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Environmental and welfare gains via urban transport policy portfolios across 120 cities

City-level policies are increasingly recognized as key components of strategies to reduce transport greenhouse gas emissions. However, at a global scale, their total efficiencies, costs, and practical feasibility remain unclear. Here, we use a spatially-explicit monocentric urban economic model, systematically calibrated on 120 cities worldwide, to analyze the impact of four representative policies aiming at mitigating transportation GHG emissions, also accounting for their economic welfare impacts and health co-benefits. Applying these policies in all cities, we find that total transportation GHG emissions can be reduced by 31% in 15 years, compared with the baseline scenario. However, the consequences of the same policies vary widely between cities, with specific effects depending on the policy considered, income level, population growth rate, spatial organization, and existing public transport supply. Impacts on transport emissions span from high to almost zero, and consequences in terms of welfare can either be positive or negative. Applying welfareincreasing policy portfolios captures most of the emission reductions: overall, they reduce emissions by 22% in 15 years. Our results highlight that there is no one-size-fits-all policy. However, with context-specific strategies, large emission reductions can globally be achieved while improving welfare.

Introduction

Urban action could significantly help to close the gap between Nationally Determined Contributions (NDCs) and the reductions in emissions needed to keep the world within +1.5°C of warming [START_REF] Prieur-Richard | Global Research and Action Agenda on Cities and Climate Change Science -Full Version[END_REF][START_REF]Tech. Rep., The Global Covenant of Mayors for Climate and Energy (GCoM)[END_REF][START_REF]The future of urban consumption in a 1.5°C world. Tech. Rep., C40[END_REF] . This is especially true for urban transportation, which accounts for about 8% of total emissions [START_REF] Creutzig | Urban infrastructure choices structure climate solutions[END_REF][START_REF] Minx | A comprehensive and synthetic dataset for global, regional, and national greenhouse gas emissions by sector 1970-2018 with an extension to 2019[END_REF] . However, so far, the actual potential of such local policies to reduce emissions on a global scale remains largely unknown [START_REF] Hale | Sub-and non-state climate action: a framework to assess progress, implementation and impact[END_REF] . Correspondingly, NDCs largely neglect city policies, despite urban transport emissions being a critical factor in mitigating climate change [START_REF]Sustainable Urbanization in the Paris Agreement[END_REF] .

These local policies are also crucial for wider sustainability goals. Decarbonizing urban transport can indeed bring significant benefits on a large array of issues such as cleaner air, noise, and road accident reduction, or better health due to the shift to active transportation modes [START_REF] Gössling | The Health Cost of Transport in Cities[END_REF] .

Global assessments of the environmental impacts of urban transport policies have been carried out either using descriptive approaches focusing on current situations and comparing cities, or using aggregated models aiming at simulating the potential of future policies. Comparing current emissions in 274 cities worldwide and using threshold regressions, a 2015 study by Creutzig et al. estimated that adequate urban planning policies could reduce emissions by about 25% in 2050 compared with a business-as-usual scenario [START_REF] Creutzig | Global typology of urban energy use and potentials for an urbanization mitigation wedge[END_REF] . Using a scenario-based approach and an aggregated model, the Coalition for Urban Transitions 2019 study estimated a decrease of 21% in urban transport emissions by 2050 compared to a business-asusual scenario, via a reduction in travel demand and a shift to electric and more efficient vehicles [START_REF]Tech. Rep., The Global Covenant of Mayors for Climate and Energy (GCoM)[END_REF] . Using six representative urban archetypes, the 2017 report by C40 and McKinsey estimated a 22% decrease via transit-oriented development, new infrastructures for mass transit, walking, cycling, next-generation vehicles, and commercial freight optimization [START_REF]Focused Acceleration: A Strategic Approach for Climate Action in Cities to 2030[END_REF] . Global assessments of transport policies, including urban and non-urban transport, have also been carried out using integrated assessment models (IAMs), studying changes in technologies, infrastructures, and behaviors [START_REF] Daly | Incorporating travel behaviour and travel time into TIMES energy system models[END_REF][START_REF] Waisman | The transportation sector and low-carbon growth pathways: modelling urban, infrastructure, and spatial determinants of mobility[END_REF][START_REF] Broin | Transport infrastructure costs in low-carbon pathways[END_REF][START_REF] Mittal | Key factors influencing the global passenger transport dynamics using the AIM/transport model[END_REF][START_REF] Rottoli | Coupling a Detailed Transport Model to the Integrated Assessment Model REMIND[END_REF][START_REF] Mccollum | Improving the behavioral realism of global integrated assessment models: An application to consumers' vehicle choices[END_REF][START_REF] Tattini | Improving the representation of modal choice into bottom-up optimization energy system models -The MoCho-TIMES model[END_REF][START_REF] Gurney | Greenhouse Gas Emissions from Global Cities Under SSP/RCP Scenarios, 1990 to 2100[END_REF] .

