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Abstract

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change (AR6)
highlights alarming climate projections for the Indian subcontinent, including a more variable
monsoon, extreme rainfall, floods, droughts, heatwaves, and intensified tropical cyclones. India,
highly vulnerable to climate events, faces yearly challenges impacting lives, infrastructure,
agriculture, and the economy. Heatwaves, exacerbated by climate change, pose a significant threat,
causing numerous deaths and economic losses. The AR6 findings reinforce the link between global

warming levels and the intensification of extreme events, including heatwaves.

This study addresses the pressing concerns outlined in the AR6 regarding the escalating
impacts of climate change on the Indian subcontinent. With a focus on heat waves, this study
underscores the urgency of enhancing scientific understanding to inform effective adaptation
planning and action. Numerous studies have documented the increasing frequency and duration of
heat waves in different parts of India. The observed trends reveal a substantial impact on human
health, agriculture, and overall mortality. Understanding the characteristics of heat waves is crucial
for informed policy responses. India's current response involves Heat Action Plans that have been
formulated by local and regional governments, but their effectiveness requires accurate heat wave
forecasts. This thesis is focused on addressing the questions of how heat waves change in the
future. This is investigated with the help of simulations of +1.5°C and +2°C warmer worlds
designed to address the question of future changes in extreme weather. The mechanism of how
the heat waves over Northwest India are triggered by atmospheric blocking events over North

Atlantic through teleconnection is investigated for its robustness in future warmer worlds. In
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order to inform adaptation to climate change, risk-based event attribution on a recent heat wave
that occurred over India and Pakistan is carried out and, emphasizing the need for reliable
forecasts, the forecast skill of state-of-art numerical weather prediction models for that heat event

are analysed .

This study begins by analyzing past, present, and future heat wave conditions using
operational definitions of heat events, such as "hot day," "heatwave," and "severe heatwave,"
employed by the India Meteorological Department. This allows for a meaningful comparison of
future and past conditions and provides valuable insights for decision-makers. The methodology
involves the identification of heat events of different categories in observations and bias corrected
model output. The findings of this study reveal decreasing hot day duration but increasing heat
wave duration in certain regions of India between 1951-2015. Future climates at +1.5°C and
+2.0°C indicate a rise in frequency and duration of heat events, with shorter events 2-10 times
more probable and longer duration events increasing by 10-30 times. The increased likelihood of
heat waves in June and July poses additional risk due to higher moisture levels. A few recent heat
waves that resulted in high mortality are taken as case studies to examine their characteristics in
the two future climates. It is shown that the duration and area affected by the heat waves will most

likely increase.

Next, this thesis investigates the influence of atmospheric blocking patterns and Rossby
Waves on the heat events, particularly heat waves over Northwest India. Rossby Waves, exhibiting
meridional expansion attributed to Arctic amplification, are linked to slower propagation and heat

wave development. [IPCC AR6 highlights robust trends in blocking frequency, showing increases



in specific regions and seasons. A quasi-stationary Rossby Wave pattern, characterized by
anomalous cyclonic and anticyclonic flow, plays a crucial role in heat wave dynamics. This study
explores teleconnections between atmospheric blocking over the North Atlantic and heatwaves in
Northwest India, adopting a methodology to assess potential changes in teleconnections under
future climate scenarios (+1.5°C and +2°C). The results suggest that specific Rossby wave
patterns, such as those with wavenumbers 5 and 7, can induce simultaneous heat extremes in
distinct regions. The findings highlight that atmospheric blocking events over the North Atlantic
teleconnect with heat waves in Northwest India, with a 3-day lag, persisting in +1.5°C and +2°C
future climates. Granger Causality tests confirm the continued influence of North Atlantic blocking
on higher daily maximum temperature anomalies over Northwest India in warmer climates. The
analysis of Rossby wave numbers (4-11) highlights that Rossby Waves 7 and 9 trigger anomalous
blocking over North Atlantic, leading to increased heat events over Northwest India, and their
higher frequency in earlier in the season (March and April) and more frequent and earlier heat

events over Northwest India.

Next, well established event attribution techniques were employed to understand the
contribution of human-induced global warming to a specific heat event - the 2022 heat wave over
South Asia. Despite La Nifia conditions contributing to a slightly lower global temperature, 2022
marked the fifth warmest year on record globally. The study delves into the unprecedented and
prolonged heat wave experienced in North India and Southern Pakistan from March to May 2022,
with significant impacts on public health and agriculture (specifically the wheat crop), glacial lake
outbursts, and forest fires. This study finds that the 2022 event (March-April observed daily

maximum temperature) had a return period of ~1-in-100 years and that human-caused climate
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change made this heat wave about 1°C hotter and 30 times more likely in the current, 2022 climate,

as compared to the 1.2°C cooler, pre-industrial climate.

