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ABSTRACT

The northward migration of the Intertropical Convergence Zone (ITCZ) is a significant feature of the
West African (WA) monsoon. An accurate simulation of ITCZ migration is essential for the realistic
representation of WA precipitation in global coupled models. This study employs the energetics and
dynamics framework with a subset of Coupled Model Intercomparison Project Phase VI (CMIP6)
models to investigate the bias in the simulated WA precipitation. Models were found to simulate more
local positive (negative) shortwave cloud radiative forcing (SWCRF) in the Southeastern Atlantic
Ocean (over the African continent). The effect of the excess local SWCRF is linked to the stagnation
of the ITCZ latitudinal migration and the associated biases in the asymmetry index of precipitation. In
the models, there is more (less) moist static energy in the lower (mid and upper) troposphere than in
the reanalysis. The worst models have a stronger bias, especially over land. The vertical transport of
moisture is confined to the boundary layer in the worst model ensemble. In most cases, the high-
resolution coupled models show substantial northward migration of the ITCZ compared to the low-
resolution models. Furthermore, the best performing models capture local circulation and energetic
processes more accurately than the worst-performing models.

Chapter 3 investigates the contribution of African easterly waves (AEWS) to precipitation in
the current climate. AEW influences the precipitation variability over West and Central Africa, as seen
from the study. This makes the tracking of AEW an important feature to estimate, using dynamical
means and quantifying its current and future variability. An ideal threshold for tracking AEW in climate
models and reanalysis is proposed as the 90th percentile of vorticity values. With these threshold
values, the Lagrangian technique successfully identifies AEW, which is reliable and comparable to
previous methods. The AEW tracks using the Lagrangian tracking method were found to be
comparable with the archives of Belanger, the reference tracked datasets in this study. Using the three
skills score criteria, the results of the Lagrangian method were found to match about 60-70% with

ERAS tracks, 85-98% with MERRAZ tracks, and ERA-Int with ~98% from all three tracking levels.



Though the study quantified matches between the archived tracks, nonmatches are not quantified since
the algorithm significantly captures AEW evolution and propagation characteristics in both reanalysis
and CMIP6 models. These results suggest high confidence in the applicability of the algorithm for
tracking point-wise atmospheric synoptic features such as AEW from all kinds of datasets with varying
temporal and horizontal resolutions. The similarity in the evolution of waves in CMIP6 models
compared to ERA5 composites indicates an improvement in the dynamical coupling of convection
with AEW in most of the high-resolution CMIP6 models, except for the low-resolution models.
However, the simulated convection in the high-resolution models appears to be weaker than that in
ERAS, as seen in the days before day-0 composites, and overestimated in the low-resolution models.
The precipitation rate is higher in the tracks at 600 hPa (Southern tracks) than in the tracks at 850 hPa
(Northern tracks), in agreement with previous studies. The tracks at 700 hPa and 850 hPa from the
bandpass filtering method suggest that the waves may not be specifically different from each other,
instead, they may be a feature of the same wave that merges or splits.

The response of AEW to climate change and their contribution to future extreme precipitation
using CMIP6 models are investigated. First, the future changes in precipitation characteristics are
quantified before investigating the changes in the AEW tracks and their influence on future
precipitation and extremes. The median and maximum ITCZ positions are projected to migrate
northward in the future, with the median at ~7.7°N and the maximum at ~7.9°N, respectively. The
tendency for a northward shift of the ITCZ in response to climate change suggests future changes in
precipitation patterns. During the JJAS season, the interhemispheric asymmetry (1A) in the models is
projected to broaden, while future trends in the precipitation asymmetry index (PAI) do not show
significant changes from the historical patterns. Secondly, the counts of AEW in the future are higher
in the 600 hPa than in the 700 hPa and 850 hPa levels, respectively. The percentage increase in future
AEW counts varies among the models. For instance, the percentage change in AEW counts ranges

from 12% to 50% in most models except for MRI-



ESM2-0, with a 20% decrease in July, while MIROCG6 simulates a more than 100% increase in June.
In the future climate, the complex interaction between hydrological processes and atmospheric
dynamics may be impacted by changes in the AEW in the region. Models project an increased lifetime
and decreased phase speed in the future climate. The projected decrease in the phase speed of AEW
may have potential implications for the formation and intensity of the waves in the future over the
continent. When the AEW slows down, the momentum and energy of the waves decrease, leading to
less organized and weaker intensities of the waves as they propagate. This may have potential
implications for the representation of weather patterns such as localized onset and cessation of rainfall
and even extreme events such as heavy precipitation and flooding.