However, urban scale policies are difficult to take into account in such studies because of the complexity to capture the spatial heterogeneity, inside and within cities, of the travel demand and mode choices of households [START_REF] Edelenbosch | Decomposing passenger transport futures: Comparing results of global integrated assessment models[END_REF][START_REF] Muratori | Future integrated mobility-energy systems: A modeling perspective[END_REF][START_REF] Wagner | Using explainable machine learning to understand how urban form shapes sustainable mobility[END_REF][START_REF] Javaid | Determinants of low-carbon transport mode adoption: systematic review of reviews[END_REF] . The local characteristics of cities, especially their urban forms, significantly impact their transportation emissions, and the potential efficiency of possible policies [START_REF] Creutzig | Global typology of urban energy use and potentials for an urbanization mitigation wedge[END_REF][START_REF] Creutzig | How fuel prices determine public transport infrastructure, modal shares and urban form[END_REF] . For example, a high population density and the coexistence of spatially distinct job centers when cities are large enough are associated with lower emissions per capita [START_REF] Castells-Quintana | Air pollution in an urban world: A global view on density, cities and emissions[END_REF] . A street-level analysis reveals that households' distances to the city center and subcenters are a key predictor of urban transport GHG emissions [START_REF] Wagner | Using explainable machine learning to understand how urban form shapes sustainable mobility[END_REF] . Hence, possible mitigation strategies for urban transportation depend on precise city characteristics, which are difficult to consider globally [START_REF] Creutzig | Systematizing and upscaling urban climate change mitigation[END_REF] . For instance, in sprawled cities, promoting electric vehicles may be more efficient than investing in mass rapid transit, while the contrary holds in dense cities [START_REF] Kennedy | Low-carbon infrastructure strategies for cities[END_REF][START_REF] Gouldson | Exploring the economic case for climate action in cities[END_REF] . Another difficulty comes from the fact that there is an interplay between transport policies and the real estate market. Transport policies impact housing prices, with large consequences on households' welfare and, indirectly, on long-term changes in transport demand [START_REF] Waisman | The transportation sector and low-carbon growth pathways: modelling urban, infrastructure, and spatial determinants of mobility[END_REF][START_REF] Viguié | Trade-offs and synergies in urban climate policies[END_REF] .

At the local scale, such mechanisms can be taken into account using city models, such as land-use transport interaction (LUTI) models simulating transport and land planning policies in cities [START_REF] Köhler | A review and analysis of quantitative integrated environmental assessment methods for urban areas[END_REF] . Examples are numerous, with rich literature analyzing case studies in various cities [START_REF] Lamb | Learning about urban climate solutions from case studies[END_REF][START_REF] Creutzig | Upscaling urban data science for global climate solutions[END_REF][START_REF] Sethi | Climate change mitigation in cities: a systematic scoping of case studies[END_REF][START_REF] Karjalainen | Urban transportation sustainability assessments: a systematic review of literature[END_REF] . However, generalization is difficult as this field is highly fragmented, with a large diversity of methods, frameworks, and indicators, and limited reference to previous works, which does not allow accumulating knowledge or doing comparisons [START_REF] Sethi | Climate change mitigation in cities: a systematic scoping of case studies[END_REF][START_REF] Karjalainen | Urban transportation sustainability assessments: a systematic review of literature[END_REF] . What is missing is a scalable approach that provides an assessment for a large number of cities while taking urban idiosyncrasies into account.

Here, we use a spatially-explicit land-use transport interaction model to systematically assess and compare, on a collection of 120 cities worldwide (see figure 3), the consequences of four urban transport policies on public finance, transportation emission reduction, housing affordability, as well as health benefits due to variations in air pollution, noise, car accidents and exercise through active transportation modes. The cities cover all continents except Africa, due to data availability, and count in total 525 million inhabitants, or about 20% of the total population living in cities larger than 300 000 inhabitants (see supplementary section C for the city selection process).

The model combines a transport mode choice model with a residential location choice model derived from the monocentric standard urban economics framework [START_REF] Duranton | Chapter 8 -Urban Land Use[END_REF][START_REF] Viguié | Downscaling long term socioeconomic scenarios at city scale: A case study on Paris[END_REF] . It simulates, in each city, the residential and transportation choices of households as a function of detailed city characteristics, such as the location of jobs, transportation costs, and the local land-use policies. The model is calibrated for each city individually, with parameters structurally estimated using databases of population densities, transport times, and rent levels within each city (see section -Methods and Supplementary Section A). Thus, our model enables to simulate city-level prospective scenarios downscaling global techno-economic scenarios [START_REF] Viguié | Downscaling long term socioeconomic scenarios at city scale: A case study on Paris[END_REF] .

The four policies that we analyze (Table 1, Supplementary Section E) are simplified representations of four broad types of city-level transport policies: a local fuel tax targeting car use, investments in "cleaner" transportation modes with the development of a bus rapid transit network, a restrictive land-use regulations policy promoting urban density, in particular near public transport, and a "fuel efficiency" policy that makes the use of low-emission vehicles mandatory. These policies are simple enough to be applied to a large sample of cities, but remain representative of existing policies. We simulate their impact in 2035 in terms of transportation GHG emissions and social welfare and compare it with a Business-As-Usual scenario in which we assume the continuation of current trends with no 3/26 additional city-level policy (see supplementary section D).

