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[Kaushik et al., Carbon Cycle & Changing Climate,

EOS, 2020; insert figs: dreamstimepics-dl.2021]

Low Carbon Transition – a planetary management challenge 2023 to 2050…
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[Kaushik et al., Carbon Cycle & Changing Climate,

EOS, 2020; insert figs: dreamstimepics-dl.2021]

Low Carbon Transition – a planetary management challenge 2023 to 2050…

[from Otto et al., Transition4Climate−Exploring Climate Change and Low Carbon Transition Pathways, COEprop, Oct 2022]

A more quantitative intro look at the challenge of low carbon transition pathways…

[Note: Kirchengast et al., WEGC, 2023: such emissions data, and carbon budget-based ‘path2Paris‘ scenarios, are part of GCCIv2 in gcci.earth/gem]

Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023

https://gcci.earth/gem


Why care? – Hard physics facts from rising GHGs via Earth’s
Energy Imbalance to Global Warming and Climate Change…

4
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GHG drivers, radiative forcing, Earth energy imbalance (EEI), global warming, climate change,… 

Where does the Energy go? – the excess energy of ~0.8 Jm-2s-1 (~13 ZJ/year) due to the EEI?

[upper left: NOAA-ESRL, 2022; lower left: IPCC-AR6-WGI, 2021;
other panels: v.Schuckmann et al., 2016 & 2023; more info online >

Kirchengast et al., WEGC, 2023 - GCCI-Climate Warming Monitoring: gcci.earth/cwm]

[von Schuckmann et al. ESSD 2023 - Fig. 9]
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https://gcci.earth/cwm
https://doi.org/10.5194/essd-15-1675-2023
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GHG drivers, radiative forcing, Earth energy imbalance (EEI), global warming, climate change,… 

Where does the Energy go? – the excess energy of ~0.8 Wm-2 (~13 ZJ/year) due to the EEI?

[upper left: NOAA-ESRL, 2022; lower left: IPCC-AR6-WGI, 2021; insert equ.: Kirchengast,
WEGC, 2022; other panels: v.Schuckmann et al., 2016 & 2023; more info online >

Kirchengast et al., WEGC, 2023 - GCCI-Climate Warming Monitoring: gcci.earth/cwm]

Earth Energy Imbalance = (Effective Radiative Forcing – Radiative Response Warming)
Core–the TOA imbalance (Wm-2):
∆NEEI ≅ FERF – |αCFP|⋅∆Ts

[von Schuckmann et al. ESSD 2023 - Fig. 9]
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GHG drivers, radiative forcing, Earth energy imbalance (EEI), global warming, climate change,… 

Where does the Energy go? – the excess energy of ~0.8 Wm-2 (~13 ZJ/year) due to the EEI?

Core–the TOA imbalance (Wm-2):
∆NEEI ≅ FERF – |αCFP|⋅∆Ts

Earth Energy Imbalance = (Effective Radiative Forcing – Radiative Response Warming)

2020 ~2.7 Wm-2

[Kirchengast & Thalassinos, AGU Pres, 2021; adapted] Core–the TOA imbalance (Wm-2):
∆NEEI ≅ FERF – |αCFP|⋅∆Ts

[von Schuckmann et al. ESSD 2023 - Fig. 9]
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GHG drivers, radiative forcing, Earth energy imbalance (EEI), global warming, climate change,… 

Where does the Energy go? – the excess energy of ~0.8 Wm-2 (~13 ZJ/year) due to the EEI?

Earth Energy Imbalance = (Effective Radiative Forcing – Radiative Response Warming)
[Kirchengast & Thalassinos, AGU Pres, 2021]

2010s ~0.8 Wm-2

2010s ~2.4 Wm-2

2010s ~1.6 Wm-2

[Kirchengast & Thalassinos, AGU Pres, 2021; adapted] Core–the TOA imbalance (Wm-2):
∆NEEI ≅ FERF – |αCFP|⋅∆Ts

[von Schuckmann et al. ESSD 2023 - Fig. 9]
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GHG drivers, radiative forcing, Earth energy imbalance (EEI), global warming, climate change,… 

Where does the Energy go? – the excess energy of ~0.8 Wm-2 (~13 ZJ/year) due to the EEI?

