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understanding of the impacts of climate change on the extreme events and on the potential of 
behavioral changes to mitigate them. 

  

1.2 Interlinkages with other I-CHANGE deliverables  
  
The activities conducted in this Task and presented in this Deliverable are interconnected with other 
Tasks in the project, most of all within WP3 (Enhancing monitoring opportunities through citizen 
science) and WP4 (Observation integration and interoperability of data). Specifically, the 
investigation of the occurrence of thermal extreme events in future climate is investigated 
considering alternative emission scenarios, namely considering business as usual (SSP5-8.5) and 
mitigation policies (SSP2-4.5). The connection of behavioral changes with those global emission 
scenarios is discussed by comparing the emission trajectories considered in SSP scenarios with 
reduction in greenhouse gas emissions achieved by the adoption of policy scenarios investigated as 
part of Task 3.1 (Exploring behavioral changes through numerical simulations; D3.1 Prototype of 
fully integrated behavioral simulator) and calculated as part of Task 3.2.1 (Evaluation of carbon 
footprint and other climate forcers; D3.2 Apportionment of carbon footprint and greenhouse gases). 
As a result, the numerical simulations conducted as part of this Task can be considered, together 
with those that previously reported in D3.4 (Impact of behavioral changes on CO2, GHGs, SLCFs, 
and APs concentrations) output of Task 3.3.2, as the final modeling block of the I-CHANGE modeling 
chain to evaluate the effectiveness of behavioral changes into the mitigation of air pollution and of 
global and local climate. The policy scenarios and thereby induced behavioral changes compared 
with SSP scenarios have been co-designed with stakeholders engaged in the I-CHANGE Living 
Labs as part of WP2 (Living Lab setup and management). The results obtained as an output of this 
Task will be used for different purposes, namely: 1) conduct a consistent environmental impact 
assessment of the interventions conducted in the I-CHANGE Living Labs (Task 3.5.1 Environmental 
impact assessment); 2) motivate the engagement of citizens in the citizen science activities in the I-
CHANGE Living Labs (Task 3.4 Citizen science experiments in the Living Labs); 3) demonstrate the 
effectiveness of individual behavioral changes on the mitigation of extreme heat events; 4)  raise 
awareness of the impacts of climate change on thermal comfort and discomfort in the urban 
environments and motivate their shift to virtuous behaviors. Finally, the outputs of numerical 
simulations conducted in this Task can be integrated to the observations conducted in the Living 
Labs in the Environmental Impact Hub developed in WP4. 

2 Proposed Methodology Description 
  
In this section, we present our novel methodology designed to assess the potential impact of lifestyle 
modifications on mitigating climate change, with a keen emphasis on urban settings within 
forthcoming scenarios. Drawing inspiration from the groundwork laid by Silva et al. [2022], our study 
proposes an event-based dynamic downscaling technique utilizing high-resolution Weather 
Research and Forecasting (WRF) simulations to analyze projected heatwave occurrences in the city 
of Bologna. Herein, we delve into delineating the relevant characteristics of our chosen location for 
analysis, we provide details about the climate projection data that supports our investigation and 
delve into the System of Shared Socioeconomic Pathways (SSP) scenarios explored, discussing 
their connections with behavioral changes presented in earlier deliverables (D3.1 Adnan et al. [2023], 
D3.2 Trozzi et al. [2023] and D3.4 Brattich et al. [2023]). Ultimately, we clarify the overall workflow 
of our proposed methodology, providing a comprehensive roadmap for executing our study. 
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2.1 Study Area  
  
