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• Climate Change

• Hotspots

• Examples:

    a) Elevation-Dependent Warming

    b) Indian Summer Monsoon Rainfall
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Climate Change 
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With every increment of global warming, changes get larger 
in regional mean temperatureķ precipitation and soil moisture

a) Annual mean temperature change (°C)
at 1 °C global warming

b) Annual mean temperature change (°C)
relative to 1850-1900

�cross �armin] le�els, lan7 areas �arm more than oceans, an7 the �rctic 
an7 �ntarctica �arm more than the troricsĺ

Warmin] at 1 Ŧ� a@ects all continents an7 
is generally larger over land than over the 
oceans in 0oth o0ser�ations an7 mo7elsĺ 
Across most regions, observed and 
simulate7 ra�erns are consistentĺ

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

Simulated change at 1 °C global warming�0ser�e7 chan]e rer 1 °C global warming

Change (°C)
Warmer

Panel a� &omSarison oI observed and simulated annual mean surIace temSerature cKange. The leIt maS 
shows the observed changes in annual mean surface temperature in the period of 1���±2�2� per �C of global 
warming (�C). The local (i.e., grid point) observed annual mean surface temperature changes are linearly regressed 
against the global surface temperature in the period 1���±2�2�. Observed temperature data are from Berkeley 
Earth, the dataset with the largest coverage and highest horizontal resolution. /inear regression is applied to all 
years for which data at the corresponding grid point is available. The regression method was used to take into 
account the complete observational time series and thereby reduce the role of internal variability at the grid point 
level. White indicates areas where time coverage was 1�� years or less and thereby too short to calculate a reliable 
linear regression. The rigKt maS is based on model simulations and shows change in annual multi-model mean 
simulated temperatures at a global warming level of 1�C (2�-year mean global surface temperature change relative 
to 1���±1���). The triangles at each end of the color bar indicate out-of-bound values, that is, values above or 
below the given limits. 
Panel b� Simulated annual mean temSerature cKange ��&�� Sanel c� SreciSitation cKange ���� and Sanel d�
total column soil moisture cKange �standard deviation oI interannual variabilit\� at global warming levels of
1.��C, 2�C and 4�C (2�-yr mean global surface temperature change relative to 1���±1���). 6imulated changes
correspond to C0,P6 multi-model mean change (median change for soil moisture) at the corresponding global
warming level, i.e. the same method as for the right map in panel a).

Figure SPM.5:    &Kanges in annual mean surIace temSerature� SreciSitation� and soil moisture.

Chap.:

August 14, 2020—Bodo.Ahrens@iau.uni-frankfurt.de—NWP 0-5

Prerequisites

I Mathematics
(including partial differential calculus) : essential

I Atmospheric dynamics and processes: basic
introduction (at least EMetA or EMetB!)

I Numerical methods (basic finite differencing)
I Programming (some R): essential
I Motivation: essential
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Anthropogenic?

4
IPCC AR6 WG1 (2021)
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Human influence has warmed the climate at a rate that is unprecedented
in at least the last 2000 years

Changes in global surface temperature relative to 1850-1900
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b) Change in global surface temperature (annual average) as observed and 
simulated using human & natural and only natural factors (both 1850-2020)

a) Change in global surface temperature (decadal average)
as reconstructed (1-2000) and observed (1850-2020)
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Panel a): Changes in global surface temperature reconstructed from paleoclimate archives (solid grey line, 
1–2000) and from direct observations (solid black line, 1850–2020), both relative to 1850–1900 and decadally 
averaged. The vertical bar on the left shows the estimated temperature (very likely range) during the warmest 
multi-century period in at least the last 100,000 years, which occurred around 6500 years ago during the current 
interglacial period (Holocene). The Last Interglacial, around 125,000 years ago, is the next most recent candidate 
for a period of higher temperature. These past warm periods were caused by slow (multi-millennial) orbital 
variations. The grey shading with white diagonal lines shows the very likely ranges for the temperature 
reconstructions. 

Panel b): Changes in global surface temperature over the past 170 years (black line) relative to 1850–1900 
and annually averaged, compared to CMIP6 climate model simulations (see Box SPM.1) of the temperature 
response to both human and natural drivers (brown), and to only natural drivers (solar and volcanic activity, green). 
Solid coloured lines show the multi-model average, and coloured shades show the very likely range of simulations. 
(see Figure SPM.2 for the assessed contributions to warming). 

