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A B S T R A C T   

Long-term global emission scenarios enable the analysis of future climate change, impacts, and response stra
tegies by providing insight into possible future developments and linking these different climate research ele
ments. Such scenarios play a crucial role in the climate change literature informing the Intergovernmental Panel 
on Climate Change’s (IPCC) Assessment Reports (ARs) and support policymakers. This article reviews the evo
lution of emission scenarios, since 1990, by focusing on scenario critiques and responses as published in the 
literature. We focus on the issues raised in the critiques and the possible impact on scenario development. The 
critique (280) focuses on four areas: 1) key scenario assumptions (40%), 2) the emissions range covered by the 
scenarios and missing scenarios (25%), 3) methodological issues (24%), and 4) the policy relevance and handling 
of uncertainty (11%). Scenario critiques have become increasingly influential since 2000. Some areas of critique 
have decreased or become less prominent (probability, development process, convergence assumptions, and 
economic metrics). Other areas have become more dominant over time (e.g., policy relevance & implications of 
scenarios, transparency, Negative Emissions Technologies (NETs) assumptions, missing scenarios). Several 
changes have been made in developing scenarios and their content that respond to the critique.   

1. Introduction 

Because climate change and its impacts extend into the distant future 
(IPCC, 1990a; O’Neill et al., 2017), long-term global (emission) sce
narios have influenced climate research and assessments for at least 30 

years (van Beek et al., 2020; van Vuuren et al., 2012). These scenarios 
are projections of future greenhouse gasses (GHG), air pollutants and 
aerosols, and future land use based on underlying projections for energy 
and food systems (Riahi et al., 2017). The output of emission scenarios 
(emissions) is used as input for 1) climate change research, 2) impact 
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assessment, and finally, 3) mitigation analysis. Thus, these scenarios 
play a key role in linking different climate research disciplines (IPCC, 
2014a, 1990b), the Intergovernmental Panel on Climate Change’s 
(IPCC) assessment reports (ARs), and have supported national and in
ternational policymaking, reflected in the Paris Agreement on Climate 
Change (UNFCCC/COP, 2015), and referred to in national climate 
pledges (UNFCCC, 2021) and policies (Baranzelli et al., 2013; Fawcett 
et al., 2015). Additionally, emissions scenarios enable the assessment of 
the effectiveness of the Paris Agreement (UNEP, 2020), represent a 
crucial feature defining future sustainability thinking (Otero et al., 
2020), and the need and range of possible sustainable development 
policy actions (Raskin et al., 2005). 

Developing scenarios is not straightforward. They are typically 
created through qualitative assumptions and quantifications using in
tegrated assessment models (IAMs). They require projections of under
lying human activity levels over the long term (van Vuuren et al., 2010) 
and complex methodologies to significantly discern scenario differences 
within a framework (Schweizer and O’Neill, 2014). Thus, assessments 
need to be made on possible future changes for many factors such as 
socioeconomic development, technology advances, and lifestyle change 
(O’Neill et al., 2017). Similar choices are made on focus areas and 
definitions (Raskin and Swart, 2020). 

The prominent role and the uncertainties and (subjective) choices 
involved in the work have led to multiple critiques caused by factors 
such as changing contexts and roles (Girod et al., 2009; Moss et al., 
2010), different worldviews (Parikh, 1992; Schneider, 2001), method
ological advances (Schweizer and Kriegler, 2012), and model-focused 
method-assessments by scenario developers/modelers (Schweizer and 
O’Neill, 2014). There has been quite some literature on the critique, 
assessments, and responses. However, no attempt has been made to 
assess the critique systematically. This paper provides the first 
comprehensive overview of emission scenario critiques, their responses, 
and possible impact on the scenarios and scenario developments. The 
review focuses on the scenarios informing the IPCC assessment reports 
1990–2022, as these are also the most prominent scenarios in the sci
entific literature and policy assessment (O’Neill et al., 2020; Wilkinson 
and Eidinow, 2008). The history of IPCC assessments covers four gen
erations of emissions scenarios. Three series were developed inside the 
IPCC, comprising the “1990 IPCC First Scientific Assessment” (SA90), 
(IPCC, 1990a), the “1992 IPCC Scenarios” (IS92) (Leggett et al., 1992), 
and the 2000 “Special Report on Emissions Scenarios” (SRES) (Nakice
novic and Swart, 2000), and the additional Post-SRES including inter
vention (IPCC, 2001a). The most recent emissions scenarios were 
developed outside the IPCC (Moss et al., 2010), i.e., the “Representative 
Concentration Pathways” (RCPs) (van Vuuren et al., 2011) and the 
“Shared Socioeconomic Pathways” (SSPs) (O’Neill et al., 2014; Riahi 
et al., 2017). The RCPs informed AR5, while the SSP-RCP combinations 
informed AR6 (IPCC, 2021). This paper does not analyze the scenarios 
but explores how others have evaluated and perceived the art of emis
sion scenario development in an IPCC context, including the four sub
sequent emissions scenario series that have informed IPCC assessments 
(Moss et al., 2010; van Vuuren and O’Neill, 2006). This paper aims to 
neutral reflect the critique in line with a review paper. It does not judge 
the quality or content of critiques. Nor do we focus on the hundreds of 
scenarios published by IAM groups individually, the work of EMF (EMF, 
2020), or the IEA World Energy Outlook. At the same time, a consid
erable part of the discussion in this paper is also relevant to the broader 
scenario literature. 

2. Methods 

The listed ‘scenario critiques’ comprise peer-reviewed critiques and 
responses that communicate ‘critically’ reflective analyses of the current 
scenario (practice) that criticize or defend the four generations of (IPCC) 
emission scenarios. Some papers assessed, discerned (e.g., Webster et al., 
2002), or judged the scenarios (e.g., Parikh, 1992). Others evaluated the 

scenarios (e.g., Manne et al., 2005) based on initial critiques (Castles and 
Henderson, 2003a). Scenario developers/modelers (Grübler and Naki
cenovic, 2001) and others (Dessai and Hulme, 2004) responded to cri
tiques, participated in debates, and sometimes reshaped the scenarios. 

First, we conducted a systematic literature search. Relevant peer- 
reviewed critical literature and responses were identified via IPCC As
sessments (e.g., IPCC, 2001a), primary scenario literature, and their 
bibliographies (e.g., Nakicenovic and Swart, 2000), SCOPUS, Google, 
and Google Scholar database searches. The search terms included all 
combinations presented in Fig. 1. We selected literature critiques or 
papers presenting scenario improvements, and responses to critiques by 
reading titles, abstracts, introductions, conclusions, and the full text. We 
also reviewed the relevant references in the papers. The listed papers 
may not be complete, but the method provides a solid basis for assessing 
the main critique topics (Table 1), their evolution, and contribution (SI 
Tables 1 and 2). 

Second, we categorized papers based on their focus: 1) scenario as
sumptions, 2) scenario range, 3) methodological issues, and 4) scenario 
relevance. Within each category, we identified thirteen subcategories 
(Table 1). In addition, each paper was classified based on its primary and 
secondary topics: primary topic (value = 1) and secondary topics 
“closely related to or a consequence of primary topic” (0.75), “sup
porting but having a less close relationship to the primary topic/key 
message” (0.5), and “additional topics with an arbitrary relationship to 
the primary topic” (0.25). See totals in Fig. 5. 

3. Emission scenarios in the context of IPCC 

Since 1990, four generations of emission scenarios have served as 
input to climate models and scenario-based literature informing suc
cessive IPCC Assessment Reports’ (ARs) review of possible future 
climate change, impacts, and response strategies (IPCC, 1990a; Moss 
et al., 2010). Grounded in Working Group III (WG3, mitigation), emis
sion scenarios are used by scientists in WG1 (climate science) and WG2 
(impacts and adaptation) communities to analyze future outlooks – 
cutting across the three IPCC WGs (IPCC, 2014b, 1989a). The SA90 
scenarios were used directly for analyses in all AR1 WGs. Over time 
scenarios were more frequently analyzed in peer-reviewed literature 
informing IPCC assessments rather than being analyzed by IPCC authors. 