This section provides a comprehensive overview of the key geographic and climatic features of the 
study area. In this Deliverable, we introduce a universally applicable methodology designed for urban 
environments and present a detailed workflow tailored to the city of Bologna, which has been 
selected from the I-CHANGE Living Labs due to its well-documented literature supporting numerical 
simulations and the abundant availability of free observational data. In addition, the city of Bologna 
is located in the Po Valley region, a well-recognized hotspot for climate change (e.g., Straffellini and 
Tarolli, 2023) and particularly vulnerable to extreme heat and drought events (e.g., Valmassoi et al. 
[2020]). Finally, Bologna is one of the I-CHANGE Living Labs for which the impact of policy scenarios 
and thereby induced behavioral changes on emissions and atmospheric concentrations of 
greenhouse gases and air pollutants has been consistently evaluated along previous I-CHANGE 
Deliverables (D3.1, D3.2-D3.3 and D3.4). Details of the main characteristics of all the I-CHANGE 
Living Labs cities where the proposed methodology can be replicated are presented in D1.1 
(Steeneveld et al. [2022]).  
Bologna (Figure 1), situated at 44°29' N, 11°20' E, with an average altitude of 54 meters above sea 
level, serves as the capital city of the Emilia-Romagna region in northern Italy. As of 2023, it boasts 
a population nearing 400,000 within the city limits and approximately 1 million in its metropolitan area 
(ISTAT, Italian National Institute of Statistics), ranking it as the seventh most populous city in Italy. 
Nestled at the base of the Apennines Mountain chain on the expansive flatlands of the Po Plain, 
Bologna spans roughly 141 square kilometers, encompassing both low plains and hilly terrain. The 
urban landscape of Bologna features a diverse topography, with the city center resting at 54 meters 
above sea level, while elevations fluctuate between 29 meters in suburban areas like Corticella and 
300 meters in locales such as Sabbiuno and the Colle della Guardia. The province exhibits distinct 
altitudinal zones, comprising mountainous, hilly, and plain regions (Pieri et al. [1981]). 
  

 
Figure 1: Map indicating the position of Bologna (yellow marker). Source: Google Earth 
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Figure 2: Global average change in radiative forcing according to different SSP scenarios. Source: Riahi et al. [2017] 

  
 
2.3.1 Discussion on the Impacts of Behavioral Changes and their links with SSP 
Scenarios  
  
The reduction of greenhouse gas (GHG) emissions can be achieved through various measures 
across the energy, industry, and land-use sectors, which are major sources of emissions. In the 
energy sector, strategies involve structural changes such as transitioning from carbon-intensive 
fossil fuels to cleaner alternatives like natural gas or renewables, as well as implementing demand-
side measures for energy conservation and efficiency (Bauer et al. [2017]). Carbon capture and 
storage (CCS) technologies can also play a role in reducing carbon intensity, potentially leading to 
net negative emissions when combined with bioenergy conversion (Fujimori et al. [2017]). 
The level of mitigation required depends on the baseline scenario, with some scenarios showing 
autonomous improvements in carbon and energy intensity, while others require significant mitigation 
efforts. Achieving ambitious climate targets necessitates a fundamental transformation of the energy 
system, including substantial increases in low-carbon energy sources like renewables, nuclear, and 
CCS. However, current baseline scenarios do not align with these requirements, highlighting the 
need for additional climate policies. 
CCS is identified as an important mitigation option, although its deployment varies across different 
scenarios and models. Land-based mitigation options, such as reducing deforestation and 
expanding forest cover, also play a crucial role. However, uncertainties exist, particularly regarding 
the extent of land-based mitigation. Different scenarios reflect varying levels of pressure on land 
resources, with some showing challenges for land-based mitigation due to competition between food 
and bioenergy production (Popp et al. [2017]).   
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Figure 4:  Global emissions and global average change in radiative forcing. SSP baseline marker scenarios (and ranges 
of SSP non-marker baseline scenarios) are compared to the RCPs (van Vuuren et al. [2011]) and the full range of the 
IPCC AR5 scenarios (Clarke et al. [2014]). Source: Riahi et al. [2017]. 