Finally, this thesis also conducts a comprehensive analysis of the prediction skills of
several state-of-the-art numerical weather prediction models for the 2022 heat wave. The results
show that the multi-model mean gives better forecast skills on prediction of heat waves during

March-April 2022.

Overall, the findings discussed in the thesis warn of heat waves that will occur earlier in
the season in the future and last longer over a larger area. This is an insight for the government's
preparedness measures, including Heat Action Plans, early warning systems, and healthcare
strategies in India, offering a tangible basis for decision-makers and emphasizing the significance

of actionable climate science in the face of evolving climate challenges.
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2MU-AR

$eR-TgHe UeT 31T delTsHe Tt i BT Geaaich RUTE (T.37R. 6) YR SURETET & fay
R STeTaryg 3HMT TR TebT2l STed! &, ToiaH 31feis TRad2iel AT, 3Tcafties i, s, &,
FU-AER 3R il IUTBICTHIT Tshard M 81 YR, Staarg YRadd 3MUTRd geA131 & Ufd
T Haeata ¢ 3iR SitaT Fw=i, gAAr g/, Biv 3R srefeaawam &1 yHTfdd ¥ arelt
AT BT Ffdas HHAT AT 81 YR IUAETGIY W STdry aRed- & BRI §¢l FHWT-oTeR Teb
T TR FRT YT Bl 8, fSHb BROT Sfaq affd e 31fefes Jeeam grar 81 TR, 6 Rl &

A Bl

Ig MY YRAT SUFEIEIY W SIarg URad & dgd W@l & ey TR, 6 Ko o
3feeifed TR fRidT3il & AT BT et BRAT 81 FU-AeX W Biad Ug AT JHTdT ATPer
IISHT 3R BRATE DY Ffeid B b QAT IS DT TG I dAlcehlfetebdl DI I b BT
21 B3 3T & Ford W WRA & fafi=T fea § Heor-aTer &Y gt 3ngfa 31k 3rafer &1 qof faan

TIT B S 3eATAT H & MY B HIAd TR, P 3R HAY §og & W YR TG 20id 81 3T

THTal GRT UTed GRAT3AT b1 3fed afdfsbansii & fiv Fwor-fed o faferse @eon ol THeAT Agayguf

21 YRA B IdA B AT H e Tere[ IISHTT M € S LT 31K 81319 TRBRI gRT IR
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DI TTE &, olfch 37T THTGReTdT &b T T Hteh HST-TeX Ya AT debrich T id e bl 32T ehdl
21 T 2T 3 HaTd WR Phied g fob Hid=T H H80T-T8X & @I&T0T Y daaid & | 89! ofid +1.5°C 3R

+2°C 30T dfedeh dTHT & 30T & Heg U &l T &, IS8 viasa # HIA | 37cfdes g a1l

geTdl &b Tl BT HATHT B b i sTepietd fosam a1 81 STR-UfeTH YR &A1 & W g8
HTETH 3 Y ST & €1 STotaryg uRad & 3 b fod B & faw, yRd 31k a1fdsedm & g &
H g8 FWUI-TeY W SIGH-HATUTRA edT <&@t Tt & 31R, feastar qaigaml &l ATaedesdl W SR
&d g, AT feb HATHD HIFH GaTJHT HISed Bl JaIJHT bI2reT BT YN e T delT H0T-

e ATUTRA TeAT BT faomsoT foar SITaT 21

21 Fg M g vfasg bl ATl &1 gerTcHe 3reqa s fHufg el & feig Jegam 3idgfee e
AT 2| TSB! BRAYUNA H @@rpAl 3R qaiug guika #isa 3m3eye # fafi= afvrar &
AT TeAT31l bl U 2MMAW g1 §H 37593 b fpuf I Ul =etdl @ feb 1951-2015 P & WRd
% & &A1 § TH & P 3rafer BH 2 R AT HWT-AR B 3rafer g @ R | vfas B Serary
+1.5°C 3R +2.0°C W 3TUTRA ATY-TeAT3N BT 3gf 31K 3746 § gl BT Tebd <dl &, BIE T3l