IPCC WG3 facilitated the first three series, following IPCC proced
ures (Bolin, 2007; IAC, 2010). The first (SA90) was developed via sci
entific considerations (IPCC, 1990a, IPCC, 1989b). The second (IS92) 
and third (SRES) series were designed under explicit intergovernmental 
mandates (Leggett et al., 1992; Nakicenovic and Swart, 2000) adopted 
in IPCC sessions. Between 2003 and 2006, the IPCC intergovernmental 
sessions decided to move scenario development outside the IPCC, 
leading to the fourth emission scenario generation (SSP-RCP). It was 
organized by IPCC but developed by the scientific community without 
constraining intergovernmental mandates. It was in line with the IPCC’s 
aim to assess existing scientific knowledge (IPCC, 2006) rather than 
generate new data (Moss et al., 2010). 

3.1. The four generations 

The SA90s informed IPCC AR1 (IPCC, 1990a). They were developed 
between 1989 and 1990, led by the United States Environmental Pro
tection Agency (USEPA) and the Dutch Environment Ministry (IPCC, 
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1990a). The IPCC was newly established by country delegates primarily 
from Environment Ministries. The contextual framing was that climate 
change is a real risk: the report aimed to explore emissions pathways and 
what can be done (Bolin, 2007). The scenarios comprised five GHGs and 
were constructed via two models, the USEPA’s Atmospheric Stabiliza
tion Framework (ASF) supplemented by the Dutch Integrated Model for 
the Greenhouse Effect (IMAGE) (IPCC, 1990a, 1990c).1 The four marker 
scenarios described a high emission (no-change) pathway called 
Business-as-Usual (BaU) (SA90-A), slow emissions growth via changed 
energy mix/efficiency (SA90-B), and two mitigation policies scenarios 
(SA90-C/D). An uncertainty range was defined by eight scenario vari
ants describing higher and lower economic growth (IPCC, 1990a). 

The IS92 informed AR2 (1995). They were an SA90-update, devel
oped by the same models and team, which now also included econo
mists. The period marked a political context shift. Two key parties 
debated opposing views with the Climate Convention adopted in 1992 
(UNFCCC, 1992). The US2 proposed an economic target-and-timetable 
approach to policy, while the EU delegation believed in a science- 
based-target approach, starting mitigation without fully understanding 

the problem (Bolin, 2007; Hecht and Tirpak, 1995; Oberthür and Ott, 
1999). Intergovernmental delegates changed from environmental to 
more powerful departments within IPCC sessions. They asked new 
fundamental questions about climate change’s reality and mitigation 
costs (Hecht and Tirpak, 1995; IPCC, 1990d). Several delegations, 
including the US3, argued that mitigation was premature. The session 
mandate (IPCC, 1991) excluded policy assumptions and higher emis
sions range (Edmonds et al., 1992; Pepper et al., 1992). The series 
included the full suite of GHGs (Alcamo et al., 1995; IPCC, 1996), more 
regional detail, and more diverse economy and population de
velopments (IPCC, 1990a; Pepper et al., 1992). The series includes two 
high emission (IS92e/f), two low-emission (IS92c/d), and two no- 
change scenarios (IS92a/b) succeeding the SA90-A BaU (Leggett et al., 
1992; Pepper et al., 1992). 

The SRES was developed between 1996 and 1999 (IPCC, 1996; 
Nakicenovic and Swart, 2000). It informed AR3 (2001) and AR4 (2007), 
and phase 3, while RCPs and SSPs would inform Phase 5 and 6 of the 
Climate Model Intercomparison Project (CMIP3/5/6) (O’Neill et al., 
2016). It was developed via five integrated assessment models (IAMs), 
scientifically recommended, and mandated by IPCC sessions. The IPCC 
mandate continued and became more detailed (IPCC, 2006, 2005a, 
1996, 1991, IPCC, 1989b), describing a significant expansion of the 
development and author team - including economic stakeholder in
stitutions, experts from various disciplines, and world regions (IPCC, 
1996, 1995). In the SRES, scenario assumptions were changed to 
narrative families. Four storylines (A1, A2, B1, and B2) represent two 
dimensions: economic (A) or environmental (B) concerns and global (1) 
or regional development (2) patterns (Nakicenovic and Swart, 2000). 
The scenarios were grouped according to their cumulative CO2 

Fig. 1. Methodology. Literature search, data collection/paper selection, and categorization/analysis of critique topics.  

1 The ASF framework included four integrated modules (energy, industry, 
agriculture, and land-use) and, additionally, an ocean model for heat and car
bon uptake and an atmospheric composition module measuring the global ra
diation balance for temperature projections. The five categories of GHGs are 
comprised of 1. CO2, 2. Methane (CH4), 3. nitrous oxide (N2O), 4. chlorofluo
rocarbons (CFC), and the CFC substitute hydrochlorofluorocarbons (HCFCs), 5. 
Carbon Oxide (CO) and NOx (IPCC, 1990c, 1990a, 1989a). 

2 Resistance towards climate mitigation was observed “from the energy in
dustry, the US Senate, and Republican congressmen” in the United States 
(Bolin, 2007). During the 1982-1994 period, US officials were worried about 
the cost of an energy transition and favored less government regulation (Hecht 
and Tirpak, 1995). 3 E.g., the US, OPEC, and Russia. 
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emissions 1990–2100: B1/low emissions, B2/medium–low, A1B/medi
um–high, and A2/high (IPCC, 2000a). Two illustrative scenarios (A1T/ 
low and A1FI/high) additionally explore the rapid growth family - 
suggested by the US delegation during the review process (Girod and 
Mieg, 2008; IPCC, 2000b). Compared to the previous series, technology 
was considered as important as population and economic development 
(Nakicenovic and Swart, 2000), changing low-emissions assumptions 
and quantifications, introducing economic growth as an alternative 
pathway to reducing emissions as achieved by technology advances 
(SRES-A1T) or structural change (SRES-B1) (Pedersen et al., 2021). The 
SRES did not explore mitigation scenarios, but AR3 did via the post- 
SRES (IPCC, 2001a). 

The SSP-RCP framework was developed in a parallel process. It 
comprised the Representative Concentration Pathways (RCP) expressing 
radiative forcing scenarios (van Vuuren et al., 2011), the Shared Policy 
Assumptions (SPA), describing climate policy developments (Kriegler 
et al., 2014), and the Shared Socioeconomic Pathways (SSPs), describing 
socioeconomic developments (Riahi et al., 2017). In addition, an IPCC 
special report presented four scenarios exploring 1.5 ◦C pathways 
(SR1.5) (IPCC, 2018a) requested by the Conference of the Parties to the 
Climate Convention (UNFCCC/COP) to guide the Paris Agreement goals 
(IPCC, 2018b; Kriegler et al., 2017). IPCC sessions encouraged the in
clusion of organizations with scenario experiences in development 
processes (IPCC, 2006). The RCPs informed AR5 (2013–2014). With 
more elaborated socioeconomic assumptions, the SSP-RCP combina
tions informed AR6 (IPCC, 2021). The 7 + 2 SSP-RCP combinations 

(O’Neill et al., 2016) explore radiative forcings by 2100 (RCPs) via five 
SSP narratives with and without policy (SPAs) (O’Neill et al., 2014; 
Riahi et al., 2017). The scenarios were inspired by the SRES, reflected 
the full scientific scenario literature (IPCC, 2007a), and were organized 
according to socioeconomic mitigation and adaptation challenges (Riahi 
et al., 2017). The IPCC constrained no meetings or reports (IPCC, 2007a; 
Weyant et al., 2009). The SSP-RCP low emission scenarios introduced 
the concept of negative emissions technologies (NETs) extracting carbon 
emissions from the atmosphere (Fuss et al., 2014). 

Supplementary Information (SI) Tables 1 and 2 present overviews of 
the contemporary scientific and political context of the emission sce
nario generations, the scenario series’ objectives, and the scientific and 
policy questions they generated. 

3.2. The IPCC context 

Fig. 2 illustrates the scenario development periods (dashed hori
zontal lines) and the periods of their inclusion in the scenario-based 
literature informing IPCC working groups (colored horizontal lines). 
Often impact (red line) assessment literature was the last to include the 
newest scenarios. For instance, IS92 informed scenario-based literature 
included in WG1 (green line) and WG3 (blue line) until AR3 (2001), 
while it continued in WG2 (red line) until AR4 (2007). 