As from Figure 4, it is particularly evident how CO2 emissions are strongly linked with the future 
challenges for mitigation. The higher dependence on fossil fuels in the SSP3 and SSP5 baselines 
results in higher CO2 emissions and a higher mitigation challenge. Similarly, comparatively low fossil 
fuel dependence and increased deployment of non-fossil energy sources (SSP1 and SSP4) results 
in lower CO2 emissions and lower mitigation challenges. The SSP2 baseline depicts an intermediate 
emissions pathway compared to the other baselines, featuring a doubling of CO2 emissions over the 
course of the century. (Riahi et al. [2017]) The second largest contributor to global warming is CH4, 
for which current global emissions are dominated by non-energy sources like manure management 
from livestock, rice cultivation and enteric fermentation. To a lesser extent energy-related sources, 
including the production and transport of coal, natural gas, and oil, contribute to emissions. 
Population growth and food demand is a strong driver of future CH4 emissions across the SSPs 
(Riahi et al. [2017]). As a third greenhouse gas, N2O is mostly emitted currently by agricultural soil, 
animal manure, sewage, industry, automobiles and biomass burning. Agricultural soils and fertilizer 
use are by far the largest contributors of N2O emissions, and remain so across all the SSPs. 
Emissions are highest in the SSP3 and SSP4 baselines due to high population and/or fertilizer use. 
N2O emissions are lowest in SSP1, featuring sustainable agricultural practices and low population 
assumptions (Riahi et al. [2017]). 
Similar results on trends of GHGs and aerosols emissions until the end of the 2100 century were 
shown by Gidden et al. [2018] (Figure 5 and Figure 6). 
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Figure 5: Trajectories of CO2 and CH4, primary contributors to GHG emissions, including both historical emissions, 
emissions analyzed for the RCPs (Source: Gidden et al. [2018]). 

 

Figure 6: Emissions trajectories for sulfur and black carbon (BC), for history, the RCPs, and all nine scenarios analyzed 
in this study. SSP trajectories largely track with RCP values studied in CMIP5. A notable difference lies in BC emissions, 
which have seen relatively large increases in past years, thus providing higher initial emissions for the SSPs. (Source: 
Gidden et al. [2018]). 

 
As for CO2 (Figure 5), it can be observed that SSP2-4.5 emissions show a peak in 2040 and then 
begin to reduce in magnitude, while SSP5-8.5 has the highest CO2 emissions in 2080 and then 
emissions begin to stabilize. This emission profile is dominated by the fossil-fueled energy sector for 
the rest of the century. 
As for methane, an emissions species with substantial contributions to potential future warming 
mainly due to its immediate GHG effect, but also because of its influence on atmospheric chemistry, 
as a tropospheric ozone precursor, and its eventual oxidation into CO2 in the case of CH4 from fossil 
sources (Boucher et al. [2009]), SSP2 show peaking emissions in 2030 followed by a reductions in 
the rest of the century, while SSP5 scenario is characterized by growth in energy sector from 
continued expansion of natural gas and a peak and reduction in agricultural emission 
resulting in 20% higher emissions at the end of the century relative to the present as population 
grows in the near term before contracting globally. 
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In nearly all scenarios, aerosol emissions are observed to decline over the century (Figure 6); 
however, the magnitude and speed of this decline is highly dependent on the evolution of various 
drivers based on the underlying SSP story lines, resulting in a wide range of aerosol emissions: 
SSP2-4.5 sees a decrease in emissions with a delayed action, while SSP5 also observes declines 
in overall sulfur emissions led largely by an energy mix that transitions from coal dependence to 
dependence on natural gas, as well as strong end-of-pipe air pollution control efforts. These 
reductions are similarly matched in the industrial sector, where natural gas is substituted for coal use 
as well. Thus, overall reductions in emissions are realized across the scenario set. 
In a recent paper from Meinshausen et al. [2020], a methodology to calculate the resulting 
concentrations of greenhouse gases for the SSP scenarios from 2015 to 2300 is presented (Figure 
7). 
 

 
 
Figure 7: Overview of SSP concentrations in comparison with RCP concentrations for CO2, CH4, and N2O. The original 
RCP scenarios are shown in thicker black lines and various line styles. Applying the new MAGICC7 default setting used 
for the SSP scenarios to the RCP emissions results in generally higher concentrations (grey lines). Source: Meinshausen 
et al. [2020]. 

