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Abstract

:

Adapting spatial development to the challenges of climate change is a major task facing cities. In particular, urban heat islands caused by increasing average temperatures and urban growth are a challenge for cities. The use of climate simulations to assess current and future urban heat stress is a helpful approach for supporting this transition. In particular, green and blue infrastructure helps to reduce the urban heat island effect. These cooling effects can be analysed using simulations. However, a central challenge is that urban adaptation to heat needs to be implemented consistently at different planning levels. A second major challenge in adaption is identifying the amount of urban green infrastructure required in order to achieve a specific cooling benefit and establishing this by means of planning instruments. This article presents two case studies in the city of Vienna to demonstrate how climate simulation tools can be used across different planning levels if they are standardized. When combined with a green and open space factor as a steering instrument, the necessary amount of greening for subsequent planning processes can be secured. The result is a multi-scale toolset consisting of three climate simulation models and a green and open space factor, coordinated, and standardised for use at different levels of planning.
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1. Introduction


Cities face new and multiple challenges at various levels. Currently more than half of the world’s population lives in cities and this proportion is expected to continue to rise [1]. Due to building (high-density living space) and the associated infrastructure, the proportion of sealed areas is increasing at the expense of green and open spaces [2]. Moreover, the interplay between the “urban heat island” (UHI) effect and the higher temperatures caused by climate change is steadily exacerbating heat stress [3]. Construction and development of urban areas and the associated sealing of natural surfaces in combination with anthropogenic heat emissions, such as heating or transport are the main factors for the formation of urban heat islands [4,5]. The city of Vienna is itself affected by these challenges, which will increase in future according to various scientific studies [6,7].



The recognition of the relevance and scope of these growing challenges was the starting point for the “Green Resilient City” research project. The results and findings form the basis for this paper. In order to address the challenges described and to meet the requirements of planning at various levels, a multi-scale toolset was developed combining climate simulation models with evaluation, planning, and steering instruments. This paper describes this hitherto unique holistic approach; a toolset operating across several levels to steer, optimise, and evaluate green and climate-sensitive city planning and architecture consisting of (1) a green and open space factor (GOF) as an urban benchmark and instrument for green infrastructure steering and planning, (2) GREENPASS as an assessment, evaluation, planning, and optimisation tool with space and time differentiation for climate resilience and microclimate impact of green infrastructure at plot, city quarter, and district level, (3) MUKLIMO_3 urban climate model for mesoclimate and urban impact at city level and (4) COSMO-CLM a regional climate simulation model. The climate simulation tools and instruments used to assess urban climate are already well developed, individually validated, and tested but not yet against the needs of landscape and urban planning, i.e., coordinated and tailored to joint use at different planning levels.



The central research questions are: (1) How is urban green infrastructure (UGI) steering in the interests of climate-resilient urban development supported by climate analysis? (2) What planning levels are relevant for the toolset to steer green infrastructure taking the city of Vienna as an example? and (3) What instruments are suitable for individual planning levels and how should they be standardised?



This article takes two case studies in two Viennese municipal districts to explain how the implementation of climate-sensitive urban development can be supported by a toolset consisting of simulation, evaluation, planning, and steering instruments.



1.1. Loss of Urban Green Infrastructure and Its Effects on the Ecosystem


The use of urban green infrastructure (UGI) can help combat the negative effects of urban heat islands on citizens. Intensified use of space and sealing is leading not only to a loss of green spaces, but also endangers biodiversity [8] with an associated loss of ecosystem services [9]. Sustainable approaches are needed which manage resources efficiently and maintain and improve the quality of life in the city [10]. The city, and in particular planning departments, are confronted by a complexity and interdependency of climatic, ecological, and social aspects. In view of the challenges of climate change, the maintenance and expansion of UGI is gaining importance.



UGI [11,12] with its accompanying diverse ecosystem services—together with climatic, ecological, and economic benefits—contributes to a better quality of life in cities [2,13,14]. Urban green infrastructure provides an area with multiple services which aid in transcending the current challenges of urban planning [15,16].



The term “ecosystem services” covers all benefits provided to humanity by ecosystems [17,18]. According to the Millennium Ecosystem Assessment [19] ecosystem services are divided into the following categories: (1) provisioning services, (2) regulating services, (3) cultural services, and (4) supporting services. Of primary importance for the urban sector are, among other things, regulatory services (e.g., climate regulation, air filtration, noise reduction, rainwater drainage, and water supply), cultural services (e.g., recreation, aesthetics, social functions, cultural identity), and biodiversity which, although not an ecosystem service in the narrow sense of the term, can still be considered as a supporting service for the other services as it provides habitats. Regulating ecosystem services of UGI that are particularly relevant to cities for climate change adaption are temperature regulation [20] and rainwater management [21]. UGI also contributes to climate change mitigation by carbon storage [20,22,23].




1.2. Benefits of Climate Modelling and Urban Green Infrastructure for Adaptation to Climate Change and Climate-Sensitive Urban Development


In the course of developing climate change adaptation strategies, many cities are using simulation-models and -tools to record the current climate situation and the determination of future susceptibility. Numerous studies have investigated the impact of different climate adaptation methods in urban districts with the use of various models and tools. The analysis of the impact of greening on urban heat stress is a common approach [24,25,26,27]. However, a challenge in adapting urban development to climate change is that spatial development occurs at many different scales and therefore simulations with different spatial resolutions are required.