The scenario development periods have increased over time, span
ning from about one year (SA90, IS92), three years (SRES), six (RCPs), to 
13–15 years (SSP-RCPs). Furthermore, the process has grown more 
complex, implying increasing variables, disciplines, researchers, stake
holders, and more complex methods and assumptions. Simultaneously, 
more scenarios are produced in the scientific community and energy 
sector, making the current literature review process more complex than 
the SA90 and IS92 periods. 

Fig. 3 presents the four scenario generations’ key characteristics and 
changes over time. The figure includes convergence scenarios, which are 
not an essential characteristic but highlighted because it is addressed in 
several critiques. The emissions ranges (upper and lower levels) have 
expanded over time, while there is high continuity in GDP and energy 
emission driver ranges across the four generations (Fig. 3b). Interest
ingly, the SSP-RCPs’ low-end emissions range is below the SA90. Despite 
not having explicit descriptions of climate policy, the IS92 and SRES low 
emission pathways (IS92c and SRES-B1/A1T) have quantifications like 
the SA90C/D and SSP1-2.6 low-emission policy scenarios. 

4. Overall critique topics and timeline 

We identified 280 peer-reviewed emissions scenario critiques and 
responses, and selected 80 grey literature publications (Fig. 4). Critiques 
intensified with the publication of the SRES, with 93% of peer-reviewed 
critiques published after 2000. 

Over time, several biases might influence the graph, including the 
increasing number of papers published and plausible earlier publica
tions that are difficult to trace in 2022. Still, we believe that the first 
scenario set received little critique. During the 1990s, several critiques 
addressed model methodology (e.g., Oreskes et al., 1994). In the past 
decade, several critiques addressed IAMs (Bellamy and Healey, 2018) 
without addressing the IPCC scenarios and are thus not included. 

Fig. 5a shows that most peer-reviewed critiques addressed assump
tions (40%) as their primary focus, and additionally, scenario ranges 
(25%), methodology (24%), and scenario user relevance, comprising 
policy relevance, policy implications, and probability critique (11%). 
Almost all critiques (78%) addressed assumptions as primary or sec
ondary topics, while 66%, 48%, and 40% addressed scenario ranges, 
relevance, and methods, respectively. Policy relevance and implications 
were crosscutting issues often related as secondary topics to assumptions 
and/or range critiques. Method critiques were the least cross-cutting 
topic, primarily addressed as a scientific issue rather than a (politi
cally) heated topic, and were seldom replicated in public media. 

Table 1 
Four main categories (and 13 subcategories) of emission scenario critique topics.  

No. Scenario critique topic 

1 Scenario assumptions 
1.1 Energy system assumptions (resources, PV costs, technology, etc.) 
1.2 Negative Emissions Technologies (NETs) 
1.3 Economic variable (MER-PPP) 
1.4 Various assumptions (within a scenario, e.g., Income convergence, policy)  

2 Range of emission scenarios (including missing scenarios) 
2.1 Emissions, GDP, energy, etc. ranges 
- Too high 
- Too low 
2.2 Missing scenario narratives 
- Aspects not included, e.g., missing degrowth, regional sustainability, climate 
impact feedback, climate policy)  

3. Methodological issues 
3.1 Scenario Development Process 
- IPCC critique, e.g., knowledge monopoly, too much in-crowd 
- Writing team is too narrow 
- Too little or too much stakeholder involvement, democracy, etc. 
- Boundary objects 
- Wrong tool, Unreliable (the future is unknown) 
3.2 Method 
- Integrated Assessment Models (IAMs) are not useful (economic tools) 
- Storyline/narrative diversity (quantifications) 
- Scenario framework 
3.3 Transparency 
- Scenarios are black boxes; too little transparency 
3.4 Resolution 
- Too little spatial resolution (energy systems, land-use, etc.)  

4. Scenario relevance 
4.1 User/Policy implications 
- Not scientific; unreliable to guide policy 
4.2 User/Policy relevance 
- Aspects needed to increase policy-relevance 
- Scenarios are not addressing the right questions 
4.3 Role of scenarios (scenario type) 
- Explorative (storyline/quantification) vs. probabilistic approaches 
(frequency distributions) vs. Qualitative best-guess scenarios  
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Several critique topics have persisted for three decades, like as
sumptions on energy and emission ranges (Fig. 5b). Over time, more 
scientific attention was drawn to scenarios (Fig. 4). Resolution critiques 
emerged with the SRES and storyline method assessments during RCP/ 
SSP preparations. Other topics, like MER-PPP, probability, and IPCC in- 
crowd (process) critiques, have decreased or disappeared. However, 
qualitative likelihood critiques (i.e., identify best-guess scenarios) have 
recently emerged as secondary topics (Hausfather and Peters, 2020). 

Finally, some critiques have become more important, like methods 
applied, policy implications, negative emission technologies (NETs) 
assumptions, and missing scenarios critiques. 

5. Key scenario critiques 

This section presents the critiques in more detail. 

Fig. 2. Historical overview of United Nations Framework Convention on Climate Change (UNFCCC) history and key processes, Intergovernmental Panel on Climate 
Change establishment and assessment reports (IPCC ARs), and the four generations of emission scenario series and their inclusion in scenario-based literature 
informing IPCC ARs three Working Groups. Data sources: IPCC ARs 1990–2022. 

Fig. 3. Emission scenario characteristics for the four generations of emission scenario series SA90, IS92, SRES, and RCP/SSP. a Publication, CO2 emission ranges, and 
arbitrary assumption aspects related to critiques. b Ranges of projections for critical variables. Data sources: Scenario databases for SA90, IS92, SRES, RCP, SSP (See 
SI Chapter 4), Gidden et al. (2018), and IPCC (2005b). 
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5.1. Assumptions 

5.1.1. Income convergence 
The most impactful IS92-critique addressed a limited development 

worldview. It emphasized an assumed growing inequality between the 
global South and North in the IS92a (continuation-of-historical-trends) 
scenario (Parikh, 1992). For the IS92 (and SA90), the regional level 
scenarios were less developed (IPCC, 1990a), and thus global (in-) 
equality assumptions were less explicit. Technically, the critique resul
ted in an explicit global convergence narrative principle in the third 
(SRES) and fourth (SSP) generations (Nakicenovic and Swart, 2000; 
Riahi et al., 2017). Methodologically, the critique led to an IPCC sce
nario evaluation, encouraging a more inclusive scenario design process 
(Alcamo et al., 1995), leading to the IPCC panel mandating the inclusion 
of non-Annex-I developing country researchers and stakeholders in the 
successive scenario developments (IPCC, 1996). Within the UNFCCC 
climate negotiations, the projected inequality (Parikh, 1992) became a 
governing negotiation issue (Gupta and Hisschemöller, 1997; Okereke 
and Coventry, 2016) based on economic interests (Hecht and Tirpak, 
1995; Oberthür and Ott, 1999) and injustice (Bos and Gupta, 2019). The 
global convergence assumptions became necessary because they repre
sent drivers of emissions projections and explain the subsequent role in 
shaping UNFCCC policy negotiations, e.g., for the mitigation engage
ment of developing non-Annex-I countries. 

A decade later, two letters to IPCC, published in a peer-reviewed 
journal, argued that the SRES used the wrong economic metrics (mar
ket-exchange rates (MER)). They argued that using MER disrupted the 
conditional convergence quantifications in the SRES-A1 and SRES-B1 
scenarios (global convergence), leading to excessive economic growth 
assumptions in low-income regions, resulting in unrealistic high energy 
and emission levels (Castles and Henderson, 2003a, 2003b). IPCC au
thors accepted the suggested use of purchasing power parities (PPP) 
(Nakicenovic et al., 2003). Others stated that the non-peer-reviewed 
critique was misused to discredit climate change research (Van Vuu
ren and Alfsen, 2006) or a weak IPCC response (Tol, 2006). Because of 
limited PPP databases (starting from 1990 (WB, 2021)), historical PPP 
could not have been used in the SRES. Expert meetings and IPCC AR4 
assessed PPP vs. MER-based scenarios (IPCC, 2007b, IPCC, 2005c). 
Successive research concluded that economic metrics had no significant 
influence on emissions ranges (Dixon and Rimmer, 2005; Holtsmark and 
Alfsen, 2005; IPCC, 2007b, 2005c; Manne et al., 2005; McKibbin et al., 
2004; Pearce et al., 2004; Tol, 2006; Van Vuuren and Alfsen, 2006). In 
addition, the SRES assumptions of absolute emissions intensity conver
gence were questioned (Tol, 2006), showing weak evidence for 

“absolute” but strong evidence for energy per unit income “conditional” 
convergence (Miketa and Mulder, 2005). 

