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A B S T R A C T

This study outlines the results of current and future climate scenarios, and potentially realizable
climate adaptation measures, for the city of Klagenfurt, Austria. For this purpose, we used the
microscale urban climate model (MUKLIMO_3), in conjunction with the cuboid method, to cal-
culate climate indices such as the average number of summer and hot days per year. For the
baseline simulation, we used meteorological measurements from 1981 to 2010 from the weather
station located at Klagenfurt Airport. Individual building structures and canopy cover from
several land monitoring services were used to derive accurate properties for land use classes in
the study domain. To characterize the effectiveness of climate adaptation strategies, we com-
pared changes in the climate indices for several (future) climate adaptation scenarios to the
reference simulation. Specifically, we considered two major adaptation pathways: (i) an increase
in the albedo values of sealed areas (i.e., roofs, walls and streets) and (ii) an increase in green
surfaces (i.e., lawns on streets and at roof level) and high vegetated areas (i.e., trees). The results
indicate that some climate adaptation measures show higher potential in mitigating hot days
than others, varying between reductions of 2.3 to 11.0%. An overall combination of adaptation
measures leads to a maximum reduction of up to 44.0%, indicating a clear potential for reduc-
tion/mitigation of urban heat loads. Furthermore, the results for the future scenarios reveal the
possibility to remain at the current level of urban heat load during the daytime over the next
three decades for the overall combination of measures.
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1. Introduction

Today around 55% of the world's population resides in urban environments, and the rate of city dwellers is projected to increase
to 68% by 2050 (UN, 2018). The rising rates of urbanization have led to an increase in impervious areas that affect or modulate the
local surface energy balance. As a result, urban areas are prone to higher ambient air temperatures than surrounding rural areas, a
phenomenon commonly referred to as the Urban Heat Island (UHI) effect (Landsberg, 1981; Oke, 1982). The UHI effect scales with
city size and is modulated by the ambient terrain and surface structure of the urban settlement (Arnfield, 2003; Zhou et al., 2017).
Several studies have investigated UHIs in larger European cities (e.g., Dessai (2003) and more recently, D'Ippoliti et al. (2010) and
Chrysanthou et al. (2014)). While much focus has been placed on megacities, smaller cities are also affected by the UHI. Therefore,
local governments and urban planners need information about implementing measures to counteract (and mitigate) the thermal
discomfort of their city's inhabitants. Future projections indicate substantial growth rates in urbanization (UN, 2018) and a continued
(scenario-dependent) global warming (IPCC, 2013). Hence, urban heat loads and the related negative impacts of UHI effects are
expected to intensify, which will lead to thermal discomfort and negatively impact the quality of life in urban areas (UN, 2019).

Thus, to combat the negative effects associated with the UHI, successful urban planning strategies are needed to mitigate the
(excessive) increases in ambient air temperature Ta in urban areas and potentially even reduce future heat loads below present day
levels (Taha et al., 1988; McPherson, 1994; Hassid et al., 2000; Orehounig et al., 2014). To achieve this goal, various climate
adaptation measures including highly reflective surfaces to decrease surface temperatures (i.e., brightly colored, painted roofs and/or
streets) (Taha, 1997; Bretz et al., 1998; Santamouris et al., 2011), or additional vegetated areas to enhance evapotranspiration (Gill
et al., 2007; Alexandri and Jones, 2008; Qiu et al., 2013) are frequently considered in urban planning. A combination of a number of
different climate adaptation measures as, for example, shown in Laukkonen et al. (2009), Voskamp and de Ven (2015) and Žuvela-
Aloise et al. (2017), can increase resilience against (extreme) heat loads in urban areas.

Several studies are based on microscale urban climate models, but they simulate only part of a city or only a single street canyon
for a short period of time, e.g. one to three months (see, for example, Müller et al. (2013)). Other works have simulated UHI patterns
and heat wave days for whole cities as, e.g., Brussels, but they considered only a time period of ten or 20 years due to the large
computational efforts required (Lauwaet et al., 2015; Lauwaet et al., 2016). However, future climate projections (and the large
variability in meteorological conditions) must be considered over several decades (i.e., at least 30 years) to identify climate change
signals. Here, we use climate indices such as the average number of summer days SD (days where maximum daily Ta ≥ 25 ∘C) and hot
days HD (days where maximum daily Ta ≥ 30 ∘C) per year to identify the (sub)urban heat load distribution in the city as a whole, to
evaluate as many adaptation measures as possible using accurate urban information received from local authorities and to simulate
long term changes in climate conditions.

To determine the changes in urban heat load on longer timescales, simulations can be performed with several climate models.
However, due to computational requirements, simplified modelling approaches are needed for practical applications. While some
methods use combined dynamical and statistical approaches, like different weather pattern classifications (Hoffmann and Schlünzen,
2013), others use simplified urban physics considering seasonal UHI trends (UrbClim) (Ridder et al., 2015). Here, we use the mi-
croscale urban climate model MUKLIMO_3 (see Section 2.1), developed by the German Meteorological Service (DWD) (Sievers, 1995)
and the so-called cuboid method (Früh et al., 2011). This combination of a dynamical and statistical approach allows analysis of a
large ensemble of global/regional climate model results in a computationally efficient way in contrast to standard downscaling
methods with a single model approach (Lauwaet et al., 2016; Gidhagen et al., 2020).

In order to analyze heat load changes on a longer timescale and to calculate averaged climate indices, we performed the si-
mulations using information on current urban structures based on data from the local city government and different land monitoring
services. The type and extent of adaptation measures analyzed in this study were chosen to represent realistic adjustments in urban
environments relative to the current situation and include two sets of scenarios: (a) the increase in albedo values of (i) roofs, (ii) walls
and (iii) streets/sidewalks; and (b) the increase in green spaces through (iv) low vegetated areas (ornamental lawns), (v) green roofs,
and (vi) the number of trees within the urban area, (vii) a decrease in sealed areas, and (viii) afforestation near the city. These
scenarios are either investigated as the implementation of individual measures or as the combination of several adaptation measures.

