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Climate Change
Hotspots

Examples:

a) Elevation-Dependent Warming

b) Indian Summer Monsoon Rainfall
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Observed change per 1 °C global warming Simulated change at 1 °C global warming

O 051 15 2 25 3 35 4 45 5 55 6 65 7 -~

o
_—
Change ( C) - - - Back Incoming
3-D Grid box radiation solar radiation

(CO,, dust, H,0,)
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'Change in global surface temperature (annual average) as observed and
simulated using human & natural and only natural factors (both 1850-2020)

°C
2.0
1.5
observed
)' simulated
1.0 / human &
",’ natural
0.5
A |
\ ) A simulated
NP { TN R T N ‘,gﬂlvm \/ natural only
0.0 A Ve ‘,,' I\, ‘ (solar &
N { volcanic)
-0.5
[ |
1850 1900 1950 2000 2020

IPCC AR6 WG1 (2021)
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Consequences - Record-Shattering Sﬁiﬁi

Climate Extremes

Return time estimated at 1 in 1000 years
in the current climate

== Met Office ‘y:zgi
19 July 2022
Maximum temperature o
Actual value (°C)

Human-caused climate change made
the event at least 10 times more likely

Record TMax
Delhi (Palam): 48.4 °C
Frankfurt/Main: 40.2 °C

World Weather Attribution (2022)
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Consequences - Record-Shattering &4
Climate Extremes

FRANKFURT AM MAIN

. models suggest CC
" Increased the rainfall

o

1 intensity up to 50%

&
s

World Weather Attribution (2022)
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. i GOETHE @;
Possible Climate Futures ‘l

Future annual emissions of CO, (left) and of a subset of key non-CO, drivers (right), across five illustrative scenarios

Carbon dioxide (GtCO,/yr) Selected contributors to non-CO, GHGs
Methane (MtCH,/yr)
140 800 SSP3-7.0
SSP5-8.5 600
120 400 SSP5-8.5
200 SSP1-2.6
100 0 SSP1-1.9
2015 2050 2100
80 S5P3-7.0 Nitrous oxide (MtN,O/yr) 55P3-7.0
20 '
SSP5-8.5
60 10 /
SSP1-2.6
- SSP1-1.9
40 - 0
2015 2050 2100
20 One air pollutant and contributor to aerosols
Sulfur dioxide (MtSO,/yr)
0 120
SSP1-2.6
80 SSP3-7.0
SSP1-1.9
‘20 | | |
40
2015 2050 2100 SSP5-8.5
SSP1-1.9
0 SSP1-2.6
2015 2050 2100

IPCC AR6 WG1 (2021)
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Possible Climate Futures "

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)

°C
3
SSP5-8.5
The near linear relationship i
2.5 between the cumulative S5P3-7.0
CO, emissions and global SSP2-4.5 |1
warming for five illustrative /
5 scenarios until year 2050 SSP1-2.6 / /
SSP1-1.9 /
y i
1.5 4
1
Historical global
warming
0.5
Cumulative CO, emissions since 1850
o)

1000 2000 3000 4000 4500 GtCO,

IPCC AR6 WG1 (2021)
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Future Consequences NERL

More frequent extreme weather with global warming

10-year L Degrees of global warming:
heavy rains +1.0 °8 galready exceedec)j)
1.5 °C (Paris Agreement
10-year N o
droughts a = 15238 08 (current pledges:
10-yoar B B i40°C exceed+2°C)
heat waves
50-year
heat waves
1X 5x 10x 20x 30x 40x

Times more frequent than pre-industrial era

IPCC ARG (2021)
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Future Climate Change Hotspots? i

Simulated with Global Climate System Models:

Simulated change at 1.5 °C global warming Simulated change at 2 °C global warming Simulated change at 4 °C global warming

O 051 15 2 25 3 35 4 45 5 55 6 65 7 >

Change (°C) ———
Warmer

relative to 1850-1900

IPCC AR6 WG1 (2021)
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Gulf of Mexico warming at faster
rate than global ocean, study finds

By Kristen Cabrera | The Texas Standard n =
Published February 28, 2023 at 9:14 AM CST

But a more immediate worry for Texans is the Gulf of Mexico, which scientists now say
is warming at twice the speed of the rest of the oceans on earth.
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Mediterranean amplification UNIVERSITAT
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CMIP6 SSP5-8.5 (N=34)

ANNUAL

Temperature change wrt g
_ B CMIP5 (N=38)
global mean temperature G | wmm cmip6 (N=34)
change 2
S 4
e 5. JJA
Ref. period: 1986—2005 3,
8,
Cos et al. (ESD, 2022) -
0 2 4 6 8

Global TAS [°C]
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CQ DISTENDER

Funded by the European Union

Cities are hotspots of climate impacts: global climate change is
compounded by the urban heat island effect

Population growth in Delhi state

Living in informal settlements

Delhi’s urban footprint
1981 and 2019

Delhi state
boundary

Delhi state:
1,484 km?