  

Not surprisingly, reduction in emissions reflect on reduction in atmospheric concentrations, thus 
SSP5-8.5 is impacted by important reductions in the main GHGs as compared to the SSP2-4.5, 
although with some differences across the different GHGs. 
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In the following, based on the detailed calculations of GHGs and SLCFs emissions in the baseline 
and in the traffic policy scenarios obtained as output of Task 3.2 (Trozzi et al. [2023]), we present a 
detailed calculation of the reduction in emissions achievable with the considered traffic policy 
scenarios. Briefly, here we recall that as part of Task 3.1 (D3.1 Adnan et al. [2023]), the impact of 
different policy scenarios on behavioral changes and on traffic flow and on the shares of motor 
vehicles and sustainable mobility transport modes such as buses and bicycles was evaluated. 
Specifically, traffic flows estimated in the baseline current scenario were evaluated against two traffic 
policy scenarios in the I-CHANGE Living Labs of Bologna (Italy), Dublin (Ireland) and Hasselt 
(Belgium). The traffic policy scenarios considered were: 1) provision of bicycle infrastructure in 
identified areas of the cities (policy 1 in Bologna and Dublin); 2) introduction of low emission zones 
(LEZ) in the city center (policy 2 in Bologna and Dublin); 3) limited (time-based) restriction of car and 
private vehicles in the vicinity of schools (policy 1 in Hasselt); 4) introduction of flexible working hours 
/ remote working schemes (policy 2 in Hasselt). As part of Task 3.2 (D3.2 Trozzi et al. [2023]) it was 
then calculated how these traffic policy scenarios and the induced changes in traffic flows impact on 
emissions of GHGs, SLCFs and APs. Here in the following we present an evaluation of the 
percentage emission reduction of GHGs and SLCFs achievable with those traffic policies locally in 
the I-CHANGE Living Labs, to be compared with those at the global scale previously reported. The 
percentage of reduction is obtained as the difference between the emission in the baseline and the 
emission in the policy scenario, normalized over the emission in the base case and multiplied by 
100. For the sake of brevity, this analysis is thoroughly reported for the Bologna case, where also 
the rest of this report and specifically the methodology to conduct numerical simulations for the 
extreme heat events in future scenarios is developed. However, the results can be generalized for 
the other I-CHANGE Living Labs where the emissions of GHGs were evaluated in D3.2 (Trozzi et 
al., [2023]).  
The evaluation of the emission reduction achievable with the provision of bicycle infrastructure 
(policy 1) (Figures 8-11) indicate that CO2 emissions can be reduced up to 12-30% (Figure 8), CH4 
emissions are up to 13-31% (Figure 9), N2O emissions may decrease up to 13-30% (Figure 10) and 
BC emissions may decrease up to 12-30% (Figure 11).  
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Figure 8: Percentage emission reduction in CO2 achievable with the application of policy 1 scenario in Bologna, i.e. with 
the provision of bicycle infrastructure. 

 

Figure 9: Percentage emission reduction in CH4 achievable with the application of policy 1 scenario in Bologna, i.e. with 
the provision of bicycle infrastructure.  
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Figure 10: Percentage emission reduction in N2O achievable with the application of policy 1 scenario in Bologna, i.e. with 
the provision of bicycle infrastructure.  

 

Figure 11: Percentage emission reduction in BC achievable with the application of policy 1 scenario in Bologna, i.e. with 
the provision of bicycle infrastructure.  
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Even higher emission reductions in GHG and SLCFs are achievable within policy scenario 2 which 
considers the introduction of a LEZ in the city center (Figures 12-15). Indeed, in policy scenario 2 
CO2 emissions are reduced up to 53-66% (Figure 12), CH4 emissions reduce up to 39-51% (Figure 
13), N2O emissions may reduce up to 56-69% (Figure 14) and finally BC emissions may reduce up 
to 64-77% (Figure 15). 

 

Figure 12: Percentage emission reduction in CO2 achievable with the application of policy 2 scenario in Bologna, i.e. with 
the introduction of the LEZ in the city center.  
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Figure 13: Percentage emission reduction in CH4 achievable with the application of policy 2 scenario in Bologna, i.e. with 
the introduction of the LEZ in the city center.  

 

Figure 14: Percentage emission reduction in N2O achievable with the application of policy 2 scenario in Bologna, i.e. with 
the introduction of the LEZ in the city center.  