{2.3.1, 3.3, Cross-Chapter Box 2.3, Cross-Section Box TS.1, Figure 1a, TS.2.2}

Figure SPM.1:    History of global temperature change and causes of recent warming.
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Consequences - Record-Shattering 
Climate Extremes

5
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Although broad-scale changes in the climate are important, the impacts of weather and 
climate are most clearly felt during extreme events such as heavy rain and snow, droughts, 
heatwaves, cold spells and storms, including tropical storms and cyclones. These meteor-
ological and climatological extremes, individually, in combination and in conjunction with 
other factors, can lead to other events such as flooding, landslides, wildfires and compound 
extremes. Together, these have a wide range of impacts on human and natural systems. This 
section, which describes a selection of extreme events in 2022, is based largely on input from 
WMO Members. The wider socioeconomic risks and impacts are described in the section on 
Socioeconomic impacts. Additional information comes from EM-DAT.48

HEAT, DROUGHT AND WILDFIRES

China had the most extensive and long-lasting heatwave since 
national records began, extending from mid-June to the end 
of August and resulting in the hottest summer on record by 
a margin of more than 0.5 °C. It was also the second-driest 
summer on record, with most of the southern half of China 
(apart from Guangdong province) having seasonal rainfall 
20% to 50% below average. Across the country 366 locations 
had their highest temperature on record. The heat was 
particularly severe in the Yangtze River valley, which also 
suffered from significant drought during its driest summer 
on record; the Yangtze River at Wuhan reached the lowest 
level ever recorded for August. There were also numerous 
wildfires in the region. There were significant heatwaves 
elsewhere in East Asia, including a record nine consecutive 
days above 35 °C in Tokyo from 25 June to 3 July 2022.

Europe also experienced numerous heatwaves, with sig-
nificant heatwaves occurring in each of the three summer 
months. During the summer, around 4 600 deaths in Spain, 
4 500 in Germany,49 2 800 in the United Kingdom50 (among 
those aged 65 and older), 2 800 in France51 and 1 000 in 
Portugal were associated with the unusual heat. The most 
exceptional heatwave occurred in mid-July. Temperatures 
reached 40  °C in the United Kingdom for the first time 
(Figure 23), with a reading of 40.3  °C at Coningsby on 
19 July,52 while 33.0 °C on 18 July at Phoenix Park (Dublin) 
was the highest in Ireland since 1887. Numerous locations 
broke previous records by more than 3  °C, particularly 
in northern England and western France. A  temperature 

48 https://www.emdat.be/
49 https://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2022/42/Art_01.html
50 https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/articles/

excessmortalityduringheatperiods/englandandwales1juneto31august2022
51 https://www.santepubliquefrance.fr/presse/2022/bilan-canicule-et-sante-un-ete-marque-par-des-phenomenes-

climatiques-multiples-et-un-impact-sanitaire-important
52 https://www.metoffice.gov.uk/about-us/press-office/news/weather-and-climate/2022/july-heat-review

Extreme events
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Figure 23. United Kingdom maximum temperatures 
for 19 July. 

Source: Met Office, United Kingdom.

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

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

World Weather Attribution (2022)

Record TMax 
Delhi (Palam): 48.4 °C
Frankfurt/Main: 40.2 °C
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Consequences - Record-Shattering 
Climate Extremes
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Pakistan, 30 Aug 2022
 
Up to ~9% of area inundated

CC Attribution more difficult:
models suggest CC  
increased the rainfall  
intensity up to 50% 

World Weather Attribution (2022)
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Possible Climate Futures
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geographical patterns of many variables can be identified at a given level of global warming, common to all 
scenarios considered and independent of timing when the global warming level is reached. 
{1.6, Box 4.1, 4.3, 4.6, 7.5, 9.2, 9.6, Cross-Chapter Box 11.1, Cross-Section Box TS.1} 
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Possible Climate Futures
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Every tonne of COƙ emissions adds to global warming
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HISTORICAL PROJECTIONS

GtCOƙ

Figure SPM.10:      Near-linear relationship between cumulative CO2 emissions and the increase in global 
       surface temperature. 