&Y HHTGAT 2-10 TAT 3776 Bt & 3R welt 31afer Y TeAT31l bl HHTEAT 10-30 AT deb g6 STl &
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TH & 3o TR &b BRUT ST 3R Jell$ H HUT-AeX Pl GHTEAT dg I HAfdRerd Sifem der gidr 2|
i HT-AER & fafre deo B Sitg B & fag g =Lt F B0 § o ™7 2 36 ' b
HTEH & T AT B b oifch Sur-aer & yTfad 81 Y 31afel 3R & § ged 31fdes gfg g B

TTAT 21

39& 3faRad, T8 oY Uey THT BT geqT3N, {99y ®u F ITR-ufogd YR § HWT-oTad TR
ATIHSATT 3TERTE Yt 3TR I AN P JHTE B ST et 8 | I ail, SiT 3Tebfeds Yo & fog
SR ARTETAA (L2 faRdR T Uafeld et &, vt Tfd & TR 3R SO & a3
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I TRH HHAT D1 ART B Hebd 8, T & 3 d1d W UBI STaTd & b 3T 3eeifees W argHsai g
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1.1

2.1

2.2

2.3

24

2.5

2.6

2.7

List of Figures

Linear trends spanning from 1960 to 2018 are depicted in a) annual maximum daily
maximum temperature (TXx); b) annual minimum daily minimum temperature
(TNn); and c) the annual count of days when the daily maximum temperature
exceeds its 90" percentile from a reference period of 1961-1990 (TX90p). These
trends are based on the HadEX3 dataset, and calculations are limited to grid points
with at least 66% of annual values during the specified period, extending to at least
2009. Regions lacking sufficient data are represented in grey. The absence of
overlay indicates regions where the trends are statistically significant at the p = 0.1
level, while crosses denote regions with non-significant trends. Figure Source:
IPCC ARG (Seneviratne et al. 2021 Figure 11.9).

Schematic diagram represents the criteria A, B, and C defined by Joseph et al.,
(2018) is shown in panel (a), and non-overlapping of events for Hot Day, Heat
Wave, and Sever Heatwave defined in this study are shown in panel (b).

Total number of Heatwave events (annual) over (a) Safdarjung, New Delhi, (b)
Jaipur, Rajasthan, and (c) Penra, Chhattisgarh from 1969-2015 using IMD’s
station-based definition applied to station data, IMD’s station-based definition
applied to 1°x1° gridded observations and Joseph et al., (2018) definition applied
to 1°x1° gridded observations.

The average annual mean duration (days) and its trend (days/decade) of HD events
(panels a, d), HW events (panels b, e), and SHW events (panels c, f) are shown for
the IMD gridded observation from 1951-2015. Trends significant at 95% level
(using one-tailed t-test) are stippled. Gray shading represents grid cells that do not
satisfy the criteria for HD, HW or SHW conditions.

The average number of annual heat events and trend in the number of heat events
(per decade) over India for HD (panels a, d), HW (panels b, d), and SWH (panels
c, f) in the IMD observations for the 1951-2015 period. Trends significant at 95%
level (using one-tailed, t-test) are stippled. Grey shading shows grid cells that do
not satisfy the criteria of HD, HW, or SHW conditions.

The annual mean duration of Hot days and Heatwaves with trend line during 1951-
2015 for 6 different grid cells (a-f) which are shown as red dots in (g)). The slope
and intercept numeric values (with sign) are shown at the top of each subpanel.

The total number of events of Hot days and Heatwaves category with trend line
during 1951-2015 for 6 different grid cells (a-f) which are shown as red dots in (g)).
The slope and intercept numeric values (with sign) are shown at the top of each
subpanel.

Mean Error of daily TMAX between IMD observation and HAPPI model
(rows) historical simulations before bias correction. This was calculated by taking
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2.8

2.9

2.10

2.11

2.12

2.13

2.14

the difference (model minus observation) during individual months (March to
August, columns) of 2006-2015, then averaged over time before averaging over
100 ensemble members of each model. Note the difference in the color scale of
Figures 2.7 and 2.8.

Mean Error of daily TMAX between IMD observation and HAPPI model (rows)
historical simulations after bias correction. This was calculated by taking the
difference (model minus observation) during individual months (March to August,
columns) of 2006-2015, then averaged over time before averaging over 100
ensemble members for each model. Bias correction was carried out using the
Empirical Quantile Mapping (EQM) method (See section 2.2.2.3).