[Deliverable 3.5] - [Impact of behavioral changes on global and local climate]                      I-CHANGE       
 

30 

 

Figure 15: Percentage emission reduction in BC achievable with the application of policy 2 scenario in Bologna, i.e. with 
the introduction of the LEZ in the city center.  

Surely, even though these emission reductions may seem somehow high, their impact at the global 
scale will not be that relevant if applied only in some cities. In particular, notwithstanding the 
application of those policies in many European cities, the mitigation targets in emissions and 
concentrations previously outlined will remain certainly distant if they are not accompanied with 
relevant land use changes, technological improvements and fleet electrification. However, in 
agreement with previous findings from Zhang et al. [2018] and in particular with the fact that the 
transport sector contributes around a quarter of global CO2 emissions, those percentage reductions 
demonstrate how low-carbon transport policies are required to achieve the 2°C and 1.5°C targets. 
Indeed, Zhang et al. [2018] successfully demonstrated that traffic policy interventions have high 
potential for reducing emissions, and that maximum potential emission reductions and climate 
change mitigation targets are achievable only exploiting synergistic effects between policies in 
different sectors and particularly if technological innovation is accompanied with behavioral changes 
in the traffic sector. 
  
  

2.4 General Workflow  
  
The proposed pathway outlines a series of systematic steps aimed at evaluating the impact of 
behavioral changes associated with the SSP scenarios discussed in the previous section. Beginning 
with the objective of examining how urban environments respond during extreme heat events, the 
initial step involves identifying projected "hot years" within future scenarios. This entails utilizing 
climate indicators relative to the city of Bologna to determine the projected warmest years under 
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scatter plots for TX90p, TN90p, and SU for Bologna, which helps to visualize the distribution of 
ensemble members for C3S indices. These plots serve as crucial tools for identifying the periods 
projected to experience the highest temperatures, thereby facilitating the identification of "hot years" 
for simulation using WRF. 
 

 
a) 
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b) 
Figure 16: Binned scatterplots of percentage of warm days according to C3S data for SSP585 (a) and SSP245 (b) 

The analysis of Warm Days percentage trends depicted in Figure 16 reveals significant disparities 
between the two SSP scenarios under consideration. In the case of SSP5-8.5, the range of 
percentage values spans from 0 to nearly 100% for distant future periods. Conversely, for SSP2-4.5, 
the values never exceed 80%, indicating a maximum threshold within this scenario. Notably, in 
SSP5-8.5, there is a consensus among most ensemble members regarding the characterization of 
warm days in the near future. However, the temporal evolution diverges into two distinct curves: one 
exhibiting a more 'dramatic' increase, and the other closely resembling the trajectory of SSP2-4.5, 
maintaining a relatively balanced progression over time. 
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a) 

 
 

b) 



[Deliverable 3.5] - [Impact of behavioral changes on global and local climate]                      I-CHANGE       
 

35 

Figure 17: Binned scatterplots of percentage of warm nights according to C3S data for SSP585 (a) and SSP245 (b) 

  
Figure 17 illustrates the distribution of Warm Nights percentages, depicting trends that closely 
resemble those of Warm Days for both SSP5-8.5 and SSP2-4.5 scenarios. Notably, SSP5-8.5 
exhibits a more pronounced increase towards higher percentages in the future compared to SSP2-
4.5. However, it's important to note that the double trend seen in Warm Days for SSP5-8.5 is not 
apparent here, with the majority of ensemble members favoring the more extreme options. 
In the context of SSP5-8.5, the peaks in distribution occur at approximately 10-year intervals, 
indicating more sporadic and intense fluctuations. On the other hand, SSP2-4.5 shows a more 
uniform distribution of peaks, suggesting a relatively stable pattern over time. 
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Figure 19: The 5-nested domains for high resolution WRF simulations over Bologna: orange box for D01 40.5 km, blue 
box for D02 13.5 km, green box for D03 4.5 km, red box for D04 1.5 km and white box for D05 0.5 km. 

 

 
 
Figure 20. Zoom on the D04 (red box, 1.5 km resolution) and D05 (white box, 0.5 km resolution) domains for the high 
resolution WRF simulations over Bologna. 














































