Researchers assessed if the (historically limited) PPP-datasets could 
provide robust scenarios (Grübler et al., 2004; Nakicenovic et al., 2003; 
Nordhaus, 2005). The fourth scenario generation (SSP) included PPP 
metrics (Riahi et al., 2017) to compare the actual welfare levels across 
regions (Holtsmark and Alfsen, 2005; Van Vuuren and Alfsen, 2006). 

During UK parliamentary hearings, an expert stated that IPCC was 
politicized, e.g., that the SRES regional GDP projections were adjusted 
upwards under pressure from African governments (House of Lords, 
2005a). 

5.1.2. Negative emissions technologies (NETs) 
Because of continued policy delays, since the SA90 scenarios, it has 

become increasingly challenging to create low-emission scenarios 
aligned with the Paris Agreement. Thus, NETs gained a critical role in 
the modeling assumptions to achieve the Paris Agreement. NETs and 
assumptions on their costs became fundamental for the subsequent low 
emission pathway narratives (Gidden et al., 2019; IPCC, 2018a). The 
NETs ideas emerged in the late 1990s (Williams, 1998), describing that 
more CO2 can be extracted from the atmosphere than released by 
humans. Throughout the 2000s, concepts like bioenergy with carbon 
capture and storage (BECCS) evolved further (Obersteiner, 2001), were 
picked up by models (Riahi et al., 2004, 2003; van Vuuren et al., 2007), 
and included in the Paris Agreement (UNFCCC, 2015). Modelers and 
other researchers explored deep mitigation scenarios (Mori, 2000; 
Roehrl and Riahi, 2000) with and without BECCS (Edmonds et al., 
2013), arguing that it could lighten mitigation costs (Edmonds et al., 
2013; Kriegler et al., 2013; van Vuuren et al., 2013). The low-emission 
stabilization scenarios presented in IPCC AR1-3 (based on SA90, IS92, 
and SRES) were different from the scenarios presented in AR4-5 (based 
on RCP/SSP-RCPs) (Matsuno et al., 2012). The latter included negative 
emissions (Vaughan and Gough, 2016) with a broader mitigation range 
than previous assessments (Smith and Porter, 2018). Allowing net 
negative emissions in the RCP2.6 scenario made it logical to overshoot 
and subsequently compensate with negative emissions. As a result, 
several 1.5 ◦C and 2 ◦C-pathways rely on ‘net negative’ global carbon 
from 2050 (Workman et al., 2020), withdrawing between 260 and 1080 
Gt CO2 between 2020 and 2100 (IPCC, 2018a). 

Internally, RCP-developers debated the feasibility of RCP2.6 (IPCC, 
2007a; Weyant et al., 2009). The IPCC AR5 assessment of RCP2.6 
models (2 ◦C-pathways) led to a series of critiques. Researchers argued 
that modelers unintentionally hid the scale of NETs when reporting net 
carbon emissions (Anderson and Peters, 2016; Geden, 2016) in RCP2.6 

Fig. 4. Historical development and weight of scenario critique 1990–2022: Peer-reviewed (green) and grey literature (grey) critiques of emissions scenarios in the 
IPCC context. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Anderson, 2015; Fuss et al., 2014; Smith et al., 2016) and SP1.5 low- 
emission scenarios (Beck and Mahony, 2018a; Workman et al., 2020). 
Researchers addressed concerns related to technology developments 
merely being in a demonstration phase (Mander et al., 2018), the 
magnitude of NETs needed (Anderson, 2015; Fuss et al., 2014), and the 
required land-areas for biomass (Fuhrman et al., 2019) and power plants 
(Rayner, 2016). They found complications regarding competition for 
scarce resources, large-scale implementation (EASAC, 2018; Krause 
et al., 2018; Ricke et al., 2017), economic costs (Fuss et al., 2018; 
Moriarty and Honnery, 2018), biodiversity, food, and water scarcity 

concerns (Hejazi et al., 2014; Ohashi et al., 2019), and tradeoffs with 
achieving the other UN Sustainable Development Goals (SGDs; UNGA, 
2015) more broadly in particular in the developing countries (Fuhrman 
et al., 2019). These were connected to a secondary critique of the policy 
implications (5.4.1). Modelers responded by addressing some potential 
issues regarding food security concerns (Fujimori et al., 2019, 2018; 
Hasegawa et al., 2018). 

The public media saw NETs as dangerously optimistic (Carus, 2009) 
and overestimating technological advances (Edwards, 2020a; Kruger 
et al., 2016). As a response, SSP/RCP-developers provided more 

Fig. 5. Distribution and development of critique topics. a The number of peer-reviewed scenario critiques by primary topic (intense colors) and secondary topics 
(light colors) analysis topics. Primary topics are given a score of 1. Secondary topics are given a score of 0.25, 0.5, or 0.75, equal to their weight and relevance in the 
paper. One primary topic was identified per paper, while it may address several secondary topics. b Primary topics & weighted secondary topics grouped by 
publication year. Based on 280 peer-reviewed articles published between 1990 and 2021 assessing SA90, IS92, SRES, SSP-RCPs, or SR1.5 emission scenario series 
(See SI excel, Sheet 1). 
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transparent IAM descriptions (Bauer et al., 2020), exploring alternative 
pathways (e.g., lifestyle, renewables) (van Vuuren et al., 2018). They 
also stated that, without current policy-action, NETs implementation 
beyond 2050 would be necessary to meet the Paris targets (Tanaka and 
O’Neill, 2018; Van Vuuren et al., 2017). 

5.1.3. Energy system assumptions 
Energy technologies and transitions are central mitigation drivers 

and inform policy responses. During RCP preparations (IPCC, 2007a), 
researchers debated SRES energy assumptions (Pielke et al., 2008; 
Richels et al., 2008; Smil, 2008) and technology transitions without 
policy intervention (Pielke et al., 2008; Smil, 2008). They argued that 
modelers underestimated the technological challenges of stabilizing 
GHG concentrations (Pielke et al., 2008). The recent high emissions 
growth generated questions on possible hidden (Field, 2008) and too 
optimistic technology assumptions (Richels et al., 2008; Smil, 2008) and 
energy transition costs (Richels et al., 2008). Others argued that the 
technologies for energy transition were (almost) available (Romm, 
2008). 

In 1997, scientists suggested that future CO2 emissions ranges may 
be defined by geological limitations (Gregory and Rogner, 1998; Rogner, 
1997). IPCC assessed the fossil resource availability (IPCC, 2001b), 
concluding that it would not limit carbon emissions by 2100 (IPCC, 
2001a). Between 2008 and 2017, researchers assumed that fossil re
sources were infinite (Nel and Cooper, 2009). Researchers argued that 
supply-driven fossil energy assumptions (based on fossil reserves) would 
be more reliable than the demand-driven assumptions included in the 
SRES scenarios (Brecha, 2008; Höök and Tang, 2013; Wang et al., 2017. 
They questioned the plausibility of high-emission scenarios SRES-A1FI 
(Brecha, 2008; Höök, 2011) and RCP8.5 (Ritchie and Dowlatabadi, 
2017; Wang et al., 2017). Scenario developers did not find these sug
gestions solid (O’Neill et al., 2019).4 