The mentioned climate adaptation strategies consider UGI and the associated available ecosystem services as an implicit measure to mitigate the negative effects of climate change [14] and make a significant contribution to the quality of urban life [28,29,30,31]. Maintaining this UGI, and therefore ensuring climate-sensitive and socially sustainable urban development, demands thorough consideration of green infrastructure steering [10,32,33]. In order to benefit from the impact on the various climate levels (microclimate, urban, regional climate) these must be combined with the planning scale levels (building plot, neighbourhood, district, city level as well as regional level).



Analysing the complex effects of UGI on the urban environment relies on having climate simulation models and performance evaluation tools that deliver spatial and temporal data and evaluations at the appropriate resolution for the planning level. At the higher level, for example, the impact on urban renewal or urban development projects should be assessed using meso-scale and regional models. Micro-scale models are primarily used to assess the effect of construction on urban quarters to single building plots. This requires a strategic approach and a consistent toolset for coordinating the various levels.




1.3. Adapation of Spatial Development to Climate Change and Steering of Urban Green Infrastructure


Strategies and instruments to adapt to the challenges of climate change have been developed by many cities internationally (c.f. among others Warsaw [34] and Singapore [35,36]). In particular, effective UGI implementation and steering in order to benefit from its cooling effect for adaptation to climate change are an important approach in such strategies (c.f. among others Berlin, Malmö, Seattle [36,37,38,39]).



In this context, the city of Vienna has developed its own strategies such as the “Urban Heat Island—Strategy Plan Vienna“ [32] and adapted existing planning concepts to incorporate challenges caused by climate change (c.f. Urban Development Plan—STEP 2025 [40] and the Thematic Concept for Green and Open Spaces [41]). However—with the exception of land use planning laws and nature protection instruments as well as non-legally-binding specialist concepts or strategies—there is a lack of specific steering instruments for UGI (especially on building plot level) in Vienna.



Benchmarks are one approach to steering urban green infrastructure indirectly through urban planning indicators such as floor-space index, degree of development [42], or through benchmarks for provision of open space in the form of square metres per inhabitant or dwelling unit [29,42,43,44,45,46]. There are some limitations regarding these benchmarks, such as their inability to influence the unequal distribution of green space across the city. Green and open space factors are another instrument used in cities to safeguard green and open spaces at plot level [37] (see also Section 2.2). In summary the benchmarks mostly used by cities are green space ratio, green space coverage or green space area per capita [47].



The city of Vienna itself relies on the benchmarks for provision of public open space in the form of square metres per inhabitant. In the Thematic Concept for Green and Open Spaces [41], differentiated requirements (guide values) are identified for the provision of open spaces. These exclusively refer to public green and open spaces to be provided. In the planning law of the City of Vienna, there is only an indirect option to control the greening by regulating the structural use of a private plot and via assigning a so-called “horticultural design”. However, the law does not define what this includes—neither qualitatively nor quantitatively (BO für Wien § 5 Abs. 4 lit. p) [42].



In summary, many cities—including Vienna—face the challenges to (1) analyse current and future vulnerability due to urban heat, (2) develop and implement effective measures for adaptation at different planning levels, and (3) improve the provision of urban green infrastructure as central, nature-based adaptation measures [31,47,48,49].





2. Materials and Methods


The paper is based on the results of two case studies in Vienna, one in Innerfavoriten and one in Aspern Seestadt (see Section 2.1). These case studies were used for the proof of concept for the standardisation of three different existing climate simulation models applicable at different scales as well as for the combination of a climate simulation tool with a green and open space factor.



Wolfram et al. [50] emphasise that, in order to address the challenges of sustainable urban development, research must register the spatial institutional complexity of urban transformation processes and transition to multi-systemic approaches. In an interdisciplinary and transdisciplinary collaborative approach with members of the city administration, the research team developed a new kind of toolset demonstrating its feasibility in a proof of concept.



The objective was to discover whether different climate simulation models and instruments could be combined into a multi-scale toolset in order to support future planning as an integrated instrument. Assessment will be made as to whether the combination of individual simulation models work with a green and open space factor (GOF) as proposed in the toolset and can provide useful results to support green and climate-sensitive landscape and urban planning.



The major methodical proof of concept stages were: (1) Standardisation of input/output parameters, land-use parameterisation based on GREENPASS urban standard typologies and a joint determination of the reference periods, (2) comparison of the results of various simulation models using the Favoriten case study, (3) common use of GREENPASS and the GOF in the Aspern case study, and (4) the opportunities for the discussion of possible applications for the toolset with an advisory board of members of the planning departments of the City of Vienna municipal authorities.



2.1. Proof of Concept by Case Studies and Coordination with City Authorities


The research project took a field test approach, enabling new technologies to be tested in real locations with spatial and time limitations without these having to be established within a legal framework [51]. The trial was combined with a regulatory learning process to support the transfer of the lessons learned into routine planning [50,51]. The results and findings were regularly reflected in an advisory board with representatives of the relevant planning departments of the city and implementation possibilities into planning levels and instruments discussed.



