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Abstract 8 

The urban climate conditions are heavily influenced by the morphological and thermal properties of buildings. 9 

Recent studies have been focussed on the representation of urban morphology using standardised Local Climate 10 

Zones (LCZs) whereas relatively little research has been performed on the impact of thermal properties of 11 

buildings. Though useful for categorising and modelling urban climates, generic LCZ classes can have a low 12 

representativeness for local spatial heterogeneity while also not accounting for variations in building thermal 13 

properties.  14 

 15 

Using Amsterdam (the Netherlands) as a case study, we develop an alternative classification of urban fabric based 16 

on construction period, historical construction practices and regulations. This HERITAGE classification consists 17 

of 10 distinct classes which we combine with 3D building model data, the Dutch cadastre and previous studies 18 

using GIS to derive their accompanying morphological traits. This approach offers a new method to create 19 

literature- and data-based urban classes with customised spatially varying morphological and thermal parameter 20 

values which are more representative of the real world compared to the LCZ approach. The HERITAGE-classes 21 

contain all necessary variables for conducting thermal and energy assessments as well as numerical modelling of 22 

the urban climate using for example the Weather Research and Forecasting (WRF) model. 23 

1 Introduction 24 

The urban climate is affected by the complex processes at hand. A building interacts with neighbouring buildings 25 

and streets through energy gain and loss depending on occupancy behaviour, heating and cooling devices – and 26 

the prevailing weather and climate conditions. The heat exchange between a building and the environment 27 

depends on the buildings shape, its material composition and placement, insulation, orientation, and relation to 28 

other objects. These governing factors are what researchers, architects and spatial planners adjust in optimising 29 

indoor and outdoor urban spaces for thermal comfort, climate change mitigation and aesthetics.  30 

 31 

When buildings amass into urban areas, they can significantly modify the local energy and radiation balance 32 

compared to rural areas (Oke et al., 2017). Due to the concentration of material and people, together with trapping 33 

of radiation between structures, heat tends to accumulate and store longer in urban areas compared to rural 34 

counterparts. This phenomenon is most known as the Urban Heat Island (UHI) effect and is a subject of continuous 35 

study within urban meteorology and climate research (Bahadori et al., 2025; Cheval et al., 2024). 36 
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 37 

Historically the options for modifying urban environments have encountered restrictions. Availability of space, 38 

financial resources, construction materials, technological advances, local climatological adaptations and building 39 

regulations are among factors that affect historical and contemporary building construction. This may lead to 40 

different neighbourhoods within the same city to have completely different characteristics with regards to 41 

aesthetical, morphological and thermal properties, which may again affect the local- and micro-climate conditions. 42 

Capturing this heterogeneity of urban characteristics remains a challenge for multiple research fields such as 43 

meteorology, hydrology, remote sensing, architecture, spatial planning, public health and energy demand (Cheng 44 

et al., 2025; Esch et al., 2022; Li et al., 2024; Lindenthal and Johnson, 2025; Masson et al., 2020; TABULA 45 

Project Team, 2012). Better insight into urban complexity helps us understand what makes a place desirable to 46 

live in, how the area functions and how to improve the living conditions over time.  47 

 48 

Earlier studies have attempted to systematically describe the urban environment with increasing granularity. In an 49 

attempt to standardise descriptions of urban environments, Stewart and Oke (2012) developed a framework of 50 

Local Climate Zones (LCZs) to facilitate comparison of urban environments and simplify descriptions of climate 51 

measurement sites. This framework has been widely adopted both within and outside the climate research 52 

community to assess the impact of a city’s standardised morphology on topics such as local climate and 53 

meteorology, urban design and planning, pollution, human health and building energy use (Han et al., 2024; Huang 54 

et al., 2023).  55 

 56 

Stewart and Oke (2012) defined ten LCZ classes that can be grouped into four categories of surface properties: 57 

surface structure, surface cover, surface material and human activity. Initial efforts to classify individual cities 58 

into LCZs have over time grown into the development of global and continental maps through the WUDAPT-59 

project (Brousse et al., 2016; Demuzere et al., 2019, 2022). Despite the versatility of the LCZ approach its 60 

generalisability has its use limits. In a large review of LCZ mapping, Huang et al. (2023) found that, of the four 61 

categories of surface properties, mainly surface structure and surface cover have been used for LCZ classification 62 

methods. Whereas – despite their potential importance for characterising the urban environment – “surface 63 

material and human activity are rarely employed due to a lack of data”. Parameters of surface materials are usually 64 

considering only albedo and emissivity and are commonly taken from conventional LCZ tables provided by e.g. 65 

Stewart and Oke (2012). 66 

 67 

The choice of surface material affects the thermal properties of the surface which again affect the energy balance 68 

of the surface through a change in albedo, emissivity and thermal storage capacity. In the context of modelling 69 

building energy fluxes, it is important to know the thermal properties of an entire facet (aka. the walls and roof) 70 

to properly quantify the energy transfer between the indoor and outdoor environment. To estimate this as 71 

accurately as possible, it is critical to know how the building is constructed and its building materials. Despite this 72 

knowledge, there has been limited research efforts going into categorising urban environments based on primarily 73 

thermal aspects instead of morphological aspects.  74 

 75 
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Tornay et al. (2017, hereafter T17) developed 10 building archetypes based on building morphology, construction 76 

period and materials, building use and geographical location for France and assessed the sensitivity of the Town 77 

Energy Balance model (Masson, 2000) to these archetypes and their properties. They found especially roof albedo, 78 

presence and thickness of insulation material and its position in the facet to strongly affect the urban energy 79 

balance through modifying the radiation balance and thermal storage. Buildings with slate roofs showed higher 80 

values of net radiation, sensible heat flux, indoor temperatures and higher amplitudes in diurnal heat storage 81 

compared to buildings with roofs of zinc and tiles in their summer simulations. They also found that the relative 82 

importance of building wall material to roof material increases with building density. Walls with lower thermal 83 

conductivity stored less heat but showed higher sensible heat flux compared to highly thermal conductive wall 84 

materials. During winter, they found only a 10 % variation in heating demand between material setups because 85 

wall materials with larger thermal conductivity tended to be thicker. When comparing construction periods, they 86 

found a generally decreasing trend in heat energy consumption and sensible heat flux with increasing building 87 

year during winter due to increased insulation. Interestingly, their oldest (<1949) and most recent (>2012) 88 

construction periods showed comparable low values for stored sensible heat and similar diurnal variability for 89 

sensible heat flux which they attributed to lack of concrete under the roof tiles and external placement of insulation 90 

material, respectively.   91 

 92 

In order to couple buildings to specific energy consumption load curves, Pappaccogli et al. (2021) categorised 93 

buildings in Bolzano, Italy into four building classes: non-residential, hospitality, and residential buildings before 94 

and after 1978. They found that buildings constructed before 1978 had a higher morning peak energy load but a 95 

lower energy load in the evening across multiple seasons. For their WRF model simulations they used three 96 

building classes (high- and low-energy consumption residential, and industrial/commercial), but both residential 97 

classes had the same thermal properties. They hypothesised the model’s overestimation and underestimation of 98 

energy consumption during peaks and mid-day hours respectively could be caused by an incorrect definition of 99 

thermal properties of the buildings.  100 

 101 

Aksoezen et al. (2015) studied links between measured energy consumption and building properties in Basel, 102 