5.2. Range of emission scenarios 

5.2.1. Emission ranges: Too-high or too-low 
Emissions ranges are essential for assessing needs for mitigation (low 

emission pathways) and adaptation (high emission (and impact) path
ways). The scenario ranges have been questioned for being too low and 
too high throughout the past three decades, e.g., reassessing the low and 
high emission scenarios, respectively. During the 1990s, global emis
sions grew at a similar speed as projected in medium–low emissions 
pathways (Pedersen et al., 2021). During that period, researchers argued 
that the IS92 emissions range was too high (Gray, 1998). Between 1999 
and 2012, the World experienced a high emissions growth period 
(Pedersen et al., 2021), making researchers argue the SRES and RCP 
scenario ranges as potentially too low (Le Quéré et al., 2009; Peters 
et al., 2013; Raupach et al., 2007; Sheehan, 2008). During the successive 
period of overall slower growth (2013–2019) (Pedersen et al., 2021), 
researchers suggested that the SSP-RCP range was potentially too high 
(Hausfather and Peters, 2020). Based on the assumptions underlying the 
scenarios, SRES and RCP emissions ranges were questioned as too low 
(Anderson, 2015; Castles and Henderson, 2003a; Fuss et al., 2014; Pielke 
et al., 2008) or too high (Burgess et al., 2021; Castles and Henderson, 
2003a; Christensen et al., 2018; Sanderson et al., 2011). These critiques 
including climate analyses informed IPCC AR3 and AR4 (Anderson et al., 
2008; Ganguly et al., 2009; Reichstein, 2010; Romm, 2008). Modelers 

and others pointed out that RCP8.5 tracks cumulative historical CO2 e
missions (Pedersen et al., 2020; Schwalm et al., 2020) and that historical 
emissions are within emissions ranges (van Vuuren and Riahi, 2008) and 
tracking medium–high pathways (Pedersen et al., 2020). Modelers 
emphasized the fundamental differences underlying short-term fluctu
ations versus significant long-term trend breaks (Manning et al., 2010; 
van Vuuren et al., 2010; van Vuuren and Riahi, 2008). The range cri
tiques did not impact SSP-RCP emissions ranges (Riahi et al., 2017). 

Public media followed the fluctuations of scientific critiques. They 
first hinted that IPCC exaggerated temperature projections (Corcoran, 
2002; Economist, 2003a), potentially compromising IPCC reports’ reli
ability and policy relevance (Economist, 2003b, Economist, 2003a). 
Later, they questioned if IPCC climate projections were too conservative 
(Keulemans, 2020; Scherer, 2012). Such appraisals were critical from a 
policy perspective since emissions, and climate projections, inform the 
climate negotiations and national policies (Garnaut et al., 2008). 

5.2.2. Missing scenarios 
Scenario series consist of a few selected scenarios out of an infinite 

number of possible futures. Therefore, some scenarios or key narratives 
may be overlooked. To complete the scenario framework, users have 
requested additional scenarios to be included. Examples are missing 
impact-conflict scenarios (Nordås and Gleditsch, 2007), intervention 
scenarios for mitigation and adaptation assessments (Schenk and Len
sink, 2007), mitigation costs (Rogelj et al., 2013), more elaborated 
sustainability and vulnerability indicators like biodiversity (van Ruijven 
et al., 2013; Wilbanks and Ebi, 2014), food and water security (Fujimori 
et al., 2018; Hejazi et al., 2014), consumption (Girod et al., 2013), im
pacts on biodiversity (Otero et al., 2020; Raskin and Swart, 2020), and 
degrowth assumptions (Hickel et al., 2021; Otero et al., 2020). Several 
scenario assessments included climate impacts (Ansah et al., 2022; 
Hasegawa et al., 2018; Nordås and Gleditsch, 2007), not included in the 
SSPs. IPCC AR4, AR5, and SR1.5 elaborated on mitigation costs (Rogelj 
et al., 2013). However, these were not yet included in scenarios (IPCC, 
2018a). SSP developers welcomed some missing scenario aspects to 
complete the SSPs (O’Neill et al., 2020). 

Several researchers argued for additional research on local risks and 
drivers of change (Cradock-Henry et al., 2018), such as institutional 
capacities (van Ruijven et al., 2013; Wilbanks and Ebi, 2014). SRES and 
SSPs do not explore conflict and security pathways (Nordås and Gle
ditsch, 2007). Civil war may reduce regional economic growth (Devitt 
and Tol, 2012). Here variables like equality, governance, and literacy 
may induce pacifying effects that can be implemented in scenarios 
(Andrijevic et al., 2020; Hegre et al., 2016). IPCC AR5 found climate 
impacts to increase conflict risks (IPCC, 2014a). SSP modelers argue that 
global conflict and governance extensions will support the SSPs (O’Neill 
et al., 2020). 

Some researchers and modelers argue that scenarios preferred by 
policymakers might constrain scientific imagination and downplay 
structural discontinuity (Raskin and Swart, 2020). They problematize 
that economic growth is built into models (and policies) (Krakauer, 
2014), despite also driving climate and environmental problems (Otero 
et al., 2020). To project sustainable development scenarios need, as
sumptions on nature-people relationships (Otero et al., 2020; Rosa et al., 
2020) and the UN Sustainable Development Goals (SDGs) (Kriegler 
et al., 2018). Researchers advocate an increased focus on fundamental 
global system transformations (David Tàbara et al., 2018), lifestyles, 
values, institutions (Raskin, 2005, 2000), and (weak) governance 
(Andrijevic et al., 2020). To guide policymakers, product developers, 
and consumers, modelers argued in favor of translating emission re
ductions into consumption levels (Girod et al., 2013). Additionally, in
ternational trade assumptions examining national emissions flows are 
less elaborated in the SSPs (Pedersen et al., 2021). SSP developers 
decided that narratives should inform analyses of global goals beyond 
those in the Paris Agreement (O’Neill et al., 2020). 

Finally, researchers presented scenarios, including Solar Radiation 

4 At the Scenarios Forums 2019 (O’Neill et al., 2019), researchers addressed a 
plausible fossil fuel resource limit and its potential consequences for the upper 
limit of scenario emissions ranges (O’Neill et al., 2019), Here, one RCP/SSP 
author stated that they had already discussed this during the scenario’s 
development process, without considering it plausible that fossil fuel limita
tions would affect the scenario ranges (Scenarios Forum 2019, University of 
Denver, March 12, Session 20). 
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Management (SRM) (Wigley, 2006), aiming to modify Earth’s short
wave radiative budget (IPCC, 2018a). The SRES (Wigley, 2006), RCPs 
(Kravitz et al., 2011; Taylor et al., 2012), and SR1.5 were criticized for 
missing SRM scenarios (Reynolds, 2021). IPCC found SRM untested 
(IPCC, 2018a) with side effects and ethical implications (IPCC, 2014b). 

5.3. Methodological issues 

5.3.1. Development process 
The author team, composition, and process may reflect the result of 

scenario assumptions. Before and during the IPCC period, researchers 
have challenged in-crowd-complications (Keepin and Wynne, 1984; 
Parikh, 1992) and stereotyped (western) discourses (Sardar, 1993; 
Thompson, 1984), limited insights (Castles and Henderson, 2003b), and 
self-fulfilling prophecies (Beck and Mahony, 2017) in modeling teams. 
This sometimes led to expanding the author team, e.g., range of re
searchers, scenario users, and stakeholder inclusions, to improve sce
nario relevance and credibility (O’Neill et al., 2020). Similar 
implications involved conflicting policy interests (Edenhofer and 
Kowarsch, 2015; Girod and Mieg, 2008), also reflected in climate ne
gotiations within UNFCCC (Hecht and Tirpak, 1995; Oberthür and Ott, 
1999). (O’Neill et al., 2020). 

Others advocated stakeholder inclusion on multiple levels (Girod 
and Mieg, 2008; Kok et al., 2007; Schenk and Lensink, 2007), contrib
uting to adding locally relevant details (Cradock-Henry et al., 2018). 
Intensified scenario critiques after AR3 put pressure on IPCC delegates 
(IPCC, 2003) who decided that IPCC should facilitate rather than 
develop new scenarios (IPCC, 2005a) following scenario expert meeting 
recommendations (IPCC, 2007c, 2007a, IPCC, 2005d, IPCC, 2005c). 
Simultaneously, researchers argued that low funding support in devel
oping countries limited regional scenario specifications (Wilbanks and 
Ebi, 2014). Thus there is a need for increased local stakeholder inclusion 
(Cradock-Henry et al., 2018) to improve scenario developments (Kok 
et al., 2007), support local decisionmaking (Cradock-Henry et al., 2018; 
Workman et al., 2020), and assess the feasibility of mitigation pathway 
solutions (Anderson and Jewell, 2019; Weber et al., 2018). Others 
warned that including a broader diversity of government and non-state 
actor viewpoints might compromise scenario credibility (Beck and 
Mahony, 2017), recommending improved systematic processes and 
formalized methods for stakeholder engagement (Carlsen et al., 2017). 