Two different case studies were selected for the proof of concept of the toolset. In the Vienna Innerfavoriten case study, the focus was placed on the comparability of the simulation results provided by the three tools COSMO-CLM, MUKLIMO_3, and GREENPASS. The part of the district of Favoriten that was selected for the simulations covers an area of around 25 hectares and is characterized by a grid structure from the period of promoterism that was built during several decades. The spectrum of building shapes ranges from perimeter block development, through row buildings and single-family houses to post-modern building forms. In this study area with different building and land use typologies, the results of the three tools were compared based on certain key parameters available in all three models.



The second case study was in Aspern Seestadt (Aspern urban lakeside), one of the largest urban development districts in Europe. Measuring approximately 240 hectares, new living and working space is being created for more than 40,000 people in the middle of the 22nd Viennese municipal district. The urban lakeside development is in stages: since autumn 2012, public spaces and buildings for approximately 8000 residents have been created in the southernmost part so far, together with 2000 jobs. For one of the new planned city quarters in the north, known as the “Seeterrassen“, an urban planning competition was organised. In the course of the planning process, the targeted use of GREENPASS and the GOF was studied.




2.2. Climate Simulation Tools for the Toolset


For standardisation, three climate simulation models were selected based on different scale levels. These are a regional climate model COSMO-CLM (COSMO model in CLimate model), an urban climate model MUKLIMO_3 (micro-scale urban climate model) and the microclimate model ENVI-Met, which contributes to the GREENPASS assessment, evaluation, planning and optimization methodology.



In order to combine the different climate simulation instruments in one toolset they had to deliver similar outputs for different input parameters, which is why the various input parameters of the individual instruments were continously compared, adjusted and coordinated. A primary focus was on coordinating various scale models by analysing data interfaces, standardising input parameters, and setting the same reference periods.



2.2.1. Regional Climate Model COSMO CLM


With the German regional climate model COSMO-CLM [52] and the special urban extension TERRA-URB [53], urban climate simulations could be carried out at a resolution of 1 × 1 km2. By integrating anthropogenic heat emissions and horizontal resolutions in the 1-km range, the urban heat island effect could be mapped for the first time using regional climate models in context with large-area climate developments on a relatively fine scale. As a first step, simulations for the years 1960 to 2018 based on ERA40/ERA Interim data were calculated and compared for initial validation with data from 12 measuring stations in and around Vienna. Although high-resolution regional climate simulations are extremely processor-intensive and hitherto have only been achieved at best in seasonal tranches, it has been possible in a second step to carry out for the first time a model run for the period 1960 to 2100, thereby generating hourly data for the moderated SRES climate scenario A1B.




2.2.2. MUKLIMO_3 Urban Climate Model


At a horizontal resolution of 20–200 m, the urban climate model MUKLIMO_3 [54,55] developed by the German meteorological service was used to study urban heat stress and to analyse the impact of climate adaptation measures at city and regional level. Taking into account high-resolution land-use and topography data as well as initial meteorological conditions, the parameters for temperature, relative humidity, wind and solar radiation were simulated in the daily cycle with potential heat stress. Combining the MUKLIMO_3 results with long-term climate data series gained from observational data or regional climate simulations enables the calculation of high-resolution climate indexes such as the mean annual number of summer days (Tmax ≥ 25 °C) or hot days (Tmax ≥ 30 °C). This cuboid method developed by Früh et al. [56] can be used in this way to analyse urban heat stress for past and future periods, taking into account various regional climate scenarios. By changing the land-use parameters upon which the model is based, the effects of different climate adaptation scenarios (e.g., increased vegetation level, roof greening, de-sealing measures, increase of the reflectivity of building surfaces) can be evaluated.




2.2.3. GREENPASS Model


GREENPASS is an all-in-one software-as-a-service (SaaS) planning, optimisation and certification tool for climate-resilient urban planning and architecture. GREENPASS analyses, optimises, and certifies the effects of buildings, materials, and plants with respect to six urban issues: climate, water, air, biodiversity, energy, and costs. GREENPASS technology has been developed over the past ten years with leading universities and planning experts in the context of different national and international research projects. The GREENPASS Toolbox provides a customised solution for the appropriate planning phase and allows the urban environmental impact assessment of real estate, open and green space, as well as urban districts and entire cities. GREENPASS Software combines scientific expert simulation systems such as ENVI-met (microclimate) and/or Rheologic CFD (wind) with planning practice and enables the standardised assessment and optimisation of projects based on a set of key indicators as published by the European Commission [57] to control and to optimize the performance to understand the climate resilience of different urban designs and architecture [57,58,59,60,61,62].





2.3. Green and Open Space Factor as an Urban Planning Benchmark and Steering Instrument


Green and open space factors to secure urban greening are being used internationally (including for example Berlin, Malmö, Seattle [37,38,39], or Helsinki [62]). All the previously developed green and open space factors calculate the ratio of an area having an impact on the ecosystem to the total area of a plot. The green infrastructure elements arising on the plot and the buildings are assessed differently with the aid of a catalogue and the attributable area determined on the basis of its contribution to biodiversity in most cases. This is divided by the basic area of the plots and the result is a numeric value—the respective green space factor [37,62,63,64,65]. In the course of the Green.Resilient.City project, a GOF was developed which also takes the building masses into account. A further extension to the developed GOF was, in addition to the consideration of ecological services, also to consider social and especially climatic services in the assessment of the different performance of urban green infrastructure, see in detail [66]. A coordination of the UGI elements used by the GREENPASS was also conducted to ensure a joint application.