This study aims to evaluate the effectiveness of different climate adaptation measures to reduce urban heat loads during the
daytime for the medium-sized city of Klagenfurt in the south of Austria. The city has a population of 100,993 (1 January, 2019)
(Municipality of City of Klagenfurt, 2019b), and through immigration in recent years, Klagenfurt has experienced continuous urban
growth (Municipality of City of Klagenfurt, 2019a). While tropical nights rarely occur in a city between the Alps like Klagenfurt (see
Fig. S1 in the Supplementary Material), HD y−1 and the corresponding energy demand will become more and more important in the
future (Isaac and Van Vuuren, 2009; van Ruijven et al., 2019). An evaluation of HD y−1 indicates a clear need to act against
increasing heat loads in (sub)urban areas during the daytime (see Fig. 1).

This study focuses on two main aspects. The first is the simulation of SD y 1 (chosen based on the recommendations of the Expert
Team on Climate Change Detection and Indices (ETCCDI) (Karl et al., 1999)) and HD y 1 (to characterize the most relevant factor of
heat loads during the daytime) for the time periods 1971–2000 and 1981–2010, and under future climate projections for the time
periods 2021–2050 and 2071–2100. The second aspect is the evaluation of the effectiveness of the eight aforementioned climate
adaptation measures and their combination with respect to the difference in the climate indices compared to the reference simulation
(1981–2010) and also with respect to future climate projections (2021–2050 and 2071–2100). In addition, individual simulations
with hourly values of Ta (2 m above ground) are provided to illustrate the diurnal variability.
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2. Material and methods

2.1. Urban climate model

The urban climate model applied in this study is the microscale urban climate model MUKLIMO_3 (Sievers, 1995, 2012, 2016),
which simulates atmospheric temperature, humidity and wind flow in urban areas on a three-dimensional grid. The latest thermo-
dynamic version of MUKLIMO_3 (v141010 from 2014 used in this study) is based on the previous versions of the model with a
generalized streamfunction-vorticity formulation (Sievers and Zdunkowski, 1986; Sievers, 1995) with additions of soil heat and
moisture budgets (Sievers et al., 1983), a vegetation model (Siebert et al., 1992), parameterization of the atmospheric flow in the
unresolved built-up environment following the approach of Gross (1989) and short-wave irradiance parametrization as described in
Sievers and Früh (2012).

The individual climate indices were derived based on daily maximum temperature fields calculated with the MUKLIMO_3 model,
which were combined with long-term climate information using the cuboid method approach (see Section S1 in the Supplementary
Material for further explanation) (Früh et al., 2011; Žuvela-Aloise et al., 2014). To this end, idealized daily MUKLIMO_3 simulations
were performed for eight different representative weather conditions under which excessive heat load in the urban area is expected to
occur. Time-varying 1D vertical profiles of air temperature, relative humidity, wind speed and radiation have been used as me-
teorological inputs. Furthermore, the two dominant wind directions in the study domain were considered to account for the influence
of the wind direction on the air temperature fields, which resulted in a total of 16 MUKLIMO_3 simulations.

The mean daily Ta, 2 m relative humidity and 10 m wind velocity, as well as hourly wind direction for 30-year periods were used
to derive climate indices using a tri-linear interpolation between the 16 simulations as described in Früh et al. (2011), Žuvela-Aloise
et al. (2014) and Geletic et al. (2019). For the historical climate analysis (1971–2010), this long-term observational time series were
taken from the monitoring station outside the city, in this case Klagenfurt Airport (46∘ 39, 14∘ 20 at a sea level of 447 m) (ZAMG,
2019). Based on the measurements of the wind direction during 1971–2010, the two prevalent directions are 335∘ (NNW) and 125∘

(ESE). Finally, extracted time series of these meteorological parameters from regional climate models for different climate scenarios
(i.e., with specific Representative Concentration Pathways (RCPs)) were taken as inputs to calculate the future climate projections at
the urban scale (see Section 2.3).

In addition to the meteorological data, the MUKLIMO_3 model requires a digital elevation model and land use (LU) information as
inputs. The LU types were split into four main categories: (i) buildings, (ii) trees, (iii) low vegetated areas, and (iv) water. Categories
(i) to (iii) can include impervious areas (i.e., streets/sidewalks) and also unvegetated pervious areas. The percentage of each LU type
per grid cell can be used to define and describe the properties of each LU class. The model domain covers the whole city of Klagenfurt
and parts of the surrounding districts (see Fig. S3 in the Supplementary Material) with a domain size of 198 × 160 × 44 cells using a
horizontal spatial resolution of 100 m.

Fig. 1. Number of hot days per year (HD y−1 defined as the maximum daily ambient air temperature ≥30∘C) measured at Klagenfurt Airport from
1961 to 2018. The black line shows a moving average smoothing with a Blackman filter (window size of five years).
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2.2. Land use, land cover and orography

The Copernicus Land Monitoring Service portal, initiated by the European Environment Agency, provides detailed land cover and
LU information over major cities in the European Union in the form of the Urban Atlas (UA) (European Union, 2018). The UA is
available for cities with a population larger than 100,000 inhabitants for 2006 and for cities with more than 50,000 inhabitants for
2012. Other high resolution layers available from Copernicus include the imperviousness layer and forest cover at a resolution of 20
m. In addition to these data sets, a detailed area zoning plan, including the heights of individual buildings, and a registry of public
trees (with crown and stem heights) were made available by the local city government of Klagenfurt.

The LU classification of the UA (see Fig. S3a in the Supplementary Material) was combined with the information received from the
local city government including the surrounding districts to evaluate the LU parameters statistically. These parameters were used to
describe the initial urban properties for each LU class (see Tables 1 and 2 in columns 3 to 6, respectively). In addition, data from the
Land Information System Austria (LISA), covering large parts of Austria with a 1 m resolution (GeoVille GmbH, 2016), were used.
LISA provides detailed land cover data, which was generated from satellite images covering the period 2014 until 2016 and contains
eleven different land cover classes, e.g., buildings, annual crops, cobbled pavements. Due to the high number of sub-classes, the data
set was simplified into four main categories as required by MUKLIMO_3 plus two additional classes (impervious and pervious areas)
(see Table S1 in the Supplementary Material).