Results

Aggregated impacts of the four policies

Our analysis demonstrates that policies are effective but affect each city differently (Figure 1). Indeed, emission reductions typically stand between 21% and 32% (25th and 75th quantile) with a median reduction of 26%. The combined four policies could lead to a reduction in annual urban transport emissions of 31% compared to the baseline scenario over the sample by 2035. This emission reduction is slightly higher than existing global assessments in the literature but of the same order of magnitude. A 2015 review of local scenarios of low-carbon urban transport strategies estimated potential global emission reduction by 20-50% in 2050 compared to baseline scenarios [START_REF] Creutzig | Evolving Narratives of Low-Carbon Futures in Transportation[END_REF] . Using machine learning to meta-analyze thousands of case studies of climate change mitigation in cities, the 2020 article by Sethi et al. estimated a possible decrease of 28% in 2050 through travel demand management, fuel shift, and intelligent transportation system (and potentially more, but with no clear quantification, with pan-city expansions of public transportation systems and more efficient vehicles) [START_REF] Sethi | Climate change mitigation in cities: a systematic scoping of case studies[END_REF] . The two aggregated studies mentioned at the beginning of this paper estimated, in 2050 also, a possible decrease of 21% and 22% compared to a baseline scenario [START_REF]Focused Acceleration: A Strategic Approach for Climate Action in Cities to 2030[END_REF][START_REF]Urban Opportunity. Tech. Rep., Coalition for Urban Transitions, C40 Cities Climate Leadership Group (C40) and World Resources Institute (WRI) Ross[END_REF] . Our study suggests that mitigation can happen earlier than modeled in other studies. A key reason for this difference is that we model spatially explicit policies, thus broadening the portfolio of options and improving the resolution of effects.

The impact of the policies on households' welfare is complex (Figure 2). They increase households' financial burden due to the public investment required by the construction of the BRT system, the increased fuel cost for the fuel tax, or the increased housing prices, in particular for the restrictive land-use regulations.

However, this burden is counterbalanced by health benefits through decreases in air pollution, car accidents, and noise, together with an increase in active mode uses [START_REF] Creutzig | Decarbonizing urban transport in European cities: four cases show possibly high co-benefits[END_REF] .

Finally, households' disposable income increases in the Fuel Tax scenario as tax revenues are redistributed. The fuel tax revenues depend on distances traveled as well as on the fuel consumption of private cars: therefore, our model accounts for the fact that fuel tax revenues decrease if vehicles are becoming more fuel-efficient or if the share of electric vehicles increases. We find that, when expressed in monetary terms, benefits do not seem to fully compensate for the financial losses, leading to an average decrease in welfare by 3.3% (figure 1). This decrease occurs in almost all cities: the median variation in welfare is -3% and only 11 cities in our sample experience a positive (but moderate) welfare increase.

Our computation of welfare suffers from some limitations (see Section Methods -Outputs of the model and Supplementary Section A.5 for details about the welfare analysis). For instance, we account for congestion through transportation costs and, in particular, through the opportunity cost of time, as travel time data have been measured during rush hour (see Supplementary Section B). However, as we do not explicitly model congestion, our welfare impacts do not account for the variations in congestion due to the policies. In supplementary section J, we present a version of the model in which congestion is, although very simply, explicitly modeled: it shows that, in the main version of the model, our estimates of the welfare impacts of the BRT, the fuel tax, and the urban growth boundary policy are conservative, though we likely overestimate the positive welfare impacts of the fuel efficiency policy because it increases car use, by rebound effect, thereby causing traffic congestion.

Policies' effectiveness depends on city characteristics

The four policies' impacts on transportation emissions and welfare are heterogeneous (Figures 1 and2). Depending on the city, emissions reduction ranges from very high to almost zero, and the BRT, the fuel tax, and the fuel efficiency policy have a positive welfare impact in some cities and a negative one in others.

To better understand this heterogeneity, we try to explain policies' impacts (welfare variations and emissions variation) by individual city characteristics and by city archetypes, using linear regressions and principal components respectively (supplementary section F).

The BRT increases welfare and largely mitigates emissions in highly populated, low-income, and rapidly growing cities with few public transport, in line with Figure 3 displaying a large mitigation potential of the BRT in South America and a positive welfare impact in South America and Europe. This finding is consistent with the fact that this policy is largely developed in this world region [START_REF] Cervero | Bus Rapid Transit (BRT): An Efficient and Competitive Mode of Public Transport[END_REF] . By contrast, we find that the BRT has a low impact on emissions and a low or negative impact on welfare in small and high-income cities.

Public transportation availability strongly determines the emissions and welfare impacts of the fuel tax. Indeed, it allows commuters to change transport mode in response to the tax, which largely mitigates emissions while avoiding them to pay the full cost of the tax. This result is consistent with the previous findings that the price elasticity of GHG emissions is twice as high in the short run if public transport options exist [START_REF] Avner | Carbon Price Efficiency: Lock-in and Path Dependence in Urban Forms and Transport Infrastructure[END_REF] . Accounting for other city characteristics, the fuel tax has the largest impact on emissions mitigation and the largest positive impact
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on welfare in large and dense cities, while it has a smaller impact on emissions and a negative welfare impact in big and sprawled or small cities with few public transport. Geographically, the fuel tax has the largest emissions mitigation potential in Europe and South America (Figure 3), where cities are generally dense and/or have a developed public transport network. Income also matters, with poor cities being potentially more harmed. Yet, one limitation of our study is that we do not explicitly model income inequalities, and thus we cannot determine whether the fuel tax is regressive or progressive. Existing studies find that carbon pricing might be progressive in the transportation sector in low-income countries as poor households are less likely to have a car and thus to be affected [START_REF] Ohlendorf | Distributional Impacts of Carbon Pricing: A Meta-Analysis[END_REF] . Geographically, the fuel tax has a positive welfare impact in North America, Oceania, and most of Europe but can be harmful in South America, Eastern Europe, and Asia (Figure 3).