[upper left: NOAA-ESRL, 2022; lower left: IPCC-AR6-WGI, 2021; insert eqs.: Kirchengast,
WEGC, 2022; other panels: v.Schuckmann et al., 2016 & 2023; more info online >

Kirchengast et al., WEGC, 2023 - GCCI-Climate Warming Monitoring: gcci.earth/cwm]

A three layer view: from TOA energy imbalance to surface layer and deeper ocean…

Top-of-Atmosphere (TOA) energy imbalance drives ∆Ts

Earth-surface-layer energy imbalance => ∆Ts (GSAT)
Deeper-ocean energy imbalance => ∆Td (GDOT)

• Δ𝑁𝑁EEI = 𝐹𝐹ERF − 𝛼𝛼CFP � Δ𝑇𝑇𝑠𝑠
• 𝐶𝐶𝑠𝑠

𝑑𝑑Δ𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

= 𝐹𝐹ERF − 𝛼𝛼CFP � Δ𝑇𝑇𝑠𝑠 − 𝛾𝛾𝑜𝑜(Δ𝑇𝑇𝑠𝑠 − Δ𝑇𝑇𝑑𝑑)

• 𝐶𝐶𝑑𝑑
𝑑𝑑Δ𝑇𝑇𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝛾𝛾𝑜𝑜(Δ𝑇𝑇𝑠𝑠 − Δ𝑇𝑇𝑑𝑑)
[Kirchengast & Pichler et al., WEGC, 2023; unpublished]
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GHG drivers, radiative forcing, Earth energy imbalance (EEI), global warming, climate change,… 

Where does the Energy go? – the excess energy of ~0.8 Wm-2 (~13 ZJ/year) due to the EEI?

[upper left: NOAA-ESRL, 2022; lower left: IPCC-AR6-WGI, 2021;
other panels: v.Schuckmann et al., 2016 & 2023; more info online >

Kirchengast et al., WEGC, 2023 - GCCI-Climate Warming Monitoring: gcci.earth/cwm]

A vertically resolved view: trends & variability in the atmosphere and upper ocean…
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Facts–global warming is going on and on strongly…
Memorable year 2020: Mean surface temperature (GMST) reaches ~1.2°C

2020

+1.2°C

~13.6°C

~14.8°C

1850-1900

(based on https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate, WMO, 2021; annotations, WEGC, 2021)

• Global Warming: Increase of the global mean surface temperature (GMST) ∆Ts by ~1.2°C 
near 2020, relative to preindustrial times (represented by Mean[1850–1900])

10Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023
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Facts–global warming is going on and on strongly…
Memorable year 2024? Surface air temperature (GSAT) may reach ~1.5°C

2020

+1.2°C

~13.6°C

~14.8°C

1850-1900

(based on https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate, WMO, 2021; annotations, WEGC, 2021)

• Global Warming: Increase of the mean global surface air temperature (GSAT) ∆Ts by ~1.35°C 
in 2024; a strong El Niño (similar to 1998, 2016) could make the annual ∆Ts exceed 1.5°C

11
[Kirchengast & Pichler et al., WEGC, 2023; unpublished/data will be part of GCCIv2.1 in gcci.earth/cwm]
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Facts–the clearest fingerprint of climate change…
Memorable 2020: Ocean heat content (to 2km depth) reaches ~350ZJ

+350 Trillion
GigaJoules of
Heat Energy
(accumulated 
since the 1960s)

1961-1980

2020

[Cheng et al., Adv Atmos Sci, 2021; annotations: WEGC, 2021]

