount of water vapor moving from the Indian
Ocean to Kenya increased in 2023, and that the difference in sea surface temperatures caused by the Indian Ocean Dipole and El Nifio was
amajor factor contributing to extreme rainfall in Kenya. Using the Indian Ocean Dipole and El Niilo indices, analysis of future climate model
simulations under SSP5-8.5 shows that the frequency and intensity of extreme rainfall is projected to increase due to the strengthening of
the El Nifio. Additionally, the Indian Ocean Dipole is expected to intensify over the next 80 years, potentially leading to more severe extreme
rainfall events. This study suggests that while the extreme rainfall event in Kenya in 2023 was unusual, it is closely related to climate change
and such events are likely to continue in the future.
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20239 119, AVE 233t otz alzt x| <ojlA] <F 300-
600 mm2] <=2 13, 4 6075 0] A, 137+ 1 0]4fe)
o|FHlo] Hg om, 715 HAke}E =8 7Rk A 1] F
el BAA o] HAIFITHWWA, 2023; OCHA, 2023).
Ake] 2971 7171 10-129 A Do) Ht ZsFo] of
83 mmgl 22 W, 202349 119 P4 o) o]
#H & Q1 =3t 7= Ao R tH(Climate Change Knowledge
Portal). o]2{3t o] ¢l S35t 744 A4S 7|5 wslel 2
A #Ro] Qik IPCC 63} AAFIF HauAo] o=
H A2z Qe A AAZ R JF2 e E 35 1
o] Rt 7= A3t 0] (1850-1900d)t ] s}
o] 2715} Lo, o £ 1T Al Al Fe 4%
e 2 AIAH 02 oF 7% Z7Fe A0 AYHYHIPCC,
2021).

20239 9] A9 o2 A AHHEL 2, 10-12€ 7]
ZF Well W2 o) Zewo] 114 3 g B¢t ASE U
(39 1a). 11¥Y 753K(12.47 mm/day)2 17 4543 F9L
49 Jepont M B $XE V1SRN, ol &
HAIR 5L 7S of 15v] Sohe AE wesivhe o)
 olg Al ol 7|THBLE Q1% M X|FH =3 7
27k 349 AT 98 Aoz 22w

Aol A -2 13 T All= A 1997, 20199
oz dhiglon Zg ¢1elo g ¢lwoF #H=XIndian Ocean
Dipole, IOD) @Aro] A EE At MacLeod et al., 2024).
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Fig. 1. In Kenya from 1979 to 2023, Top 15 of (a) monthly pre-

cipitation during the short rains (October-December), (b) aver-
age precipitation from October to December annually.
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t =)}
o} Solzmels} Al ele) g F71A171 AR el
9Jch(Hashizume et al., 2009). B@ o= Ax 39} Q1w
oA AEL2 QI3 Bolal} Ao oze] 557] Bl
At a2y, 49 10D deollie Y d=deollA *2
N0 A%t 55 BAP7E EAIsE AFol oFstE L, o
uje} Bolzell Solet 4272 cla) 2ol 271
BHH(Wainwright ef al., 2021). 7]% H3}2 213} 9k 10D
Aol Rl 7Hs/do] itk o)A d+-E F3, 2023
W 9710 S35 WAl 715 wste] ke we R
S 2 HoJZth(Palmer et al., 2023).

A5} Fotmelrte] 2ol wA 4= sk Gl
et A= o e ez ZgPE o] itk Ayugi et al.
(2021)= 715 WSk2 Qs Ak 297] 717 F A7
I A&e g v7E i do] S7HE 7Hs 0] le= 24
3lFT) T3 Palmer et al. (2023)= Fol=E|7} £%97)
717to] tj9-71(3-59) 7|12kt v W& <=7k A A
ojZtaL olfTl e, &97] 717k Fa S7F Aoz A
T 23R QIFH A=Y Sl 2= Ao HUT

2 AollA = 2023 Alkol] WA S3t 74 Al 9
7153 291 ofsfalz] Sfatel 7l W sl 2ol &
Qg BAI5} 10D} Aufsesfe] T tfe] 21
o 27bE o2 J|FHst el o] e 7| FaE B
9| ¥3E EGE 202333} FARE F8 4 ARIQ] 3
ol thaf EAI5HTt.