The digital surface model from the International Project Management Agency Klagenfurt (IPAK) has been used as additional
information. Taking the difference between the digital surface and digital elevation model and then combining this with LISA allowed
us to calculate the precise position and height of each building and tree with a 1 m spatial resolution.

2.2.1. Threshold method
As detailed above, the land cover map provided by LISA was used to create a rasterized building height/position map for the study

domain. These maps, combined with the calculated properties of each LU class, were used to define the threshold method classifi-
cation (TMC) proposed here. This method determines the percentage of each main LU type (as defined by LISA), averages the building
heights in each grid cell and reclassifies the current LU class of the UA with the values in Tables 1 and 2 (Initial) as thresholds. After
using the TMC, zonal statistics were applied to each LU class to produce the final values for the MUKLIMO_3 model inputs (see Tables
1 and 2 in columns 7 to 10, respectively).

Table 1
Characteristic parameters for building land use classes in Klagenfurt based on different land use classification approaches (Initial: Urban Atlas, Final:
Threshold method) where fb is the fraction of buildings, hb is the average building height, fp is the fraction of pavement and fv is the fraction of the
vegetation cover. Note that the remaining area fraction is unvegetated, pervious area, which sums to 1.

Initial Final

Class Description fb hb fp fv fb hb fp fv

1 Continuous (Cont.) UFa 0.45 17.0 0.41 0.10 0.41 14.0 0.39 0.17
2 Discont. dense UF 0.23 14.0 0.32 0.37 0.22 10.0 0.34 0.38
3 Discont. medium density UF 0.18 10.0 0.26 0.46 0.17 8.0 0.26 0.47
4 Discont. low density UF 0.14 12.0 0.19 0.56 0.14 9.0 0.23 0.54
5 Discont. very low density UF 0.11 8.0 0.14 0.61 0.09 9.0 0.20 0.58
7 Industrial and military units 0.22 7.0 0.40 0.33 0.11 6.0 0.30 0.54
12 Airport 0.03 8.0 0.21 0.75 0.02 8.0 0.17 0.80

a UF = urban fabric.

Table 2
Characteristic parameters for vegetated classes in Klagenfurt based on different land use classification approaches (Initial: Urban Atlas, Final:
Threshold method) where ht is the tree height, σt is the number of trees, fv is the fraction of vegetation cover and fp is the fraction of pavement. Note
that the remaining area fraction is unvegetated, pervious area, which sums to 1. σt is independent of paved and unpaved surfaces.

Initial Final

Class Description ht σt fv fp ht σt fv fp

8 Transit roads and ALa 9.0 0.25 0.55 0.31 7.0 0.28 0.49 0.33
9 Other roads and AL 9.0 0.07 0.43 0.43 9.0 0.07 0.38 0.51
10 Railways and AL 10.0 0.06 0.21 0.62 9.0 0.09 0.24 0.54
16 Green urban areas 13.0 0.35 0.52 0.24 12.0 0.29 0.65 0.10
17 Sports and leisure facilities 15.0 0.21 0.64 0.18 16.0 0.23 0.65 0.16
23 Forest 16.0 0.81 0.90 0.01 17.0 0.78 0.88 0.01

a AL = associated land.
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2.3. Future climate projections - EURO-CORDEX

The World Climate Research Programme initialized the Coordinated Regional Downscaling Experiment (CORDEX) with the vision
to support, coordinate and improve regional climate scenarios with global partnerships (WCRP, 2019; Giorgi et al., 2006). For
Europe, the EURO-CORDEX research project (Jacob et al., 2013) pooled future climate projections via Regional Climate Models
(RCMs) at a 50 km and 12.5 km spatial resolution based on RCPs as defined in the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC, 2013; Moss et al., 2010). These simulations provide information on essential meteorological
parameters until 2100 under different climate change scenarios.

To estimate possible future urban climate scenarios from the EURO-CORDEX model database, we used model outputs from three
different RCMs combined with six Global Climate Models (GCMs) at the 12.5 km spatial resolution (see Table S2 in the
Supplementary Material) under RCP4.5 and RCP8.5 (IPCC, 2013) for two time periods 2021–2050 and 2071–2100. RCP4.5 corre-
sponds to a scenario in which CO2 emissions are set to peak by 2040 while RCP8.5 is a more extreme scenario in which CO2 emissions
will continue to rise until 2100. The data for the city of Klagenfurt and the immediate surroundings were selected from a model area
of 3 × 3 grid cells, i.e., averaged values over 37.5 × 37.5 km2. Daily outputs of mean Ta, relative humidity at a 2 m height, near-
surface wind speed and wind direction were then extracted.

The values of wind speed and direction were taken from the grid cell closest to the actual height of Klagenfurt Airport.
Furthermore, Ta was bias corrected using the measurements between 1971 and 2000 from the monitoring weather station, applying
the quantile mapping method (qmap) package in R (Gudmundsson, 2016). This module uses non-parametric quantile mapping by
estimating an empirical cumulative distribution function of observations and modeled values to derive their quantiles following the
works of Boé et al. (2007) and Gudmundsson et al. (2012). Finally, the relative humidity was corrected by assuming that the initial
absolute humidity of the EURO-CORDEX model output is true. With the transformed Ta, the relative humidity was recalculated.

2.4. Implementation of the climate adaptation measures

In order to quantify the maximum obtainable “cooling” effect inside urban areas, individual adaptation measures and their
combination were analyzed. The physical properties of these measures are based on assumptions from evapotranspiration and energy
balance models (Gross, 2012). The implementation in the model configuration was performed individually through the variation of
different parameters defined for each LU class.

2.4.1. Highly reflective surfaces
Highly reflective surfaces, i.e., with enhanced albedo values, are used for sealed areas like roofs, walls and streets/sidewalks. The

shortwave reflectivity of the roofs αr (initially 0.2) and walls αw (initially 0.3) was increased to 0.5, and the value of the streets αst
(initially 0.2) was set to 0.4 for the LU classes 1 to 7 (see Fig. 2). These LU classes represent the main urban building areas.
Furthermore, the albedo values were chosen based on (fine) dust accumulation on roofs (Algarni and Nutter, 2015) and white-
topping methods (Krispel et al., 2017). A combination of these measures is referred to hereinafter as the “White City”.