1981 201 QOGN0 2019 ARRARRERRRGE A
7m e R 26m dhitedeieRened

(Informal % not yet available)

HEAT

ISLAND
+1.2°C

amplification with
city expansion,

URBAN
up to 8°C

in Central Delhi

4:

" 1981-2019
+0.6°C
Due to climate
Temperature increase change

in urban Delhi

Urbanised Delhi, 1981

- Urbanised Delhi, 2019

Other land uses and cover,
e.g. crops, vegetation, within
state boundary

Areas indicated are approximate

13 Bodo.Ahrens@iau.uni-frankfurt.de

R

Equilibrium for the
Climate Change

UK Research
and Innovation

Curran et al. (2019)
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Examples:

a) Elevation-Dependent Warming

b) Indian Summer Monsoon Rainfall
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Elevation-Dependent Warming 1

IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate (2019):

Mountain surface air temperature observations in High
Mountain Asia show warming ...
at an average rate of 0.3°C/decade
outpacing the global warming rate 0.2°C/decade

15 Bodo.Ahrens@iau.uni-frankfurt.de
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Elevation-Dependent Warming ol
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~ trend In Region
g mountaig ranges G
6- . East Asia

NN

Temperature Trend (°C/century)
N
\ &
:
\ J
\ &F
\ P 4
‘ 7
\
\ P,
\ b &
\ g
»
\
\
\
\
\
\
\

North America
South America

Tibetan Plateau

0- A Gilobal synthesis studies
=== CRU Land
-2- —_— Had:Giot.);;e“
s
-6-
s- Pepin et al. (Rev.Geophysics, 2022)
1940 1950 1960 1970 1980 1990 2000 2010

Mean Year of Record

But: Warming not the same in all elevation bands,
in all regions, ... => Elevation-Dependent Warming
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Motivation: Rain-On-Snowmelt UNIVERSITAT

Qeshger, Xijang (Jul., 2021)

isch, Bavaria (Jan.,’ 2021) —

Decrease in frequency, shift in season, shift in elevation,
predictability ... ?

P
S ATE
17 Bodo.Ahrens@iau.uni-frankfurt.de
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Motivation: Cryosphere Change "‘

i
(e
- -
QO
~—

i
o

Active layer:

Snow depth (cm)

Permafrost with £ 38
low ice content Permafrost

o
o

[l ] L . Gl L el . Ll G . el . Ll |

1980 1988 1996 2004 2012

lce rich (ground ice)” 0.24 -
permafrost — 1 (b)
é d
Mud deposited £ 0.12- |
by thawing B | { ’
Q A
© | !
Y 0.00-
Q
Q |
= . ‘A A
C -0.12 "
1950 1970 1990 2010

Year

Huang et al. (Rev. Geoph., 2023)
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Elevation-Dependent Warming 1

Relative contributions of processes not well understood:

- Increase of atmospheric humidity drives warming stronger
in cold & dry atmospheres

- decline in show cover and snow-albedo feedback

- enhanced warming due to increased latent heat release
above the condensation level

- cooling eftect of aerosols, which also cause solar dimming,
IS more pronounced at low elevation

-> similar processes as with polar amplification: Third Pole
amplification

19 Bodo.Ahrens@iau.uni-frankfurt.de


mailto:Bodo.Ahrens@iau.uni-frankfurt.de

. - GOETHE @4
Arctic Pole (AP) and Third Pole v
(TP) warming

Results based on ERAS5 reanalysis
(a)AP (b)TP

¥ B T | ’ 2FlT W TN T :
11-‘ L 4 - I| | \
10 3 10 N E
()Il I 2c’i 9r 1 20';
8| M, E 8 L
g 7l R | 1, 2
o 10 o o) O:'..’
S 6] ' z = 6F I I “ 2
IR i {1 E
5| g 5 | | 2
| R Tl )
; S N 1 11 ;
z N Y 11 "l
I 5 ]'J 1 , M5 ‘ 8.

[980 1985 1990 1995 2000 2005 2010 2013 1980 1985 1990 1995 2000 2005 2010 2015
Year Year

You et al. (2021)
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. GOETHE @,
Third Pole - Part of the Global UNIVERSITAT
Climate System

\

'. y
R T o x .
{ = 3 4"‘ 4 e A ONSOo :
. N e - - - ity vl
| "N Fhird Pole
\.

You et al. (ESR, 2021)
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Future Climate Change Hotspots? ‘l

Simulated change at 1.5 °C global warming Simulated change at 2 °C global warming Simulated change at 4 °C global warming

annual APrecip in %

Relatively small absolute changes - -
may appear as large % changes in - 40 -30 20 -10 0 10 20 30 40 -
regions with dry baseline conditions ] o

Drier Change (%) Wetter

relative to 1850-1900

IPCC AR6 WG1 (2021)
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Indian Summer Monsoon Rainfall oot

All India Summer Monsoon Rainfall, 1871-2020 | Based on IITM/IMD Homogenous Indian Monthly Rainfall

30
§ Drought || Flood ! Normal
e El Nino e La Nina ——Trend
20

~
c
O
s
oL |1 QU P T | gy 1y || M RN R | U S O .
o
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£ | I ‘ | |
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-20