12

• Ocean warming: 2020 again more than 13 ZJ excess heat added into the Earth system; about
90% of the excess energy ∆NEEI is stored in the oceans (about 350 ZJ in 0-2000m since 1960) 

Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023
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Facts–the clearest fingerprint of climate change…
Memorable 2022: Ocean heat content (all depths) reaches ~400ZJ

+350 Trillion
GigaJoules of
Heat Energy
(accumulated 
since the 1960s)

1961-1980

2020

[Cheng et al., Adv Atmos Sci, 2021; annotations: WEGC, 2021]

13

• Ocean warming: 2022 again more than 13 ZJ excess heat added into the Earth system; about
90% (~89%) of the excess energy ∆NEEI is stored in the oceans (near 400 ZJ since 1960) 

[Kirchengast & Pichler et al., WEGC, 2023; unpublished/data will be part of GCCIv2.1 in gcci.earth/cwm]

1960-2022 ~435 ZJ

UMOHC
~170 ZJ

AHC ~5 ZJ

(uppermost ocean heat content to 300 m depth)

(atmospheric heat content)
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Facts–the clearest fingerprint of climate change…
Memorable 2020: Atmospheric heat content has increased four-fold…

+350 Trillion
GigaJoules of
Heat Energy
(accumulated 
since the 1960s)

1961-1980

2020

14

• Atmospheric warming: AHC gain over 
2001-2020 was globally four-fold vs 
the decades before since 1960
(intro info: www.uni-graz.at/en/news > Running hot..., UniGraz, 2023)

[von Schuckmann et al. ESSD 2023 - Fig. 9]
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Facts–the clearest fingerprint of climate change…
Oceans & Atmospheric heat content recently featured frontpage in AT…

+350 Trillion
GigaJoules of
Heat Energy
(accumulated 
since the 1960s)

1961-1980

2020

15

• Atmospheric warming: AHC gain over 
2001-2020 was globally four-fold vs 
the decades before since 1960
(intro info: www.uni-graz.at/en/news > Running hot..., UniGraz, 2023)

[von Schuckmann et al. ESSD 2023 - Fig. 9]
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https://www.ipcc.ch/report/ar6/wg1/
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A key statement in the recent IPCC(-AR6-WGI) assessment report:

Perspectives–what do we learn for CC mitigation?
The IPCC-AR6 was very clear that reaching the Paris goals needs strong action

Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023



Time to act – Cumulation of CO2 emissions needs to end near 2050
• Every additional ton of CO2 (and other GHG) emissions contributes to global warming

17

(IPCC-AR6-WGI 2021, Fig. SPM.10) Max. of just ~550 GtCO2 left as the
remaining global carbon budget!

2021–2050

Perspectives–what do we learn for CC mitigation?
“Emissions & global warming: novel cause-effect relationships modeling…”
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(IPCC-AR6-WGI 2021, Fig. SPM.10) Max. of just ~550 GtCO2 left as the
remaining global carbon budget!

2021–2050

[Kirchengast & Thalassinos, WEGC, 2022; unpublished]

[Kirchengast & Thalassinos, AGU Pres, 2022; adapted]Kirchengast – Climate Insights – ÖPG BYFE – Sep 2023
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(IPCC-AR6-WGI 2021, Fig. SPM.10) Max. of just ~550 GtCO2 left as the
remaining global carbon budget!