KEYWORDS: African Easterly Waves, Monsoon, Climate change, Lagrangian tracking method,

Intertropical convergence zone, precipitation extremes
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AR

West African (WA) Wﬁwwmﬁ% Intertropical Convergence Zone (ITCZ) bl 31X
&1 3R YA | ITCZ YR &1 Tal-Tal Il dfYe JeT go Arecd § WA I & ardfad
Dﬁlﬁfﬁa’%ﬁm G{W%I gg Y4 CMIP6 (Coupled Model Intercomparison Project Phase V1)
e & Udh JUNC & 1Y FHoll 3R TR G BT ITANT HRep WA TN H SHUNY a1 &1
SITd BT ¢ | Hised A U fob d Sf&ur-gdl sfedifcs AR (31! Aegd IR) H 31t R
DRIHD (APRIHD) shortwave cloud radiative forcing (SWCRF) T 3] Ul A %'I SIRIRES
R SWCRF &1 UHTG ITCZ & &M TR Bt SahTac 3R aui & [qoHd qadie o daferd
I T S[ST g1 3| Aiscd H, Faa (Aed iR SR SURGRR § $ififes (1) ot Wide SHoif
T3 STt 8, 71 g faxasor & Sif¥e g1 Iad WR1e Arse | a1 Holgd Ui 147 5, foviy =0 9
Y & SR | JaU WRIE Aled TUEd 8 3Tsdl B SHeEUHR URag dad JIHl IRd adb i
g1 3T Al §, I=-ReliegRe a1 S §U AIS® ITCZ & IR B 3R Jad | 34w
eyl fead g, o FE-Relfegm s &1 gaqT §1 9% faTal, Yo 3rasT UGRH - ard
Aise R IRETERUT 3R St Ui aTafi &l Tak RIS Ve $HR- ard AIe® &1 qaT H 3HfH

IAHdI T UHSd o

3T 3 ITAH STaarg H African easterly waves (AEWs) & GG &1 STid &l 8| AEW Tf3H
3R B 3repieT H aut URARICAT & THTTAd SRl 8, SR b S1erd I 3@ T 8 | T8 AEW
1 SFhT AT U Ageaqul fa=iwdT &-1a 8, Ford mifaietta akien! &1 SUaiT &vdh SrATd foea
ST Il § 3R ST g iR Hia™ &t uRacd—=ieadr &1 ATaT S Tl 8 | AEW T St v
& forg U st W aféRict art &1 90at UieTsd TRaTfad fobam T g1 37 W A & 1Y,
TR qH1H A AEW Bl Thaargdes ggarT, S fay =i ok fUsd whie! & 1y gamid g
T T fafty o1 ITIRT FRb AEW ST BT SeioR o SThIged o 1Y Ja-id Ui T, St
39 3T | e ¢ae Sericy § | diF SIRId WhR AT 1 SUINT &xd gy, aulfora fafy &
UfRUITH} Y ERA5 SR & 1Y 60-70% A%, MERRA2 <o & 1Y 85-98% dd, 3R ERA-Int & T1Y
TRTHIT 98% I A WTd §U¢ UTAT T1T| BIelich, ST 3 3HIhige8 ca & a1 Ad &1 HATHRUT
forar, IR-Ad 31 wfta Y fovan T i TaEliRew 3 AEW & faerT SR TR @efo &t J:
fIRawoT 3R CMIP6 WIS B Ayl =0 ¥ HwR fohar| 3 ufkomy 39 Taiiked @ 94 7R &
STRITYH & 1Y Uige-args UeHRh R RS Wil o AEW &1 ¢ o34 & ol 3= fayra
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%1 Tobd &d & | CMIP6 Hisw H @el & far & ERAS THUT & TTY JHMT T8 Tobd Gl @ foh
IA-REITg=A CMIP6 ATeT H H-aa-H & AEW & I TITARIRATT J8Td & guR g3l g, Rar
E-ReTc=A dise & | gdifd, 3w-RellegRH Al T SIHRI0d H~da=H ERA5 & Jhlad
HHSIR STl 5, ohT o &0 Tl & gal o il & ¢ T, SR -z Areed | oife
3{TehT 77T § | I8 &R 600 hPa (Gf&oft ¢a) TR 850 hPa (STRI <o) B ¢l &1 o | TS &, oil
o fUBa sreaael & A Tl & | dSuN fheeaT fafd ¥ 700 hPa 3fR 850 hPa & ¢ I8 JaITd &
fob Tex Uh-gaR ¥ Ay &0 @ g 761 8 ahcll, afeh I8 Uah 81 aeR &t faRivan 8) aahat & o
forerctt a1 el 8 |