Monsoon OnlLine
-30

1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

- ENSO link
- decrease late 20th century, increase early 21st century
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Rainfall Anomaly (% of Mean)

GOETHE @;

Indian Summer Monsoon Rainfall st

All India Summer Monsoon Rainfall, 1871-2020 | Based on IITM/IMD Homogenous Indian Monthly Rainfall
30 |

J Drought || Flood ! Normal

e El Nino e La Nina ——Trend
20 |

IPCC ARG (2021): robust decline since mid-20th century
is not in line with expectation from thermodynamic constraints

1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

-> internal variability (ENSO)
-> meridional temperature gradients (regional SST warming)
-> aerosol as important anthropogenic forcing
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Indian Summer Monsoon Rainfall st

News / IndiaNews / Intensity of Indian monsoon may decline due to rapid warming...

Intensity of Indian monsoon may
decline due to rapid warming of Bay of
Bengal, says new study

Hindustan Times, Panaji | By Gerard de Souza | Edited by Sohini Sarkar

Aug 02,2020 04:36 PM IST L @ @ @ oinus@®

The study is significant as it reviewed the under sediment cores
derived from the Krishna Godavari basin of the Bay of Bengal to
understand how the monsoon rainfall pattern has changed in
the past 2,000 years.
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Indian Summer Monsoon Rainfall st

IPCC ARG6 (2021): “high confidence that anthropogenic
aerosol emissions have dominated the observed [ISMF
declining trends”.

]

pl b

With stronger warming & less air pollution trend reversal
from ~2150.

40°N

Koeppen-Geiger-C. +_ [ A
ISMR onset '

i s pea—
ddd
-

15°N

10°N

2071-2100

1
“ !‘ -
5°N h
Ahrens (GR, 2024) = et e e s se st e e we e s sve we e o

A: Tropische Regenklimate B Af CIBWk CCsa ECwa ECfa O Dsa CIDwa M Dfa E=EF
B: Trockenklimate EAmM CIBWh CCsb ECwb ECfb CIDsb EDwb EDfb CJET
C: WarmgemaRigte Regenklimate [As EBSk [OCsc EmCwc ECfc [ODsc W Dwc B Dfc

D: K_altlgemélsigte Schneeklimate  [CJAw EBSh CDsd mDwd B Dfd

E: Eisklimate —=—= Mittleres Datum des Monsumbeginns
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Midnight flash flood wreak havoc 1n valley

3y L H‘\‘\I Satyal

Ll|‘!]1\h >d: :Al am Sep 07,2021

00@0@@

River in Teku, on Monday. THT

400 houses inundated Kathmandu records highest rainfall in last
13 years
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o GOETHE
Conclusions
- global mean temperature raise unstoppable (virtually
certain)
=> adapt + mitigate

- change not homogeneous in space and time with locally
different changes in extremes (e.g. more heat waves &

- more flash floods, but less rain-on-snowmelt floods)

=> strengthen resilience

‘scientific challenges:
;  ~“* better, more detailed long-term climate system .
=+ predictions
,j;_:..* better and reliable short-term warnings of the public s
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Climate Change - long-term perspe
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S global mean surface temperature evolution
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flood 2002 heatwave 2003
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Precipitation trends?
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Government of Nepal

DHM
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Precipitation ONIVERSITAT

westerlies summer monsoon
AphrOfiite DJFMA Aphrodite JJAS

70° 80 90" 70" 80 90"

70" 80" 90"
N[ o—

0 2 4 6 8 10 12 14 16 18 20

Palazzi et al. (2013)
Idifferent scales!

extremes in all seasons!

Oct. 2015: tropical storm Hudhud merged
with a short-wave trough

-> rare tropical-extratropical interaction

Nepalese Army removes avalanche victims
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Monsoon Trends in Nepal? ‘l

150 28-Oct
y = 0.3971x + 41482
i R? = 0.2945
140 . 8-Oct
130 ﬂ H
1 18-Sep
120 - '
)
2 110 - 29-Aug
(a)
% 100 - 1 9-Aug
= y =0.4528x - 797.21
< i R?2=0.2763
1 20-ul
[a
80 -
y =-0.0532x + 42274 4 30-Jun
70 A R?2=0.0134
o VWQ%AWM 10-Jun
50 1 1 1 1 1 1 1 1 1 21_May
1968 1973 1978 1983 1988 1993 1998 2003 2008 2013
YEAR
DHM (201 5) === O nset ——- Retreat Duration of Monsoon

-> duration of monsoon increasing by about 5 days/decade
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Indian Summer Monsoon

Future: 3

ISM mean rainfall for 2070-2100 under SSP5-8.5
In comparison to 1985— 2015.

mm/d

Katzenberger et al. (2021)
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Indian Summer Monsoon

Projection challenges:

- difficulties in predictor (ENSO,IOD) - ISMF

GOETHE 34
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FRANKFURT AM MAIN

 representation

in Global Climate Models (e.g. Pothapakula et al. 2020)

- difficulties in repr. of local processes (Ahrens et al. 2020)

CMORPH maximum precipitation hour August 2011-201
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ERA5 maximum precipitation hour August 2011-201¢
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