Total number of heat event days during 2006-2015 is shown for HD (first-row),
HW (middle-row), SHW (third-row) in the IMD gridded dataset (first-column), the
ensemble mean of bias corrected historical simulations of individual HAPPI models
(second to sixth column). The Taylor diagram in each row (last-column) shows the
statistics for each of the models with reference to the IMD dataset. Gray color
represents grid cells that do not satisfy the HD/HW/SHW criteria.

Probability of heat event days (HW or SHW category) in the 500 member multi-
model ensemble for individual months of April-July (columns) for the Historical
period 2006-2015 (top-row), +1.5°C future (middle-row), and +2.0°C future
simulations (bottom-row).

Probability ratio of heat events (HW or SHW category) of 3, 5, 7, and 9 days
duration (columns) are computed for +1.5°C and +2.0°C futures (rows) with respect
to historical simulation (2006-2015). The sky blue color indicates reduced
probability of events in the future simulations whereas the violet color indicates
grid cells that do not experience such events in the historical period but do so in the
future (i.e. probability ratio is infinity). The probabilities of historical, +1.5°C and
+2.0°C simulations from which the probability ratios are computed are shown in
Figure 2.10.

Duration (in days) when HW or SHW criteria were met during the large heat events
0f 2009, 2010, 2012, 2013, 2014, and 2015 (a-f) calculated from IMD gridded data.
These particular years were chosen based on mortality exceeding 1000 (see Table
2.3). The state boundaries within India are shown overlaid. The spatial extent of
each event is represented by the number of grid cells shown in brackets in each
panel.

Same as in Figure 2.12 but showing the start date of each observed event (at
individual grid cells). The end of each event can be calculated by adding the

durations shown in Figure 2.12.

Joint exceedance frequency of HW or SHW events for different durations and
corresponding daily maximum temperature, over grid cells of the large event
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2.15

2.16

2.17

31

3.2

regions shown in Figure 2.12 (columns). Duration is calculated as consecutive days
meeting the HW or SHW criteria during March to August in observation (2006-
2015, top-row), from the HAPPI simulations of historical (second-row), +1.5°C
Future (third-row), and +2.0°C Future (bottom-row). Gray color represents zero
frequency.

Frequency of HW or SHW events for different durations in all grid cells of the event
region (shown in Figure 2.12 a-f) corresponding to years 2009, 2010, 2012, 2013,
2014, and 2015. Duration is calculated for consecutive days meeting the HW or
SHW criteria during March to August in IMD observation (2006-2015, marked in
black asterisks), 500 ensemble members (100 members of 5 models) from the
HAPPI multi-model ensemble historical (2006-2015, marked in brown circles),
+1.5°C (blue circles), and +2.0°C (red circles). Since there is only one “realization”
of the observed, the frequency of observed values has been multiplied by 500 to
match the sample sizes from model simulations. The extent of each event in the
observation is represented by the number of grid cells shown in brackets in each
panel where each grid cell represents 1°x1° resolution.

As in Figure 2.15, but for temperature instead of duration. The maximum
temperature during individual events (consecutive days of HW or SHW category)
in all grid cells forming the observed events are counted. Since there is only one
“realization” of the observed, the frequency of observed values has been multiplied
by 500 to match the sample sizes from model simulations.

Relative frequency of HW or SHW events for different durations and area fractions
of recent large events (shown in Figure 2.12) corresponding to years 2009, 2010,
2012, 2013, 2014, and 2015 (columns). The ensemble average relative frequency
from 500 HAPPI simulations are shown for historical (top-row), +1.5°C Future
(middle-row), and +2.0°C Future (bottom-row).

Daily Time series of normalized anomalies of (a) ERAS reanalysis Geopotential
height at 500 hPa (Zg500) over North Atlantic area average over 50°N-75°N and
40°W-20°E and (b) IMD observed TMAX over Northwest India area average over
21°N-30°N and 71°E-80°E, during March-June months of 1979 to 2018. The
positive TMAX anomalies over Northwest India preceded by positive Zg500 over
the North Atlantic by one week or less are marked in vertical pink colored lines.
The thin red horizontal line marked in both panels indicates unit normalized
anomalies.

Mean Error of daily Geopotential height (meter) at 500 hPa over North Atlantic
between ERAS reanalysis and HAPPI model (rows) historical simulations before
bias correction. This was calculated by taking the difference (model minus
observation) during individual months (March to June, columns) of 2006-2015,
then averaged over time before averaging over 100 ensemble members of each
model.
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Mean Error of daily Geopotential height at 500 hPa over North Atlantic between
ERAS reanalysis and HAPPI model (rows) historical simulations after bias
correction. This was calculated by taking the difference (model minus observation)
during individual months (March to June, columns) of 2006-2015, then averaged
over time before averaging over 100 ensemble members for each model. Bias
correction was carried out using the Empirical Quantile Mapping (EQM) method.
Note the difference between the color scales of Figures 3.2 and 3.3.