5.3.2. Methods applied 
Since 2000, qualitative scenario aspects have been expressed in 

narrative form (IPCC, 2000a; Schweizer and Kriegler, 2012), aiming to 
ensure scenario logic and internal consistency (Nakicenovic and Swart, 
2000). SRES authors criticized the initial SRES approach, “story and 
simulation” (SAS), as being limited (Alcamo, 2008). Coupling a storyline 
to a quantitative simulation (SAS method) does not sufficiently check for 
internal consistency (Kemp-Benedict, 2012; Schweizer and Kriegler, 
2012). Furthermore, the contemporary current global pathway SRES- 
A1FI (‘coal-powered growth’) was argued to be under-represented. 
Instead, consistent and robust scenarios with this theme could be iden
tified via the new CIB method (Cross-impact Balance) (Kemp-Benedict, 
2012; Schweizer and Kriegler, 2012). The CIB was used for SSP de
velopments. It identified internal inconsistency in SRES storylines 
(Schweizer and Kriegler, 2012) and found internally consistent combi
nations in all five SSP challenge space domains. However, 85% of 
combinations lay along the diagonal for Low, Medium, or High 
mitigation-adaptation-challenges (SSP5-SSP2-SSP1), with most of these 
in Medium and High domains (Schweizer and O’Neill, 2014). More 
recently, an advanced ’linked CIB’ technique enables the analysis of 
large CIB matrices and ensures internally consistent linking of scenario 
elements across scales and matrices (Schweizer and Kurniawan, 2016). 

In parallel, modelers proposed a backward approach to support SSP- 
storyline developments, focusing on the most relevant emission drivers 
to distinguish between, e.g., equity and convergence scenarios 

(Rozenberg et al., 2014) and systematically identify scenario groups 
with similar outcomes (Guivarch et al., 2016). Additionally, a method 
for transparent scenario selection, revealing vulnerabilities of proposed 
policies and considering scenario diversity, was introduced (Carlsen 
et al., 2016). A collection of papers proposed to derive policy-relevant 
insights from scenario developments. They aimed to identify novel 
research questions, examine how scenarios reflect equity (O’Neill and 
Nakicenovic, 2008), and how scenarios are used in scientific fields to 
provide a common framework for coordinating studies across research 
communities (O’Neill and Nakicenovic, 2008). It was further examined 
via the Scenarios Forum Conference (O’Neill et al., 2019) and elaborated 
by scenario developers (O’Neill et al., 2020). 

5.3.3. Transparency 
Users’ understanding of scenarios, numbers, and narratives is 

essential for user trust and relevance (Pedersen et al., 2022), making 
transparency and scenario communication crucial. Since the 2000s, 
IAMs have been seen as complex (Ellenbeck and Lilliestam, 2019; Pin
dyck, 2017), unavoidably cloudy, containing implicit assumptions 
(Anderson and Bows, 2011), making scenarios challenging to interpret 
(Koomey et al., 2019). These target less explicit drivers (Girod et al., 
2009; Koomey et al., 2019), (Field, 2008), hidden technology assump
tions (Richels et al., 2008; Smil, 2008), unjustified decarbonization 
(Pielke et al., 2008), and re-carbonization (Ritchie and Dowlatabadi, 
2018). Similarly, NETs critiques claim that modelers make culturally 
biased assumptions, use unrealistic input data, and subjectively decide 
the system’s functions and the single parameters, which unintentionally 
risk masking model inconsistency (Ellenbeck and Lilliestam, 2019; 
Pindyck, 2017). Additionally, some of the changes in IS92 and SRES 
(Girod et al., 2009; IPCC, 2000b) were arguably political and less 
transparent (Girod et al., 2009). Researchers also questioned if RCP2.6 
was a hidden co-production between RCP-modelers and EU policy
makers (Beck and Mahony, 2017; Lövbrand, 2011), wondering how to 
organize this more inclusively (Beck and Mahony, 2017). New methods, 
comprising standardized scenario results, might support users to un
derstand better the scenarios and their implications (Koomey et al., 
2019). The SRES’ open process was argued to increase transparency and 
legitimacy (Girod et al., 2009). 

Lack of saliency across scenario series as regards the absence of 
intervention scenarios, storyline names, and labeling (Girod et al., 
2009), was addressed by IPCC authors (van Vuuren et al., 2012) and 
more clearly labeled in the SSPs (Riahi et al., 2017). IPCC increased 
attention on assumptions and model approaches during the AR6 prep
arations (IPCC, 2017a). It published an SR1.5 database (IPCC, 2017b) 
without completely solving the IAM reproducibility and transparency 
challenges (Robertson, 2021). RCP/SSP authors provided more trans
parent descriptions of IAM assumptions on model structures, energy 
sectors, and bioenergy conversion chains (Bauer et al., 2020). 

5.3.4. Higher resolution for impact assessments 
National detail is essential for policymakers (Pedersen et al., 2022), 

mitigation, and adaptation assessments (Kok et al., 2007). In 2002, a 
small number of scenario assessments called for higher resolution, 
down-scaling scenarios for regional climate impact assessments (Arnell 
et al., 2004; Gaffin et al., 2004) associated with the objectives of WG2. 
The SRES team refrained from downscaling because meaningful top- 
down downscaling is very difficult, and higher precision levels would 
misrepresent associated uncertainties. Researchers later requested fine- 
grained climate data, incorporating geographic variation (Nordås and 
Gleditsch, 2007). The initial critiques led to a high-resolution database 
(i.e., population and GDP) developed by IPCC authors but independently 
of IPCC (CIESIN, 2002; Gaffin et al., 2004). National projections were 
prepared for the SSPs (Dellink et al., 2017; KC and Lutz, 2017). 

Since scenarios mainly address the global scale (Zurek 2007), SSPs’ 
ability to support national and local scale decisionmaking remains un
tested (Cradock-Henry et al., 2018). It is not always appropriate to 
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tightly connect scenarios across scales (Biggs et al., 2007) since the 
global scale may alienate stakeholders at various administrative scales 
(Biggs et al., 2007; Kok et al., 2007). Also, the development of partici
patory scenarios at multiple scales (e.g., time scale, geographic scale) 
has a strong potential to contribute to decision making and coping with 
the existing tradeoff between maintaining relevance to stakeholders at 
different scales and maintaining consistency across scales (Kok et al., 
2007). The global SSPs were prepared as a platform for developing 
extended SSPs substantive elaborations for specific sectors and regions, 
aiming to improve their usefulness for IAV studies (van Ruijven et al., 
2013). Modelers encourage community consensus on methods  for 
working with SSPs across scales (O’Neill et al., 2020). Furthermore, 
several IAMs are now open-source (e.g., MESSAGE, GCAM, and 
REMIND), and model description papers are available (Harmsen et al., 
2021). 

5.4. Policy relevance and implications 

Policy relevance and implications represented crosscutting critique 
topics related to assessments of several assumptions, emission range, 
and process critiques. 

5.4.1. Policy relevance 
The earliest known scenario critique argued for extending emissions 

projections beyond 2100 to improve decisionmaking (Cline, 1991), 
which was included in the SSP-RCPs twenty-five years later (IPCC, 
2007a). More recently, researchers argue that the translation of sce
narios and scientific evidence into effective decisionmaking has been 
ineffective (Geden, 2016; Kok et al., 2007; Wilkinson and Eidinow, 
2008). The model literature does not explain how researchers could 
more efficiently contribute to public discourses (Edenhofer and 
Kowarsch, 2015). On the one hand, scenarios need to be less complex 
and communicated in a simple manner (Pedersen et al., 2022; Schenk 
and Lensink, 2007). On the other hand, to ensure robust decisionmaking 
(Workman et al., 2020), they need regular updates (Garnaut et al., 2008; 
Peters et al., 2013), examining further the diverse regional emission 
growth (Anderson and Bows, 2011; Pedersen et al., 2020), including 
state and non-state viewpoints (Weber et al., 2018; Workman et al., 
2020), identifying local policy interventions (David Tàbara et al., 2018; 
Pedersen et al., 2022), and including well-known mitigation benefits 
(not included in AR5) (Rosen and Guenther, 2016). According to SSP 
modelers, including the Paris goals and actual policies and their impli
cations might improve low emission pathways (O’Neill et al., 2020). 