2.4.2. Green evaporating surfaces
Another set of climate adaptation measures is the enhancement of low (grass)/high (trees) vegetated areas or the addition of

green roofs. In this case, the fractions of low vegetated areas and the number of trees, especially in public areas (LU classes 8 to 10
and 15 to 17 as given in Fig. 2), but also for (private) buildings around the city core (LU classes 3 to 5 and 7) were considered.

The first measure is the reduction of sealed areas fp, which implies an increase in the fraction of low vegetated areas fv and the
remaining unvegetated, pervious areas. Therefore, the impervious areas were reduced by 30% of the given value and the compen-
satory fvwas increased at the same rate as fp in LU classes 1 to 6 but not in LU class 7 (since industry and military units will not be able
to implement these changes due to the need for impervious surfaces). The percentage of unvegetated, pervious areas remained
unchanged.

The second and currently popular adaptation measure is the installation of green roofs (mostly on new buildings with flat roofs).
Due to the tremendous costs of adding green roofs to older buildings (in our case LU classes 1 and 2), we considered only green roof
additions to LU classes 3 to 5 and 7. The fraction of green roofs was set to 50% of the roof area with a semi-intensive soil depth of 25
cm.

The third measure considered an increase in the number of trees by 50% of the given value σt in the previously mentioned LU
classes in public areas. The fourth measure included an increase in fv. Hence, unvegetated, pervious areas disappear (e.g., grass
instead of cobblestone) while sealed areas remain at the same value. The last green adaptation measure is based on afforestation in
combination with the climatic influence of Lake Wörthersee (LU class 27 in Fig. 2a and b) and the prevailing onshore breeze from the
lake towards the city during the daytime. Additional forest with an area of 1.4 km2 in the southwestern part of the domain was added
in the model, replacing areas currently under annual crops.

The combination of all green adaptation measures is referred to hereinafter as the “Green City”.
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3. Results

3.1. Land cover improvements with TCM and the impact on climate model results

Based on the TMC introduced in Section 2.2.1, a new LU map was created for Klagenfurt and the surrounding districts (see
Fig. 2b) and compared with the initial LU map of the UA (see Fig. 2a). The UA mapping and classification was checked and corrected,
e.g., widespread industrial units (LU class 7) were substituted by common residential areas (according to IPAK). Additionally, the
comparison revealed that several green urban areas were missing in the initial LU map. LU classes like railways (10), annual crops
(18) or pastures (20), which are difficult to separate from other pervious areas, remained as given in the UA.

In addition, three areas of interest (P1, P2 and P3) were chosen as study anchor points to investigate their potential for decreasing
the spatial averaged air temperature Ta. These locations where chosen based on their importance for citizens (i.e., highly frequented
places) and the relevance for (possible) heat stress situations (Fig. 2c). P1 represents the recently built hospital and the surrounding
areas such as a green urban park and a small shopping center. The historic downtown, shown as P2, is the primary target for tourists
in Klagenfurt. P3 marks the main train station (LU class 10) as well as the city hall (LU class 1 in the upper part of the section).

The spatial pattern and intensity of the urban heat load, and the climate indices, in particular, depend strongly on the LU
distribution and the related properties of the LU classes in the urban climate simulations. The improvement in the detail of the LU
map results in different distributions of the climate indices. Fig. 3a and b show, respectively, the comparison between the initial UA
classification and the map after applying the TMC proposed here. While the UA-based model results show some areas (mainly in the
outskirts) with almost the same values of heat load, the TMC-based results show strongly increased HD y 1 in the same parts
(especially in the north and east part of the city center).

However, a closer comparison reveals structural differences across the whole domain of the city. Fig. 3c shows the difference in
model results between the UA- and TMC-based LU classifications whereas areas exist that yield an increase of up to 7.4 HD y 1, which
is about a 40% difference. These areas have a denser building structure in the TMC than the UA classification. Moreover, a few areas
showed differences of opposite signs of up to 6.5 HD y 1 (about a 36% difference), predominantly in the western part of Klagenfurt.

The same comparison but for SD y 1 is given in Fig. S4 in the Supplementary Material showing similar “cooling” and “heating” effects.

Fig. 2. Land use classification for the urban area of Klagenfurt (a) for the initial Urban Atlas map and (b) after the applied threshold method based
on zonal statistics and land cover data from the Land Information System Austria (LISA) with a spatial resolution of 100 m. Panel (b) shows three
small areas (P1, P2 and P3) enlarged in panel (c) with land use classes and satellite images (Source: Google, 2019). P1 to P3 are areas of interest
regarding climate adaptation measures (evaluated in Section 3.4). Land use classification: 1 - Continuous urban fabric; 2 - Discontinuous dense
urban fabric; 3 - Discont. medium density urban fabric; 4 - Discont. low density urban fabric; 5 - Discont. very low density urban fabric; 6 - Isolated
structures; 7 - Industrial and military units; 8 - Transit roads and assoc. land; 9 - Other roads and assoc. land; 10 - Railways and assoc. land; 12 -
Airport; 13 - Mineral extraction; 14 - Construction sites; 15 - Land without current use; 16 - Green urban areas; 17 - Sports and leisure facilities; 18 -
Annual crops; 20 - Pastures; 23 - Forests; 24 - Moors; 27 - Water. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Reference simulations

To validate the model performance, we used the climate indices SD y 1 andHD y 1 calculated for the time periods 1971–2000 and
1981–2010 and compared them with the observed values at the weather station at Klagenfurt Airport. Due to the reliability of the
measurements needed for the validation, only one long-term monitoring weather station was available in the study domain.

Table 3 shows the values obtained from the reference simulation (SIM) compared to the measurements (OBS) for SD y 1 and
HD y 1. For SD y 1 from 1971 to 2000, SIM shows a difference of −4% compared to OBS while the second time period provides the
best result with −1%. Due to the lower absolute values of HD y 1, the percentage deviation of −17% (1971–2000) and −13%
(1981–2010) is much higher than the values of SD y 1 but the results are considered to have good accuracy when compared to Früh
et al. (2011). We hypothesize that the increased difference between the two time periods stems from urban growth in the last decades.
Unfortunately, the lack of historical land use and comparative meteorological data does not allow for a precise evaluation.

