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ABSTRACT

The weather of the subtropical Indian region is strongly influenced by dynamical changes in
the upper troposphere and lower stratosphere triggered by Rossby Wave Breaking (RWB).
These breaking events can substantially modulate regional weather and climate, often lead-
ing to sudden and severe extremes. Despite their significance, a comprehensive understand-
ing of RWB characteristics and impacts over the Indian subcontinent remains limited. This
thesis presents an in-depth investigation into the climatology, variability, and associated
influences of RWB over the Indian region, utilizing the long-term reanalysis and satellite

datasets complemented by numerical model simulations.

To address the RWB associated changes over India, we implemented a Potential Vortic-
ity (PV) contour based detection algorithm with region specific constraints to objectively
identify RWB events over the Indian subcontinent. A total of 513 RWB events were detected
during the period from 1979 to 2021 to investigate the climatological behaviour of RWB.
Furthermore, this thesis addressed the influence of RWB on changes in both surface and
tropospheric composition. Results reveal a prominent increase (~ 20%) in the frequency
and intensity of RWB events during the last two decades (1999-2018). The events occur
most frequently over the northwestern Indian subcontinent during winter, with dominant
zonal wavenumbers between 5 and 7 and deep tropospheric intrusions extending to ~ 650
hPa and as low as 7.5°N. RWB events were also found to promote extreme rainfall by gen-

erating atmospheric instability and enhancing moisture influx towards the downstream side



of the upper—level PV anomalies at the surface. Further, the results suggest that the large-
scale oceanic forcing, particularly Pacific sea surface temperature anomalies, modulates the
interannual to decadal variability in RWB activity. This modulation occurs through the

influence of these anomalies on the upper-level wave pattern.

Since these breaking events can induce tropopause folding, allowing the mixing of strato-
spheric ozone into the troposphere, it is essential to understand their role in enhancing tropo-
spheric ozone, particularly at lower atmospheric levels. Accordingly, this thesis investigates
the influence of RWB on tropospheric ozone (O3) variability using satellite observations
from the Atmospheric Infrared Sounder (AIRS), together with the Copernicus Atmosphere
Monitoring Service (CAMS) reanalysis, for 232 RWB events for the period 2004-2021. The
analysis reveals enhanced ozone concentrations during RWB days, with 46% of events facili-
tating stratosphere-to-troposphere ozone transport. Stronger intrusions are characterized by
ozone enhancements of 150-250 ppbv at 100-250 hPa and 10-20 ppbv near 850 hPa. The
results highlight that upper-level positive PV anomalies catalyze downward ozone trans-
port during intense RWB, demonstrating the importance of dynamical processes in shaping

tropospheric ozone variability and chemistry over India.

In addition, this thesis investigates the influence of RWB on surface temperature and
the associated extreme events during the pre-monsoon season (March—-May) over the In-
dian region. Although the impact of RWB on sudden extreme rainfall events has been
extensively studied, its role in modulating surface temperature and associated heatwaves re-
mains relatively unexplored. A total of 139 pre-monsoon RWB events were identified during
1979-2021, revealing significant surface temperature amplification on both the western and
eastern flanks of the breaking potential vorticity (PV) streamers. These anomalies persist

for 3—4 days around the peak breaking day and are linked to upper-level PV anomalies, anti-
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cyclonic circulations at 250 hPa, and subsidence at 500 hPa. Decomposition of temperature
anomalies shows that surface warming during RWB is primarily driven by diabatic heating
on both flanks of the centroid, with stronger adiabatic heating and temperature advection

on the western side, resulting in dry, hot conditions and poleward transport of warm air.

Further, the coupling between RWB and heatwaves (HWs) is examined using both ob-
servational datasets and reanalysis products over the northwestern Indian region, which has
been previously identified as a hotspot for upper-level dynamical influences, particularly
blocking patterns. A heatwave identification criterion was applied, and the identified heat-
wave days were compared with the detected RWB days. The analysis reveals that approx-
imately 33% of pre-monsoon heatwaves are associated with RWB (hereafter RWB-HWs).
These RWB-HWs exhibit about 14% stronger maximum temperature anomalies, longer du-
rations, and larger spatial extents compared to heatwaves that occur without RWB influence
(nor:HWs). It is found that anomalously persistent mid-tropospheric anticyclonic circula-
tions, along with deep tropospheric ridges and strong subsidence near the breaking troughs,
create favourable conditions for the amplification of heatwaves. This atmospheric configu-
ration enhances both diabatic and adiabatic heating, thereby fostering hot and dry surface

conditions and intensifying horizontal temperature advection.

