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Highlights
. Partitioning of surface energy fluxes indicate the surface induced warming and cooling effect.
. Spatial partitioning of PET can be used as input values for modelling in hydrodynamic software.
o High necessity of soil moisture availability for successful urban heat mitigation strategies.

Introduction

Cities around the world are under constant change. Population growth is leading to an increasing demand
for residential, commercial and traffic areas and thus leading to progressive surface sealing and urban
densification. Adding on the existing and growing challenging situation, earth’s climate is undergoing
dramatic changes. With climate change globally affecting cities by altering local temperature and
precipitation pattern, enhancing the occurrence of dry periods and increasing the frequency of excessive
heat events, extreme precipitation events as well as tropical nights per year (Willems et al., 2012 and Bastin
et al., 2019), urban planning is becoming increasingly demanding. Recent scientific initiatives and policy
interventions, including, but not limited to, nature-based solutions, green-blue infrastructure, decentralised
stormwater management or the sponge-city concept (Nesshover et al., 2017; Fletcher et al., 2014 and
Nguyen et al., 2019) answer to current aggravations and the challenges ahead by improving infiltration,
evapotranspiration and water storage capabilities, increasing, among other ecosystem services, the local
cooling effect and subsequently outdoor human thermal comfort (Lai et al., 2019). With evapotranspiration
representing a primary process for energy and water exchange between the hydrosphere, atmosphere and
biosphere, the main determinants of the warming effect in cities are the differences of evapotranspiration
and convection efficiency between urban and rural areas (Manoli, 2019). Thus, an increase in surface sealing,
causing higher runoff rates, less groundwater recharge and subsequently lower evapotranspiration
(Bonneau, 2017), enhances the urban-rural temperature differences, known as the urban heat island (UHI)
effect (Oke, 1982), aggravating the liveability in cities, causing augmented health risks and heat-related
mortality (Rydin, 2012 and Vicedo-Cabrera, 2021). To counter act current and future consequences of
urbanisation and climate change, cities demand for holistic and anticipatory urban planning strategies and
multi-beneficial adaptation measures. Therefore, specific tools must be developed taking different aspects
and boundary conditions into account and mapping crucial processes as well as the effects of adaptation
measures within urban environments. This study emphasises on the determinants governing the surface
energy balance (SEB) and highlights on their importance for the processes driving energy and water fluxes
within the interconnected earth-atmosphere system to assess and optimise urban climate change adaptation
measures.

Methodology

GIS-based modelling approach

To provide fast and detailed assessment studies, we improved a GIS-based modelling approach, which was
already introduced by Back et al. (2021), to carry out fine-scale simulations for land surface temperature
(LST), mean radiant temperature (MRT) and universal thermal climate index (UTCI) in a 2D urban
environment. By including enhanced input values for emissivity (g), Bowen-ratio (B) and substrate heat flux
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(G), using specific normalised difference vegetation index (NDVI) and B-approaches, we spatially estimated
sensible heat (H), latent heat (LE), vegetation water content (VWC) and potential evapotranspiration (PET)
with a spatial resolution smaller than 0.5m. The model comprises a combined dataset, including a surface
classification, thermal characteristics, meteorological input data and well-established physical relations in
the model set-up. A DEM (Digital Elevation Model), a CIR-Image (Coloured Infrared Image) and a vector layer
depicting building geometry are required as model input datasets. The accuracy of the input datasets
determines the accuracy of the output datasets.

Results and discussion

First results are depicted in Figure 1 and show the spatial distributions of LE, H, VWC and PET for varying
surface characteristics within the case study area in Innsbruck, Austria. The ratio H to LE, known as the
Bowen-Ratio, is capable of describing the land use form, additionally correlating with the NDVI, which in turn
is able to indicate the vegetation heath status. A f>1 indicates H to exceed LE representing an increase in
surface sealing, whereas a B<1 indicates LE to exceed H representing an increase in vegetated areas as well
as an improved vegetation health status. The amount of energy stored in the substrate (G) increases with
increasing B values, leaving less available energy (AE) for H but consequently also for LE. Surfaces showing a
higher proportion of G influence near surface air temperatures and contribute to an increase of the nocturnal
heat release from the subsurface to the atmosphere. To holistically describe the surface induced warming
and cooling effect, we accumulate G and H representing the heat contributing determinants. The point of
intersection of both curves LE and H+G can be used as a threshold, indicating a tipping point, which describes
the cooling effect (higher proportion of LE increasing evaporative cooling) to exceed the warming effect
(higher proportion of H and G increasing air temperatures and nocturnal substrate heat release) or vice versa.
This tipping point can be attributed to a B value of 0.52, which is equivalent to an NDVI value of 0.33.
Overlying this information with the calculated UTCI and LST datasets, shows the correlation of the three
determinants with the human thermal comfort by precise numerical values of UTCI. Additionally, we see
unhealthy vegetation substantially decreasing the potential of evaporative cooling, only decreasing UTCI
values marginally. On the other hand, we see the potential of healthy vegetation to decrease UTCI values by
2.55°C (AUTCI) and LST values by 19.01°C (ALST) compared to a sealed surface for this specific example with
a high solar radiation income, clear sky, air temperature of 23.7°C and no wind. UTCl and LST values decrease,
with healthier vegetation, simultaneously showing a higher VWC (depicted in Figure 1 for grassland) pointing
out the importance of soil moisture availability for successfully increasing the evapotranspiration driven
cooling effect. As PET assumes ample water supply, spatial distribution of PET values demonstrates the strong
correlation to the AE for LE.
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Figure 1. Spatial distribution of LE, H, VWC and PET for varying surface characteristics within the case study area in Innsbruck, Austria.
The point of intersection of both curves LE and H+G can be used as a threshold, indicating a tipping point, which describes the cooling
effect (higher proportion of LE increasing evaporative cooling) to exceed the warming effect (higher proportion of H and G increasing
air temperatures and nocturnal substrate heat release) or vice versa.
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Conclusion and future work

Implementing climate change adaptation measures such as green-blue infrastructure alter the surface energy
balance (SEB) and the surface water balance (SWB) by changing the surface characteristics, potentially
increasing the evapotranspiration driven cooling effect. We have shown the importance of the determinants
(H, G and LE), governing the SEB, for energy and water exchange within the earth-atmosphere system.
Partitioning of these fluxes can be used to assess and evaluate the surface induced warming and cooling
effect in cities. We conclude that these first results underline the necessity of an inclusive and smart urban
water management scheme to assure soil moisture availability for successful urban heat mitigation
strategies. Therefore, we emphasise on improving multiple benefits of existing decentralised stormwater
techniques, not only capable of reducing the pressure on the urban drainage system but simultaneously
enhancing microclimatic conditions. Our approach can contribute to holistic urban planning and help
optimising climate change adaptation measures. Additionally, spatially distributed PET values can be used as
input dataset for enhanced modelling in hydrodynamic software (e.g. SWMM). Upcoming work will define in
detail the relation of the three determinants to holistically describe the surface induced warming and cooling
effect and will include the combination of GIS and CFD (Computational Fluid Dynamics) software capabilities
(see Figure 2) to account for the local background climate (air temperature distribution and wind pattern on

a microscale), consequently increasing calculations for the spatially distributed PET values.
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Figure 2. Combination of GIS and CFD software capabilities to account for the local background climate on a microscale.
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