The reference climate indices were mapped in Fig. 4, which shows the spatial distribution of SD y 1 (panel (a)) andHD y 1 (panel
(b)) for 1981–2010. On closer examination, Fig. 4b reveals two larger urban areas where HD y 1 is above 18. These areas represent
mainly the historic downtown and the city hall (P2 and P3 enlarged in Fig. 2c).

3.3. Future climate scenarios

In order to analyze the interaction between regional climate change and the urban environment, we analyzed the climate change
signal from the EURO-CORDEX model runs and climate indices based on urban climate model simulations.

In the case of regional climate signals, under RCP4.5, the average air temperature μ(Ta) increases by about 1.2 ∘C until the end of
the 21th century compared to the reference time period 1981–2010 (Fig. 5a). Under RCP 8.5, the increase in μ(Ta) is more than double
at 3.0 ∘C by 2100 compared to RCP4.5 (Fig. 5b). The red histogram in Fig. 5b also indicates that average daily air temperatures of 30

Fig. 3. Average number of hot days per year (HD y 1) between 1981 and 2010 for simulations considering (a) the initial Urban Atlas map and (b)
the proposed land use classification after the applied threshold method. Panel (c) provides the difference ( HD y 1) in the simulations in panels (a)
and (b). For reference, the minimum and maximum values of HD y 1 are given beneath the colorbar in panel (c).

Table 3
Results of the reference simulations (SIM) compared to measurements from the weather station at Klagenfurt Airport (OBS) regarding the average
number of summer (SD) and hot days (HD) per year for the time periods 1971–2000 and 1981–2010. The relative difference (Bias) for each time
period and the modified index of agreement (d1 defined by Willmott et al. (1985)) are given in the third and fourth column.

1971–2000 1981–2010

CI OBS SIM Bias d1 OBS SIM Bias d1

SD 54.6 ± 11.8 52.5 ± 14.0 −4% 0.75 62.8 ± 12.8 62.4 ± 14.2 −1% 0.77
HD 8.8 ± 7.7 7.3 ± 7.5 −17% 0.86 14.0 ± 9.4 12.2 ± 9.0 −13% 0.86
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∘C and greater will occur in case of RCP8.5 until 2100.
Further analysis of the spatial distribution in Klagenfurt based on urban climate model runs reveals more distinct impacts of

climate change in terms of hot days. Fig. 5c to f provide the difference in HD y 1 for each RCP scenario and future time period
compared to 1981–2010. While the increase in HD y 1 in urban areas (inner districts) is quite similar until the middle of the 21st

century (panels (c) and (e)), the increase between 2071 and 2100 is extremely high, not only for urban environments, but also for
suburban areas. Fig. 5d and f show that the number of hot days is larger inside (sub)urban areas than in rural areas. For example, in
RCP4.5, there is a difference of approximately 8 HD y 1 between urban and rural environments, while in RCP8.5, this difference
increases to around 12 hot days per year.

Fig. 4. Reference simulations of the average number of (a) summer and (b) hot days per year (SD y 1 and HD y 1) for the time period 1981–2010
with modeled values indicated near the weather station at Klagenfurt Airport.

Fig. 5. Future climate projections shown as a probability density function (PDF) of the air temperature (Ta) taken from the bias-corrected EURO-
CORDEX data set for Representative Concentration Pathways (RCP) of (a) RCP4.5 and (b) RCP8.5 for the extended summer season (MJJAS). Panels
(a) and (b) provide histograms and a Gaussian normal distribution for the time periods 1981–2010 (blue), 2021–2050 (green) and 2071–2100 (red)
with the average value (μ) and standard deviation (σ), respectively. The difference in the average number of hot days per year ( HD y 1) compared
to 1981–2010 is shown for each time period for RCP4.5 in panels (c) and (d) and for RCP8.5 in panels (e) and (f). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Climate adaptation measures for current climate conditions

Historical trend analysis and future climate projections have shown that adaptation measures are necessary regardless of which
RCP scenario will be realized over this century. The simulation of the climate for 1981–2010 is considered as a reference case (see
Fig. 4), and all simulations with their individual/combined adaptation measures are compared against this reference case. In addition
to the climate indices, we analyzed Ta in the areas of interest. For this purpose, we selected the idealized daily simulation from
MUKLIMO_3 where the heat load was the strongest such as on a clear-sky day with low humidity and low wind speed conditions (i.e.,
C100 (Tcmax, rhcmin, vcmin) as given in Fig. S2 in the Supplementary Material).

Fig. 6. Evaluation of the different climate adaptation measures for the urban area of Klagenfurt and three small areas (P1, P2 and P3) as shown in
Fig. 2c. Panels (a)-(c) show three combined adaptation measures corresponding to the “White City”, the “Green City” (see Section 2.4) and an overall
“Combined Adaptation” (“White City” and “Green City” together) regarding the difference in the average number of summer days per year
( SD y 1) compared to the reference simulation for the time period 1981–2010. Panels (d)-(f) are the same as (a)-(c) but show the number of hot
days per year ( HD y 1). The minimum values of SD y 1 and HD y 1 are shown beneath the colorbar, respectively. The purple dashed square in
panel (a) and (d) marks the area of averaged values in Table 4. The dark red ellipse in panel (b) marks the afforestation as one of the adaptation
measures. Panels (g)-(i) show the average air temperature (Ta ) of the reference simulation (Tref), “White City” (Twhite), “Green City” (Tgreen) and
“Combined Adaptation” (Tcomb) within the areas of interest (P# marked as magenta solid squares in panels (a)-(f)). Panels (j)-(l) show the difference
in air temperatures ( Ta ) and the corresponding standard deviation (marked as shaded region) between the individual adaptation measures and the
reference simulation, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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All the results that were evaluated over a specific area (i.e., the whole city marked as purple dashed square in Fig. 6a and d
(N = 2835) or areas of interest (N = 81)) have been checked for statistical significance (see Tables 4 and 5 for further information).