Probability density of the phase positions of waves 4 to 11 during March-June based
on weekly averaged ERAS meridional wind fields at 500 hPa (1979 to 2018).
Probability densities of weeks with high wave amplitudes (exceeds threshold of
1.506(A), red solid line) are compared with all remaining weeks (mean in black solid
line, mean + ¢ range marked in gray shadings). The maximum for the active Rossby
wave density is marked with a red dashed vertical line with pink shading
representing the +n/4 range around the maximum.

Composite events map of ERAS5 reanalysis (a) Geopotential height at 500 hPa
(Zg500) anomalies (meter), (b) IMD observed TMAX anomalies (°C) over
Northwest India, and (c) correlation between Zg500 and TMAX anomalies are
shown in top, bottom left, and bottom right subplots, respectively. Composite
events defined as when IMD observed TMAX over Northwest India events (TMAX
normalized anomalies > 1) preceded by ERAS Zg500 over North Atlantic events
(Zg500 normalized anomalies > 1), during March-June of 1979 to 2018 period. All
these values are significant at 95% confidence level (student t-test 1-tailed test).
North Atlantic region (50°N-75°N and 40°W-20°E) is marked in black colored box
in subplot (a) and Northwest India region (21°N-30°N and 71°E-80°E) is marked
in blue colored box in subplots (b) and (c¢).

Number of event days of IMD observed TMAX over Northwest India (bottom
panel), ERAS5 reanalysis Geopotential height at 500 hPa (Zg500) over North
Atlantic (middle panel), and TMAX over Northwest India events preceded by
ERAS5 Zg500 over North Atlantic (top panel), during March-June months of 1979
to 2018.

Number of blocking event days (when normalized Zg500 anomaly is greater than
1) over the North Atlantic in the 5 HAPPI models. Standard deviation (in days) is
plotted against the mean of number of event days in each March-June season.
Historical simulations (2006 to 2015) are shown in brown open circles (100
members) and the mean of 100 members as a filled brown circle. The analogous
values for the +1.5°C and +2°C future simulations are shown in blue and red circles
respectively. The ERAS reanalysis (2006 to 2015) value is shown as a filled black
circle.

Same as in figure 3.7, but for TMAX over Northwest India. The IMD Observed
TMAX (2006 to 2015) value is shown as a filled black circle.
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3.16

Same as in figure 3.7, but when TMAX events over Northwest India are preceded
by blocking events (Zg500) over North Atlantic. The IMD Observed TMAX over
Northwest India preceded by the ERAS reanalysis Zg500 over North Atlantic (2006
to 2015) is shown as a filled black circle.

Granger Causality Statistics of CCCma-CanAM4 model for Historical, +1.5°C and
+2°C future simulations. Results are based on MAMJ season for a 10-year period,
at 1 to 5 days lag. The lags of 1-5 days are shown in filled and open symbols,
representing significant and non-significant p-values. The p-values for TMAX
events over Northwest India Granger Causing blocking events over North Atlantic
are plotted against the p-values for blocking over North Atlantic Granger Cause
TMAX events over Northwest India. Note log scale used for both axes and the black
dashed lines corresponds to a p-value of 0.05. When the null hypothesis HO: TMAX
over Northwest India Granger Causes blocking over the North Atlantic is rejected
and the alternate hypothesis H1: Zg500 over North Atlantic Granger Cause TMAX
over Northwest India is accepted at 0.05 significance level (values in the top-left
quadrant formed by the dashed lines), they are denoted by filled color symbols.
Non-significant p-values are shown as open color symbols. The total number of
samples for each of the 5 lags where the alternate hypothesis (H1) is accepted is
shown in text below each subplot. The red dashed line marked in the Historical
subplot correspond to a p-value (0.034) of ERAS reanalysis period from 2006-2015
(marked in black filled circle) which rejected the null hypothesis HO at 3 days lag
with 0.05 significant level.

Same as in figure 3.10, but for ETH-CAM4 model.

Same as in figure 3.10, but for the MIROC-MIROCS model.
Same as in figure 3.10, but for MPI-M-ECHAM®6-3-LR model.
Same as in figure 3.10, but for the NCC-NorESM1 model.