Switzerland. They grouped and analysed buildings based on four periods of construction and found that building 103 

volume, gross floor area, compactness and building age affect energy demand. As expected, larger buildings lead 104 

to higher energy demand. The authors found compactness (building surface area to volume ratio) to be 105 

significantly negatively correlated (-0.6) to building age and significantly positively correlated (+0.3) to energy 106 

demand. Surprisingly they also found that the connection between energy demand and building age was not linear 107 

with time, but concave. They found that buildings constructed before 1921 have lower energy demand than 108 

buildings constructed in the following six decades. Like Huang et al. (2023), they acknowledged that a key 109 

limitation of using general building typologies connected to the lack of data on material composition and 110 

refurbishments, especially for older buildings.  111 

 112 

To summarise: previous urban studies have overwhelmingly focused on morphological building parameters to 113 

quantify the environmental impacts of the urban environment due to a lack of data on thermal properties of 114 

buildings. A limited number of previous studies have focused on the impacts of the construction period on the 115 



 4 

surface energy balance and energy consumption and found them to be non-linear with time due to changes in 116 

materials and construction practices. All these findings demonstrate the importance of properly accounting for the 117 

thermal properties of buildings in urban energy modelling in order to fully assess their current and future impact 118 

on the environment and society. However, it remains unclear how age-dependent building properties affect urban 119 

climate modelling.  120 

 121 

Therefore, our research question is: what is the impact of spatially varying thermal and morphological properties 122 

based on historical building construction on the local meteorology and climate?  123 

 124 

Hence, we introduce a novel methodology for categorising buildings and neighbourhoods into distinct classes 125 

based on building period. We demonstrate the approach for Amsterdam, the Netherlands, linking historical 126 

construction practices and materials to building periods, 3D building data and road data. This results in 10 127 

HERITAGE-classes that contain variables suitable for conducting thermal and energy assessments and modelling 128 

of the urban environment using numerical models such as WRF (Chen et al., 2011) and PALM4U (Maronga et 129 

al., 2020).  130 

2 Data and methods 131 

This section explains the methodology for creating the 10 HERITAGE-classes (HCs) and the data sourced for this 132 

purpose (Figure 1).  133 

 134 

Amsterdam was selected as a testbed due to its historic expansion and variable building stock as well as the 135 

presence of long-term urban meteorological observations for model validation (Ronda et al., 2017). Resulting 136 

building parameter values are customised to fit the inner city of Amsterdam but is also representative for similarly 137 

constructed Dutch cities. Despite differences in regional historical construction, we consider the resulting thermal 138 

parameter values to be fairly representative for the Netherlands as a whole. Contrarily, differences in 139 

morphological parameters can vary strongly between cities and are recommended to be tailored to the area of 140 

interest.  141 

 142 

Creating spatial datasets for categorisation of urban environments require information on five major parameter 143 

groups: land use and land cover, morphological parameters, architectural parameters, socio-economic parameters 144 

and building use, and urban vegetation. The main approaches for creating spatial datasets are either based on 145 

remote sensing techniques or GIS approaches, or a combination of the two. For a thorough overview of needs and 146 

sources from a LCZ perspective see Masson et al. (2020). This current work aggregates multiple mainly existing 147 

GIS and remote sensing data sources.  148 
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 149 

Figure 1: Simplified workflow diagram for developing the HERITAGE-classes and HERITAGE-raster with input 150 
sources (•), outcomes (→), and processes (↻). 151 

2.1 Data collection 152 

2.1.1 Sourcing thermal properties 153 

We start with an extensive literature review to identify building periods that are distinctly different in terms of 154 

thermal properties of buildings. We combine documentation on historical building construction practices and 155 

archetypes, and historical building regulations. Subsequently, 19 building periods were identified based on typical 156 

building construction factors, such as thickness and material composition of facets, presence of cavity walls and 157 

insulation, and changes in building regulations. In total, 28 different sources have been used consisting of journal 158 

articles, government reports and numerous diverse sources (Table A1).  159 

 160 

Next, typical values of thermal properties for the identified materials were gathered and used to estimate 161 

representative values for thermal conductivity, specific heat capacity, surface albedo, and surface emissivity per 162 

facet and building period. In total, 13 different materials were identified, and their thermal property values were 163 

estimated based on nine different sources (Table A2). Finally, building periods with similar thermal property 164 

values were grouped resulting in 10 HCs with distinctly different thermal property values (Table 1 and 2). 165 

Extensive 
literature 

review

•Building regulations
•Historical construction practices
•Typical building materials 
•Facet composition and thickness
•Typical parameter values per building material

Calculation of 
thermal 

properties per 
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→ Roof width
→ Road width

HERITAGE-
raster creation

↻ Spatial linking of parameters
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↻ Merging of HERITAGE-raster and vegetation raster (CGLC-MODIS-LCZ)
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Table 1: The 10 HERITAGE-classes with example buildings from Amsterdam (Google Streetview) and their 166 
occurrence within our area of interest as reported by 3DBAG. 167 

HERITAGE 1 
<1800 

HERITAGE 2 
1800–1929 

HERITAGE 3 
1930–1945 

HERITAGE 4 
1946–1964 

HERITAGE 5 
1965–1974 

     
1.5 % 18.1 % 9.4 % 16.1 % 10.7 % 

     

HERITAGE 6 
1975–1991 

HERITAGE 7 
1992–2005 

HERITAGE 8 
2006–2014 

HERITAGE 9 
≥2015 

HERITAGE 10 
Unknown (1005) 

    

 

19.3 % 12.1 % 7.3 % 5.3 % 0.2 % 
 168 

Values of surface albedo and surface emissivity of the HCs are mainly taken from reference lookup tables based 169 

on the outermost material listed for their respective facet composition (Table A2). Since windows can significantly 170 

affect the thermal transfer through walls, the window coverage fraction (aka. window-to-wall ratio) per period 171 

was taken from (Dang et al., 2024). The 10th HERITAGE-class “Unknown” (HC10) is based on – as Huang et al. 172 

(2023) pointed out – the fact that data on building year and construction often is lacking. All thermal property 173 

values for this “Unknown” class are the average of each parameter of all the other HCs. This allows all buildings 174 

to be categorised into a HERITAGE-class depending on their (un)known building year.  175 