3.4.1. “White City”
Table 4 shows the results for different climate adaptation measures expressed as the change in the climate indices. A clear

decrease in the urban heat load is shown, particularly in the case where αr yielded the lowest values (i.e., the highest potential) on
average as well as for the maximum reduction (line 1 in Table 4). The second largest decrease is shown in the case of increasing αst
(line 3 in Table 4), where values for SD y 1 vary around an average of −2.1 and for HD y 1, around an average of −1.1. The
weakest effect from the albedo adaptation measures showed an increase in the value of αw, which was around half of αr and αst (line 2
in Table 4). Nevertheless, each measure produces a difference that is statistically significant (marked in light green in Table 4)
compared to the reference case.

The combination of αr, αw and αst (“White City”) has more than just a cumulative impact on the UHI effects. The average and
minimum values show a strong decrease across the climate indices (up to 37.8%), which are comparatively larger than a single,
highly reflective adaptation measure. If we consider the average values of each “White City” adaptation, the effect of the combination
is larger than the sum of the individual components (see Table 4 for SD y 1). The reason could be the connection between each
sealed surface and the resulting reduced heat transfer between them. Hence, the mitigation of heat loads is enhanced.

Fig. 6a and d provide the spatial distribution of these combined “White City” adaptation measures. The heat load is reduced under
this assumptions by up to 12.3 SD y 1 and by up to 7.3 HD y 1 across the whole city. The “cooling” effect increases with a higher

Table 4
Absolute (average (Avg.) values inside the orchid dashed square in Fig. 6a and minimum (Min.) values in the study domain) and relative (%)
differences in the number of summer days ( SD y 1) and hot days ( HD y 1) per year for the simulation of the climate adaptation measures (change
in roof albedo αr, wall albedo αw, street albedo αst, fraction of impervious areas fp, number of trees σt, fraction of low vegetated areas fv; a
combination of lines 1 to 3 as the so-called “ White City”, a combination of lines 4 to 8 as the so-called “Green City”, and an overall combined
simulation) compared to the reference simulation from 1981 to 2010, respectively. Values marked in light green indicate statistically significant
differences (Mann-Whitney U Test with 99% confidence interval, N = 2835) compared to the reference simulation. Note that the percentage
decrease or increase in fp and σt indicates a relative change for the given land use class.

a Values refer to the land use classes given in Tables 1 and 2.
b Use as fv instead.
⁎ Minimum values are given within urban environments while the overall minimum values are located partially in the forest (see Fig. 6 and Fig. S13a
in the Supplementary Material).

Table 5
Difference in the average air temperature of the daily maximum (15:00–16:00 CEST) and minimum
(06:00–07:00 CEST) values compared to the reference simulation from 1981 to 2010 (see Fig. 6j-l). Each
combination of adaptation measures (“White City”, “Green City”, and an overall combination) is given within
the areas of interest (P#). Values marked in light green indicate statistically significant differences (Mann-
Whitney U Test with 99% confidence interval, N = 162) compared to the reference simulation.
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density of urban fabric (e.g., in the southern part of the city center).
Considering the areas of interest (P1, P2 and P3) and their potential to reduce the urban heat loads on local scale with this

combined adaptation measure, the averaged ambient air temperature with increased reflectivity Twhite (see Fig. 6g-i) decreases
locally by up to 0.7 ∘C for P1, up to 1.0 ∘C for P2 and up to 1.2 ∘C for P3 at around 13:00 CEST (maximum solar incidence) as shown in
Fig. 6j-l. The same procedure that was used to determine statistical significance for the climate indices was applied to the air
temperature within those areas. Therefore, we use the time period of the daily maximum and minimum values of the Ta (see Table 5).
In the case of the “White City”, Ta varies between −0.4 and −1.2 ∘C for the highest daily temperatures (which are significantly
different to the reference), but reach almost no “cooling” effect in the morning. We see that highly reflective surfaces inside urban
environments are beneficial only during the daytime. A further evaluation of each “White City” adaptation measure with respect to Ta
is provided in the Supplementary Material (see Fig. S5-S7).

3.4.2. “Green City”
As outlined in Section 2.4.2, certain green surfaces were implemented in MUKLIMO_3 to evaluate their potential to mitigate urban

heat loads. Table 4 indicates that the effect of such measures varies between a slight decrease in the climate indices (maximum
reductions of up to 1.9% for SD y 1 and up to 5.8% for HD y 1) in the average and a locally strong “cooling” effect with maximum
reductions up to 10.0% for SD y 1 and 27.1% for HD y 1, respectively. The evaluation of the statistics for the average values results
in the fact that the afforestation (marked as a dark red dashed ellipse in Fig. 6b) in the southwestern part of the domain has no
significant effect on the whole city although the highest local “cooling” values come from this measure. The reason for this positive
microclimatic effect is the prevailing wind direction (WSW) in that area, leading to the advection of “cooler” air masses from the
afforestation towards the city (see Fig. S13c in the Supplementary Material where the air temperature decreases rapidly by more than
1.0 ∘C). A similar result can be observed when increasing the number of trees by 50% within (sub)urban environments. While the
decrease in the climate indices is, on average, only for HD y 1 statistically significant (−0.3 ± 0.3), the maximum reduction
reaches 20.2%. This effect of averaging over a larger region is also shown in the areas of interest. Whereas Ta varies around 0.0 ∘C on
average inside P1, P2 and P3 (see Fig. 10c in the Supplementary Material), the “cooling” effect, which occurs only in LU classes 16
and 17 (i.e., spaces where σt ≥ 50%), results in reductions of up to 0.3 ∘C (see Fig. S11c in the Supplementary Material). In
conclusion, trees have a strong impact at the local scale, whereas low vegetated areas (on the ground and/or at roof level) have more
spatial potential to reduce the effect of the UHI (i.e. stronger reduction in the average values).