The restrictive land-use regulations policy largely mitigates emissions in compact cities with a high modal shift potential (table S8 in supplementary section F) or in large, poor, and growing cities (table S10 in supplementary section F).

Consistently, Figure 3 shows that the restrictive land-use regulations policy largely mitigates emissions in South America, parts of China, and parts of Europe. However, the restrictive land-use regulations policy also has a large negative welfare impact in growing cities, but that can be mitigated by the availability of public transport (table S7 in supplementary section F).

The fuel efficiency policy is more efficient at mitigating emissions and increasing welfare in small, high-income, or big, poor, and sprawled cities with little public transportation. It is less beneficial in compact cities, with much public transportation and low private vehicles modal shares. Consistently, Figure 3 shows that the fuel efficiency policy has a similar impact in most cities, except in Europe where emissions mitigation and welfare impacts are lower.

However, the characteristics we listed are insufficient to fully explain policies' impacts, as almost 50% of the variations remain unexplained (the R2s of the regressions are between 0.24 and 0.54, see supplementary tables S7 and S8 in supplementary section F). Moreover, for a given policy, the characteristics significantly determining its impact on emissions mitigation are generally not the same as those influencing its welfare impacts. These results highlight the utility of a spatial model explicitly accounting for cities' spatial characteristics and their interplay to capture mitigation policies' impacts.

Tailored welfare-increasing policy portfolios

As policies' impacts are heterogeneous between cities, alternate policy portfolios designed in a context-adequate way may have higher efficiencies and fewer negative side-effects than a policy portfolio made of the same policies for all cities. Here, we simulate a scenario in which we implement, in each city, the policy mix that maximizes emissions mitigation with the constraints that it has to increase welfare. This way, we account for the fact that some policies can decrease welfare when implemented alone, while increasing it when combined with other policies.

In particular, the restrictive land-use regulations policy alone always reduces inhabitants' welfare, but may increase it when combined with other policies (see supplementary table S13).

In such a scenario, the minimum decrease in urban transport emissions is 15.2% (the median is 18.0%, and the interquartile range is 16.5% to 23.2%) (Figure 1). Globally, urban transport emissions are reduced by 22.3%, and welfare increases on average by 1.0%. Therefore, by designing policies adapted to each city's characteristics, it appears possible to systematically improve welfare while reducing emissions by more than two-thirds of the initial figure. These results are a priori underestimated, as the policy portfolio simulated in this paper is not optimal. The magnitude of emissions reduction could potentially be increased while keeping welfare variation positive by tailoring, in greater details, the policies to each city's characteristics, using, for instance, different tax levels, or designing tailored restrictive land-use regulations policies.

Discussion

The main message of this study is that the current increase in available urban data allows to model, although simply, the consequences of local policies in a large set of cities, explicitly accounting for their spatial characteristics. This enables to downscale global scenarios such as those produced by IAMs at the city scale and to quantitatively assess the consequences of local strategies involving land use planning or local transport infrastructure provision under such scenarios.

Moreover, such spatially-explicit modeling also enables to capture the impact of these strategies on households' expenses related to housing and transport and on several side-effects of the policies, especially health co-benefits.

In line with existing studies, we find that urban forms and cities' spatial characteristics impact the mitigation policies' efficiency in a complex way, with no direct one-to-one mapping. [START_REF] Creutzig | Global typology of urban energy use and potentials for an urbanization mitigation wedge[END_REF][START_REF] Creutzig | How fuel prices determine public transport infrastructure, modal shares and urban form[END_REF][START_REF] Borck | Optimal Energy Taxation in Cities[END_REF] Even within the same continent or country, differences can be large, and city models can help to capture this heterogeneity. In line with the literature, we also find that the positive side-effects of urban transport policies can be high, especially regarding the financial cost of these policies. [START_REF] Creutzig | Decarbonizing urban transport in European cities: four cases show possibly high co-benefits[END_REF] It appears possible to reduce emissions in a welfare-increasing way in each city while keeping most of the global emission reductions. However, a context-adequate policy portfolio is required with strategies tailored to each city.

There are many limitations to the present study. If more and more city-level data become available, data availability still heavily constrains our modeling and scenarios. We could not include in our analysis any African city, and there is a strong geographical bias in favor of developed countries, a common weakness of the literature on cities. [START_REF] Lamb | Learning about urban climate solutions from case studies[END_REF] The current increase in available spatialized urban data, either from direct sources or predicted using machine learning approaches, should allow expanding our analyses to larger and more representative city samples in the near future [START_REF] Barzin | Where Are All the Jobs ?: A Machine Learning Approach for High Resolution Urban Employment Prediction in Developing Countries[END_REF][START_REF] Guanghua | Microestimates of wealth for all low-and middle-income countries[END_REF] . Furthermore, our model is simple and did not consider, for instance, any mechanism relative to endogenous job locations or description of income inequalities inside cities. Recently, models capturing these dimensions have been proposed in the literature and could be used to reproduce our analysis in the future, when adequate data about the location of jobs and income groups within cities becomes available. [START_REF] Gaigné | Who lives where in the city? Amenities, commuting and income sorting[END_REF] We also ignored cities characterized by high levels of informal settlements. Indeed, modeling such cities is still a research challenge, as is the identification of low-carbon and sustainable mobility policies in this context. [START_REF] Bryan | Cities in the Developing World[END_REF] Using more sophisticated models and additional data may enable to analyze important policies that we could not assess with our framework. The promotion of mixed land use, for instance, or the development of bicycle lane networks could not be evaluated here. We also could not capture the inequalities created by the policies, something which would require data about where richer and poorer inhabitants live within each city. The welfare variations and health co-benefits that we simulate therefore give an indication of the average effect of the policies, but should not be considered as a direct indication of the political feasibility of their implementation.