3. Results


Before the joint application of the individual simulation tools in the case studies, these are harmonised with one another, cross-validated and standardised so that the input and output parameters could be used reciprocally.



3.1. Instrument Standardisation


Initially, the development of a joint database represented an essential step towards the standardisation of instruments. Originally all three simulation models worked with different land-use and input data. The following aspects have been standardised and harmonised: (1) applied land use parameterisation based on GREENPASS urban standard typologies, (2) interfaces between simulation tools, (3) study period, and (4) interfaces between GREENPASS and the green and open space factor.



Figure 1 gives a summary of the simulation tools used. “Urban standard typologies“ served to standardise land use parameterisation, climate signal data from COSMO-CLM (A1B scenario) was used for the setting of a common reference date and the interfaces between the individual simulation tools coordinated with the green and open space factor.



3.1.1. Standardisation of Land Use Parameterisation


To standardise the input data for land use, “urban standard typologies” (UST) have been applied, which demarcate districts according to characteristic development structures and by types (see Figure 2). The GREENPASS standard urban typologies are typical, appearing as abstracted urban morphologies developed in the EASME research project “Green4Cities”. The USTs for Vienna were drawn up and evaluated by the project team, developed further jointly and assigned according to land use in Vienna. The USTs have a standard size of 200 × 200 m2 and have been abstracted and clustered on the basis of area analyses of land use shares (building, open space, green space etc.) and other urban planning parameters (e.g., building height). For each UST there are detailed area statistics with the proportion of different land-use typologies and UGI elements as well as urban planning parameters. These served in all climate simulation tools and input data for land use parameterisation.




3.1.2. Standardised Interfaces


For the regional climate model COSMO-CLM, sealing layer, plant coverage, leaf area index (LAI) and average building height were derived from the USTs. In a first step, the UST polygon data were transferred into the rotated system of coordinates used in CLM and converted into a 100-m grid. After this, the aggregate values for the degree of sealing, plant coverage, and tree coverage could be assigned to the appropriate categories. These were converted using the geographic information system (GIS) ArcGIS into grid data at a resolution of 0.01° (1 km) and entered as NetCDF into the COSMO-CLM initialisation files. LAI was determined from satellite data and was the subject of analogue processing (see Figure 3). For the MUKLIMO_3 model, information on land coverage was also extracted from the USTs. These have been adapted as appropriate (e.g., conversion into grid format, transformation into a coordinate reference system generally used for European geodata using QGIS) and integrated into MUKLIMO_3.



For both models, many of the parameters available in the USTs (e.g., degree of sealing, building proportion, building height, vegetation proportion) could be transferred directly into the model and simulated whereas there were model-specific restrictions for a few other parameters (see Section 3.2) which is due to the fact that the models are operating on levels that require parameterization of certain city-specific structures.




3.1.3. Standardisation of the Study Period—Daily Cycle of the Idealised Day


Further steps involved reconciliation between study period and study day and adaptation scenarios (greening scenarios). The reference period 11 July–31 July was used, for a 10-year period (2009 to 2018) and selected from hourly data measured by the Inner City Vienna station the maximum temperature of which corresponds to the 80th percentile (32.56 °C). Initially all days on which precipitation was measured were ruled out of the calculation. Based on this calculation method, consequently 19 July 2014 was used in all three models as idealised day (see Figure 4 for the idealised day as represented in COSMO-CLM).



Data was exchanged between the larger-scale models on an urban or regional scale and the GREENPASS micro-climate model for ENVI-met. Information such as temperature, atmospheric humidity, solar radiation, wind direction, and wind speed could be used from MUKLIMO_3 and COSMO-CLM after appropriate processing as input data for ENVI-met simulations as basis for GREENPASS evaluations.




3.1.4. Standardisation between GREENPASS and GOF


To achieve standardisation between GREENPASS and GOF, as a first step the UGI elements had to be reconciled and their level of detail coordinated. This enables the use of input and output of both instruments in both directions. In the sphere of building greening, in particular facade greening, the UGI elements of the GOF were extended in order to take into account orientation [62]. The orientation and surrounding urban structure as well as ambient climatic framework conditions (solar radiation, wind field, air humidity) have a significant influence on the effectiveness of UGI and especially façade greening. The three dimensional simulation software ENVI-met fully accounts for the framework conditions and is therefore the profound basis for micro-climate analysis of GREENPASS.





3.2. Joint Application of Simulation Models in the Favoriten Case Study


After standardisation of the models on the appropriate scale levels, in a second step the microclimate simulation ENVI-met and GREENPASS evaluation system have been applied in a specific area of study, a typical existing area in Vienna in the Favoriten district (see Figure 5).



The current situation and three different land use scenarios for the same area were evaluated and the results compared (see Section 4 Discussion).



The scenarios can also be used to determine the extent of necessary adaptation measures in the sphere of urban green infrastructure in order to achieve planning objectives—e.g., the prevention of an increase in UHI effect by greening measures or the temperature reduction to be achieved in a city district.