¥ AAOR, O] 10D AF, 5 FAEFY] s5n 2=
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2. 98 9 Ii=
2.1. 931 1Y

A= Zolzalyle] Aw B 9k 5°N-5°S, AT 34-42
°Eo]] 9)A)5}a glom, oF 582,646 km’S] WAL XR|3I). 7|
LFo] A 7452 680 mmou, ALk EA 250 mm
ugk, Auk AReA= 2,000 mm oVd7ER] HEgtHMacharia
et al., 2020). Avkell= F ¥ 2 77} 2A5hH, A
A 97)= 3YFE 5Y7ER| 9 tf97], F HA £7]1= 10
HHE 129717 9] A%7]o|ti(Yang et al., 2015). o]
Hlo] $7ls HES l2de YRoz $ol 4 &
Htll(Inter-Tropical Convergence Zone, ITCZ)of 2]} 2t
SR, Sh97]ee ITCZ7h LA S2)e] ® 3 St v
7} WE)e whd, 297)0= ITCZ7} WEA J& o 2 o)
5ol Eo7L AThE L 2 Fe 712k B2 ATk Black er
al,,2003). A AAZS S5 252 Wal} Arke] 74
o & e vlA|sl, S| e} AR s L=
HEo] Ay} 0D 4 F8ste] Zh4 dielo] JF
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& Z£thBlack et al., 2003; Owiti et al., 2008).

2.2. 2N JIZ TH=

7= B 8] vl 2 s o71(NOAA, National
Oceanic and Atmospheric Administration)oj|A] A|-&8l=
Climate Prediction Center Merged Analysis of Precipitation
(CMAP) 75 A 7E o] 85I thXie and Arkin, 1997).
CMAP 7}-3F 2= 19798 E @A7HA] 2.5°%2.5°9]
3R A A B+t g AT £ A
FollAE 197995 2023d7H] 9] A7E AMgSto] 7
TS EAsA

Integrated water vapor transport (IVT) £} Integrated water
vapor (IWV) AHS: 915 438 v}, vl A o) =
Y 3o 7)Ao A A|-E5H= NCEP-NCAR Reanalysis 1
=5 o]83}gthKalnay ef al., 1996). Reanalysis 1 &}
2+ 2.5°%2.5°9] 409 A E, AR o 2= 1,000 hPab g
10 hPazkx) o) 334 A 2| 715 A= 8 Az

3|4 2% (Sea Surface Temperature, SST):= v =3
oF 7)Ao A A|53H= Centennial In Situ Observation-
based Estimates of the Variability of SSTs and Marine
Meteorological Variables Version 2 (COBE-SST 2) X}&
£ o|83}4}t. COBE-SST 2= €%+t SSTE 1850¢
B @A7IA] 1.0°x1.0°9] 33t =2 Algstal lom
(Hirahara et al., 2014), & A= T2 X129} £4
717+ AAA717]) Y8 19795 E 2023W71R] 9] 2=
= ARSI

2.3. T J1ZHReturn Period)

2023 11€o] 2WA8E 7 @Ado] duht S9-2Q1A]
21502 Bhlsp] Slsh A 717K Retum Period)& 7
RS A8 71 7dolgt Fol7l @Afol 4 3 Wl ol 5
QAL 233 w7 BFAOE A AZHS S}
o, X ¥l A& Generalized Extreme Value (GEV) &
25 3o AE 717+ Altstittk. GEV £3Z+= Gumbel,
Fréchet, Weibull 222 23t Fej2, Fo)X golg 9]
X FURe e ) 98] F2 AT $AH &
Fol|, GEV H:e] a4 HE P42 B3] 4A 77k
th2-3} Zro] A oJgtcH(Namitha and Ravikumar, 2018).