2.1.2 Sourcing morphological properties 176 

The second step entails collecting multiple spatial datasets which were processed in QGIS before morphological 177 

values could be calculated per HERITAGE-class.  178 

Extracting building polygons 179 

Our approach is based on 3DBAG (v2024.12.16) – a 3D building dataset covering the whole of the Netherlands 180 

(Peters et al., 2022). The 3DBAG data have been generated based on the Dutch building cadastre and the National 181 

Digital Elevation Model of the Netherlands (AHN) which results in the 3D building model containing parameters 182 

such as building ID, original building year, height above sea level, roof type, ground floor area, volume, roof 183 

elevation and location. We extracted all building polygons for Level of Detail (LoD) 2.2 (Peters et al., 2022) in a 184 

rectangular area covering the whole city of Amsterdam through 3DBAGs WFS service in combination with QGIS 185 

version 3.34.  186 

 187 

We first identified and then addressed two issues with the 3DBAG data: 1) each building may be composed of 188 

more than one polygon, and 2) the building heights come from AHN LiDAR data which need correction for the 189 

terrain height. To address these issues, we aggregated all polygons based on their building ID, multiplying the 190 

ground floor area and volume of the polygons together before calculating a new mean building height based on 191 
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the area weighted building height of the aggregated polygons. Subsequently we adjusted this area weighted mean 192 

building height by subtracting the height above sea level. Data attributes not needed were removed leaving a 193 

building layer with one polygon per building with attributes such as: building ID, area weighted mean building 194 

height, total ground floor area, volume, and original building year. We then grouped the building polygons into 195 

10 separate QGIS layers based on their building year attribute according to the 10 HCs.   196 

Extracting building heights and their distributions 197 

Depending on the use case, different building height statistics need to be estimated. For relatively straightforward 198 

schemes, such as WRFs Single Layer Urban Canopy Model (SLUCM, Kusaka et al., 2001), mean and standard 199 

deviations were obtained through the use of zonal statistics directly in QGIS. For more advanced model schemes 200 

– such as BEP-BEM (Martilli et al., 2002; Salamanca et al., 2010) – requiring building height distributions, we 201 

calculated building height distributions in 5 m bins. The upper bin bound was selected based on the first occurrence 202 

below 10 % for each class. Manual adjustment was done by grouping unusually tall buildings into the highest 203 

building height category, rounding each bin to whole percentages, and ensuring the distribution added up to 100 204 

%. Due to a highly right-skewed building height distribution caused by a disproportionate number of smaller 205 

entities (such as sheds, house boats, market stands and house expansions) in outer districts, this binning process 206 

was redone for a subset of buildings covering the inner-city of Amsterdam (4.87159˚E, 52.38677˚N, 4.92801˚E, 207 

52.35809˚N). We chose to implement the inner-city building height distribution for the HCs because this 208 

distribution is less impacted by more rural and suburban building practices and thus better reflects the urban 209 

environment of Amsterdam. The resulting building height distributions per HC is presented in Table 3.  210 

Extracting roof widths 211 

Buildings in Amsterdam have typically a rectangular footprint with the shortest side facing the street (Peters et 212 

al., 2022). This feature is utilised when calculating the typical building roof width needed for representing the 213 

urban canyon for modelling applications. We first generate building “skeletons” with centerlines for all buildings 214 

using the Skeleton-tool from the BecaGIS plugin (Quach, 2024). We then calculate the length of the centerline 215 

and add this as a building attribute. To estimate the median roof width for each HC, we use QGISs built in zonal 216 

statistics. To be consistent for building morphology parameters, only the roof width values for buildings located 217 

in the inner-city domain was used for the HCs. The resulting median roof width estimates per HC are presented 218 

in Table 3.  219 

Extracting road widths 220 

The last morphological parameter to obtain is road width. This parameter were calculated based on the road area 221 

layer (“wegdeel_vlak”) from the TOP10NL dataset provided by the Dutch cadastre (Kadaster, n.d.). To estimate 222 

the road width, we first extracted and merged all road polygons within our study area based on road name in order 223 

to avoid big roads being underestimated when they consist of multiple polygons. Thereafter, we calculated the 224 

length of the road polygons using the Skeleton-tool as outlined before for the roof width estimates and added this 225 

as an attribute to the polygons. The road width was calculated as the polygon area divided by its length and was 226 

added as an attribute field to each road polygon.  227 

 228 
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Next, we needed to calculate road statistics on neighbourhood level to align with the HCs. We calculated and 229 

transferred statistics on occurring building year and road width by joining neighbourhood polygons (“buurten”) 230 

provided by the Centraal Bureau voor de Statistiek (2024) with attributes from the singular 3DBAG building layer 231 

and the road polygons from before. Subsequently, we allocated a HC to each neighbourhood using the field 232 

calculator with the criteria that both the mean and median calculated building year falls within a singular HC range 233 

(e.g. 1930–1945). If the criteria were not fulfilled the neighbourhood was allocated to the HERITAGE-class 10 234 

(Unknown) (HC10). We set a requirement of at least one road and 10 buildings per neighbourhood polygon and 235 

excluded the rest as input for the final calculation of median road width per HERITAGE-class.  236 

2.1.3 Sourcing vegetation and urban fraction 237 

Two non-morphological properties were sourced from established sources: vegetation and urban fraction. To 238 

include vegetation and facilitate easy comparison between the LCZ and HERITAGE approaches, we based our 239 

vegetation data on the global CGLC-MODIS-LCZ dataset from Demuzere et al. (2023a), which is the default 240 

dataset in WRF. We extracted our region of interest and reclassified all LCZ-classes to “Bare rock/paved” (class 241 

61) to remove the LCZs and avoid missing pixels when merging this modified CGLC-MODIS-LCZ raster with 242 

the HERITAGE-raster pixels after their generation outlined in Sect. 2.2 (Figure 2). Section 3.2 discloses the 19 243 

natural landcover categories from CGLC-MODIS-LCZ and the differences between this default LCZ-raster and 244 

the HERITAGE-raster. 245 

 246 

Urban fraction was estimated based on 30 m×30 m data from Ronda et al. (2017). We refined these data to even 247 

finer pixels of 1/3 of the original size and calculated the urban fraction by dividing the pixel colour value by the 248 

maximum colour value before spatially joining them to the HERITAGE class-pixels generated in the following 249 

section (Sect. 2.2). The final urban fraction values per HC were obtained using zonal statistics in QGIS and are 250 

available in Table 2.   251 

2.2 Developing the HERITAGE-raster 252 

We developed a HERITAGE-raster using 3DBAG and the modified CGLC-MODIS-LCZ based on area weighting 253 

using pixels in QGIS (Figure 2). We first created two HERITAGE-rasters with different pixel sizes from the 254 

original HERITAGE polygon layer created from 3DBAG in Sect. 2.1.2, where the largest match the grid of the 255 