Standardised greening models based on the urban standard typologies formed the basis for simulation of the different land use scenarios. For each of these USTs, in addition to the status quo (SQ), three greening scenarios with different degrees of greening were developed. These are: (1) “worst case” (WC), (2) “moderate case” (MOD), and (3) “maximum case” (MAX) (see Figure 6). For each UST and its greening scenarios, detailed area statistics have been developed with the proportion of the different land-use typologies and UGI elements as well as urban planning parameters, and used as a basis for the simulation.



For the status quo, moderate and maximum greening scenarios were calculated and the resultant climate effects for Vienna—in respect of summer average temperature and climate indexes such as summer days, tropical nights—simulated and compared between the models.



3.2.1. Input Data for GREENPASS analyses and ENVI-met Simulations


For the Vienna Innerfavoriten case study, the GREENPASS software was used to derive and define, in addition to the status quo, also three greening scenarios and to generate ENVI-met simulation models for the “worst case“, “moderate case”, and “maximum case“ (see Figure 7).




3.2.2. Input Data for MUKLIMO_3 Simulations


For simulations using MUKLIMO_3, the meteorological baseline conditions (temperature, relative humidity, wind speed and direction, cloud cover) were selected in such a way that they corresponded as far as possible with the pre-defined idealised summer‘s day. The land use data have been processed both for the status quo and for the three greening scenarios “moderate case”, “maximum case“, and “worst case“ as appropriate and integrated into the model. The extracted soil sealing input layer based on the UST Status quo is shown in Figure 8.



As it is not possible in MUKLIMO_3 to simulate buildings and trees within one grid cell, the tree proportion has been assigned to low vegetation, an approach that has been used in previous studies (e.g., [67]). In the simulation of the UST greening scenarios, there is one further restriction in relation to facade greening that cannot be simulated by the model. In this way the effects of moderate and maximum greening in MUKLIMO_3 can be studied as a combination of de-sealing, increasing the vegetation proportion and roof greening in the context of sensitivity tests. The impact of the worst case scenario represented by additional sealing at the expense of all existing green spaces, could be simulated by the model by corresponding preparation or modification of the land-use data. The MUKLIMO_3 simulations of the idealised summer’s day for the “status quo” as well as for the three greening scenarios were performed at a horizontal resolution of 100 × 100 m2.




3.2.3. Input Data for COSMO-CLM Simulations


For studies of the possible impact on climate of the four scenarios “status quo“, “moderate case“, “maximum case“, and “worst case“, the corresponding data were extracted for sealing, plant coverage, and tree coverage from the UST maps and generalised in accordance with the possibilities of a regional climate model (see Figure 9). This means that all green infrastructure is combined into the plant coverage parameter. This refers exclusively to horizontal green areas as, at a horizontal resolution of 1 km, no buildings are recorded and therefore facade greening cannot be taken into account. With this data, the input of the climate model is modified accordingly. These simulations include a 100 × 100 km2 area around Vienna with a horizontal resolution of ~1 km.





3.3. Joint Use of GREENPASS and GOF in the Aspern Case Study


In the course of an urban planning competition to develop the “Seeterrassen“ quarter (see Figure 10), both GREENPASS and the GOF were used.



The starting point of the case study was a GREENPASS analysis of the development proposal according to the masterplan for the entire Aspern Seestadt as “actual“ condition. Two variants were simulated: 100% sealing and maximum greening. This indicated climate shortcomings (hotspots) due to existing built structures and recommendations derived from them were set down for the competition entrants as climate resilience handbook in the tender documentation.



On the basis of an analysis of existing Aspern Seestadt development and the results of the GREENPASS analysis, a guide value was derived for the GOF to be achieved by the competition entries and also established in the tender documentation (see Figure 11).



Finally, various designs for the masterplan were drawn up by six teams and these were evaluated after submission using GREENPASS and the achieved greening analysed using the GOF. The records were made available to the panel of judges as a joint evaluation report regarding climate resilience performance and green space provision of the six different competition entries including rankings.



After selection of the winning project, it was subjected to a further GREENPASS optimisation process and an improved urban planning model was developed [68]. For this, “hotspots“ in the winning design were analysed, changes in relation to ventilation (e.g., opening of blocks to secure [night-time] ventilation) and the location or quantity of green infrastructure (e.g., facade greening proposed on south-facing facades in the blocks or tree plantations and tree species in the road area to “moderate“ the wind), integrated into the urban planning design and simulated and evaluated again. On the basis of this change in land use or greening, based on the greening proportions of the model used for GREENPASS, target values for the GOF were then determined for individual construction sites. These target values must be achieved by future development projects.





4. Results and Discussion


Below the results of the simulations carried out or the model results are compared using the Favoriten case study. Finally, the results of the joint use of GREENPASS and GOF in the Aspern Case Study and the applicability of the toolset are discussed.



4.1. Comparison of Results of the Different Simulation Models Based on the Favoriten Case Study


The following values in the appropriate grid cells concerning the case study area from the models and the greening scenarios have been compared and contrasted with one another: degree of sealing; proportion of greening; mean temperature over 24 h, daily average (10:00–18:00 h), daily mean value (22:00–6:00 h), maximum temperature in 24 h, minimum temperature in 24 h.