Return Period = I-Fx) €))

2= BASHLA} k= HlolE, Alx)= GEV £3E9 3 &
3 ot

EEEERE 407

M)l} 2)

F(x)= exp{— (1 —
«

GEV 22 9] 2 £X <+ k= FH(shape), &= 9
Z](location), a= T (scale) Wj7Ho] o3 Ex7} 2
ek FHf miriies B2 mdS ARk, oo o
2} GEV £3327} Gumbel, Fréchet, Weibull &3 5 3}L}9]
x5 =7 "ok X e £29 S4 AAS,
A mfj7Hag= Bz o] 29 ARSI (Namitha and Ravikumar,
2018). & Aollxi= Al miisE AHso2 34810 GEV
EEE 5 @ 7IRbe Atk (Namitha and Ravikumar,
2018).

2.4. Integrated water vapor transport (IVT), Integrated
water vapor (IWV)

74 WAel BAE 2] 98, 702 o|Fels
371 759 93 T Yehl= VT AZles 3
k= & 75719 = Uell= IWVE 48k IVT
= A vE T JE Bl R RbEE 5719 S A
2oz FHikstoq, uigol| o PO E SHtE= F 5
719 EET o5 WS 28T ol 5]
TEHE AW AH =, B A dos Rk 5719 St
RS BAsl= o) E-2-EtHGimeno-Sotelo and Gimeno,
2023). IWVE g2 o2 ti7]of x3te F 5719 &=
oJu)git}. AdjA el & S Ueilie AE=, A
o7 77 5 e 7] 5o RS vEhdnh =
2 IWV g2 7] 5 o] B2 ou|shd, ol 37|
7h FEthe A B A TAAE sl ot
(Hocke et al., 2021).

IVTe IWVE t7]9] 57150 " 58 A=
2, H7]19] ZH(Atmospheric river, AR) E-AJoj| A 2 Al
Hoh 719 A2 F3 4A 503 57 5o =, o
o #3715 Nty AeE FEs] weoll, VT
IWVE S3% 3¢ B4 543t JEE Al-F3tHLavers
et al., 2013; Lavers and Villarini, 2013). & E9¢] 2=
o& 2 7|17 8 715 HEkE Qe s =7 s
ol Wk IVT7} S7hske] Q1% |99 gt 3= ¥l
271 =olX|&= Ao 2 YERgtHMahto ef al., 2023). Az
ool A o] ek Rt = SRAF 271949 2
° =2 3f A|xolR k= IVT7F Z3td A A
o] Ql= Ao 2 A4 FH K Polade et al., 2017). o] &3t AL
=2 T8 T IVTE BAE HojFm, 2 AoA=
IVTEHIWVE &85t ALk 29 A& 22455t

IVTe IWVE e 412 53| AAL=EthKwon et al.,
2022).
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IVT=|IVT],
1 300hPa — 1 300hPa — (3)
IVT :(_7 qudp x+(——f qvdp|y
1000hPa & J1000nPa
1 300hPa
wWv= — —f qdp @)
g J1000nPa

A71A] X, yi= BA], 2 ware] Tk W, u, v BA,
B upgke) uhe, g vl gk %8 7l molthKwon er
al., 2022). & AT Az ZE-L g SFshe 1,000
hPaoj|A] 300 hPa7} A S 11&]s}%th

2.5. Dipole Mode Index, Nifio3.4 Index

Ak F3 et T 22 JA=S A=A Ay}
Aol WAE BAs] Hal 1= A=A X]4%(Dipole
Mode Index, DMI)2} Ay X|4x(Nifio3.4 A|4)E AR
Fck DMIE A QIESK(50°-70°E, 10°N-10°S)7} 591 = F
(90°-110°E, 0-10°S)¢] sl 2= HA} Xpo]& 3714 o]
= Hslo] AR x40 |t (Hashizume ef al., 2009). Nifio3.4
R4 Nifio3.4 X ¥(170-120°W, 5°N-5°S)9] &4 &
= HAE 570 ol Bt A4k Z|g=o]thClimate
Data Guide, 2024). 3= 2= &= COBE-SST 2&
AREglon, B o= DMI>0.5¢1 H$-E 733t %<
IOD=, Nino03.4>1.5¢1 A& 78t Ay eabar A o3ict.