With the current and continuous increase in available socio-economic, land-use, and transport data on cities, however, progresses on these issues may occur in the coming years.

Methods

Urban modeling

For each city individually, we run a spatially-explicit urban model based on the model NEDUM [START_REF] Viguié | Trade-offs and synergies in urban climate policies[END_REF][START_REF] Viguié | Downscaling long term socioeconomic scenarios at city scale: A case study on Paris[END_REF] . This model combines a simple transport allocation model with a land-use model based on the monocentric Standard Urban Model (SUM) of urban economics, or Alonso-Muth-Mills model [START_REF] Alonso | Location and land use[END_REF][START_REF] Muth | Cities and housing[END_REF][START_REF] Mills | An Aggregative Model of Resource Allocation in a Metropolitan Area[END_REF] , with inertia in city evolution. The monocentric SUM is an old model but remains empirically relevant. It has been shown to capture well the spatial patterns of population density and housing prices in several cities across the world [START_REF] Duranton | Chapter 8 -Urban Land Use[END_REF] . For instance, in Berlin, employment accessibility is a determinant of urban land prices, and the evolution of public transport supply explains the urban sprawl [START_REF] Ahlfeldt | If Alonso Was Right: Modeling Accessibility and Explaining the Residential Land Gradient[END_REF][START_REF] Ahlfeldt | Fifty years of urban accessibility: The impact of the urban railway network on the land gradient in Berlin 1890-1936[END_REF] . The recent rise of available urban data has allowed testing some predictions of the SUM on large numbers of cities, for instance on urban sprawl in 329 US cities [START_REF] Paulsen | Yet even more evidence on the spatial size of cities: Urban spatial expansion in the US, 1980-2000[END_REF] , on urban sprawl and urban fragmentation in 282 European cities [START_REF] Oueslati | Determinants of urban sprawl in European cities[END_REF] , and on population density and land use in 300 European cities [START_REF] Lemoy | Evidence for the homothetic scaling of urban forms[END_REF] . The paper written by Liotta et al. ( 2022) and based on the same sample of cities than the present paper, in particular, has shown that the monocentric SUM is capable of capturing the inner structure of these cities, both in developed and developing countries [START_REF] Liotta | Testing the monocentric standard urban model in a global sample of cities[END_REF] . In addition, the monocentric SUM requires a limited amount of data, so that it can be applied to a large number of cities and suits our approach, and relies on a limited number of hypotheses and mechanisms so that its outputs are easily interpretable. It is also grounded in microeconomic theory, offering a robust framework for analysis between location and transport, contrary to the gravity/spatial interaction approach for instance [START_REF] Acheampong | Land use-transport interaction modeling: A review of the literature and future research directions[END_REF] . Models based on the SUM have often been used to analyze mitigation and transport policies: to cite a few recent examples, the construction of the Bus Rapid Transit (BRT) system in Bogotá 57 , London's Congestion Charge [START_REF] Herzog | The City-Wide Effects of Tolling Downtown Drivers: Evidence from London's Congestion Charge[END_REF] , or an urban growth boundary in Cape Town [START_REF] Pfeiffer | Assessing Urban Policies Using a Simulation Model with Formal and Informal Housing: Application to Cape Town, South Africa[END_REF] .

It allows spatially-explicit modeling of residential and transportation choices of

One concern may be that, as cities are growing, they might become less monocentric, threatening the validity of the monocentric SUM. For instance, while the monocentric city model adequately represents land values in Chicago at the beginning of the 20th century, it is not the case anymore at the end of the 20th century: because of the development of a new airport which became an important employment center, the city can no longer be considered as monocentric [START_REF] Mcmillen | One Hundred Fifty Years of Land Values in Chicago: A Nonparametric Approach[END_REF] . Still, recent research papers investigating large samples of cities show that in the vast majority of them the city center continues to play a predominant role, in the US [START_REF] Arribas-Bel | The validity of the monocentric city model in a polycentric age: US metropolitan areas in 1990, 2000 and 2010[END_REF] or Europe [START_REF] Lemoy | Evidence for the homothetic scaling of urban forms[END_REF] . For instance, in Berlin, even though transportation costs have decreased and the city has sprawled, the city remains roughly monocentric [START_REF] Ahlfeldt | How polycentric is a monocentric city? Centers, spillovers and hysteresis[END_REF] and distance to the main center remains the strongest predictor of transportation patterns [START_REF] Wagner | Using explainable machine learning to understand how urban form shapes sustainable mobility[END_REF] . In this paper, we carefully selected our sample of cities to ensure the validity of the monocentricity assumption (see Supplementary section C). This requirement was however a limiting factor in the number of cities that we could analyze, and, in the future, the availability of global detailed data on job locations inside cities may enable to overcome this limit.