Even in a comparison between the degree of sealing it is apparent that all three models show similar values, but differences are also discernible (see Figure 12). The differences between status quo and maximum greening are the greatest in GREENPASS and COSMO_CLM. Although the degree of sealing is also significantly reduced in the MUKLIMO_3 model by comparison with the status quo for the maximum greening variant, the margin of variation is narrower. As the degree of sealing is complementary to the greening proportion and has significant influence on climate simulations, the findings from this parameter are also found in the temperature values.



In principle, all three models—from regional and urban through to city quarter level—deliver the same conclusions: sealing leads to a rise in temperature and greening to a reduction in temperature. Even if, for example, COSMO-CLM has in principle a lower temperature curve, sealing and greening measures have the same effect in the simulation scenarios. This finding is a significant result as the climate models are completely different in their configuration and modelling and up to now no comparative analysis has been carried out with coordinated input data and time periods.



In detail there are of course differences in the model results which were to be expected due to the completely different scale levels.



Figure 13 below shows the worst-case variant deviation (total sealed area in orange), the moderate greening variant (light green), and the maximum greening variant (dark green) from the status quo (zero line) in all three models. The chart shows the daytime deviations (10:00–18:00 h).



During the daytime in particular sealing in the worst-case scenario in COSMO CLM and GREENPASS indicates a similarly severe effect and leads to a significantly higher mean daytime temperature. In MUKLIMO_3 maximum greening has a more intensive impact in the form of a reduction in daytime temperature. During the night, the greatest impact of sealing and greening is revealed in COSMO-CLM. Here, due to maximum greening, more than 1 °C air temperature reduction and, due to sealing, more than 2 °C air temperature rise are simulated. In MUKLIMO_3 and GREENPASS sealing has a negative impact particularly at night.



Starting from the Vienna Innerfavoriten case study, in the COSMO-CLM and MUKLIMO_3 models, the impact of greening and sealing on other districts of Vienna was observed and compared. In summary, the following conclusions were drawn from the simulations:



In COSMO-CLM the effects of sealing and greening were clearly visible in particular during the night time. In densely constructed districts such as Innerfavoriten, air temperature reductions exceeding 2 °C are possible. During the daytime, greening in COSMO-CLM has only relatively minor effects and the maximum temperatures are only reduced by a negligible amount. By contrast with the only slightly discernible positive effect of greening during the day, sealing has a negative impact even during the day due to increased daytime temperatures. Here again, however, the greatest impact can be seen during the night time. In fringe districts, increases of more than 4 °C are possible.



COSMO-CLM demonstrates one further interesting effect: a reduction in night-time temperatures due to greening becomes increasingly effective as daytime temperatures increase, i.e., if temperatures increase due to climate change, greening has even greater potential than currently to reduce night-time temperatures only. This is apparent in particular in densely built-up areas. Here the impact of greening is significant, whereas it is somewhat lower in the urban fringe districts, although the negative impact of increased sealing is enormous in fringe areas.



In MUKLIMO_3 it was possible to demonstrate that, with moderate and maximum greening measures, a significant reduction in air temperature can be achieved in particular throughout the day. At night, once again, the negative impact of additional sealing became clear. Furthermore, in connection with the greening scenarios, in the context of sensitivity tests, an additional interesting effect was observed concerning in particular ground de-sealing: if the ground moisture is too low, and the ground therefore is extremely dry, the measures demonstrate little or no impact. This is an important point in particular with respect to guaranteeing water supply especially during long hot drought periods.




4.2. Combined Use of GREENPASS and GOF in the Aspern Case Study and Comparison between the Results


Involvement in an urban planning competition in Aspern and the combined use of GOF and GREENPASS were an initial attempt to integrate part of the toolset into specific planning processes.



In Table 1 below the individual competition entries from the different planning teams were compared by thermal comfort and the GOF achieved. The Thermal Comfort Score (TCS) [57,69] is a key performance score within the GREENPASS system and shows the frequency distribution of areas with thermo-physiological stress and expresses the thermal comfort performance in one final number. The TCS results for the different case study drafts served as base for the evaluation frame for the fact-based jury support. The draft with the highest TCS has set the maximum framescore (100%) while the draft with the lowest TCS set the minimum framescore (0%) allowing a ranking of the design drafts regarding climate resilience.



The green and open space factor was calculated on the basis of the values included by the competition entrants or in the designs for the extent of greening which simultaneously also formed the basis for the GREENPASS model.



Evaluation of the competition entries showed some consistency between the tools which were used together for the first time. The competition entry with the highest degree of greening also demonstrated the best results for the thermal comfort score. While the GOF for entries ranking 2, 3, 4, and 5 range from 0.7 to 0.68, the results for the thermal comfort score vary from 0% to 68% of the maximum score. The difference between GREENPASS and GOF can be explained by the different spatial structures of the urban design. These effects could not be taken into account by a GOF.