CMIP6 HISR &1 SUTN FHRah AEW T JTaarg URad= & wfa ufafshar siR ufas &t av| auf &
3T ANTGH ST T/ ¢ | U, Haw &1 aui d&ull § dgaral &1 Aol faar 7, fhe AEW
< T gaamal 3R Hiaw &1 auf 3R IRH Te131 IR 3% YU B oid &1 5 | ITCZ B AL 3R
Sfftrerar fUfd ufosr & IWR &t SR JaIRId 8 &1 A &, foRd e RUfT ~7.7°N &R
3y fUfT ~7.9°N g1Tt| Srararg uRad= & IR @1 3R ITCZ Ft Ughy auf Ued # yfasy &
SCardl BT Yobd ol g | JJAS AR & SR, A8 H interhemispheric asymmetry (1A) &7 3HH
%%H’s’iﬁ@'@"'ﬂ Sdfh Hios & precipitation asymmetry index (PAI) ﬁﬁmﬁﬁw
gearg et fe@am U g1 guRT, yfasy § AEw &t It 600 hPa & 700 hPa 3R 850 hPa TWRI Bt
I ¥ 3ifire gt wiaw & Aew ) et & ufaerd ofg Afse & fird St 81 Serevur & g,
AEW &1 il & Ufa=Id 9aama 129 9 50% & & gidl &, SIS Areed H, Ram MRI-ESM2-0
&, o ad e | 20% B HH B ], Tafs MIROC6 S H 100% I 31 i BT STHH Rl
gl

Hiqs & STaarg H, Sfaarg Uisharsit $iR argHea Tfa=Rd & &g Sfed $euaRH &l AEW §
JEAdl gRT GHIAd T ot Teha 8 | Ais HiIsT & STarg § AEW & SsiiadeTd | gfe 3R ol
T o S P SAM T &1 AEW & ol Wi T SIHIT B! Hias & AeTgly IR a8l &
T3 3R <faal R JTfad THTa STat Taveht g | ofd AEW AT 81T 8, < 6| Bt AT SiR Holt &
HUI Bl B, S $RUI 3 I71fd 3R FHSR 8Id & od d ald § | I8 JHIdd =0 I 7
Tt S au Bt RIS R JHIGT SR T8t da fob I gerell o YR aui 3R §1¢ I
U R Fahdl 5|
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for (a) CERES-EBAF (b) MMM (c) B_ MMM (d) W_MMM. Bias maps for (¢€) MMM
minus CERESEBAF and (f) B_MMM minus CERES-EBAF (g) W_MMM minus
CERES-EBAF, and (h)W_MMM minus B_MMM. The hatching indicates that at
least 90 percent of the models agree on the sign of the SWCRF bias for MMM,
B_MMM, and W_MMM, respectively. The period used in the models is from 1995—
2014; in observation (CERES-EBAF), it is from 2000-2021. See the methods
SECHION TOF AELAIIS. ... bbb

Figure 2.9: Box and whiskers plot of the annual mean JJAS (a) ITCZ and (b) Tropical
precipitation asymmetry index. The data is computed for 20 years (1995 —2014)
except for TRMM (1998-2014). Models are arranged in order from best to worst
agreement with observation. The box represents the interquartile range, which
covers 50% of the time series. The dotted lines above and below the box are the
whiskers that show the upper and lower quartiles of the distribution. The red
triangles are the mean of the distribution, while the horizontal blue line across each
box indicates the median of the distribution. The cross symbolizes outliers. ..................

Figure 2.10: JJAS mean vertically integrated moist static energy (VIMSE; shaded) and
850 hPa zonal winds (contours) from 1995-2014 for (a) ERA5 (observation), (b)
MMM, (c) B_MMM, (d) W_MMM, and VIMSE bias (¢) MMM minus TRMM, (f)

B_ MMM minus TRMM, (g) W_MMM minus TRMM, and (h) W_MMM minus
B_MMM. The column integration is from 1000 hPa to 100 hPa pressure levels............