2021–2050

[Kirchengast & Thalassinos, WEGC, 2022; unpublished]

[Kirchengast & Thalassinos, AGU Pres, 2022; adapted]Kirchengast – Climate Insights – ÖPG BYFE – Sep 2023



Time to act! Avoid High Risks and Irreversible Changes

• Paris 2015 Climate Agreement – Countries pledge to keep global warming
well below 2°C, aiming for 1.5°C to avoid risks & irreversible disruptions

20

(IPCC-AR6-WGII 2022, Fig. SPM.3/1) 

“Business-as-usual“ > 4°C

“Paris Goals“ < 1.5-1.7°C

Perspectives–what do we learn for CC mitigation?
“Global warming & extremes: novel compound extreme event indicators…”
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(IPCC-AR6-WGII 2022, Fig. SPM.3/1) 

“Business-as-usual“ > 4°C

“Paris Goals“ < 1.5-1.7°C

“Business-as-usual“ > 4°C

“Paris Goals“ < 1.5-2°C

[Thiery et al., Science, 2021]

Just one example on extreme 
weather event risks – Inter-
generational inequity in
exposure to heat extremes
is tremendous…

Perspectives–what do we learn for CC mitigation?
“Global warming & extremes: novel compound extreme event indicators…”

Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023
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Perspectives–what do we learn for CC mitigation?
“Global warming & extremes: novel compound extreme event indicators…”

Time to act! Avoid High Risks and Irreversible Changes

• Paris 2015 Climate Agreement – Countries pledge to keep global warming
well below 2°C, aiming for 1.5°C to avoid risks & irreversible disruptions
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(IPCC-AR6-WGII 2022, Fig. SPM.3/1) 

“Business-as-usual“ > 4°C

“Paris Goals“ < 1.5-1.7°C

[Kirchengast & Haas et al., EGU Pres, 2023; adapted]
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(IPCC-AR6-WGII 2022, Fig. SPM.3/1) 

“Business-as-usual“ > 4°C

“Paris Goals“ < 1.5-1.7°C

[Kirchengast & Haas et al., EGU Pres, 2023; adapted/data will be part of GCCIv3 in gcci.earth/ewm]
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Perspectives–what do we learn for CC mitigation?
“Global warming & extremes: novel compound extreme event indicators…”

Time to act! Avoid High Risks and Irreversible Changes

• Paris 2015 Climate Agreement – Countries pledge to keep global warming
well below 2°C, aiming for 1.5°C to avoid risks & irreversible disruptions
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“Business-as-usual“ > 4°C

“Paris Goals“ < 1.5-1.7°C

(IPCC-AR6-WGII 2022, Fig. SPM.3/1) 

IBE

SAF

SCN

[Kirchengast & Haas et al., EGU Pres, 2023; updated/data will be part of GCCIv3 in gcci.earth/ewm]
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Turning to action: CO2 emissions need to reach Net-Zero near 2050

25
(IPCC-AR6-WGIII 2022, Fig. SPM.5)

2050 2050

SSP1-1.9
SSP1-1.9

Perspectives–what do we learn for CC mitigation?
“Climate action: novel approach to fair contributions to reach the Paris goals…”

Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023



Frame the action: Carbon budgets need be allocated in a fair manner

26

(IPCC-AR6-WGIII 2022, Fig. SPM.5)

2050 2050

SSP1-1.9

https://doi.org/10.1016/j.gloenvcha.2022.102481 (March 2022)

Remaining CO2 budget availability across countries for different 
sharing principles (EPC…Equal-per-capita, PCC…Per-capita-convergence)

[Note: Kirchengast et al., WEGC, 2023: such carbon budget-based ‘paths2Paris‘ are part of GCCIv2 in gcci.earth/gem]

Perspectives–what do we learn for CC mitigation?
“Climate action: novel approach to fair contributions to reach the Paris goals…”
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Go for the Action–example country Austria: Which reduction 
targets here? A 1.5°C-oriented max.1000 MtCO2eq 2017-2050 budget 
requires GHG emissions reductions of more than 55% until 2030 and 
over 90% to be achieved near 2040, in accordance with
the European Green Deal climate goals…

27

27 von 3
[Kirchengast et al., Ref-NEKP, 2019; online via ccca.ac.at/refnekp; Kirchengast-Steininger THG statement online via wegcenter.uni-graz.at/downloads/2022]