One further positive finding from the competition was the operability of the use of GOF and GREENPASS. Due to the clear communication of the awarding authority and the importance of the issue of climate resilience, the use of the instruments were positively received. To depict the “hot-spots” within the proposed urban design in maps facilitates the understanding also for those who do not have to deal with climate simulations regularly. Therefore, it was easy for the jury to evaluate the different designs. The use of key performance indicators is also beneficial, as this enables a simple comparison. The same applies to the GOV which makes a quantitative comparison easy with one simple indicator. Moreover, all planning teams were able to apply the documentation and working aids made available and were able to submit the necessary records and plans on time in accordance with the requirements of the research team.




4.3. Implementation of the Toolset in Urban Planning


On an ongoing basis, (interim) results were presented to an advisory board of the city of Vienna in which all planning departments are represented and the opportunities to implement the toolset were examined.



Spatial resolution and level of detail of the climate simulation must be precisely coordinated with the planning level and the level of detail in the planning (see Table 2). Below, taking the city of Vienna as an example it is shown how evaluation and control of adaptation to urban heat can be carried out with the toolset at different scales.



The effects of climate change, but also the impact of adaptation measures do not respect administrative borders [48,68]. The regional development concept is therefore a crucial planning level. Analysis and evaluation of the impact of measures by different regional authorities—i.e., across administrative borders—is the objective here [70]. Analyses can be carried out at this regional level using the COSMO-CLM.



The use of climate models to analyse the current and future development of signals of climate change at whole city level is an approach chosen by many cities (e.g., [71]). With the resolution of the models and the scale level, the effectiveness of planning concepts and city development plans can be verified and scenarios can be simulated for adaptation measures with MUKLIMO_3 (with restrictions also COSMO CLM or GREENPASS/ENVI-met—dependent on the size of the city).



At district or neighbourhood level, it can be useful to link the toolset to the planning instruments of urban development competitions or masterplans as well as zoning and development planning. Simulations with MUKLIMO_3 and GREENPASS/ENVI-met support this planning level, both in existing developments as well as in new builds, as has been shown in the case studies. These planning instruments are also seen as an important level for the use of a GOF in combination with GREENPASS or MUKLIMO_3.



At building plot level, urban planning or architectural qualification processes can be supported by the GREENPASS and the GOF. Individual projects too can be verified and optimised in the course of the building permission (and a target value established for the GOF e.g., through urban development contracts).





5. Conclusions


The combined modelling chain across all three simulation levels and the incorporation of the GOF enables four essential findings to be made from the project: i.e., that: (1) the linking of different simulation models through USTs is possible and useful, (2) despite entirely different tools and scale levels, the applied models tend to deliver similar results and tendencies, (3) the effects of urban greening and unsealing measures on plots, district, city, and regional level can be mapped and evaluated, and (4) the necessary greening amount to ensure the climatic effects can be defined by a target value for and evaluated with the GOF.



5.1. Linking of Different Simulation Models across USTs


Using urban block typologies with different microclimates in climate simulation is a common approach [72,73,74,75]. To use the same USTs as a common basis for the land use information in simulation tools on different scales was a new approach that proves to be useful and effective. This allows to use simulation tools at different climate levels in conjunction with the planning levels. Interfaces between the simulation models could be identified and output data from one model could be used as input data for the simulations at the next spatial level. The approach of using a common idealised day as an input parameter for all simulation tools helps to harmonize the models output as well.




5.2. Models Tend to Deliver Similar Results and Tendencies


To validate models through measurements or to compare the results of different models is necessary and has already been carried out in numerous projects [76,77]. However, the direct comparison of the results of three different models at different levels is new. It has been demonstrated that all three simulation models—from regional (COSMO CLM) down to urban (MUKLIMO_3) and district level (GREENPASS)—correspond to one another in their fundamental results: all three models have been able to prove the positive impact of greening measures on urban climate. This enables direct comparison of climate change adaptation measures by green infrastructures and their effectiveness at different scale levels. At the same time, valuable findings have been made concerning the strengths and weaknesses of the individual models such as resolution, pixel size, mapping of parameters in the models, and simulation accuracy. This has increased the interpretation quality of their results.




5.3. Mapping and Evaluating the Impact of Measures at Plot, District, City and Regional Level


Adaptation to the urban heat island effect must take place at different levels of planning and refer to the appropriate level of detail of the planning instruments. The analysis of the positive effects of different measures, such as unsealing or increasing the greenery to reduce the urban heat island effect, has been proven in numerous research projects on different scales [7,78]. End-to-end analysis and display on different levels is now possible for the first time with the harmonized tools. The combined use of the various simulation tools enables to indicate climate effects at plot, district, city, and regional level. The toolset can also quantify the effect of measures and conversely analyse the greening effects to achieve certain goals, such as reduction of the urban heat island effect on different levels.




5.4. Ensuring the Amount of UGI Necessary Using a GOF


While the use of GOFs to steer UGI is being used in more and more cities [79,80], its combination with microclimatic simulation tools is a novel approach. The amount of the UGI that is necessary to ensure the desired cooling effects can be determined with the simulations using GREENPASS. This amount of greening can be secured by specifying a target value to be achieved for the GOF for the downstream planning processes such as architecture competitions. However, what also became clear is that, for example, the spatial structure or the orientation of facade greening or specific placement is difficult to take into account using a GOF, as only quantitative statements are possible. In the course of further development of the GOF, these aspects may, for instance, be included in consideration of the orientation of facade greening by different evaluations and multiplication factors [65].