Figure 2.11: JJAS mean and bias of moist static energy (MSE; kJ kg-1) and vertical
velocity (-w, hPa s-1) from 1995-2014. (a) West Africa, land-only (18W-20E; 5-
15N). (b) West Africa land-ocean (18W-20E; 15S-15N). (c) East Africa is land-only
(20-40E; 5-15N). (d) West and East Africa combined land-ocean (18W-40E; 15S-
15N). Panels (e, f, g, and h) are the corresponding biases for each of the sectors in
(@), (b), (c), and (d) panels. Each panel shows both MSE (dash lines) and vertical
velocity (solid lines). The mean OBS, MMM, B_MMM, and W_MMM (panels (a—
d)), and biases MMM minus TRMM, B_MMM minus TRMM, W_MMM minus
TRMM, and W_MMM minus B_MMM (panels (ef)), are shown. For each panel,
the magnitude of MSE is on the secondary x-axis (top). The magnitude of the
vertical velocity (-w) is on the primary x-axis (bottom). Note that the actual values
of w are reversed and amplified by 100 hPa 5™ . ........c..cccoooveeereeeeieeeeeeeeeeeeeeeees

Figure 2.12: JJAS mean of specific humidity and wind at 850 hPa for (a) ERAS, (b) MMM,
(c)B_MMM, (d) W_MMM, and specific humidity bias and wind at 850 hPa for (e)
MMM minus ERAS5, (f) B_MMM minus ERAS5, (g) W_MMM minus ERAS5, and (h)
W_MMM minus B_MMM. The data is computed for the period between 1995-2014.
The stippling indicates regions with statistically significant differences at a 95%
confidence level based on a 2 tailed t-test. The hatching indicates at least 90 per
cent of the models agree on the sign of the specific humidity bias for MMM,
B_ MMM and W_MMM, respectively. Take note of the scale of the wind for mean
and bias at the bottom right of the upper and lower panels, respectively. ............c.........

Figure 2.13: JJAS mean moist static energy (MSE, J kg?) from 1995-2014 for (a) OBS
(ERA5), (b) MMM, (c) B_MMM, (d) W_MMM, and biases for (¢) MMM minus
TRMM, (f) B_MMM minus TRMM, (g) W_MMM minus TRMM, and (h) W_MMM
minus B_MMM. The black vertical dashed lines are the regions between 5°N —
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Figure 2.14: JJAS mean vertical velocity (w, hPa/s) from 1995-2014 for (a) OBS (ERA5),
(b)MMM, (c) B_MMM, (d) W_MMM; and bias for () MMM minus TRMM, (f)
B_MMM minus TRMM, (g) W_MMM minus TRMM, and (h) W_MMM minus
B_MMM. The blue vertical dashed lines demarcate the regions between 5°N —
15°N. Note the scale of the vectors in the top and bottom panels. Weak vertical

motion shifted southward and stronger downdrafts in SETAO in W_MMM.................

Figure 2.15: JJAS mean and bias vertical profile of zonal wind for (a) OBS (ERA5) , (b)
MMM, (c) B_MMM, (d) W_MMM, (¢) MMM minus OBS, (f) B_MMM minus OBS,
(9) W_MMM minus OBS, and (h) W_MMM minus B_MMM. The data is computed

for the period between 1995-2014. .......ccoeiieieiieieee e

Figure 2. 16: Schematic diagram of the mechanism responsible for the ITCZ stagnation

during JJAS season in CMIPG MOdElS...........ccccveieiieiieieccceee e

Figure 3.1: Box and Whiskers plots of the skills of Lagrangian method in tracking AEW
from (a) Critical Success Index (CSI) (b) probability of Detection (POD), and (c)
Accuracy (ACC). The analysis is based on interannual distribution from 1995-2010
for the study region (20°W-50°E, 0°N-25°N). The validation is done with reference
to the baseline tracks of Belanger et al. (2017) AEW archive. In the box-and-
whisker plots, the horizontal line represents the median, the upper and lower
boundaries of the boxes represent the 25th and 75th percentiles, respectively. The

5th and 95th percentile values are indicated by the Whiskers. ...........cccccovvvvieieiienn,

Figure 3.2: Symmetric component of frequency-wavenumber spectrum (Wheeler-Kiladis
diagram) of daily outgoing longwave radiation anomaly field for June to September
(19972014). The black lines represent the dispersion relation of different linear
equatorial waves, IG-inertio-gravity, ER-equatorial Rossby and Kelvin with

equivalent height 0f N =12 M. .o e

Figure 3.3: Standard Precipitation Index (SPI) for over West Africa (dotted markers; 5°S
- 25°N, 20°W - 16°E), East Africa (cross markers; 5°S - 25°N,16°E - 50°E), and
North Africa (vertical line markers; 5°S - 25°N, 20°W - 50°E). The number of years
in each composite of the precipitation Deficit (red), Surplus (blue), and Normal
(grey) years are shown in the bracket. The value in the bracket is the area in the
order West, East and North Africa against each category, respectively. The blue
and red horizontal lines above and below zero indicate the threshold for delineating
the surplus (blue) and deficit (red), while the grey (normal years) are values