Top panel: Historical data (thin black line) shows observed global surface temperature increase in °C since 1850–
1900 as a function of historical cumulative carbon dioxide (CO2) emissions in GtCO2 from 1850 to 2019. The grey 
range with its central line shows a corresponding estimate of the historical human-caused surface warming (see 
Figure SPM.2). Coloured areas show the assessed very likely range of global surface temperature projections, and 
thick coloured central lines show the median estimate as a function of cumulative CO2 emissions from 2020 until 
year 2050 for the set of illustrative scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, see Figure 
SPM.4). Projections use the cumulative CO2 emissions of each respective scenario, and the projected global 
warming includes the contribution from all anthropogenic forcers. The relationship is illustrated over the domain of 
cumulative CO2 emissions for which there is high confidence that the transient climate response to cumulative CO2 
emissions (TCRE) remains constant, and for the time period from 1850 to 2050 over which global CO2 emissions 
remain net positive under all illustrative scenarios as there is limited evidence supporting the quantitative 
application of TCRE to estimate temperature evolution under net negative CO2 emissions.

Bottom panel: Historical and projected cumulative CO2 emissions in GtCO2 for the respective scenarios.

{Figure TS.18, Figure 5.31, Section 5.5}

IPCC AR6 WG1 (2021)
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Future Consequences
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More frequent extreme weather with global warming

Times more frequent than pre-industrial era
1x 5x 10x 20x 30x 40x

10-year
heavy rains

10-year
droughts

10-year
heat waves

50-year
heat waves

Degrees of global warming:
+1.0 °C (already exceeded)
+1.5 °C (Paris Agreement)
+2.0 °C
+3.0 °C
+4.0 °C

(current pledges:
exceed +2 °C)

IPCC AR6 (2021)
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Future Climate Change Hotspots?
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against the global surface temperature in the period 1���±2�2�. Observed temperature data are from Berkeley 
Earth, the dataset with the largest coverage and highest horizontal resolution. /inear regression is applied to all 
years for which data at the corresponding grid point is available. The regression method was used to take into 
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correspond to C0,P6 multi-model mean change (median change for soil moisture) at the corresponding global
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Figure SPM.5:    &Kanges in annual mean surIace temSerature� SreciSitation� and soil moisture.

IPCC AR6 WG1 (2021)

relative to 1850-1900

Simulated with Global Climate System Models:
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And …
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Mediterranean amplification

12

Cos et al. (ESD, 2022)

Temperature change wrt
global mean temperature 
change

2041-2060

2081-2100

Ref. period: 1986–2005 
JJA
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Cities are hotspots of climate impacts: global climate change is 
compounded by the urban heat island effect

13

Curran et al. (2019)
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• Examples:

    a) Elevation-Dependent Warming

    b) Indian Summer Monsoon Rainfall
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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

Elevation-Dependent Warming
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Elevation-Dependent Warming

16

Pepin et al. (Rev.Geophysics, 2022) 

~ trend in 
mountain ranges

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

17

Qeshqer, Xijang (Jul., 2021)

35

Chapter 5

Temporal variability of
rain-on-snow floods

FIGURE 5.1: Flooding of the Aisch river (Bavaria) due to a rain-on-snow event in January 2021.
The photography was taken by Tatjana Plachert at the street B470 (close by Reinhardshofen,
Bavaria) on the 30.01.2021.

Aisch, Bavaria (Jan., 2021)

Decrease in frequency, shift in season, shift in elevation, 
predictability … ?
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Motivation: Cryosphere Change

18

Huang et al. (Rev. Geoph., 2023)
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Elevation-Dependent Warming
Relative contributions of processes not well understood:  

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

- decline in snow cover and snow-albedo feedback 

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

- cooling effect of aerosols, which also cause solar dimming, 
is more pronounced at low elevation

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

19
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Arctic Pole (AP) and Third Pole 
(TP) warming

Results based on ERA5 reanalysis

20
You et al. (2021)
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Challenge: long-term 
high-resolution climate data

needed: more convection-permitting model research & projections 

  =>  we participate in the “Convection-Permitting Third Pole” project 
within 

21
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Third Pole - Part of the Global 
Climate System
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You et al. (ESR, 2021)
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Future Climate Change Hotspots?
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$pproved 9ersion 6ummary for Policymakers ,PCC $56 W*, 