2.6. CMIP6 0OI2H JI= Itz

CMIP6 (Coupled Model Intercomparison Project phase
618 37, 2] W vl 7)) ot 72 93 A B
ZeAER, TR 715 B9 7k vlwet B7HE F9) A
AIA 713 o2 Hlo|e S AFETHEyring ef al., 2016). X
TR QI 39 % WAl o] BAS Wasl] el
- =& 0] A7 HilE AlUE] 291 SSPS-8.5 (IPCC,
2021)°] k2 Z 277(HadGEM3-GC31-MM, FGOALS-g3,
NorESM2-MM, NorESM2-LM , EC-Earth3-CC, CIESM,
CNRM-CM6-1-HR, EC-Earth3-Veg-LR, MCM-UA-1-0,
UKESM1-0-LL, CNRM-CM6-1, NESM3, MPI-ESM1-2-LR,
HadGEM3-GC31-LL, CMCC-CM2-SR5, CNRM-ESM2-1,
MIROC-ES2L, MIROC6, CESM2, FIO-ESM-2-0, IITM-ESM,
KIOST-ESM, FGOALS-f3-L, CanESM5-CanOE, CMCC-
ESM2, CAMS-CSM1-0, ACCESS-CM2)9] &ll4=H 2% &t
g AlEF ol "HlolHE ARE-3HHTH Copernicus Climate
Change Service; Climate Data Store, 2021). 20153 5]
210097 9] U A28 ST, 2 2 2ke] B3
WS AXIA1717] $18) COBE-SST2 A=t HUT 3)
e w7tk Aelste] BAlslgc
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Table 1. Return Period (RP, years) of the Top 10 precipitation
(mmV/day) during the short rains (October-December) from 1979 to 2023.

Period Precipitation RP

2023-11 12.47 501.41
2020-11 8.33 60.71
2006-11 7.23 32.52
1997-10 6.88 26.42
1997-11 6.67 23.32
2019-10 6.63 22.76
2021-12 6.59 22.35
1997-12 6.33 19.12
1982-11 6.24 18.10
2019-11 6.24 18.09

3. g3z Y E9
3.1. 227 L5 2N

% 12 A 4518(1979-20239) F%F Alvke] £9-7]
(10-129) == 7155 B4 495 HoEt) 72 99
e v 43 3™ la), 20239 11499] Ap=Fd
12.47 mm/day 2 A 45 = 71} 22 23S 7|20
o, atkeo 2 202049 119€(8.33 mm/day), 20061 11€
(7.23 mm/day)°] =2 35S Bt ZF 29| 2ol
i3t A& 7]7HReturn Period)S 4% A3}, 202349 11
O] A4 oF 500 g A YEld =] S H¢
ol Aoz yehgtt 20204 11€(6149) 2 2006 11¢Y
(33T v P f vi-P =2 A=, 2023 1€ 7
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|2 5.98 mm/day 2 Al AR 8|7} Wo] 2 = Lelit
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sletol ) B the] & A4S HYAHIH 2e), o
2 35 B e 4ol Utk g 21, 2g, 2h).
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Fig. 2. Precipitation anomalies during the short rains (October-December): a. 2023, b. 2019, c. 2006, d. 1997. The study area,

including Kenya, is indicated by the red box.
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Fig. 3. IVT anomalies during the short rains (October-December): a. 2023, b. 2019, c. 2006, d. 1997. The study area, including
Kenya, is indicated by the red box. Colors represent the anomalies in water vapor transport, and vectors indicate the direction

of the anomalies.
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Fig. 4. IWV anomalies during the short rains (October-December): a. 2023, b. 2019, ¢. 2006, d. 1997. The study area, including

Kenya, is indicated by the red box.
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Fig. 5. Sea surface temperature anomalies during the short rains (October-December): a. 2023, b. 2019, ¢. 2006, d. 1997.
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Fig. 6. October-December averages from 1979 to 2023: a. Indian Ocean Dipole Mode Index (DMI), b. Nifio3.4 Index, c. average
precipitation in Kenya. The red shading indicates years when both DMI>0.5 and Niflo3.4>1.5 conditions are met, and the orange
shading indicates years when either DMI>0.5 or Nifio3.4>1.5 conditions are met.
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Fig. 7. The SSP5-8.5 climate change scenario: a. Frequency of concurrent conditions satisfying DMI>0.5 and Nifio3.4>1.5, and
decadal trends of the average values of b. DMI and c. Nifl03.4 index under these conditions (gray solid lines represent the results

from individual models).
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