DEtWEEN =0.5 AN F0.5. et

Figure 3. 4: Difference of annual AEW mean counts in Surplus and Deficit years for
detections at 600 hPa (black), 700 hPa (red), and 850 hPa (blue). The black vertical
lines represent the 95% confidence interval for the difference in the mean counts
using bootstrapping with replacement method. Analysis of each data set are for the
periods between 1995-2014 over the North African region (5°S - 25°N, 16°E -

Figure 3.5: Kernel genesis density estimates of AEW from 600 hPa level tracks for the
period of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-
p). See definition of Kernel genesis density in the last paragraph of subtitle 3.2.1
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Figure 3.6: Kernel Lysis density estimates of AEW from 600 hPa level tracks for the period
of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-p). See

definition of kernel Lysis density in the last paragraph of subtitle 3.2.1 above. ..........
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Figure 3.7: Kernel track density estimates of AEW from 600 hPa level tracks for the period
of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-p). Take
note of the color bar scale while comparing with genesis density tracks from other
levels. See definition of kernel track density in the last paragraph of subtitle 3.2.1
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Figure 3.8: Annual AEW count (top columns; a, b) and average monthly number of AEW
events (c, d)) for southern tracks (left column; from 600 hPa, and the northern
tracks (right column; from 850 hPa). The grey vertical shading depicts the JJAS
boreal monsoon season between 1995-2014. ........ccccoviiieiieiieie e 72

Figure 3.9: Interannual variation in the number of (a) JJAS AEW events at 600 hPa
(black), 700 hPa (red) and 850 hPa (blue), (b) AEW intensity, retrieved from the
relative vorticity centers of the tracks detected from 600 hPa for June (black), July
(red), August(blue), and September (green), respectively. The black squares are the
JJAS mean interannual distribution of the AEW events for respective models and
observations. The period considered is between 1995-2014. The embedded boxplot
(top right corner of Fig.3.9(a)) summarizes the statistics of the analysis for any
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Figure 3.10: Box and whiskers plots of interannual distribution of (a) lifetime in days and
(b) track- length (km) of AEW (c) bar plots of mean difference in translational
speed, in reanalysis and CMIP6 models for JJAS season for detections from 600
hPa (black), 700 hPa (red) and 850 hPa (blue), respectively. The difference in mean
translational speed is computed with respect to ERA5 mean translational speed as
shown in the x-axis labels. The alphabets are names of models defined at the top of
the figure. The period considered is between 1995-2014. The box represents the
interquartile range, which covers 50% of the time series. The horizontal lines above
and below the box are the whiskers that show the upper and lower quartiles of the
distribution. The square dots are the mean of the distribution, while the horizontal
line across each box indicates the median of the distribution. ............ccccccoooviiiiiiiennnnnn. 76

Figure 3.11: Evolution of African Easterly Waves as represented by the lagged regression
of PC1 derived for 2-6-day bandpass filtered anomalous Outgoing Longwave
Radiation (shaded) unto detrended 2-6-day bandpass filtered streamfunction at
850 hPa (contours) and precipitation anomalies(shaded) over the domain shown
for GPCP/ERAS (first row; a-e), TaiESM1(second row; f-j), and ACCESS-CM2
(third row; k-0). The JJAS season from 1997-2014 is considered based on the
GPCP precipitation data for uniformity. Stippling (dotted lime colors) indicate
95% significant level where the lag correlation coefficients between PC1 and
precipitation are significant using the two tailed Student’s t-test. Rectangular blue
boxes are demarcated to show trough/ridge passage within Western (A), Central
(B) and Eastern domain of the StudY @rea. ........ccccevvieieieneseseeeee s 78

Figure 3. 12: Like Figure 3.11 except for upper tropospheric streamfuntion at 600 hPa.......... 80

Figure 3.13: Spatial composite difference of the contribution of precipitation rate
(mm/day) between AEW and when there is no AEW (AEW minus No-AEW
precipitation) from tracks at 600 hPa, for June- September season from 1997 -

2014. Stippling (grey dots) indicate 95% significant level where the differences are
significant using the Student’s t-test. The composites for reanalysis datasets (A, B
and C) use precipitation from GPCP...........ccco o 81