CGLC-MODIS-LCZ raster (60 m×100 m) and the finest is 50 times finer (1.2 m×2 m). Secondly, we converted 256 

the raster pixels of both layers to polygons again and joined the attributes by location using majority as the 257 

discerning factor. This determines the most frequently occurring HERITAGE-class in the fine raster within each 258 

larger pixel; i.e. this approach creates an alternative area weighting technique using raster pixel sizes. Third, we 259 

converted the new generated pixel layer with the same grid size as CGLC-MODIS-LCZ to raster format. Finally, 260 

we merged the HERITAGE-raster with the modified CGLC-MODIS-LCZ vegetation raster from Sect. 2.1.3. This 261 

resulted in a HERITAGE-raster with CGLC-MODIS vegetation.  262 

 263 
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 264 

Figure 2: Illustration of the workflow of generating the HERITAGE-raster based on the building polygon layer from 265 
3DBAG (Peters et al., 2022) and CGLC-MODIS-LCZ (Demuzere et al., 2023a) for a sample neighbourhood in 266 
southeastern Amsterdam. White background represents areas or pixels without buildings or vegetation. Pixel 267 
resolution is stated for each raster or pixel layer.  268 

2.3 Implementation in the WRF model 269 

This section outlines as an example how the HERITAGE-raster can be implemented in WRF. Other models with 270 

similar model structures might have a similar implementation workflow.  271 

 272 

In WRF, all urban properties sourced and described in Table 2 and Table 3 need to be incorporated into the urban 273 

parameter lookup table (URBPARM_LCZ.TBL). We make a customised version of URBPARM_LCZ.TBL, 274 

where the 10 HERITAGE-classes takes the numbered positions of the LCZ-classes for all morphological and 275 

thermal parameters and urban fraction. Table C1 lists the corresponding parameter names in 276 

URBPARM_LCZ.TBL to the parameters identified before. Finally, we convert the raster tiff-file to geogrid binary 277 

files, create an “index”-file and modify dataset references instructing the model how and where to read the binary 278 

files (Appendix D). For further implementation details for WRF see Appendix E.  279 

3 Results 280 

In this section, we discuss the application of the HERITAGE-approach for Amsterdam (the Netherlands) and 281 

compare the resulting parameter values and raster to the default LCZ-raster and table values used in WRF. We 282 

also discuss some limitations and considerations for future applications of the approach for other locations.  283 

3.1 HERITAGE parameter values  284 

The determined wall and roof materials, thickness and composition (Table 2) clearly show the historical 285 

improvements in building insulation, technological advancement, and stricter building regulations in the 286 

Netherlands. Wall thickness has more than doubled from 18 cm before 1800 to >38 cm in building standards since 287 

2015. Cavity walls started becoming the norm in the Netherlands around 1930 and marked a significant jump in 288 
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insulation values and lower thermal conductivity (Delft University of Technology, 2024; Rijksdienst voor het 289 

Cultureel Erfgoed, 2024; Vekemans, 2016). The most common building materials for walls are brick, mineral 290 

wool and concrete. Roofs have thickened by more than four times and had a substantial change in complexity of 291 

facet composition. The most common building materials for roofs are clay tiles, wood or chipboard, and mineral 292 

wool.  293 

Table 2: Overview table of the HERITAGE-classes and their properties. 294 

Class 
nr. 

Example 
building 

Building 
period 

Adopted wall description Adopted  roof description 
Thermal 

conductivity  
[J m-1 s-1 K-1] 

(Volumetric) Heat 
capacity   
 [J m-3 K-1] 

Surface 
albedo 

Surface 
emissivity 

Window 
coverage 
fraction 

Urban 
fraction 

      
Thickness 

[mm] 

Material 
division 

[mm] 

Composition 
(inside -> 
outside) 

Thickness 
[mm] 

Material 
division 

[mm] 

Composition                
(inside -> outside) 

Wall Roof Wall Roof Wall Roof Wall Roof     

1 

  

<1800 180   Pure brick 79 18-50-11 Wooden boards-
air-clay tile 

0.90 0.17 1 428 000    390 130  0.30 0.23 0.91 0.90 0.46 0.56 

2 

  

1800–
1929 215   Pure brick 79 18-50-11 

Wooden boards-
air-clay tile 0.90 0.17 1 428 000  390 130  0.30 0.23 0.91 0.90 0.46 0.52 

3 
  

1930–
1945 270 

105-60-
105 Brick-air-brick 79 18-50-11 

Wooden boards-
air-clay tile 0.46 0.17 1 110 935  390 130  0.30 0.23 0.91 0.90 0.46 0.48 

4 
  

1946–
1964 

270 105-60-
105 

Concrete-air-
concrete 

350 
150-30-

50-70-20-
30 

Reinforced 
concreet-perlite-

air-woodwool 
cement slab-

bitumen-gravel 

0.40 0.20 1 637 957  1 387 064  0.23 0.15 0.81 0.92 0.46 0.48 

5 

  

1965–
1974 

300 
100-
100-
100 

Sandlime 
brick-mineral 

wool-brick 
131 12-40-18-

50-11 

Chipboard-
mineral wool-

wooden boards-
air-clay tile 

0.10 0.09 1 076 402  391 459  0.30 0.23 0.91 0.90 0.46 0.48 

6 
  

1975–
1991 

300 100-50-
40-100 

Sandlime 
brick-mineral 

wool-air-
concrete 

141 12-50-18-
50-11 

Chipboard-
mineral wool-

wooden boards-
air-clay tile 

0.15 0.08 1 303 561  364 348  0.23 0.23 0.81 0.90 0.44 0.51 

7 

  

1992–
2005 300 

100-50-
40-100 

Concrete-
mineral wool-

air-brick 
191 

12-100-
18-50-11 

Chipboard-
mineral wool-

wooden boards-
air-clay tile 

0.16 0.06 1 077 694  271 377  0.30 0.23 0.91 0.90 0.48 0.52 

8 
  

2006–
2014 

340 
100-

100-40-
100 

Concrete-
mineral wool-
air-concrete 

211 
12-120-

18-50-11 

Chipboard-
mineral wool-

wooden boards-
air-clay tile 

0.10 0.06 1 060 318  246 527  0.23 0.23 0.81 0.90 0.48 0.51 

9 
  

≥2015 380 
100-

140-40-
100 

Concrete-
mineral wool-
air-concrete 

331 12-240-
18-50-11 

Chipboard-
mineral wool-

wooden boards-
air-clay tile 

0.09 0.05 948 706  160 487  0.23 0.23 0.81 0.90 0.48 0.37 

10   
Unknown 

(1005) 
284     177     0.36 0.12 1 230 175  443 517  0.27 0.22 0.86 0.90 0.46 0.56 