(Kirchengast et al. WEGC RB1-2021; online via carbmanage.earth, direct-link https://doi.org/10.25364/23.2021.1)
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(Kirchengast et al. WEGC RB1-2021; online via carbmanage.earth, direct-link https://doi.org/10.25364/23.2021.1)
[Kirchengast et al., Ref-NEKP, 2019; online via ccca.ac.at/refnekp; Kirchengast-Steininger THG statement online via wegcenter.uni-graz.at/downloads/2022]

Go for the Action–example country Austria: Which reduction 
targets here? A 1.5°C-oriented max.1000 MtCO2eq 2017-2050 budget 
requires GHG emissions reductions of more than 55% until 2030 and 
over 90% to be achieved near 2040, in accordance with
the European Green Deal climate goals…
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(Nabernegg et al., WEGC SciRep 100-2023|upcoming Oct.2023; adapted)

[Note: Kirchengast et al., WEGC, 2023: such socio-econ data will become part of GCCI in gcci.earth/gem and beyond]Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023

https://carbmanage.earth/
https://doi.org/10.25364/23.2021.1
https://ccca.ac.at/refnekp
https://wegcenter.uni-graz.at/en/downloads
https://wegcenter.uni-graz.at/en/wegener-center-verlag/2023/
https://gcci.earth/gem


What can support effective Action in Austria and any other country? 
Carbon Management (CM) at all public and private action levels
The 1000 MtCO2eq AT total leads to manage a decadal 2021-2030 budget
of max. 550 MtCO2eq => reduction by at least 57% in 2030 (vs Ref.2020)

[Kirchengast-Steininger, WEGC, 2022; statement on 
THG budget at wegcenter.uni-graz.at/downloads/2022]

Decadal Budget 2021-2030
max. 550 MtCO2eq

(Kirchengast et al. WEGC RB1-2021; online via carbmanage.earth, direct-link https://doi.org/10.25364/23.2021.1)

29Kirchengast – Climate Insights – ÖPG BYF Event TU Graz – 26 Sep 2023
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Carbon Management–a new solution framework to help meet the Paris challenge

[Kirchengast et al., CM/WEGC, 2021; CM online (hub): carbmanage.earth,
PCM: pubcarb.earth, ICM: wecarb.earth, pCM: youcarb.earth]

[Kirchengast et al. WEGC RB1-2021; accessible online (including
individual-sections access) via https://doi.org/10.25364/23.2021.1]

[Kirchengast et al., GCCI/WEGC, 2023; GCCI
Emissions Monitoring: gcci.earth/gem]
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Carbon Management (CM) summary: intro explanations
The CM approach and overall Decision Support workflow (CMDSflow)
“PCM, ICM, pCM: PubCarb – WeCarb − YouCarb – carbsmart to Paris.” Join in, welcome! 

Carbon Management supports public and private entities to:
(1) Define Actors & Action Areas (countries, institutions, persons; GHG emission areas)
(2) Compute a Reference Emissions Inventory (serving as “Reference Emissions 2020“)
(3) Adopt Decadal Budgets & Reduction Target Paths (setting goals to 2030 and 2040…)
(4) Prepare Actions & Measures and quantify their Estimated Impacts (“ACTs and AIMs“)
(5) Set up and carry out Emissions Monitoring (tracks progress and underpins decisions)
(6) Implement an Integrating Overall Workflow (Decision Support Workflow - CMDSflow)

[Kirchengast et al. WEGC RB1-2021, link https://doi.org/10.25364/23.2021.1;
for brief overview intro see klimaneutral.uni-graz.at/carbon-management; direct-link (I)CM core intro RB1-2021 p.27-37] 
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“We all need brain, courage, 
and heart. Most often more 
of it. Let‘s use more of it!”


 !!
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=> FACT: Climate physics results provide strong
climate change facts – hence it is time to act:
reaching the Paris climate goals is essential!
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