To further isolate the upper-level dynamical contribution during an RWB-associated
heatwave, a recent RWB-HW event (12-22 March 2022) was simulated using the Weather
Research and Forecasting (WRF) model through two experiments: a control run (CNTRL)
and a perturbed run (EXPT), in which the upper-level winds and geopotential heights
(100-500 hPa) were replaced with their mean climatological conditions. The EXPT simu-
lation showed suppressed RWB features, weakened anticyclonic circulations, altered subsi-

dence, and a reduction of ~ 1 K in surface temperature compared to CNTRL, confirming
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the vital role of upper—level breaking dynamics in amplifying surface heat extremes.

Overall, this thesis advances the scientific understanding of RWB events and its multi—
faceted influence on regional weather extremes and tropospheric composition over the Indian
subcontinent. The findings emphasize the importance of upper-level dynamical processes
in modulating rainfall, ozone, and heatwaves, offering critical insights to improve the rep-
resentation of large-scale wave flow interactions and extreme event prediction in a warming

climate.
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ARl

e Uehel HRAT ScTleh BT HIFH I dd ST (RWB) T 81 et U3 2ehir 33k e
TP H g 1ol STIAT A SacTal I 9gd saTal JHTiad 81dT 81 3 ST 3deH ST &
T ST &1 §1P HEd P dTdS]a, HRAIT 3UHBTEIY IR RWB 1 ETEad! 3R 3R &1 gt amed
3nil ot Hifed €1 g T RS gelts § RWB & dreTg RIS, I&aTTd 3R 389 g 3181 &
TERTE A STier &t &, fS A o T b AT 3R HeelTge Serie & Arel JARS Hisd
AT BT g&IHT fobarT T &1

YRAd H RWB & g deelrdi ! HHSH & [T, A YR 3UAGIGIY H RWB TeT31T
TE UETH B b AT & & fegmer & Jamsit & Arer op i et (Pv) dgr mumld
e TAIREH oI fhaTI RWB o TReATgHe fagfday bl STl e b feiT 1979 12021 & HHY
H ol 513 RWB HeAT31 T UdT TIell | S8 3TeiTal, g9 21 # Fag 3R raebRe grae gHi
A §&eTTd] IR RWB & 3RR & gR B a1 1T & | AdTol I IdT IetdT & fob fset ar g2l (1999-
2018) & GRTT RWB HeAT3IT @l Thidad! 3R gt H BIhl sieladl (~ 20%) g8 81 A T
Fe SITET ITR-UfTHT MR 3UHETGIY W HiEAT & SR 2t 2, forH U siad daer 5 3R
7 % St B1d 8 3R e GIURBRE SgoT ~ 650 hPa A 3R 7.50N @b &H B1d 1 I8 M ura
T fdh RWB $dgH TeRRB R 3TRERAT Ul b 3R Idg IR ST aidd bl PV a8l & Aol
&I IR THI & T8I Pl TG Tgd SATaT STRLI Pl IGTdT & & | SHD 37eTTal, 1Sl I Il Terd
% b 9 YT R T <ama, W URITd THg bl Fdg &b dTqHM I Tedfedi, RWB Tfaefdet
H ATA-eI-HTeT H AehY &G2leh MR H 81 Tl IaelTd bl helel Pl 8l I8 I&alld HUSI odel &b dd
Yef W &9 Teafedl & IR A Bar 2|
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ifd I AT gded graUTsT HIfcsT Bl F1dT & Thd 6, oY KeRbRG S
SIYREATIR H Aol HebdT 2, SHIMT SIURBIR TSI Y ST | 3! {HebT bl HHSAT SRR ¢,
GEH AT TeHIEPRS wad W g9fey, I8 &ifEH 2004-2021 & IHY & feiv 232 RWB
3deq & foly, BIRMAGT Ter@paR AR TfRT (CAMS) TTATEIT & TTe TeRRBRE
SIPRE A3 (AIRS) H TCATSE 3TenTd e[ BT STIHTA b SIAIBRS 391 (03) H §Gd1d TR
RWB & 319 1 STidl et & | QATT T 3 I Ietdl & fob RWB &A1 & aRTH 3TsiH e[ 93
SITAT 8, TS 46% 3ded BERBRR-A-ZIIRBIRR 3511 ZRUIE &l 37T I41d 2 | SaTal Heled
FHYS B IgEH 100-250 hPa TR 150-250 ppbv 3iR 850 hPa % URT 10-20 ppbv & 3TSiH de
Y EIdl 81 TSI & YT eAdT 2 feb BT elael bl gifoifed PV Tgefedi, dst RWB & AR 1 bl
3R ST ZRAUTE BT FeTdT it 2, 511 YRd H ZIabRep 311 H 9&alTd 3iR SRR Pl o
SIYATIHE YIHH P Hed P! fe@mar 1