Finally, we simulated a combination of the “Green City” adaptation measures, which is shown in Fig. 6b and e. Here, a cumulative
reduction in heat loads over the whole city emerges, but the effectiveness of these measures does not appear to be as pronounced as
those from the “White City” (except for the southern part of the domain, which is mainly due to the aforementioned afforestation
area). However, the average and maximum reductions show a clear (and significant) decrease in the magnitude of the climate indices
with −5.9% and −14.3% for SD y 1 and −17.3% and −35.8% for HD y 1, whereas the maximum reductions are close to those
from the “White City” (e.g., compare lines 9 and 10 in Table 4). If we focus on the areas of interest and their air temperatures Tgreen
(see Fig. 6g-i), we further note in Fig. 6j-l that the outputs are always higher than those from Twhite (except in the afternoon in P3
where Ta yields a maximum reduction of up to 1.3 ∘C at 16:00 CEST). The statistical analysis reveals an ambivalent result. While the
air temperature decreases significantly in all areas of interest during the daytime (partially lower than the “White City”), Ta in-
creases significantly up to 0.2 ∘C in P3 until the morning (around 06:00 CEST). This increase results from the afforestation (explained
by the reduced wind speeds from the city towards Lake Wörthersee, i.e., reversed onshore breezes during the nighttime) and the fact
that green roofs have better insulation on a clear night with enhanced upward longwave radiation (see Fig. S9 and S13 in the
Supplementary Material).

3.4.3. Combination of all climate adaptation measures
As a last scenario, we considered the pooling together of individual climate adaptation measures, as we were interested in

quantifying the overall mitigating potential on UHI effects. This scenario combines all previous adaptation steps. We note that the
combination of white and green roofs means that half the roof area has an albedo value of 0.5 while the other half implies a green roof
as described in Section 2.4.2. Fig. 6c and f show the strongest decrease in SD y 1 and HD y 1 with a maximum reduction of 16.2
and 9.2, respectively. Hence, SD and HD could be reduced under such a scenario by up to 20.8% and 44.0%, respectively, in the
southern part of Klagenfurt (see Table 4 for further information). The average ambient air temperature Tcomb for our areas of interest
P1, P2 and P3 show a pronounced decrease over the full 24 h daily cycle, reaching up to −1.3 ∘C (Fig. 6j), up to −1.4 ∘C (Fig. 6k) and
up to −1.7 ∘C (Fig. 6l), respectively. A closer look at Ta reveals that the overall combination approximately reaches the sum of the
“White City” and “Green City” during the daytime and is the only option that reduces the ambient air temperature (by up to −0.4 ∘C)
in every area of interest (with statistically significant differences) during the nighttime (see Table 5).

These results indicate that some climate adaptation measures show higher potential in mitigating the effects of the UHI than
others. The potential of each adaptation measure to reduce the urban heat load in Klagenfurt during the daytime (with statistical
significance) varies between 2.3% and 11.0%, but a combination of several measures can yield a cumulative reduction varying from
17.3% (green adaptations) through to 24.8% (white adaptations) and up to 35.7% (overall combined adaptations) for HD y 1 as an
average over the whole city.

3.5. Climate adaptation measures for future climate conditions

In these examples, the proposed adaptation measures are shown in combination with possible future climate change scenarios
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(RCP4.5 and RCP8.5). As future land cover and LU changes are not known, the scenarios are evaluated based on the current urban
structure in Klagenfurt.

3.5.1. Time period 2021–2050
The results for both RCPs regarding HD y 1 for the time period between 2021 and 2050 (see Fig. 7) show general increases

compared to the reference case 1981–2010. In contrast to Fig. 5c and e where an increase of 8 HD y 1 occurs, the “White” and
“Green City” scenarios can lead to a reduction in urban heat loads varying between 0 and 7.9 HD y 1. However, the strongest
“cooling” effect is achieved with a combination of white and green adaptation measures. Furthermore, the whole city has lower
values in HD y 1 than the area around the airport (see Fig. 2 with LU class 12) and parts in the south and east of the city, i.e., urban
heat loads during the daytime could be reduced or even disappear (compare with Fig. 4b). This result shows that the heat load during
the daytime remains at approximately the same level as the current climate situation if one considers RCP4.5 until the middle of the
21st century.

The same analysis was also undertaken for the average number of summer days (see Fig. S14 in the Supplementary Material).
Panels (c) and (f) show a similar effect as before, where parts of the city remain at the level of current climate conditions.

Fig. 7. Same as Fig. 6d-f but this shows the future climate projections for Representative Concentration Pathways (RCP) of (a)-(c) RCP4.5 and (d)-(f)
RCP8.5 for the time period 2021–2050.

Fig. 8. Same as Fig. 7 but for the time period 2071–2100.
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3.5.2. Time period 2071–2100
By the end of the 21st century for the worst case scenario (RCP8.5), the number ofHD y 1 would yield values around 60 in the city

core (see Fig. 5f). In Fig. 8, a similar “cooling” effect as for 2021–2050 (Fig. 7) is visible by comparing the results without and with
several adaptation measures. Regarding RCP8.5, the “White City” and the “Green City” have only minor mitigation potential for
reducing the heat load to present day levels (i.e. varying between 30 and 38 for HD y 1). The overall combination of adaptation
measures can reduce the increase in HD y 1 to a value of ≤30 (see Fig. S15 for similar results but for SD y 1), which is still very high
compared to the reference period.

These additional results for future scenarios indicate that in case of RCP8.5, any combination of adaptation measures will not
reduce UHI effects enough by 2100. However, if CO2 emissions are reduced sufficiently (i.e. in case of RCP4.5), an increase in climate
indices will be mitigated to lower levels as for rural areas with a combined implementation of all the adaptation measures.

4. Discussion and conclusions

This study investigated the potential of climate adaptation measures to mitigate UHI effects for the city of Klagenfurt, Austria. For
this purpose, we used a set of targeted scenario simulations performed with the microscale urban climate model MUKLIMO_3, in
conjunction with the cuboid method, to derive information on long-term changes of climatological indices relevant to heat exposure
during the daytime such as SD y 1 and HD y 1.

The LU information required by the urban climate model was initially built from data in the UA. Information from LISA was used
to evaluate the urban and rural classification properties and to reclassify the LU types of the UA data set. For this reclassification, we
demonstrated a novel procedure, referred to as TMC. Based on the available data from LISA and precise local information on building
heights, the TMC allowed a more accurate LU map of the study domain to be derived. Climate indices derived from a set of urban
microclimate model runs using the TMC LU information served as a baseline simulation (1981–2010). This simulation was used as a
reference for the analysis of future climate scenarios until 2100 and to investigate the effectiveness of individual, multiple and overall
combined adaptation measures.