Figure 3.14: Categorical sector wise distribution of precipitation from African Easterly
wave tracks from (a) 600 hPa, (b) 700 hPa, and (c) 850 hPa. The difference between
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AEW and no AEW is indicated for Region A, 20°W-0°E (west, black bars); region
B, 0°E-20°E (central, red bars) and region C, 20°E-40°E (east, blue bars).................... 83

Figure 4.1: Future change in July to September (JJAS) precipitation (Future minus
Historical) for models shown at the top right corner of each panel. The future
precipitation is represented by SSP585 scenario from 2081-2100 while the
historical is from 1995 -2014, respectively. Stippling is the statistical significance
of the change in precipitation at 95% in the future using t-test............cccccocevieiveieveenne. 97

Figure 4.2: Analysis of JJAS (a) observed and historical climatology from GPCP
(contours) and BMMM (shaded); (b) future change from BMMM, (c) zonal mean
from GPCP averaged between 20°W — 45°E (black), BMMM (blue) and future
change from BMMM (red); (d) same as in (c) but for meridional mean averaged
between 20°S-20°N; (e) boxplot showing interannual 1TCZ location from GPCP
(black), BMMM-historical (blue) and BMMM-future (red); (f) time series of ITCZ
(solid) and linear trends (dashed) averaged between 20°W — 45°E from GPCP
(black), BMMM-historical (blue), and BMMM-future (red); (g) interhemispheric
asymmetry (l1A) averaged between 20°W — 45°E from GPCP (black), BMMM
(blue), and future change BMMM; (h) boxplot showing interannual precipitation
asymmetry index (PAI) from GPCP (black), BMMMe-historical (blue) and BMMM
future (red); (i) time series of PAI (solid) and linear trends (dashed) from GPCP
(black), BMMM-historical (blue), and BMMM-future (red). The historical period
considered in GPCP dataset is from 1997-2014, CMIP6 BMMM is from1995—
2014, and future is from 208-1100. Stippling (white dots) in (b) indicates 95%
significant level where the mean difference between future (SSP585) and historical
BMMM precipitation are significant using the Student's t-test. The grey shading in
the line plots (c, d, f, g, i) shows the 95% confidence interval on GPCC dataset.
Note that the scale and magnitude of future change (red lines) in (c), (d) & (g) are
on the secondary y-axis. The x-axis in (f) and (i) shows the same tick-mark to
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will mean the same tick mark holds for 1995 and 2081, and so on, respectively. The
horizontal lines in the box & whisker plots show the median, the boxes indicate the
interquartile ranges, and the whiskers represent the entire model ranges...................... 98

Figure 4. 3: The future annual cycle of future AEW counts for (a) 600 hPa, (b) 700 hPa),
and (c) 850 hPa, respectively. The future change (future minus historical) is shown
for (c) 600 hPa, (d) 700 hPa, and (e) 850 hPa, respectively. The vertical orange
band indicates the core monsoon season (JJAS). The historical computation period
is 1995-2014, and the future period is 2081-2100. .........ccceiiereeiieiieie e 103

Figure 4.4: The JJAS season of AEW trends in ERA5 (black solid lines in (a)), historical
(blue solid lines) and Future (red solid lines) are shown with their respective trend
lines (dashed lines) in each panel. The period computed for historical and ERAS
are from 1995 —2014, while it is from 20812100 for the future scenario. The
selected models are equally noted at the top left corner of each panel. The
secondary axis in panel 4.4(a) is the counts of ERAS dataset. ..........ccccovevvviiieiiecninns 104

Figure 4.5: Projected change in normalized track density per 3° grid cell per JJAS season
(June-September) based on normalized counts under the SSP585 scenario for the
period 2081-2100, relative to historical simulations (1995-2014) for AEW tracks
at 600 hPa. Each panel displays projections from a different climate model: (a)
NorESM2-MM, (b) TaiESM1, (c) CMCC-CM2-SR5, (d) MRI-ESM2-0, (e) CMCC-
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ESM2, (f) MIROCS, (g) MPI-ESM1-2-HR, (h) EC-Earth3, and (i) BCC-CSM2-MR.
Positive values indicate an increase in AEW counts, while negative values

represent a decrease. The color scale denotes the magnitude of projected change....