An idealized depiction of the March-June circulation when (a) Rossby Wave-5 and
(b) Rossby Wave-9 from the ERAS reanalysis (1979-2018) is in its preferred phase
with the width and position of the maximum (brown dotted line and maximum + ¢
range marked in brown shadings) reflecting values shown in figure 3.4 (b and f).
The shadings depict the composite of weekly averaged ERAS TMAX (°C) during
the corresponding Rossby Waves. Hatching indicates values significant at 95%
confidence level. The North Atlantic region (50°N-75°N and 40°W-20°E) is
demarcated with a black box and the Northwest India region (21°N-30°N and 71°E-
80°E) is shown as a white box.

Heat map of ECA trigger coincidence rates of amplified waves from 4 to 9
conditions with blocking events (ERAS reanalysis Zg500 normalized anomaly as
X-axis) over the North Atlantic region (Spatial extent as a fraction on the Y-axis).
The numbers in each box refer to the amplification factor by which wave events
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3.17

3.18

3.19

4.1

4.2

4.3

4.4

amplify the respective blocking events relative to non-event weeks. Statistical
significance of the coincidence rates at the 99% (95%) confidence level is marked
with a white (cyan) dot. The waves 4, 7, and 9 have the highest ECA coincidence
rates and amplification factors > 1.

Same as in figure 3.16, but for normalized anomalies of IMD TMAX over
Northwest India. Rossby waves were computed from ERAS reanalysis and
compared with IMD observed TMAX during respective wave number weeks. The
waves 6, 7, and 9 are having highest ECA coincidence rates and amplification
factors > 1.

Mean Frequency (and probability) of weekly Rossby Waves (for wave numbers 4
to 9) from 5 HAPPI models (500 ensemble members) in the Historical, +1.5°C and
+2°C simulations (10 years each), during individual months between March to June
and the whole season. The error bars represent standard deviation obtained from
500 ensemble members, with statistical significance at 95% confidence level, by a
Monte Carlo method with random shuffling of events in time (N = 1000).

Probability density function of daily TMAX values over Northwest India during
Rossby Wave activity for wave numbers 4-9 during March to June from 5 HAPPI
models with 100 ensemble members each for the Historical (blue), +1.5°C (orange)
and +2°C (red) simulations. The TMAX probability density functions during
Rossby Wave activity (solid lines) are to be compared against the probability
density with no Rossby Wave activity (dashed lines).

Weekly mean of TMAX (°C) observed during the 8 weeks of March and April 2022
in the CPC Observations. The study region is highlighted by the blue polygon
within each panel.

Same as Figure 4.1, but for daily maximum temperature anomaly of CPC
Observation. Daily climatology is computed for the 1981 to 2010 period.

Trends in observed daily maximum temperature TMAX (°C) averaged over March—
April from the (a) CPC and (b) IMD datasets, of the years 1979-2022. Stippling
indicates trends that are significant at the 10% significance level. The ‘study region’
is highlighted by the blue polygon within each panel plots (a and b). Time series of
area-averaged over the ‘study region’ and further average of March—April months
of observed daily TMAX (shown by the red line) along with the ten-year running
mean (shown by the green line) based on the (¢) CPC (1979-2022) and (d) IMD
datasets (1951-2022). Area average of IMD observation was computed over for the
Indian part of the region only within the study region, and ignored data points over
outside India where it does not have any observed data.

Comparison of TMAX (°C) CPC Observation on 15" March 2022 and lead day-7

forecast from the TIGGE multi models (contributed institute-models namely BOM-
UM, ECCC-GDPS, ECMWE-IFS, IMD-GFS, JIMA-GSM, KMA-UM, NCEP-GFS,
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4.6

4.7
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4.9

4.10

4.11
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4.13

4.14

NCMRWF-UM and UKMO-UM - a total of 9 Global atmospheric models) and
multi model ensemble mean (MME-Mean), and multi model ensemble median
(MME-Median), whose initial condition (IC) dated on 09" March 2022 and
forecasts valid on 15" March 2022. The study region is highlighted by the blue
polygon within each panel plot.

Comparison of daily TMAX (°C) weighted area averaged over the ‘study region —
blue polygone in Figure 4.4 of CPC Observation and 9 TIGGE models forecast,
along with its multi model ensemble mean (MME-Mean), median (MME-Median)
for lead days from 1 to 10 during March-April 2022.

Spatial pattern Correlation Coefficient of daily TMAX (°C) over the ‘study region
— blue polygone in Figure 4.4 between CPC Observation and 9 TIGGE models
forecast, along with its multi model ensemble mean (MME-Mean), median (MME-
Median) for lead days from 1 to 10 during March-April 2022.