6P0-22 Total pages: 41 

c) �nnual mean precipitation change (ѷ)
relative to 1850-1900

Change (%)

d) �nnual mean total column soil
moisture change (standard deviation)
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�reciritation is rrofecte7 to increase o�er hi]h latitu7es, the etuatorial 
�aciCc an7 rarts o= the monsoon re]ions, 0ut 7ecrease o�er rarts o= the 
su0trorics an7 in limite7 areas o= the troricsĺ

!elati�ely small a0solute chan]es
may arrear as lar]e ѷ chan]es in 
re]ions �ith 7ry 0aseline con7itions
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Across warming levels, changes in soil moisture largely follow changes in 
rreciritation 0ut also sho� some 7i@erences 7ue to the inYuence o= 
e�arotransrirationĺ
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,n Sanel c�� high positive percentage changes in dry regions may correspond to small absolute changes. ,n Sanel 
d�� the unit is the standard deviation of interannual variability in soil moisture during 1���±1���. 6tandard 
deviation is a widely used metric in characterizing drought severity. $ proMected reduction in mean soil moisture 
by one standard deviation corresponds to soil moisture conditions typical of droughts that occurred about once 
every six years during 1���±1���. ,n panel d), large changes in dry regions with little interannual variability in the 
baseline conditions can correspond to small absolute change. The triangles at each end of the color bars indicate 
out-of-bound values, that is, values above or below the given limits. 5esults from all models reaching the 
corresponding warming level in any of the five illustrative scenarios (66P1-1.�, 66P1-2.6, 66P2-4.�, 66P3-7.� and 
66P�-�.�) are averaged. 0aps of annual mean temperature and precipitation changes at a global warming level of 
3�C are available in Figure 4.31 and Figure 4.32 in 6ection 4.6.
Corresponding maps of panels b), c) and d) including hatching to indicate the level of model agreement at grid-cell 
level are found in Figures 4.31, 4.32 and 11.1�, respectively; as highlighted in CC-box $tlas.1, grid-cell level 
hatching is not informative for larger spatial scales (e.g., over $56 reference regions) where the aggregated signals 
are less affected by small-scale variability leading to an increase in robustness.
{T6.1.3.2, Figure T6.3, Figure T6.�, Figure 1.14, 4.6.1, Cross-Chapter Box 11.1, Cross-Chapter Box $tlas.1}
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IPCC AR6 WG1 (2021)
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Indian Summer Monsoon Rainfall
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- ENSO link
- decrease late 20th century, increase early 21st century
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Indian Summer Monsoon Rainfall
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IPCC AR6 (2021): robust decline since mid-20th century
is not in line with expectation from thermodynamic constraints
 
-> internal variability (ENSO)
-> meridional temperature gradients (regional SST warming)
-> aerosol as important anthropogenic forcing
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Indian Summer Monsoon Rainfall
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Indian Summer Monsoon Rainfall
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IPCC AR6 (2021): “high confidence that anthropogenic  
aerosol emissions have dominated the observed [ISMR] 
declining trends”. 

With stronger warming & less air pollution trend reversal  
from ~2150.
 
Koeppen-Geiger-C. +  
ISMR onset

1991-2020 2071-2100 

Ahrens (GR, 2024)
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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 flflfl
=> strengthen resilience

scientifi
* better, more detailed long-term climate system 
predictions
* better and reliable short-term warnings of the public
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Climate Change - long-term perspective
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atmospheric CO2 concentrations have declined (21). Several
warm periods offer possible geological analogs for the future: the
Early Eocene (ca. 50 Ma; hereafter the Eocene), the Mid-
Pliocene Warm Period (3.3–3.0 Ma; hereafter the Mid-
Pliocene), the Last Interglacial (LIG; 129–116 ka), and the
Mid-Holocene (6 ka). During the Eocene, the warmest sustained
state of the Cenozoic, global mean annual surface temperatures
were 13 °C ± 2.6 °C warmer than late 20th century temperatures
(22), there was no permanent ice, and atmospheric CO2 was ap-
proximately 1,400 parts per million volume (ppmv) (23). The Mid-
Pliocene is the most recent period with atmospheric CO2 com-
parable with the present (ca. 400 ppmv) (24), with mean annual
surface temperatures approximately 1.8 °C to 3.6 °C warmer than
preindustrial temperatures, reduced ice sheet extents, and increased
sea levels (25). During the LIG, global mean annual temperatures
were approximately 0.8 °C (maximum 1.3 °C) warmer than pre-
industrial temperatures (26), and amplified seasonality characterized
the northern latitudes (27). During the Mid-Holocene, tempera-
tures were 0.7 °C warmer than preindustrial temperatures (28),
with enhanced temperature seasonality and strengthened Northern
Hemisphere (NH) monsoons (27).
Recent historical intervals also provide potential analogs for near-