 295 

We find that over the entire period the thermal conductivity decreased by 90 % and 72 % for walls and roofs, 296 

respectively (Table 2). Wall thermal conductivity decreased rapidly from 1800–1929 (HC2) until 1965–1974 297 

(HC5) and remained fairly stable at ~13 %. Roof thermal conductivity shows a constant decline over time only 298 

interrupted by a 17 % increase for post-war buildings in 1946–1964 (HC4).  299 

 300 

The heat capacity of both facets has also seen a general decline across time. However, the post-war housing of 301 

1946–1964 (HC4) shows a deviation from this trend. This period marks a distinct difference in dominating 302 

building technique and materials used. Building regulations were more lenient in many countries after the second 303 

world war to accelerate the rebuilding process of the countries resulting in generally lower quality housing and 304 

worse thermal properties (Van de Voorde et al., 2015; Vekemans, 2016). In the Netherlands, this led to 305 

construction of larger buildings and more multi-unit housing out of cheaper building materials (Havinga et al., 306 
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2020; Rijksdienst voor Ondernemend Nederland, 2022). This is reflected for HC4 in higher roof thermal 307 

conductivity and higher heat capacity of both facets.  308 

 309 

Albedo and emissivity values are determined by the outermost material of each facet. For walls, these parameters 310 

are dictated by the use of brick or concrete, whereas roofs have prescribed clay tiles, except for HC4 which has a 311 

gravel roof. Overall, both parameters differ maximum with about 10 percent points between the HCs. 312 

 313 

Our analysis indicates that building size does not vary that much between classes. Most HCs show fairly small 314 

buildings with mean building width varying between 12.0 m to 17.3 m and a collective mean of 13.2 m. The only 315 

exception is HC10 which has a mean of 5.8 m which could be due to it containing buildings of unknown origin 316 

which may encompass a lot of smaller buildings and structures, such as sheds and annexes which might not have 317 

required a building permit and thus a full registration.  318 

 319 

Building height distributions follow a fairly normal distribution for most HCs with a mean building height around 320 

12 m (Table B1). However, HC9 and HC10 show a clear right-skewed distribution which might again reflect a 321 

larger number of sheds, garages, houseboats or smaller temporary housing units. The standard deviation of the 322 

building heights has also grown over time starting at a standard deviation of 3.0 m for HC1 and ending at 8.2 m 323 

and 7.7 m for HC8 and HC9, respectively.  324 

Table 3: Overview of morphological parameters for each HERITAGE-class for Amsterdam. If a building has a building 325 
height of <5 m it will be allocated to the “0 m” bin, and the “5 m” bin represents buildings between 5 and <10 m.   326 

Class 
nr. Building period Building heights [m] Building height distribution [%] 

Median roof 
width [m] 

Road 
width [m] 

  Mean Median SD < 5 m 5–10 m 10–15 m 15–20 m 20–25 m ≥ 25 m   

1 < 1800 13 13 3 2 20 64 13 1  14.4 9.4 

2 1800–1929 13.3 14.3 4.2 8 14 44 33 1  12.4 15.5 

3 1930–1945 12.5 13 4.1 9 17 60 13 1  12.0 17.7 

4 1946–1964 11.9 11.6 5.7 11 32 39 13 5  17.3 10.5 

5 1965–1974 14.3 14.1 4.9 6 14 47 24 9  16.1 12.6 

6 1975–1991 12.2 12.8 4.2 11 16 61 11 1  12.8 11.5 

7 1992–2005 12.7 13.2 5.2 13 16 47 20 4  12.9 9.6 

8 2006–2014 13.7 13.1 8.2 13 23 39 11 5 9 15.6 8.6 

9 ≥ 2015 10.6 9.3 7.7 39 17 22 12 6 4 12.4 7.7 

10 Unknown (1005) 7.2 4.8 4.7 59 17 16 8   5.8 11.9 

 327 

Road width sees a peak in HC3 (1930–1945) at 17.7 m. Since then, the road width has decreased to its narrowest 328 

with 7.7 m for HC9 (≥2015). This could be due to a larger focus away from car-centric planning to densification 329 

and space efficiency of modern spatial planning.  330 

 331 

Urban fractions are varying across the classes with a mean of 0.5. The highest urban fraction appears in the classes 332 

located in the inner-city area (HC1 and HC10) with a mean of 0.56. Lower densities occur in HC3–5 (1930–1974) 333 

which coincides with the tendency to build more community housing following the world wars. The newest areas 334 
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represented with HC9 (≥2015) have the lowest urban fraction which might reflect areas still in development and 335 

the city’s expansion into more rural areas.  336 

3.2 HERITAGE VS LCZ 337 

3.2.1 Spatial class changes 338 

The HERITAGE-raster clearly shows the historical expansion of the city (Figure 3). HC1 is clearly confined to 339 

the inner city inside a ring (the famous canal district) of what used to be the old city walls. Outside of this ring 340 

HC2 and HC3 create two layers of expansion which coincides with the growth of the population of Amsterdam 341 

beyond the city walls in the 19th century and their gradual decay and removal (Glaudemans, 2008; Tussenbroek, 342 

2019). Newer urban expansions have been concentrated along public transport routes and major roads. Patches of 343 

one HERITAGE-class inside another dominating class also show trends of densification, and in some cases, 344 

rebuilding.  345 

 346 

This historical expansion is less clear in the LCZ-raster since LCZs primarily focus on building morphology and 347 

density (Figure 4). Building morphology does have some relation to building period but it is often heavily dictated 348 

by the availability of land. This trend is reflected in Figure 4 where compact mid-rise (LCZ 2) dominate in the 349 

inner-city area whereas open LCZ-classes (LCZ 4–6) dominate in outer districts which also overlap with the post-350 

war expansion of the city (see HC4–9 in Figure 3). To the northwest and southwest of the inner-city there are 351 

larger areas identified as LCZ 8 and 10 showcasing a known issue of the classification algorithms to struggle 352 

separating these two categories (Bechtel et al., 2019; Zhu et al., 2022).  353 

 354 
Figure 3: The HERITAGE-raster for Amsterdam with classes. Classes 1-21 and 61 are the same as for CGLC-MODIS-355 
LCZ (Figure 4). The HERITAGE-classes (HCs) are numbered 51-60 in correspondence with their position in WRF. 356 
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 357 
Figure 4: The CGLC-MODIS-LCZ raster for Amsterdam incorporated as the default land use map in WRF (Adapted 358 
from Demuzere et al., 2023a). 359 

A number of differences between the default LCZ-raster and the HERITAGE-raster stands out for Amsterdam. 360 

First, the CGLC-MODIS-LCZ raster (LCZ-raster) is representative of the year 2018 (Demuzere et al., 2023b) 361 

whereas the HERITAGE-raster inherits the same vegetation layer from the LCZ-raster but is updated with urban 362 

classes based on data from 2024. This creates a difference in coverage between urban and natural vegetation 363 

classes. The HERITAGE-raster contains ~10 % more urban land cover than the LCZ-raster with 36.2 % against 364 