Spatial pattern Root Mean Square Error (RMSE) of daily TMAX (°C) over the
‘study region — blue polygone in Figure 4.4’ between CPC Observation and 9
TIGGE models forecast, along with its multi model ensemble mean (MME-Mean),
median (MME-Median) for lead days from 1 to 10 during March-April 2022.

Taylor diagram of spatio-temporal pattern stats of correlation, RMSE, normalized
standard deviation 9 TIGGE model forecasts, MME-Mean, MME-Median, 5%
percentiles, and 95 percentiles compared against CPC Observation for week-2 (8-
15 March 2022) over the study region.

Same as Figure 4.8, but for week-4 during 24-31 March 2022.
Same as Figure 4.8, but for week-6 during 8-15 April 2022.
Same as Figure 4.8, but for week-8 during 24-30 April 2022.

Comparison of Bias Score (y-axis) of spatial and temporal daily TMAX for 5
different threshold (> 37°C, > 38°C, > 39°C, > 40°C, > 41°C) between CPC
Observed data and 9 TIGGE model forecasts, multi model ensemble mean (MME-
Mean), median (MME-Median) for all forecast lead days from 1 to 10 (x-axis)
during 4 weeks in March 2022. Perfect Bias score is 1.

Same as Figure 4.12, but for the 4 weeks in April 2022 (columns) and for thresholds
of 39°C-43°C (rows).

Probability of Detection (POD) of spatial and temporal daily TMAX for 5 different
thresholds (37°C-41°C) for the 9 TIGGE model forecasts, multi model ensemble
mean (MME-Mean) and median (MME-Median) for all forecast leads from 1 to 10
(x-axis) during 4 weeks in March 2022. Perfect POD score is 1.
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4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

Same as Figure 4.14, but for Probability of False Detection (POFD). Perfect POFD
score is 0.

False Alarm Ratio (FAR) of spatial and temporal daily TMAX for 5 different
threshold (39°C-43°C) in 9 TIGGE model forecasts, multi-model ensemble mean
(MME-Mean) and median (MME-Median) for all forecast lead days from 1 to 10
(x-axis) during 4 weeks in April 2022. Perfect FAR score is 0.

Same as Figure 4.16, but for Equitable Threat Scores. Perfect Equitable Threat
Score is 1.

Comparison of TMAX (°C) in CPC Observations (a) on 15" March 2022 with
forecasts at lead day-1, lead day-3, lead day-5 and lead day-7 from NCMRWEF’s
Unified Model Ensemble Prediction System — NEPS (global atmospheric model
with 23 ensemble members). The ensemble mean (NEPS-Mean), and ensemble
median (NEPS-Median) forecasts valid for 15" March 2022 whose initial
conditions (Ics) are from 15™ March, 13" March, 11" March, and 09" March,
respectively f are shown. The study region is outlined in blue within each panel
plot.

CPC Observation showing areas of TMAX > 40°C on 15" March 2022 (a) and
probability of TMAX (threshold > 40°C) forecasts valid on 15" March 2022 at lead
days 1 to 7 (b) — (h) from the NEPS (23 ensemble members), whose initial
conditions are from 09" to 15" March 2022, and forecasts compared with. The
study region is shown in blue outline.

Taylor Diagram showing spatio-temporal pattern statistics (correlation, RMSE,
normalized standard deviation) for the ensemble of 23 members of NEPS (from 1
to 7 days lead), for the 8-weeks (March-April 2022).

Comparison of Probability of Detection (y-axis) of spatial and temporal daily
TMAX for 5 different threshold (> 37°C, > 38°C, > 39°C, > 40°C, > 41°C) between
CPC Observed data and NEPS model forecasts with its 23 members, its mean
(NEPS-Mean), and its median (NEPS-Median) for all forecast lead days from 1 to
7(x-axis) during 4 weeks in March 2022.Perfect Probability of Detection score is 1.

Same as Figure 4.21, but for Probability of False Detection (POFD). Perfect POFD
score is 0.

False Alarm Ratios of spatial and temporal daily TMAX for 5 different thresholds
(39°C-43°C) in NEPS forecasts with mean (NEPS-Mean), and median (NEPS-
Median) of 23 members, for all lead times from 1 to 7 days during the 4 weeks of
March 2022. The perfect FAR score is 0.