P AT, I NG R & H W-ATgT Mo (Ar-7) & aRM Tdg & a9
3R 389 ST Tgd SITel "SI R RWB & 31T Pl STid Bdl 81 ETedife (b dgd saTal
TREr &Y TeATHT TR RWB & 3R bl Igd sTal I8! P T8 &, wifcbd Helg &b dIaH 3R 389
I8! Btedd B dalel BT H gHeh! {HebT BIWhI e deb UdT el Teil 81 1979-2021 & SR B
139 W-A1AgT RWB FeAT31 Pl TgaM & T8, fSad Sfd uidfera aifefat (Pv) i &
gfeTHY 3iR gdf QI fbART UR g & dTIHI H BTt gelat &1 udT Il I Teesdi Uieb s
S & U 3-4 AT aeb &1 T&dl 8 3R S olaed BT PV Teafedl, 250 hPa WR UEHTSTl e
THAA 3R 500 hPa TR HA I S[ST Bld &1 SFRER Pl Teafed & SibulfoiM i@ € o
RWB & SR TR aTiHTT &7 U J AZIes & Al [bARI IR SRId{cds gIfet Pl a8 I it
&, STdfds ufeTHl avth wTel Aold Ufsarafce gifem 3R SrReR UedaeM BidT &, forad 9@, T
BTCATd & & 31N 7TH gaT Yd @l 3R STl 81

S 37ATdT, RWB 3R gledd (HWs) & &ia wafaiT &l STie 3TR-afea i WRAT & |
3fesTdMe See 3R AT Wsded ) BT SHIHTA Bdh Bl SITd! 7, fS U8t Ut
ae & ST Heb 3R, WIHS sclfebTT Ued b el b gleddie &b R IR Iga1 771 81 Teb
gicdq 3mgsfefthere shrgeRar o fdsar T, 3R Uga Y giedd f&AT &l e udl Il RWB




Al & B TS| AT F U1 IodT € fob T 33% W-AAYT gledd RWB (9% a1
RWB:HWs) I &t &t &1 & RWB-HWs, RWB 3RR (nor:HWs) & f&HT €1 aTelt gledd

JoTAT H oTTHIT 14% STET SATaT dT9HT 1 e sal, SaTal THY 3R STel ST1Tg &1 hefld fe@nd

21 IE Ui AT B b 3T BU A AR fAs-ZaebRe Esawlie AhaH, medt
OEBRe RST 3R SIfdTT 2% & U Aelgd HHTd & W12, §ledd & de & fay 3re! fafaar
ST €1 I8 VSRR sHTae Sradiee 3R Tfearafeas gifém aHl @l gerd! &, forad md 3k
@t Ade & fRAfd Fdt 7 3R gIRSiiedl CHRER T8dae[ sl 8T &

RWB ¥ St €ledd % ERM FUt cidct & STIATHe AT Bl 3R 37T 3 & Ay,
gl & H g7 RWB-HW gde (12-22 HTF 2022) &1 deX RE<h U8 BR&bIRET (WRF) Hige BT
SXAHTA PYh al TRTURHE & STRY RARIele a1 7T Teb dhgial 3 (CNTRL) 3R Teb e 3
(EXPT), fSra" Ut @aet &I gansti 31k fSameferad grse (100-500 hPa) &f 3% 3iRId
FATSHEIAITSTebel eI I gaet feam Tl EXPT eI 3 CNTRL T geiT # <d §7 RWB
e, BHGIR CERTSaRAN e HpereH, T&eT g1 FaSH 3R Hg P dTaaH | ~ 1 K &Y BT
gl

Pl AT, Ig 2fGH RWB gdcH &t Arsfefthes THer 3R HRAT 3uAgY # &
[ bl TR fERfddl 3R GraebRe gTde IR b B3 a8 b 3R Bl AT deld! 81 Tdist
qTRRer, 3T 3R Eeda BT Held B | HUI Wad BT SHATHG TRIF &b Hecd TR SR & &,
3R T Bd HIH § I8 YA TR 99 Tl SR 3R TR g Y idsraroft Bl dga’ I
& AT SReY SR <d B
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