5.5. Benefits of Use by Comparison with Other Steering Instruments


Figure 14 below gives an overview of the entire toolset—on the one hand through inputs and outputs of the appropriate climate simulation and steering instruments in support of climate-sensitive urban development, and on the other hand it shows the necessary combination of the steering, evaluation, and optimisation instruments at different climatic scales and planning levels in the form of a multi-scale toolset. Before joint application of the individual simulation tools, in the case studies these have been coordinated with one another, cross-validated, and standardised, so that the input and output parameters could be used on both sides.



The developed multi-scale toolset, in use, contributes several advantages over existing single instruments. Adaptation to climate change is a cross-cutting issue and demands implementation across all planning levels [32]. In order to be able to effectively steer green infrastructure, one of the most important criteria is “multi-scale“, i.e., coordinated planning throughout the various planning levels [81]. With the cross-level toolset, all planning and scale levels as well as planning instruments could be supported. The combination with the GOV enables “spatial adaptive capacity“ to be quantified and statements made and established on the question as to how much green is necessary in a city for effective adaptation to climate change.





6. Outlook


The opportunity in principle to implement a toolset operating across the planning levels has been demonstrated in the course of the proof of concept. In discussions with the advisory board of the city of Vienna, three major challenges were identified in specific implementation and could be of interest for future research projects:




	
the comparatively high technical expense;



	
the necessary resources in municipal administration;



	
a more dynamic approach in the models and model chain to interactively verify more quickly the different effects of measures—in particular different planning variants—at different planning levels (which is also confirmed by current research results [82,83]).
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Figure 1. GOF and climate simulation instruments at various scale levels—downscaling from regional to site level (Reinwald et al., 2019). 
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Figure 2. As a joint basis for the land use information used in the different simulation tools the urban standard typologies were assigned to the various urban structures of the City of Vienna (Green4Cities/GREENPASS, 2018). 
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Figure 3. Processing of UST data for integration into COSMO-CLM (AIT). 
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Figure 4. 2-m daily temperature cycle for the idealised summer day (19 July 2014) in COSMO-CLM used as input parameter for the two other climate simulation tools (AIT). 
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Figure 5. Screenshot of Favoriten case study area in GREENPASS Software (Green4Cities/GREENPASS, 2018). 
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Figure 6. Example of greening scenarios of an urban standard typology (SQ = status quo of greening; WC = worst case (no greening); MOD = moderate case; Max = maximum case) (Green4Cities/GREENPASS, 2018). 
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Figure 7. GREENPASS scenarios and simulation models ground plan: status quo (1), worst case (2), moderate case (3), and maximum case (4) (Green4Cities/GREENPASS, 2018). 
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Figure 8. Overall sealing in MUKLIMO_3 based on UST status quo (SQ) (ZAMG, 2020). 
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Figure 9. Sealing layer in the variants “status quo” (SQ), “moderate greening” (MOD), and “maximum greening“ (MAX) as input data for regional climate simulation. The grid cells in the Innerfavoriten case study are highlighted in red (AIT). 
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Figure 10. Overview of the Aspern case study area (Wien 3420 Aspern Development AG, 2018). 
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Figure 11. The process of competition preparation to urban planning guideline and the use of GREENPASS and GOF (Wien 3420 Aspern Development AG). 
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Figure 12. Degree of sealing in the different simulation models by scenario (AIT/ZAMG/Green4Cities). 
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Figure 13. Range (sealing/worst case [orange], moderate greening [light green] and maximum greening [dark green]) of temperature difference (in °C) relative to the status quo in the three simulation models for day time (AIT/ZAMG/Green4Cities). 
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Figure 14. The multi-scale Green.Resilient.City toolset as steering, evaluation and optimisation investment at various climate and planning levels (ILAP/GRC project consortium). 
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Table 1. Comparison of thermal comfort with the GOF achieved in the evaluation of the competition entries.
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	Competition Entry
	Thermal Comfort
	Rank—Thermal Comfort
	GOF Achieved
	Rank—GOF Achieved





	A
	100
	1
	0.77
	1



	B
	62
	2
	0.70
	2



	C
	48
	3
	0.70
	3



	D
	44
	4
	0.69
	4



	E
	41
	5
	0.60
	6



	F
	0
	6
	0.68
	5
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Table 2. Coordination of climate simulation, planning scale levels, as well as planning levels and instruments (ILAP).
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	Climate Simulation Tools and

Green and Open Space Factor
	Scale Levels and Spatial Resolution of Simulation Tools
	Planning Levels and Planning Instruments





	COSMO-CLM
	Regional-/meso-climate

(1–10 km)
	Beyond the city borders/

metropolitan area/regional

Regional development concepts and strategies



	(COSMO-CLM)

MUKLIMO_3

(GREENPASS/ENVI-met)
	Meso-/local-climate

(100 m–1 km)
	City

Urban development concept



	MUKLIMO_3

GREENPASS/ENVI-met

GOF
	Local-/micro-climate

(20–100 m)
	District

Zoning and development plan;

urban development competitions;

masterplans



	GREENPASS/ENVI-met

GOF
	Micro-climate

(0.5–20 m)
	Urban quarter/plot

Architectural competition;

Urban development contract;

Building permission
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