5.4.2. Policy implications 
Several previously elaborated critiques addressed the scenarios’ 

potential policy implications, like energy assumptions (Nel and Cooper, 
2009; Pielke et al., 2008), regional GDP (Castles and Henderson, 2003b; 
Parikh, 1992), NETs (Anderson, 2015), and missing scenario aspects 
(Schenk and Lensink, 2007) including paradigm changes (Raskin and 
Swart, 2020; Raskin, 2000). Models have been argued to reflect poli
cymaker worldviews (Anderson, 2015; Geden, 2016; Haas, 2004), 
making them incomplete (Haas, 2004) and inappropriate policy tools 
(Pindyck, 2017). During 1998–2011 a group of papers opposed miti
gation policy regulation as proposed via UNFCC. They presented this via 
scenario critiques and thus reached beyond the IAMs’ roles, questioning 
anthropogenic climate change and the IPCC’s knowledge monopoly, i.e., 
to inform policy options (Armstrong et al., 2011; Castles and Henderson, 
2003b; Gray, 1998). This critique type ended with the RCPs but 
continued in the grey literature (Bezdek et al., 2019). They attracted the 
attention of political bodies (House of Lords, 2005b), the media (Econ
omist, 2004, Economist, 2003b), and mitigation policy skeptics (Carter 
et al., 2006). IPCC modelers did not respond to the IPCC credibility 
critique. However, the IPCC addressed general IPCC criticism to improve 
IPCC communication (Lynn, 2016). 

During the past decade, the fourth generation IAMs were argued to 

be black boxes, unfit for policymaking, culturally biased, and 
comprising unresolved uncertainties (Ellenbeck and Lilliestam, 2019; 
Low and Schäfer, 2020; Workman et al., 2020). The NETs (and SRM) 
critiques also  stretch beyond the IAMs, questioning IPCC neutrality 
(Anderson and Peters, 2016; Geden, 2016; Hansson et al., 2021; Low and 
Schäfer, 2020) and a need to inform policymakers (Fuss et al., 2014). 
The high policymaker demand for mitigation scenarios implies risks that 
models end up saying what policymakers want to hear (Anderson, 2015; 
Geden, 2016), presenting assumptions (Anderson and Jewell, 2019; 
Anderson and Peters, 2016) that differ from the actual policy actions 
(Rayner, 2016). Therefore, policy-driven researchers and advisors, 
including scenario developments, should critically evaluate how their 
work is interpreted and used in policymaking processes (Geden, 2016) 
to adequately inform policy (Beck and Mahony, 2018a, 2018b). This 
also included implications regarding IAMs as boundary objects (Beck 
and Mahony, 2017; Hansson et al., 2021; Low and Schäfer, 2020). Public 
media replicated the critiques that IAMs contain unhealthy unproven 
doses of wishful thinking (Edwards, 2020b; Kruger et al., 2016). At the 
same time, the media also replicated scientific critiques of the scientific 
overuse of high-emissions pathways, which may mislead policy (Haus
father and Peters, 2020; Pielke and Ritchie, 2020). Additionally, that 
policymakers tend to focus on extreme scenarios (Höök, 2011). SSP 
developers announced a need for an increased focus on simplified 
communication (e.g., infographics and simpler IAMs) and better acces
sibility via developing an informative and user-friendly online database 
developed via stakeholder inclusion (O’Neill et al., 2020). 

5.4.3. The role of scenarios 
Since 2000, natural scientists have argued a need to include 

probability-based scenario designs (Allen et al., 2000; Schneider, 2001). 
Scenario developers defended using the explorative storyline approach 
(Grübler and Nakicenovic, 2001). The critics stated that the SRES does 
not sufficiently support decisionmaking, since policy analysts need 
probability estimates to assess the seriousness of the plausible climate 
impacts (Morgan and Keith, 2008; Schneider, 2001). Scholars argued 
that error bands and indications of likelihood might support decision
making (Schenk and Lensink, 2007; Schneider, 2001), simplify 
communication (Schenk and Lensink, 2007), and include an analyst’s 
judgment about the probability of various futures (Morgan and Keith, 
2008; Schneider, 2001). 

SRES developers argued that natural scientific probability estimates 
might interfere with the scenario logic and the complex interconnection 
between emission drivers (Grübler and Nakicenovic, 2001). From a so
cial science perspective, emission scenarios could not be represented by 
probabilities (Hulme 2004) because future emissions and aerosols fall 
into the category of “unknowable” knowledge, which depends on sub
jective judgments of unpredictable socioeconomic developments 
(Hulme 2000). To identify the most critical parameters (Webster et al., 
2002), researchers explored probabilistic uncertainty in key drivers, 
such as population (Lutz et al., 2001) and technology (Gritsevskyi and 
Nakićenovi, 2000). Additionally, focusing on the output (radiative 
forcing) than on the input (emissions) may provide coverage of ranges 
and improve the probabilistic scenario design (IPCC, 2005c; Webster 
et al., 2002). At RCP/SSP expert meetings, developers discussed prob
ability distributions and policymaker information. Probability was 
perceived as a subjective choice, potentially making policy choices 
expressed in probabilistic terms and probability assessment across 
storylines incorrect (IPCC, 2005b). AR4 compared what-if, probabilistic, 
and best-guess scenarios (IPCC, 2007b), while AR5 comprised results 
from 31 models and 1184 scenarios (IPCC, 2014c). Others, including 
SSP authors, found differences in long-term emission probabilities be
tween expert estimates, which might result from factors like subjective 
assessments and model inability to foresee long-term disruptive changes 
(Ho et al., 2019). Researchers recently suggested qualitatively identi
fying the most likely (best-guess) scenarios based on current trends 
(Hausfather and Peters, 2020). 
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Besides a natural-social science opposition, the debate revealed dis
agreements between the climate and impact assessment communities. 
The first argued that probability analysis would support mitigation 
decisionmaking (Allen, 2003; Schneider, 2001; Webster et al., 2002) and 
more simple scenario communication (Hausfather and Peters, 2020; 
Pielke and Ritchie, 2020). On the contrary, the latter argued that robust 
adaptation policy solutions must be based on a wide range of plausible 
scenarios rather than best-guess (Lawrence et al., 2020; Lempert and 
Schlesinger, 2001). 

6. Discussion 

The review aimed to neutrally describe the criticism and how the 
scenario authors have addressed the criticism at the time. A neutral 
critique approach provides insights into the connection between cri
tiques and responses and thus the scenarios’ foundation and evolution. 

6.1. Scenario changes 

The review shows that scenario substance (assumptions and quan
tifications) and methodologies have changed over time. In the begin
ning, via intergovernmental arguments (IPCC, 1991). Later, changes 
occurred via scientific and IPCC evaluations (Alcamo et al., 1995; Par
ikh, 1992) guiding intergovernmental mandates (IPCC, 1996). Since 
2000, the scenarios have evolved primarily via scientific critiques and 
assessments (IPCC, 2007a; O’Neill et al., 2020). Because of the nature of 
the IPCC, the IPCC panel agreed that experts should publish critique 
responses in peer-reviewed journals (IPCC, 2003). In addition, some key 
debates were addressed in IPCC sessions, expert meetings, and ARs, like 
economic metrics (IPCC, 2007b) and probability assessments (IPCC, 
2014c). Seemingly the post-SRES scenarios were less visible as these 
SRES scenarios hardly attracted critique. 

IPCC intergovernmental discussions affected scenario exercises at 
least three times and once raised the emission range’s upper end (i.e., 
changing conditions for climate and response strategy assessments). We 
found no evidence that critiques significantly altered overall emissions 
ranges after 1992, although this is subject to a recurrent debate till 
today. 