future climates (Fig. 1), including preindustrial climates (ca. 1850
CE) and a mid-20th century snapshot (1940–1970 CE). The pre-
industrial era represents the state of the climate system before the
rapid acceleration of fossil fuel burning and greenhouse gas emis-
sions, while the mid-20th century (“historical”) snapshot represents
the center of the meteorological instrumental period that is the
foundation for most societal estimates of climate variability and risk.
Here, we formally compare projected climates for the coming

decades with these six potential geohistorical analogs (Fig. 1)
using climate simulations produced by Earth system models
(ESMs). We focus on two Representative Concentration Path-
ways (RCPs), RCP4.5 and RCP8.5, and find geohistorical analogs
for projected climates for each decade from 2020 to 2280 CE. We
analyze simulations for three ESMs with simulations available for
the past and future periods considered here: the Hadley Centre
Coupled Model Version 3 (HadCM3), the Goddard Institute for
Space Studies Model E2-R (GISS), and the Community Climate
System Model, Versions 3 and 4 (CCSM) (SI Appendix, Tables S1
and S2). To assess the similarity between future and past climates,
we calculate the Mahalanobis distance (MD) based on a four-

variable vector of mean summer and winter temperatures and
precipitation (Materials and Methods). The climate for each ter-
restrial grid location for a given future decade is compared with all
points in a reference baseline dataset that comprises the climates
of all global terrestrial grid locations from all six geohistorical
periods (SI Appendix, Figs. S1 and S2). For each location, we
identify for each future climate its closest geohistorical climatic
analog (i.e., the past time period and location with the most
similar climate). We apply this global similarity assessment to each
future decade from 2020 to 2280 CE. Future climates that exceed
an MD threshold are classified as “no analog” (Materials and
Methods), indicating that they lack any close analog in the suite of
geological and historical climates considered here.

Results
Historical climates and preindustrial climates quickly disappear as
best analogs for 21st century climates for both RCP scenarios (Fig.
2). By 2040 CE, they are replaced by the Mid-Pliocene, which
becomes the most common source of best analogs in the three-
model ensemble and remains the best climate analog thereafter
(Fig. 2). Hence, RCP4.5 is most akin to a Pliocene commit-
ment scenario, with the planet persisting in a climate state most
similar to that of the Mid-Pliocene (Fig. 2). However, the pre-
industrial and historical baselines remain among the top three
closest analogs for RCP4.5 throughout the entire 2020–2280 pe-
riod (providing 18.1 and 16.8% of analogs at 2280 CE, re-
spectively), while the Mid-Holocene and the LIG provide 16.2 and
10.1% of matches, respectively, at 2280 CE. Among individual
models, the Mid-Pliocene is consistently one of the best analogs
for RCP4.5 climates, but its prevalence and the ranking of the
other geohistorical analogs tested vary among models (Fig. 2).
Conversely, for the RCP8.5 ensemble, the Eocene emerges as

the most common best analog (Fig. 2). The Mid-Pliocene
becomes the best climate analog slightly sooner, by 2030 CE,
but the prevalence of Eocene-like climates accelerates after 2050
CE, and future climates most commonly resemble the Eocene by
2140 CE. The historical and preindustrial time periods re-
main best analogs only briefly until 2030 CE. The switch to
Eocene-like climates occurs as early as 2130 CE (HadCM3)
and remains a close second until 2280 with GISS. Across all
models, the proportion of future climates with best matches

Fig. 1. Temperature trends for the past 65 Ma and potential geohistorical analogs for future climates. Six geohistorical states (red arrows) of the climate
system are analyzed as potential analogs for future climates. For context, they are situated next to a multi-timescale time series of global mean annual temper-
atures for the last 65 Ma. Major patterns include a long-term cooling trend, periodic fluctuations driven by changes in the Earth’s orbit at periods of 104–105 y, and
recent and projected warming trends. Temperature anomalies are relative to 1961–1990 global means and are composited from five proxy-based reconstructions,
modern observations, and future temperature projections for four emissions pathways (Materials and Methods). Pal, Paleocene; Mio, Miocene; Oli, Oligocene.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1809600115 Burke et al.
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Dürre oder Flut, oder beides?