We evaluated the effectiveness of different climate adaptation measures by comparing the heat load changes with the reference
simulation. These adaptation measures contained two types of adaptation strategies: (i) enhanced albedo values of sealed areas (roof
albedo increased from 0.2 to 0.5, wall albedo increased from 0.3 to 0.5 and street/sidewalks albedo increased from 0.2 to 0.4) and (ii)
highly evaporating green surfaces/areas (decrease in sealed areas by 30%, green roofs implemented for 50% of the roofs, number of
trees increased by 50%, low vegetated areas increased, and afforestation with an area of 1.4 km2 near the city).

While different climate adaptation measures are known to reduce the heat load in urban environments, there are also some
challenges associated with increasing the overall thermal comfort through such adaptation measures. Some studies document that
enhanced albedo values of sealed areas can lower the ambient air temperature Ta (e.g., Synnefa et al. (2008)). Cool roofs have been
shown in Santamouris (2014) and Straka and Sodoudi (2019) to reduce Ta in an urban canyon on average by 0.2 ∘C per 0.1 increase in
the albedo value. Our results generally corroborate the findings of these studies, yielding a reduction of up to 0.65 ∘C with an increase
of 0.3 in the albedo of roofs. Furthermore, the study of Jandaghian and Akbari (2018) showed that increased albedo values of all
sealed areas (from 0.2 to 0.65, 0.6 and 0.45 for roof, wall and street, respectively) decrease not only Ta by up to 2.3 ∘C in urban
environments, but also improve air quality in terms of ozone, nitrogen dioxide and fine particulate matter. These findings compare
well with the results for Ta reduction in this study, showing that with the increase of reflectivity, the urban heat load decreases. On
the contrary, several studies report on thermal discomfort (e.g., Taleghani (2018)) due to highly reflective surfaces (depending on
position and orientation) and hence, an increased mean radiant temperature. Such thermal comfort indices and their strong spatial
variations (i.e., at 1 m resolution), especially within complex urban environments as described in Lindberg et al. (2013), would create
too much uncertainty considering the comparatively coarse resolution of the MUKLIMO_3 model (i.e., with spatial resolutions of 20 to
100 m in this study) and hence are not discussed in the paper. However, local governments and urban planners should find a good
compromise between highly reflective surfaces to decrease Ta and the overall thermal comfort.

Even though green roofs are considered to have a positive effect in reducing the urban heat load, the effectiveness of green roofs
located on high buildings in reducing Ta at the pedestrian level is under question. Zhang et al. (2019) showed recently that green
roofs covering 25% or more of the roof with a building height lower than 60 m have an influence on Ta in an urban canyon (at a 1.4 m
height above ground level). Specifically, at a 50% coverage and a building height of 10 m, the decrease in Ta was up to 0.44 ∘C which
is similar to our results in P3 where the building height varies between 8 and 9 m.

Recently, Lindberg et al. (2016) and Ali and Patnaik (2019) showed that Ta, mean radiant temperature and heat stress can be
reduced effectively at the local scale through increased tree coverage. On the other hand, Monteiro et al. (2016) showed that very
small green spaces (areas less than 0.5 ha, which is the case in our study except for LU classes 16 and 17) did not bring substantial
reductions in Ta. Our results show that an increase in the city wide number of trees yields an averaged difference in ΔTa varying
between±0.10 ∘C in all three areas of interest over the full 24 h daily cycle compared to the reference simulation. In contrast, the
difference relative to the reference simulation shows a decrease by up to 0.31 ∘C on average within LU classes 16 and 17 (i.e. green
urban areas). Hence, the increased number of trees, approximately 12.5% in LU classes 16 and 17, shows a similar value to that in Ali
and Patnaik (2019) (0.03 ∘C decrease in the apparent temperature through an increase of tree density by 1%).

Although green adaptation measures can provide positive effects for the local climate, possible negative effects from the im-
plementation of these measures should also be considered. It was shown that green adaptation measures (e.g., the installation of
ornamental lawns) can yield an increase in greenhouse gas emissions between −108 and +285 g CO2 m−2 y−1 associated with
turfgrass maintenance (Townsend-Small and Czimczik, 2010). Another aspect that needs consideration in “city greening” is the
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mortality of specific tree species. For Europe, it has been reported that during the last 35 years, the canopy mortality increased by
2.40% y−1 due to extreme climatic conditions such as droughts and/or bark beetle infestations (Senf et al., 2018). Such aspects must
be considered (i.e. in a climate sustainable way) if there are plans to extend vegetated areas.

However, the strongest decrease in climate indices for the time period 1981–2010 was found for the adaptation measure with
bright, reflective roofs, resulting in reductions of up to 8.4% for SD y 1 and 20.7% for HD y 1. The largest difference for adaptation
measures comprising vegetation was found through afforestation in the direct vicinity of the city of Klagenfurt, with reductions of
10.0% and 27.1% for SD y 1 and HD y 1, respectively. As a combined measure scenario, we pooled all eight climate adaptation
measures together. Such a scenario resulted in a pronounced decrease in both of the climate indices, i.e., maximum reductions of up
to 20.8% for SD y 1 and 44.0% for HD y 1.

Considering future climate projections, a tremendous increase in SD and HD will occur for both RCPs until the end of the 21st

century. A reduced increase in these climate indices could be achieved over the next three decades (locally up to the current level) if
highly reflective sealed surfaces are implemented. To remain at the current climate conditions for the whole city, a combined
implementation of all the adaptation measures proposed here is necessary. Finally, the enhanced UHI effect until 2100 could be
mitigated to lower levels (i.e., an increase of approximately 30 HD y 1 instead of 40 and greater) only with an overall combination of
adaptation measures.

Our results show that a suite of climate adaptation measures can positively influence the thermal comfort in urban environments
by reducing the heat load, and thus, the ambient air temperature. We see that a combination of adaptation strategies is the most
effective in reducing the urban heat burden, and thus, it represents the most successful strategy for mitigating the effects of the UHI.
However, we note in closing that any combination of adaptation measures will not reduce UHI effects enough by 2100 if CO2
emissions are not reduced sufficiently.
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