26.0 %. This reduction mostly originates from a reduction in class number 8 (woody savanna) with 4.2 % (Table 365 

4). The difference in representation year also causes the LCZ-raster to miss recent urban developments, for 366 

example at the eastern harbour.  367 

 368 

Each HC replaces multiple LCZ-classes revealing no clear connection between the two classification schemes 369 

(Figure 5). The non-compact low-rise classes (LCZs 6 and 8) are the most frequently occurring LCZs and are 370 

spatially overlapping with 9 out of 10 HCs. Only HC1 (<1800) sees a majority of its buildings belonging to one 371 

class, LCZ 2. HC6 (1975–1991) and HC7 (1992–2005) are the most frequent HCs in Amsterdam representing 372 

38.7 % of the building pixels in the HERITAGE-raster. HC5 and HC6 have a similar distribution of LCZs 373 

probably reflecting a similar development policy in this period (1965–1991). All HCs show a displacement of 374 

vegetation of 11–43 % compared to the LCZ-raster, but this is partially offset by the increase in vegetation fraction 375 

within each HC.  376 

 377 
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Table 4: Occurrence of the different classes in the HERITAGE-raster compared to the default CGCL-MODIS-LCZ 378 
raster. Note that classes nr. 51-60 represent the HERITAGE-classes and the LCZ-classes for the HERITAGE- and the 379 
LCZ-raster, respectively and cannot be directly compared. 380 

Class 
nr. 

HERITAGE-raster class 
name 

LCZ-raster class name 
HERITAGE 

coverage [%] 
LCZ-raster 

coverage [%] 

1 Evergreen Needleleaf Forest 0.51 0.59 

4 Deciduous Broadleaf Forest 0.47 0.48 

5 Mixed Forest 3.25 3.63 

7 Open shrublands 5.34 6.43 

8 Woody savanna 8.34 12.62 

9 Savanna 3.68 4.31 

10 Grassland 1.90 2.57 

11 Permanent wetlands 3.15 3.95 

12 Croplands 19.58 21.14 

16 Barren/sparsely vegetated 0.07 0.08 

17 Water (like oceans) 12.43 12.74 

21 Lake 5.09 5.42 

51 HC1 (<1800) LCZ 1 (Compact high-rise) 0.35 0.04 

52 HC2 (1800-1929) LCZ 2 (Compact mid-rise) 4.23 0.74 

53 HC3 (1930-1945) LCZ 3 (Compact low-rise) 1.71 0.02 

54 HC4 (1946-1964) LCZ 4 (Open high-rise) 3.88 3.95 

55 HC5 (1965-1974) LCZ 5 (Open mid-rise) 3.82 2.83 

56 HC6 (1975-1991) LCZ 6 (Open low-rise) 6.85 8.56 

57 HC7 (1992-2005) LCZ 7 (Lightweight low-rise) 5.81 - 

58 HC8 (1992-2014) LCZ 8 (Large low-rise) 3.57 8.24 

59 HC9 (≥2015) LCZ 9 (Sparsely built) 2.70 0.23 

60 HC10 (Unknown) LCZ 10 (Heavy industry) 0.02 1.44 

61 Bare rock/paved 3.25 - 
 381 

As expected, ~64 % of the raster pixels stay the same and at least 65 % of the spatial occurrence is preserved 382 

between the rasters for all vegetation classes (Figure F1). Among the urban classes, the most common replacement 383 

is for the compact LCZ-classes. 59 % of LCZ 3 (compact low-rise) tiles are replaced with HC2 (1800–1929), 384 

while LCZ 2 (compact mid-rise) is replaced with HC2 and HC1 (<1929) in about 52 % and 27 % of the cases, 385 

respectively. LCZ 1 is rarely occurring in Amsterdam but is usually replaced with HC7 or HC8 (1992-2014). 386 

Open low-rise buildings (LCZ 6) are in 24 % of the cases replaced with HC6 (1975–1991), while large low-rise 387 

buildings (LCZ 8) are in 40 % of the cases replaced with HC7 (1992–2005) or reclassified to a sealed surface 388 

type. It is also interesting to note that LCZ 1 is only appearing since HC5 (≥1965), and the growing dominance of 389 

more recent HCs are both evidence of the growing building stock and tendency to build higher and denser.  390 
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 391 
Figure 5: Spatial overlap between the HERITAGE-classes and the land use classes in CGLC-MODIS-LCZ. 392 
Percentages behind the HCs refer to their relative occurrence of all building classes in the HERITAGE-raster. 393 
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3.2.2 Comparison of parameter values in WRF  394 

We find considerable numerical differences between the default LCZ parameter values and the HERITAGE-395 

classes for Amsterdam. Table B1 shows the tabular values for the two classes. The values for the LCZs are taken 396 

from the default URBPARM_LCZ.TBL in WRF whereas the HERITAGE values are the same as in Table 2 397 

andTable 3.  398 

 399 

A large difference appears between the two classification systems for the building morphological parameters. 400 

Mean building height across all classes are higher for the LCZs mainly driven by the high-rise classes (LCZ 1 and 401 

4). The building height distributions are also very different. The high-rise-classes show a clear shift in distribution 402 

to the right compared to the other LCZs with a mean of 37.5 m for SLUCM and 50 m for BEP(+BEM). Except 403 

for the high-rise classes and LCZ 10, none of the other LCZs follow a normal distribution of building height and 404 

most have a right skewed distribution. Building heights are more similar for the HCs with a collective mean of 405 

about 12 m and building height distributions closer to a normal distribution for all classes except HC9 and HC10 406 

which show lower means and right skewed distributions. Standard deviations for building heights are considerably 407 

higher and more variable for the HCs than for the LCZs where only LCZs 1 and 2 have a standard deviation higher 408 

than 1 m. The mean standard deviation for the HCs is almost 3.5x the mean standard deviation for the LCZs which 409 

is an effect of incorporating different building types inside each HC. LCZ buildings and roads are also on average 410 

around twice as wide as the HCs. 411 

 412 

Urban fraction shows a large variation for the LCZs ranging from 30 % to 95 %. The HCs show lower values and 413 

more stability in urban fraction with values between 37 % and 56 %. Excluding both LCZ 1 and 9 – representing 414 

together <1 % of the tiles and the extreme ends of the urban fraction distribution – the urban fraction spread is 35 415 

% [55–90 %] for LCZs which is still greater than the 24 % spread for the HCs. The LCZs have a mean urban 416 

fraction of 72 % whereas the HCs have a mean of 50 %. This shows that there is a slight compensation in the 417 

HERITAGE-raster related to the amount of vegetation; there is a lower amount of vegetation tiles (~10 % less) 418 

but a larger green fraction (~50 %) in the urban HERITAGE tiles compared to the LCZs.  419 