Sommer 2003 (5 Standard-
b i h Mi l f )abweichungen vom Mittel entfernt)

Reto Knutti / IAC ETH Zurich

Sommer Temperaturen in Zürich (Schär et al. 2004)

flood 2002 heatwave 2003
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Precipitation trends?
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Draft Report: Study of Climate and Climatic Variation over Nepal 2015 
 

34 Nepal Hydrological and Meteorological Research Center and Consultancy P. Ltd. 
 

 

4.4 Precipitation trend 
a. Annual Precipitation trend 

Precipitation trend has been calculated and plotted based on data from 1971-2012. Overall, eastern, central, 
western and far western development regions illustrated positive trend in annual precipitation (Fig. 31). Some 
small pocket areas observed over 30 mm/year increase in annual precipitation and decreasing trend of 
40mm/year.  However, most of the mid-western development region showed decreasing annual precipitation 
trend.  
The spatial maps for trend analysis are prepared at 10km with universal kriging and without considering to the 
elevation as there was no direct relation with elevation for trend. 
 
 
 

 
Figure 32: Annual precipitation trend 

 
b. Seasonal Precipitation Trend: 

DHM (2015)
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Precipitation
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!different scales!

westerlies summer monsoon

Palazzi et al. (2013)

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?
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Draft Report: Study of Climate and Climatic Variation over Nepal 2015 
 

40 Nepal Hydrological and Meteorological Research Center and Consultancy P. Ltd. 
 

1982 27-Jun 20-Sep 85 2006 1-Jun 29-Sep 120 

1983 24-Jun 29-Sep 97 2007 7-Jun 9-Oct 124 

1984 11-Jun 20-Sep 101 2008 10-Jun 17-Oct 129 

1985 17-Jun 26-Sep 101 2009 23-Jun 15-Oct 114 

1986 12-Jun 5-Oct 115 2010 17-Jun 1-Oct 106 

1987 14-Jun 26-Sep 104 2011 15-Jun 7-Oct 114 

1988 11-Jun 9-Sep 90 2012 16-Jun 28-Sep 104 

1989 11-Jun 2-Oct 113 2013 14-Jun 19-Oct 127 

1990 12-Jun 30-Sep 110 2014 20-Jun 7-Oct 109 

1991 9-Jun 19-Sep 102     

 
 

 
Figure 37: Monsoon Onset, retreat and duration of monsoon 

 

4.11 Review of previous studies: 

Baidya et al. (2007) studied the extreme temperature and precipitation pattern over Nepal. Decreasing 
trend in the cool days and cold nights increasing trend in the warm nights have been identified. Similarly, 
the precipitation extremes show increasing trend in total and heavy precipitation events. It indicates that 
it is likely to have more intense precipitation in future. For very wet days and very heavy precipitation 
days , most of the stations below 1500 m show increasing trend while decreasing trend is observed above 
1500 m. 
In case of the total annual precipitation (PRCPTOT), it has been observed that most of the stations below 
1500 m show increasing trend whereas above that level the trends are not clearly defined. 
The conclusion of the research is more weather related disasters; for example, floods and landslides can 
be expected in future.  
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-> duration of monsoon increasing by about 5 days/decade
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Indian Summer Monsoon
Future:
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Katzenberger et al. (2021)

376 A. Katzenberger et al.: Indian monsoon in CMIP6

Figure 7. Difference in Indian summer monsoon mean rainfall (mm d�1) for the period 2070–2100 under SSP5-8.5 in comparison to 1985–
2015.

Earth Syst. Dynam., 12, 367–386, 2021 https://doi.org/10.5194/esd-12-367-2021
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ISM mean rainfall for 2070–2100 under SSP5-8.5
in comparison to 1985– 2015. 
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Figure 7. Difference in Indian summer monsoon mean rainfall (mm d�1) for the period 2070–2100 under SSP5-8.5 in comparison to 1985–
2015.
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Indian Summer Monsoon
Projection challenges:

- difficulties in predictor (ENSO,IOD) - ISMR representation 
in Global Climate Models (e.g. Pothapakula et al. 2020)

- difficulties in repr. of local processes (Ahrens et al. 2020)
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CMORPH ERA5 IMD RA
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