Same as in Figure 4.23, but for Equitable Threat Scores. The perfect Equitable
Threat Score is 1.
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List of Tables

List of participating institutions, models, resolution, and number of ensemble
members for the historical (2006-2015), +1.5°C (10-years), and +2.0°C (10-years)
experiments in the HAPPI project database (Mitchell et al. 2017).

Comparison of IMD’s operational criteria to identify heatwave, severe heatwave,
and warm night for station observations (left column) and the Joseph et al., (2018)
criteria to identify hot day, heatwave, and severe heatwave for gridded data.

List of years and mortality caused by heat stroke in India. Source: The National
Disaster Management Authority (NDMA 2019).

Total number of Rossby wave events of ERAS reanalysis during March-June season
of 1979 to 2018 (40 years period) for wave numbers 4 to 11, along with amplitudes
(max, mean, 5" and 95" percentiles) during wave events weeks and non-wave events
weeks.

Total number of Rossby wave events of ERAS reanalysis during March-June season
of 2006 to 2015 (10 years period) for wave numbers 4 to 11, compared against 5
HAPPI models and its multi model mean (HAPPI-MME-Mean) with Historical
simulations (2006 to 2015, 10 years period, averaged across 100 ensemble
members). In each cell, the mean number of Rossby wave events (averaged across
100 ensemble members) in +1.5°C and +2°C future simulations (10 years period) is
given inside the brackets.

Granger Causality test statistics teleconnection relations between anomalies of
TMAX over Northwest India and Geopotential height at 500 hPa over North
Atlantic, during March to June of 1979 to 2018. Probability (>F) is computed from
an F distribution. Lag is the number of days. * indicates value is significant at less
than 0.05 level.

IMD TMAX over Northwest India events preceded by ERAS Zg500 over North
Atlantic - Number of event days (Values are same as in Figure 3.6 (a)) Versus
Granger Causality test statistics Versus ECA Coincidence Trigger test statistics
teleconnection relations between anomalies of ERAS Zg500 over North Atlantic and
IMD TMAX over Northwest India during March to June season of individual years
from 1979 to 2018. The P-value of the Granger Causality test Probability (>F) is
computed from an F distribution. Significant p-values of Granger Causality at less
than 0.05 (0.1) level are indicated by * (#) symbol. Non-significant Granger
Causality from lags 1 to 5 days is marked by a double hyphen (--) symbol.
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Number of ensemble members for which H1 (i.e. Zg500 over North Atlantic
Granger Cause TMAX over Northwest India) is accepted at 0.05 significance level
for each HAPPI model for historical, +1.5°C, and +2°C future simulations (March-
June season, 10 years, 100 ensembles) at each lagged days from 1 to 5, respectively.
These values are marked in Figures 3.10 to 3.14.

List of Global Numerical Weather Prediction (NWP) models/institutions
participating in the TIGGE project database by contributing 7 to 15 days lead
forecasts with a large number of ensemble members. GDPS — Global Deterministic
Prediction System, GEM — Global Environmental Multiscale Model, GFS — Global
Forecasting System, GSM — Global Spectrum Model, IFS — Integrated Forecasting
System, UM — Unified Model are the NWP model families. All these models were
regridded to 0.5°x0.5° to compare with observations. The two major models run
operationally in India are indicated by a *.

A 2x2 contingency table —fter Wilks (1995) for evaluation of dichotomous (Yes/No)
forecasts. Elements in the cells are the counts of forecast-observation pairs. Using
the combination of A, B, C, and D, the forecast evaluation skill scores are computed.

Summary of trend-fitting analysis performed for four combinations of data length
and domain from the CPC and IMD datasets. Including the magnitude of the event,
the estimated standard deviation (sigma), return period of the event in the 2022
climate (Return Period 2022) and in the hypothetical pre-industrial climate that is
1.2°C cooler (Return Period -1.2°C), the change in intensity (Al) and the probability
ratio (PR), including their uncertainty.

Probability ratio (PR) and change in intensity (Al) in the present day climate when
compared with a counterfactual climate (hypothetical pre-industrial climate that was
1.2°C cooler than the current climate) from observations and HAPPI models that
have Natural forcings only simulations and passed the validation tests. The best
estimate for PR and AI, between the 2022 climate and the 1.2 °C cooler climate, is
given in numeric value along with uncertainties marked within parentheses (5- 95%
Confidence Intervals). (b) Projected probability ratio and change in intensity in the
+2°C warmer climate compared with present-day climate for models that passed
the validation tests. The best estimate for PR and Al, between the 2022 climate and
the +2°C warmer climate, is given in numeric value along with uncertainties marked
within parentheses (5- 95% Confidence Intervals).
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