 420 

One of the main differences and strengths that the HERITAGE-approach offers is the diversity in thermal 421 

properties per class based on historical and spatial data. It is clear from Table B1 that all LCZs are represented 422 

identical from a thermal perspective. The mean heat capacity for the HCs is for roofs 66 % lower and for walls 20 423 

% lower than the corresponding LCZ value. Mean thermal conductivity is 92 % lower for roofs and 76 % lower 424 

for walls in the HERITAGE-approach. For the HCs, mean roof heat capacity is 444 kJ m-3 K-1 with a value range 425 

of 1 227 kJ m-3 K-1. Wall heat capacity has a mean of 1 230 kJ m-3 K-1 and a value range of 689 kJ m-3 K-1.  The 426 

mean albedo estimates with range are 0.22 [0.15–0.23] for roofs and 0.27 [0.23–0.30] for walls. Values of mean 427 

emissivity with its range are 0.90 [0.90–0.92] for roofs and 0.86 [0.81–0.91] for walls. The relatively small value 428 

range for albedo and emissivity reflects the strong tradition of using clay tiles for roofing, and bricks for walls in 429 

construction work in the Netherlands.  430 

 431 

On average, the HCs show lower values for all thermal properties than the LCZs. The largest differences between 432 

the two approaches show up for heat capacity and thermal conductivity. This is where the assumptions of the facet 433 
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compositions matter the most since all of them influence the final value entering the model. Compared to the LCZ 434 

values, only HC4 has a higher heat capacity for both facets. This indicates that on average LCZs assume a higher 435 

storage capacity for heat than is present according to the literature review. LCZs also assume a higher thermal 436 

conductivity for all buildings than the literature review suggest. This means that heat is transferred quicker through 437 

the facets and the building envelope can accumulate more heat using the LCZ approach. Most of the HCs suggest 438 

that the studied buildings transfer heat slower through the facets and the walls have a lower heat storing capacity 439 

than previous model exercises using LCZs may indicate.  440 

4 Discussion 441 

4.1 Comparison to other studies 442 

To the best of our knowledge, the HERITAGE-approach is the first building classification methodology developed 443 

with the primary goal of improving the representation and understanding of the impact of historical construction 444 

on meteorological variables for urban numerical modelling. Building classification based on (historical) 445 

construction archetypes is a common exercise in energy building modelling research (Carnieletto et al., 2021), but 446 

is absent from most meteorological and climate research.  447 

 448 

Aksoezen et al. (2015) found a statistical relationships between building age, energy demand and compactness 449 

(surface area to volume ratio) which relates to anthropogenic heat emissions and morphological aspects which 450 

affect the microclimate. Pappaccogli et al. (2021) used three building classes in their WRF simulations but thermal 451 

properties only varied with building function (residential VS industrial/commercial use). T17 expanded building 452 

classes developed for energy consumption analysis in the TABULA-project (TABULA Project Team, 2012), and 453 

is the only study assessing the change of the energy balance for multiple construction periods. 454 

 455 

Compared to the model studies by T17 and Pappaccogli et al. (2021), the HERITAGE-approach creates more 456 

detailed and longer historical representation of building classes. The former study groups buildings mainly based 457 

on French thermal regulations resulting in all buildings constructed before 1949 to belong to the same class. In 458 

comparison, we identify three HERITAGE-classes before 1946 for Amsterdam, also considering historical 459 

documents on construction practices before thermal regulations were implemented. For TEB modelling purposes 460 

T17’s classes are sorted based on three steps: 1) morphology, 2) thermal properties, and 3) use function. This 461 

results in a potentially more accurate building classification but is also considerably more data intensive than our 462 

approach. T17 also mention uncertainties in how to categorise buildings with uncertain or mixed use. The HCs 463 

do not assume any particular building use, but depending on the urban model it is possible to prescribe different 464 

heating/cooling regimes to reflect different energy use. 465 

 466 

In our spatial comparison analysis of HCs to LCZs we find multiple LCZs occurring within each HCs. This aligns 467 

with recent findings of Habib et al. (2026) where they used a clustering approach to categorise Dutch 468 

neighbourhoods into (sub-)LCZ classes based on morphological and vegetation data. They found the frequency 469 

distribution of four architectural building periods to vary across their seven identified clusters. Their algorithm 470 

also classifies most of the central area of Amsterdam – overlapping with large parts of HC1–3 in Figure 3 and 471 
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LCZ 2, 4 and 5 in Figure 4 – as LCZ 2 with mean building heights of 9–17 m. This finding aligns well with the 472 

building heights for HC1–3 (Table 3) but also illustrates how sensitive LCZ mapping approaches are to mapping 473 

subjectivity. 474 

 475 

Our study introduces the new perspective of categorising building classes based on a “thermal property centric” 476 

view while utilising existing numerical modelling infrastructure. This enables urban numerical modelling where 477 

thermal and morphological properties are disentangled, providing flexibility of integration into different models 478 

at various scales (LES and meso) and uses (e.g. microclimate or building energy modelling). The tables presented 479 

provide a detailed foundation that makes it easier to implement building properties for urban models with different 480 

requirements on level of detail. These parameter values provide a generalised first order estimate of thermal 481 

properties when detailed information on building level is lacking. This would also make it interesting to use as a 482 

possible starting point for building energy modelling purposes.   483 

 484 

The HCs presented here provide customised thermal and morphological values for Amsterdam, but the 485 

methodology described above can be applied to other locations with similar data sources available. Given the 486 

domination of brick-based construction in the Netherlands, other Dutch cities can reasonably assume the same 487 

thermal property values (Table 2) but should consider recalculating the morphological statistics (Table 3) and 488 

urban fraction using 3DBAG and local cadastre data if the city is considerably differently structured. Applying 489 

the HERITAGE-approach to a non-Dutch setting requires – besides the local building construction literature 490 

review – shapefiles of roads and buildings (including building height and building year) and a spatial dataset of 491 

vegetation fraction. 492 

4.2 Limitations and uncertainty 493 

Urban environments vary greatly between countries, regions and even within city districts depending on historical 494 

developments and local practices. This fact makes every attempt at generalisation through categorisation to have 495 

limits in application. In this paper, we have outlined an approach for how to categorise buildings based on their 496 

thermal properties identified from literature on different historical construction practices in Amsterdam. The 497 

values from all tables are therefore only a good representation of Amsterdam. We would only consider regions 498 

with a similar historical building practice and morphological structure to be able to reasonably apply the same 499 

values. However, we consider the thermal properties to be representative for most cities in the Netherlands and 500 

potentially parts of Belgium and Germany, but a local expert assessment should be conducted before making this 501 

assumption. Morphological values and urban fractions need to be collected for the region of interest following an 502 

approach similar to what we describe in Sect. 2.  503 

 504 

The urban modelling community is generally aware that the default values for the LCZs are not representative for 505 

many urban environments, especially at finer scales (Hammerberg et al., 2018; Huang et al., 2023; Stewart and 506 