Our model is fully described in supplementary section A and summarized below. In a first step, we assume that, within a city, households trade-off between transportation costs to employment centers and rents per unit of dwelling, resulting in rents decreasing when transportation costs increase. In this paper, we assume that households select the transport mode with the lowest generalized transportation costs, choosing between private cars, public transport, and walking.

In a second step, private developers build the amount of housing that maximizes their profit, accounting for households' bid-rents and for land-use constraints.

Under standard hypotheses on the construction function, this results in the construction of capital-intensive buildings near employment centers, where bid-rents per unit of housing are higher. Here, we use a dynamic version of the model, assuming housing depreciation and inertia in housing construction.

As a result, our urban model allows us to estimate population density, housing supply, transportation choices, and rents as a function of employment centers' location, transportation infrastructures, and land-use constraints.

Outputs of the model

Our model allows to estimate two main outputs at the city level: GHG transportation emissions and inhabitants' welfare. The computation of these outputs is detailed in supplementary section A.5 and described below.

Transportation emissions are derived from the transportation demand of each mode and the greenhouse gases intensity of each transportation mode, assuming that the level of emissions per unit of distance of public transport is fixed and exogenous and that the level of emissions of private cars per unit of distance depends on their fuel consumption. Furthermore, we assume that the private vehicles fleet is homogeneous in fuel consumption in the base year; then, the fuel consumption of new cars decreases each year at a rate that depends on the scenario, and we assume a lifespan of private cars of 15 years [START_REF] Held | Lifespans of passenger cars in Europe: empirical modelling of fleet turnover dynamics[END_REF] .

Total social welfare is measured as the sum of individual utilities, derived in our framework from the consumption of housing and composite good, and from health co-benefits related to transportation. Consumptions of housing and composite good are constrained by the level of income net of the generalized transportation costs, meaning that an increase in transportation costs or travel times will, in turn, reduce welfare. While the consumptions of housing and composite good are standard outputs of urban economics models, directly resulting from households' utility maximization, we also include four health co-benefits in our analysis: exposure to each city, we compared simulated densities and rents with density and real estate data (Figure S2, Table S1, Figure S3). For densities, the fit between the model and the data is generally good, with a minimum correlation coefficient of 0.31, a median of 0.63, and a maximum of 0.89. For rents, the fit is good for most cities (median of the correlation coefficients of 0.46, maximum of 0.84) but is low for others (the correlation coefficient is below 0.32 for 25% of the cities). The fit between the model and density data is the best for Europe and South America and the lowest for North America, with heterogeneity within continents as well. Liotta et al. (2022) [START_REF] Liotta | Testing the monocentric standard urban model in a global sample of cities[END_REF] highlight city characteristics that might explain the poor fit of the Standard Urban Model in some cities and world regions, including polycentricity, informal housing, and local amenities.

Then, at the city level, we compared simulated modal shares and transportation emission levels with existing data. For modal shares, we compared the model's outputs with three existing databases: Deloitte data [START_REF] Dixon | Deloitte City Mobility Index[END_REF] , CDP data (https://data. cdp.net), and EPOMM data (https://epomm.eu) (table S2). Among the 76 cities that are in common between our sample and at least one of these three databases, the Pearson coefficient of correlation is 0.36 (p-value < 0.01) for private cars, 0.63 (p-value < 0.01) for public transport, and 0.05 for active modes. An explanation for the poor fit on active modes is that, as external databases often have narrower definitions of urban boundaries, usually limited to administrative boundaries, they tend to overestimate the modal share of walking and cycling compared to our model. Another explanation is that the external databases come from the aggregation of many sources (self-reported data by cities, governments, NGOs, expert judgments, etc.), threatening the validity of the comparisons between cities.

Regarding transportation emissions, we compared the model's outputs with external databases (table S3) 

Scenarios

The baseline scenario is a business-as-usual (BAU) scenario, assuming the continuation of current trends with no additional city-level mitigation policies. It uses the income per capita growth scenarios from the global integrated assessment model (IAM) IMACLIM-R [START_REF] Lefèvre | Global socio-economic and climate change mitigation scenarios through the lens of structural change[END_REF] . In particular, it uses the baseline scenario based on the "middle of the road" SSP2, which is quite standard in the IAM community and corresponds to a central scenario.

For population, it uses the population growth scenarios of the World Urbanization Prospects of the United Nations [START_REF]World urbanization prospects: the 2018 revision[END_REF] , which provide population growth projections from 2015 to 2035. Compared to the SSPs, the United Nations projections have the advantage of being available at the city level for cities of more than 300 000 inhabitants. In addition, population growth projections of the United Nations are broadly consistent with SSP2 at the global level in terms of population size for the first half of the 21st century [START_REF] Kc | The human core of the shared socioeconomic pathways: Population scenarios by age, sex and level of education for all countries to 2100[END_REF] . Still, the SSP2 relies on underlying hypotheses in terms of age, sex, and education that lead to differences in fertility rates, and in turn, in population growth scenarios compared with the United Nations scenarios: for instance, the SSP2 assumes lower fertility rates for Africa than the United Nations, leading to population size differences in the long run.