Figure 4.6: Projected change in normalized track density per 3° grid cell per JJAS season
(June-September) based on normalized counts under the SSP585 scenario for the
period 2081-2100, relative to historical simulations (1995-2014) for AEW tracks
at 850 hPa. Each panel displays projections from a different climate model: (a)
NorESM2-MM, (b) TaiESM1, (c) CMCC-CM2-SR5, (d) MRI-ESM2-0, () CMCC-
ESM2, (f) MIROCS, (g) MPI-ESM1-2-HR, (h) EC-Earth3, and (i) BCC-CSM2-MR.
Positive values indicate an increase in AEW counts, while negative values

represent a decrease. The color scale denotes the magnitude of projected change....

Figure 4.7: Projected change in genesis density per 3° grid cell per JJAS season (June-
September) counts under the SSP585 scenario for the period 20812100, relative
to historical simulations (1995-2014) for AEW (African Easterly Wave) tracks at
600 hPa. Each panel displays projections from a different climate model: (a)
NorESM2-MM, (b) TaiESM1, (c) CMCC-CM2-SR5, (d) MRI-ESM2-0, () CMCC-
ESM2, (f) MIROCS, (g) MPI-ESM1-2-HR, (h) EC-Earth3, and (i) BCC-CSM2-MR.
Positive values indicate an increase in AEW counts, while negative values

represent a decrease. The color scale denotes the magnitude of projected change....

Figure 4.8: Projected change in lysis density per 3° grid cell per JJAS season (June-
September), based on normalized counts under the SSP585 scenario (2081-2100),
relative to historical simulations (1995-2014) for AEW (African Easterly Wave)
tracks at 600 hPa. Each panel displays projections from a different climate model:
(@) NorESM2-MM, (b) TaiESM1, (c) CMCC-CM2-SR5, (d) MRI-ESM2-0, (e)
CMCC-ESM2, (f) MIROCS, (g) MPI-ESM1-2-HR, (h) EC-Earth3, and (i) BCC-
CSM2-MR. Positive values indicate an increase in AEW counts, while negative
values represent a decrease. The color bar denotes the magnitude of projected
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Figure 4.9: Normal approximation (lines) and bootstrap (bars) distribution of genesis
longitudes for historical (blue) and future (orange). The mean longitudes for
historical (blue text) and future (red text) are displayed above each plot. The period
used for historical is 1995-2014 and the future is 2081-2100 for the study region
between 20°W — 50°E and 0°N — 25°N, respectively. The computation here is for

tracking at 600 NPaA..........ccviiiiiee e

Figure 4.10: Shows the distribution of mean tracks for historical (a) track density, (b)
genesis, and (c) Lysis. Future changes are shown for (d) track density, (e) genesis,
and (f) lysis. The computation of the mean and change is from the bootstrapping
method (Figure 4.8) but for all longitude and latitude of the tracks, genesis and
lysis, respectively. The period used for historical is 1995-2014 and Future is 2081-

2100 for the study region between 20°W — 50°E and 0°N — 25°N, respectively...........

Figure 4.11: Bar plots of JJAS future mean change of (a) lifetime in days, (b) track length
(km), (c) translational speed, for wave detection at 600 hPa (black), 700 hPa (red)
and 850 hPa (blue), respectively. X-axis labels are names of models defined in the

legend at the bottom left of panel (C). ....cocoovveiieiiiee s

Figure 4.12: JJAS mean wavelet power spectra of (a) historical precipitation (b) future
precipitation, (c) historical 600 hPa meridional winds (d) Future 600 hPa
meridional winds, (e) historical 850 hPa meridional winds (c) Future 850 hPa
meridional winds over the region 0°N— 25°N and 20°W-50°E during historical
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(1995-2014) and future (2081-2100) periods, respectively. The dashed lines are the

95% confidence spectrum and only points above these lines are significant. .............

Figure 4.13: Future change in July to September (JJAS) AEW contribution to precipitation
(Future minus Historical) composite for models shown as title of each panel. The
future precipitation is represented by SSP585 scenario from 2081-2100 while the
historical is from 1995 -2014, respectively. Stippling is the statistical significance
of the change in precipitation at 95% in the future using two tailed Student’s t-test.

Figure 4.14: Bar graph showing sector-wise composite of mean future changes in JJAS
precipitation for (a-c) From AEW (d-f) without AEW and (g-i) from-AEW minus
without-AEW for future composites only. The legends in each panel at the top right
corner are for West African (grey bars), Central Africa (blue bars), and East Africa
(yellow bars), respectively. The composite precipitation for tracks from 600 hPa
(left panels), 700 hPa (middle panels), and 850 hPa (right panels) are also shown.
The future precipitation is represented by SSP585 scenario from 2081-2100 while

the historical is from 1995 -2014 averaged between 0°N — 25°N, respectively...........