The critical letters sent to IPCC (Castles and Henderson, 2003a) 
addressed methodology and assumption critiques. It led to several sci
entific evaluations and changed the economic metric without signifi
cantly changing the non-OECD GDP range. Moreover, several missing 
scenario critiques were welcomed by SSP developers (O’Neill et al., 
2020). 

Methods have changed over time via assessments from SSP and other 
modelers. Also, the scenario development team has increased continu
ously. IPCC processes pushed the inclusion of economists in the second 
generation (IS92) (IPCC, 1991; Pepper et al., 1992), while critiques 
pushed the inclusion of non-OECD researchers and economic in
stitutions in the third generation (SRES) (Castles and Henderson, 2003a; 
IPCC, 1996; Parikh, 1992). For the fourth generation (SSP-RCP), the 
IPCC panel recommended (IPCC, 2005a) including a wider variety and 
the number of non-governmental stakeholders, e.g., research commu
nities,  scenario user groups, and multilateral organizations (IPCC, 
2007a). 

The energy technology and fossil supply critiques drew low attention 
from modelers and did not affect assumptions nor ranges. The IPCC and 
developers have assessed critiques addressing policy issues, i.e., NETs, 
probability, and SRM. However, this did not lead to substantial scenario 
changes other than increasing transparency (e.g., improved databases). 
Only recently, user relevance and scenario communication have been 
explicitly expressed by modelers (O’Neill et al., 2020). 

6.2. Imaginative capacity 

The results demonstrate that substantial shortfalls in knowledge 

limit our understanding of the future. The future is explored partly on 
historical experiences, records, and trends and partly on our imaginative 
capacity. Several critiques advocate continuously exploring new possi
bilities within a series’ chosen scenarios to remain science- and policy- 
relevant. Other critiques advocate being cautious and not too specula
tive. Some critiques implicitly targeted the (unrealistic) imaginative 
capacity of developers, like too optimistic regional GDP (Castles and 
Henderson, 2003a), global technology developments (Pielke et al., 
2008), and some NETs critiques. However, historical non-OECD GDP 
and non-biomass renewable energy were within SRES ranges (Pedersen 
et al., 2021), and technology developments have been more rapid than 
expected (Creutzig et al., 2017). Despite this, such critiques play a role in 
1) continuously challenging the modelers’ perceptions, which shape 
assumptions, and 2) informing scenario users about plausible shortfalls. 
History will show how NETs will evolve, offering a plausible pathway 
toward reaching the Paris goals and informing about plausible mitiga
tion tools. There are no indications that NETs assumptions will be 
excluded (Tanaka and O’Neill, 2018; Van Vuuren et al., 2017). Other 
critiques introduce alternative mitigation pathways and advocate 
increasing imaginative flexibility, e.g., degrowth and discontinuity 
scenarios (Otero et al., 2020; Raskin and Swart, 2020). The responses 
emphasize that not all scenarios in a series are realizable. Simulta
neously, the critiques hint that scenario tools may inspire policy stra
tegies via a wide band of plausible tools. 

6.3. Transparency and communication 

The critiques reveal a need to improve scenario communication and 
transparency to serve scenario uses in research and policymaking. Low 
transparency has led to critique. Already in 1984, energy models were 
accused of being hardwired, reaching specific outputs (Keepin and 
Wynne, 1984). Similarly, NETs critiques declared that models uninten
tionally risk masking model inconsistency (Anderson and Peters, 2016; 
Fuss et al., 2014) and that simpler tools may be more relevant for pol
icymaking (Ellenbeck and Lilliestam, 2019; Pindyck, 2017). To facilitate 
a ’correct’ use of scenarios, modelers propose improving scenario results 
via new approaches, like infographics, cartoons, and simplified illus
trations of system dynamics and IAMs (O’Neill et al., 2020). Here the 
following could be emphasized: 

More simple accessibility and overview of input and output data 
(transparency) and simple communication of the relationships between 
assumptions, drivers, and future developments (ensuring that users 
understand and use scenarios ‘correctly’). Policy relevance and action
ability may increase by highlighting policy tools and plausible impli
cations. As an add-on, modelers could consider specific communication 
of assumed policy roadmaps with timetables of needed technology 
funding and implementation (to support monitoring policy actions and 
delays). 

7. Conclusion 

The review shows that scenario assumptions, quantifications, and 
methods have changed over time, inspired by political considerations 
and scientific critiques. 

The subsequent scenario generations used in IPCC assessments have 
passed the test of criticism over time. Many critiques have scrutinized 
the scenarios, led to scenario improvements and enhanced their credi
bility. From a scientific perspective, the credibility may have been 
compromised because of excluding mitigation scenarios in IS92 and 
SRES. However, from a political perspective, this reduced scope was 
necessary to have the scenarios also accepted for consistent use in IPCC 
by countries that still questioned the need for mitigation. Later the 
mitigation need was globally accepted. As the RCP/SSP developments 
moved outside the IPCC, the scenarios’ scope expanded to include 
mitigation as a component of sustainable futures. 

Critiques can be grouped into various primary and secondary focus 
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topics, revealing that half of the critiques addressed assumptions. In 
total, we identified 280 emission scenario critiques. They can be 
grouped into four main categories emerging from the literature: as
sumptions and scenario ranges (substance), and methodology and user 
relevance/policy issues (process). 

Some of the critical themes in the critiques, MER-PPP (2003–2007) 
and the IPCC in-crowd (1998–2013), have been intense during specific 
periods but seem to have disappeared, while probability/best-guess 
have decreased in intensity. Scenario improvements took away some 
critique topics, like narratives including explicit income convergence 
and changed economic metrics. Improved development processes, such 
as increased author teams and stakeholder inclusion, took away several 
process critiques (while the IPCC critical literature continued in the grey 
literature). The probability critiques evolved during the transition 
period between the second and third generations (IS92 and SRES) and 
faded after 2013. However, critiques recently advocated adding quali
tative likelihoods or best guesses to the SSP-RCP framework. 

Some themes have continued to be relevant. The most prominent 
examples are assumptions, emission ranges (since IS92), resolution, and 
applied methods (since SRES). Although experts and stakeholders have 
increasingly been included in scenario developments, stakeholder in
clusion in scenario preparations and local extensions continues to be 
addressed in the literature addressing resolution/local extensions and 
non-government mitigation actions. 

Policy implications and transparency critiques have emerged more 
recently. These critiques were also addressed as secondary topics in 
NETs critiques. Furthermore, has missing scenario critiques (adding new 
aspects to the narratives) become more frequent. These critique topics 
might continue to be relevant in the future. 

The scenario critiques do emphasize the importance of communi
cation and transparency. Although probability critiques did not signifi
cantly change the scenarios, they advocated for more uncomplicated 
scenario communication, which developers recently considered. Sce
narios have grown more complex over time; thus, it may be valuable to 
include user perspectives (e.g., policymakers, sectorial stakeholders) to 
develop effective scenario communication in the future. 

Not only scenarios include subjective choices. Also, the assessed 
critiques have (implicit and explicit) politically motivated aims, such as 
convergence assessments, critiques questioning the IPCC status, if policy 
regulation is needed, and missing Solar Radiation Management. Others 
were more neutral, contributing to later scenario developments, e.g., 
probability critiques focusing on outputs (radiative forcing) or effective 
communicating scenarios. To further improve the knowledge of IPCC 
assessments’ effectiveness and the role of emissions scenarios, more 
research would be required into the sources of sponsorship of critiques 
and the grey literature. 
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Ürge-Vorsatz, D., 2021. Urgent need for post-growth climate mitigation scenarios. 
Nat. Energy 2021 6:8 6, 766–768. 10.1038/s41560-021-00884-9. 

Ho, E., Budescu, D.V., Bosetti, V., van Vuuren, D.P., Keller, K., 2019. Not all carbon 
dioxide emission scenarios are equally likely: a subjective expert assessment. Clim. 
Change 155, 545–561. https://doi.org/10.1007/s10584-019-02500-y. 

Holtsmark, B.J., Alfsen, K.H., 2005. PPP correction of the IPCC emission scenarios? does 
it matter? Clim. Change 68, 11–19. https://doi.org/10.1007/s10584-005-1310-2. 
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