Finally, we assume that there is no change in public transports infrastructures and that the fuel consumption of new private cars decreases by 1.0% per year, in line with current trends for light-duty vehicles [START_REF]Energy Technology Perspectives[END_REF] , assuming a vehicle lifespan of 15 years [START_REF] Held | Lifespans of passenger cars in Europe: empirical modelling of fleet turnover dynamics[END_REF] . More details about our BAU scenario are in supplementary section D.

We also run our four policy scenarios, designed to be representative of a wide spectrum of potential urban policies, yet simple enough to be generically applied to our sample of cities. We assume the same trends for population and income as in the BAU scenario, while transportation infrastructures and land-use constraints are impacted by the policies. Details about the policy scenarios are in supplementary section E.

Robustness checks

In supplementary section I, we carry out a robustness check of the results of this paper: we simulate an alternative version of each type of policy and check that the results remain qualitatively the same.

More precisely, we assume, starting in 2020, that the fuel tax increases fuel prices by 10% instead of 30%, that the fuel efficiency policy reduces the fuel consumption of new vehicles by 2% each year instead of 3.7%, and that the restrictive land-use regulations policy prevents new constructions in areas with a density below 400 inhabitants per km2 in 2020, unless inhabitants will use public transport or active modes. For the BRT, instead of using OpenStreetMap street network data, we assume more simply that two new public transport lines, North-South and East-West, are opened in each city.

Results are qualitatively the same as with the main policies' specifications.

The combined four policies allow mitigating transport emissions by 12.1% in 15 years, with large heterogeneity in policies' efficiencies between cities. However, city-specific policy portfolios that maximize emissions mitigation while increasing welfare allow keeping most of the emissions mitigation (-11.6%) while increasing average welfare by 0.9%. html, accessed in April 2023).

• Data on income:

-OECD GDP per capita at the city scale data (https://stats.oecd. We assume that, in each city, there is a fleet of private cars homogeneous in fuel consumption in the base year. In the BAU scenario, the fuel consumption of new cars decreases by 1% per year [START_REF]Energy Technology Perspectives[END_REF] , and the lifespan of private cars is 15 years [START_REF] Held | Lifespans of passenger cars in Europe: empirical modelling of fleet turnover dynamics[END_REF] . Income per capita growth scenarios are taken from the global Integrated Assessment Model IMACLIM-R [START_REF] Lefèvre | Global socio-economic and climate change mitigation scenarios through the lens of structural change[END_REF] and population growth scenarios from the World Urbanization Prospects of the United Nations [START_REF]World urbanization prospects: the 2018 revision[END_REF] (see section Methods -Scenarios and supplementary section D).

Fuel tax

Same assumptions as in the BAU scenario, except that fuel price increases by 30% compared to the business-as-usual scenario (broadly corresponding to a level of carbon pricing of US $50-100/tCO2, the level required to cost-effectively reduce emissions in line with the temperature goals of the Paris Agreement [START_REF]State and trends of carbon pricing 2020[END_REF] ). This fuel tax, therefore, affects all private cars, proportionally to the average fuel consumption of the fleet (the implications of this simplifying assumption are discussed in supplementary section E). Local tax revenues are redistributed uniformly among inhabitants.

Bus Rapid Transit (BRT)

Same assumptions as in the BAU scenario, except for the construction of a Bus Rapid Transit (BRT) network on all main streets of the city (identified using OpenStreetMap). The new BRT has a uniform speed of 40km/h and a construction cost of 12.23 million USD per km, equally shared by households over 50 years with a 5% interest rate.

Restrictive landuse regulations

Same assumptions as in the BAU scenario, except that new construction beyond places already built in 2020 is forbidden unless inhabitants have access to mass public transport. To accommodate the growing population, cities have to become denser. The associated increase in housing prices can negatively impact inhabitants' welfare. [START_REF] Viguié | Trade-offs and synergies in urban climate policies[END_REF] Fuel efficiency Same assumptions that in the BAU scenario, except that the fuel consumption of new cars decreases by 3.7% per year instead of 1%, in line with the IEA "2°C Scenario" [START_REF]Energy Technology Perspectives[END_REF] .

Table 1.

Policies analyzed (see Supplementary Section E for a detailed description). The figures represent the variation in 2035 compared to the business-as-usual scenario. The boxplots represent the first quartile, the median and the third quartile among cities, and the whiskers correspond to 1.5 times interquartile range.

Disposable income is the variation of income due to local taxes (fuel tax revenues are redistributed uniformly among the inhabitants of each city, hence increasing disposable income, while the construction of the BRT is financed by households, hence decreasing their income). See also supplementary figures S11 and S12.
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 826 as a function of employment center locations, transportation costs, and land-use constraints, which enable the analysis of housing, transport, or land-use policies.