Figure 4.15: Categorical description of composite JJAS precipitation over 95th percentile
threshold during wet days for (a) historical fraction of precipitation (b) Future
change (future minus historical) in fraction of precipitation (c) historical days over
precipitation threshold (d) Future change in days over precipitation threshold for
tracks at 600 hPa. In each panel, the composites are indicated by the color of the
bar for composites from AEW (purple) or without AEW (green), respectively. The

domain of computation is over 0°N-25°N & 20°W — 50°%.........ccccverereinreneseseenes

Figure A3.1: Antisymmetric/background component of frequency-wavenumber spectrum
(Wheeler Kiladis diagram) of daily outgoing longwave radiation anomaly field for
June to September (19972014). The MMM, BMMM, WMMM are based on the skill

scores described in the Previous CRaPLEr. ........ooviiiiiiiieie e

Figure A3.2: Variance of 2-6 days filtered OLR anomalies in JJAS. The contour lines
correspond to the color bar. The three boxes indicate the Western (A), Central (B)

and Eastern (C) 10CAtIONS. .........cciiieiieiicic et

Figure A3.3: Kernel genesis density estimates of AEW from 700 hPa level tracks for the
period of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-
p). Take note of the color bar scale while comparing with genesis density tracks
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Figure A3.4: Kernel genesis density estimates of AEW from 850 hPa level tracks for the
period of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-

p). The JJAS season for the period between 1995 — 2014 is considered. ...................

Figure A3.5: Kernel lysis density estimates of AEW from 700 hPa level tracks for JJAS
season between1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models

Figure A3.6: Kernel lysis density estimates of AEW from 850 hPa level tracks for the period

of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-p)............

Figure A3.7: Kernel track density estimates of AEW from 700 hPa level tracks for the
period of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-
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Figure A3.8: Kernel track density estimates of AEW from 850 hPa level tracks for the
period of 1995-2014 in the three reanalysis (a-c) and thirteen CMIP6 models (d-

xviii

115

117

119

..128

129

..130

131



p). Numbers on the top left corner of each panel represent the mean number of
AEW per 3° per JJAS season for the period between 1995 - 2014. Take note of the
color bar scale while comparing with genesis density tracks from other levels........... 132

Figure A3.9: Interannual variation of AEW intensity, retrieved from the relative vorticity

centers of the tracks detected from (a) 700 hPa (b) 850 hPa, for June (black), July
(red), August(blue), and September (green), respectively. The black squares are the
mean of the JJAS Interannual distribution of the AEW events for respective models
and observations. The period considered is between 1995-2014. Box and whisker
plots of (a) lifetime and (b) track length of LPS in Sikka- archive and all reanalyses.
In the box-and-whisker plots, the horizontal line represents the median, the upper
and lower boundaries of the boxes represent the 25th and 75th percentiles,
respectively. The 5th and 95th percentile values are indicated by the whiskers and
the small solid squares are the mean value of the distribution.............ccccoceviiiiiinnne 133

Figure A3.10: Mean in translational speed in reanalysis and CMIP6 models during JJAS

season for detections from 600 hPa (black), 700 hPa (red) and 850 hPa (blue),
respectively. The alphabet in the x-axis are names of models defined at the top of
the figure. The period considered is between 1995-2014. ..........cccoovvevviiieiiveiesiieseeninns 133

Figure A3.11: The EOF1 for detrended 2-6-day-filtered Outgoing Longwave Radiation

anomalies for June-September from 1997-2014. The values on the top-right corner
of each panel represent the explained variance by each EOF. ............ccccccoveiieieennene, 134

Figure A3.12: The EOF2 for detrended 2-6-day-filtered Outgoing Longwave Radiation

anomalies for June-September season from 1997-2014. The values on the top-right
corner of each panel represent the explained variance by each EOF..............c.c.......... 135

Figure A3.13: Spatial composite difference of the contribution of precipitation rate

(mm/day) between AEW wave tracks and when there is no AEW (AEW minus No-
AEW precipitation) from tracks at 850hPa, for June- September season from 1997
-2014. Stippling (grey dots) indicates a 95% significant level where the differences
are significant using the StUAENT'S TTEST. ......coveiiieiiie s 136

Figure A3.14: Similar to Figure 3.11 except for upper tropospheric propagation at 600

hPa and for multimodal mean assemble of all the CMIP6 models (MMM, first
column), multimodal mean of best five models (BMMM; middle panel), and the
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