  : Moran et al. (2018) 71 , Nangini et al. (2019) 72 , and Kona et al. (2021) 73 . We find a Pearson correlation coefficient of 0.45 (p-value < 0.05) with Nangini et al., 0.32 (p-value < 0.1) with Kona et al., and 0.53 (p-value < 0.01) with Moran et al. However, two elements question the relevance of the comparison. First, Moran et al. and Nangini et al. only report total emissions, whereas our estimates are for transport emissions. Second, the external data themselves are not consistent: comparing the databases on the cities they have in common, we find a correlation coefficient of 0.41 (p-value of 0.000) between Nangini et al.' s and Moran et al.' s data, a correlation coefficient of 0.16 (p-value of 0.573) between Nangini et al.' s and Kona et al.' s data, and a correlation coefficient of 0.04 (p-value of 0.843) between Moran et al.' s and Kona et al.' s data. Indeed, the methodologies of the three databases differ: Nangini et al. and Kona et al. use a bottom-up approach, with cities reporting their emissions, whereas Moran et al. use a top-down approach, downscaling national or subnational emissions at the city scale; Nangini et al. report Scope 1 emissions, Kona et al. report direct transport emissions and Moran et al. Scope 3 emissions.

  org/Index.aspx?DataSetCode=CITIES, accessed in April 2023) -Brookings GDP per capita at the city scale data (Redifining Global Cities 2016 report from the Brookings Institution, https://www. brookings.edu/research/redefining-global-cities/) -World Bank GDP per capita at the country scale data (https:// data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD, accessed in April 2023).). • Agricultural GDP and agricultural areas by country data from the FAO (https://www.fao.org/faostat/en/#home, accessed in April 2023). • Population growth scenarios from the World Urbanization Prospects -the 2018 Revisions of the United Nations (https://population.un.org/ wup/Download/, accessed in April 2023). • Marginal costs of air pollution, noise and car accidents from the report External costs of transport in Europe, van Essen et al., 2019. https:// trid.trb.org/view/1646234, accessed in April 2019. Complementary datasets have been used for calibrations' validation: • Modal shares data from the following datasets: -EPOMM (https://epomm.eu, accessed in April 2023) -CDP (https://data.cdp.net, accessed in April 2023) -Deloitte (report The 2019 Deloitte City Mobility Index, Dixon et al., 2019. https://www2.deloitte.com/content/dam/Deloitte/br/ Documents/consumer-business/City-Mobility-Index-2019.pdf, accessed in April 2023) • Emissions datasets from the following papers: Policy name Description BAU Continuation of current trends.

Figure 1 .

 1 Figure 1. Impact of the four policies on annual transport emissions and average welfare in the 120 cities in 2035, compared with the business-as-usual scenario. Each dot represents a city. The boxplots represent the first quartile, the median and the third quartile among cities, and the whiskers correspond to 1.5 times the interquartile range. The numbers above the box plots represent the aggregated mean of changes, accounting for cities' population sizes.

Figure 2 .

 2 Figure 2. Decomposition of welfare variations between different drivers in the 120 cities.

Figure 3 .

 3 Figure 3. Effect of the four policies on urban transport emissions and on welfare (including direct and indirect financial cost of the policies and health co-benefits) in 2035, compared to the business-as-usual scenario.
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noise, air pollution, and car accidents, which negatively impact welfare, and the positive health impact of active transportation modes.

We compute the monetary equivalent of the impacts of air pollution, noise and car accidents, assuming that they linearly depend on the demand of transportation from private cars, as well as on the fuel consumption of private cars for air pollution.

For health improvements through active transportation modes, we adapt the HEAT model of the WHO [START_REF] Kahlmeier | Health economic assessment tool (HEAT) for walking and for cycling. Methods and user guide on physical activity, air pollution, injuries and carbon impact assessments[END_REF] , assuming that walking or cycling to work brings reduced mortality, which translates into a monetary gain through the Value of Statistical Life (VSL). In the HEAT model of the WHO, Values of Statistical Life varies by country and are based on a comprehensive review published by the OECD [START_REF]Mortality risk valuation in environment, health, and transport policies[END_REF] .

We include these co-benefits in the utility function as described in supplementary section A.2.

Data sources and parameters calibration

We individually calibrate the model's city-specific parameters on each city of the sample using spatially-explicit data on population densities, rents, transportation costs, land use, and dwelling sizes for the 120 cities for 2015 (see supplementary section A.6). Due to data availability, our model is monocentric: in each city, we only consider the city center as the main employment center. We carefully selected our sample of cities to ensure the validity of the monocentricity assumption (see supplementary section C for a description of the sample selection process as well Methods -Urban modeling section and Supplementary section A.1 for a more detailed discussion of the monocentricity assumption).

We use the dataset from Lepetit et al. (2022) [START_REF] Lepetit | A gridded dataset on densities, real estate prices, transport, and land use inside 192 worldwide urban areas[END_REF] , which provides spatially explicit data on population densities, rents, dwelling sizes, land use, and transportation costs for 191 cities on five continents at a 1km-resolution. Population density and land cover are from the GHS-POP [START_REF] Schiavina | GHS population grid multitemporal[END_REF] and the ESA CCI [START_REF] Esa | Land Cover CCI Product User Guide Version 2[END_REF] databases respectively, while transportation and real estate data have been obtained from the Google Maps API and the web scraping of real estate websites. This dataset is the first including spatialized data on real estate and transportation in a large sample of cities covering both developed and developing countries and allowing an integrated analysis of density, real estate, transportation, and land use. In addition, we use city-level data on city characteristics, including incomes, the fuel consumption of private vehicles, fuel costs, and agricultural rents. In particular, the fuel consumption of private vehicles in the base year is given by the IEA report Fuel Economy in Major Car Markets 69 . All data sources are in supplementary section B.

We tried to assess the model's ability to reproduce urban structures: results can be found in Supplementary Section A. 
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