Oke, 2012; Zonato et al., 2020). WRF was developed by NCAR and the current default urban variables are based 507 

on global averages from Stewart and Oke (2012) (Cenlin He, 2024). Most urban modelling studies use these 508 

values for their cities despite the following warning in the urban parameter tables in WRF: “The default 509 

[parameter] values are probably not appropriate for any given city. Users should adapt these values based on the 510 
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city they are working with.” This calls for the same customised approach for the urban morphology parameters as 511 

mentioned for the HERITAGE-approach.  512 

 513 

When developing the HERITAGE-approach, we found that the estimation of urban fractions is highly sensitive 514 

to the input data used, especially based on resolution. We compared the urban fraction values per HERITAGE-515 

class based on data from Ronda et al. (2017) to values obtained using the global urban fraction dataset by Patel 516 

and Roth (2022). The data from Ronda et al. (2017) was calculated based on NDVI data from 2008 and has a 517 

resolution of ~ 30 m, whereas the data from Patel and Roth (2022) was based on land cover data from 2021 with 518 

a ~100 m resolution. The mean and range of the urban fraction based on the former dataset was 50 % [37–56 %], 519 

compared to 59 % [54–74 %] for the later. Despite the older age, we opted for the higher resolution dataset as it 520 

demonstrated the sharp contrast and heterogeneity present in Amsterdam better.  521 

 522 

Cutoffs between HCs were selected based on building years obtained from the literature (Table A1). The 523 

parameters of the resulting 10 classes were prepared to align with WRFs current code infrastructure and with 524 

urban modelling applications in mind. More or fewer classes might be relevant for other urban areas. The HCs 525 

outlined in this paper serve as an example and should be updated in the future as the city develops and more data 526 

becomes available.  527 

 528 

Assumptions about facet composition and parameter values were made due to a lack of data for many parameters 529 

in the Netherlands. Because the Netherlands lacks a centralised database for construction practice, we had to 530 

derive materials and facet compositions from literature to estimate all thermal parameter values. Moreover, some 531 

buildings might have undergone refurbishments (e.g. post-insulation) since they were built. This leads to these 532 

houses having a different “thermal footprint” compared to what the literature suggest. Unfortunately, there is no 533 

central registry for refurbishments in the Netherlands. Therefore, representative parameter values were assumed 534 

based on the literature and mean parameter values for different materials from lookup tables. Among these 535 

parameters, albedo and emissivity are parameters which may vary greatly depending on the facet surface 536 

regardless of building period. Future efforts should therefore concentrate on establishing a database for these 537 

parameters, ideally on building level, to reduce uncertainty in these estimates. In its current form the HCs represent 538 

a conservative non-retrofit building state. 539 

5 Conclusion 540 

Urban climate modelling is crucial for planning and understanding the impact of weather on energy demand, 541 

urban heat and health. The accuracy of the urban representation in these models can significantly alter the 542 

modelling results and thus society’s preparedness under extreme conditions. Past urban modelling efforts have 543 

overwhelmingly focused on the characterisation and mapping of the morphological parameters of cites but ignored 544 

the potential impact of thermal properties of the buildings themselves.   545 

 546 

This study demonstrates a new and alternative classification and modelling approach for urban numerical weather 547 

and climate modelling based on historical construction practices and thermal properties, i.e. the HERITAGE-548 
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approach. The conventional approach of categorising buildings and neighbourhoods using LCZs are subject to 549 

significant mapping subjectivity and simplification of the morphology which may reduce a model’s ability to 550 

capture the urban heterogeneity. Compared to the conventional LCZ approach, the HERITAGE-approach offers 551 

a novel method for developing literature- and data-based urban classes with customised spatially varying 552 

morphological and thermal parameter values which are more representative of the real world.  553 

 554 

We apply our new approach on Amsterdam (the Netherlands) and compare the result with the default LCZ values 555 

and LCZ-raster in WRF. We identify 10 HERITAGE-classes (HCs) based on different building periods and 556 

estimate their respective thermal and morphological properties as well as their location. The HERITAGE-raster 557 

exhibits an updated land use map with urban developments not captured in the LCZ-raster. Little spatial 558 

correlation is found between specific LCZs and HCs. 559 

 560 

For Amsterdam, the HCs show generally smaller variability in morphology parameters between classes, but larger 561 

building height variability within a class compared to the LCZs. The difference between LCZ and HERITAGE 562 

values for albedo and emissivity is on average only 8 % and 3 % lower respectively for the HCs due to the 563 

extensive use of bricks in the Netherlands. All HCs show higher thermal conductivity and 9 out of 10 classes show 564 

higher heat capacity for both walls and roofs compared to standard LCZ values in WRF. Compared to previous 565 

model exercises using LCZs, the HERITAGE-approach suggest that the buildings studied transfer heat slower 566 

through the facets and the heat storing capacity of the walls are lower. The effect of this building representation 567 

in modelling will be explored in a follow up paper.  568 

 569 

The HCs contain all variables required – except anthropogenic heat related parameters – for conducting thermal 570 

and energy assessments, and modelling of the urban environment using numerical models such as WRF. Being a 571 

“thermal property centric” classification, the HERITAGE-approach allows for disentangling thermal and 572 

morphological parameter values making it suitable for modelling applications at different scales. This new 573 

approach has the potential to give researchers and policy makers new insights into the origin and spatial variability 574 

of urban meteorological variables, such as temperature, and learn from past construction practices to improve 575 

urban living conditions and future construction practices.  576 

577 
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Appendix A: Sources 578 

Table A1: Overview of the sources used in the literature review with their respective use. 579 

Used for Source 
Roof construction and material (Oltengarm et al., 2001) 

Rc values and insulation (Kuijeren, 2024) 

Rc values and insulation (Keesjan, 2020)  

Insulation (Foil insulation: to gap or not to gap? That is the question!: Do I need an 

air gap when using foil insulation: Do I need an air gap when using foil 

insulation, 2024) 

Window coverage fraction (Dang et al., 2024) 

Rc values and insulation (Isolatiewaarde: de Rd waarde, Rc waarde en lambdawaarde, 2024) 

Example housing in the Netherlands (Rijksdienst voor Ondernemend Nederland, 2022) 

Post-war buildings (Van de Voorde et al., 2015) 

Cavity walls (Rijksdienst voor het Cultureel Erfgoed, 2024) 

Amsterdam building history (Tussenbroek, 2019) 

History of Dutch brickwork and 
building codes 

(Vekemans, 2016) 

Rc values and insulation (Kim, 2022) 

Building regulations (van Overveld et al., 2011) 

Historical buildings in Amsterdam (Glaudemans, 2008)  

Insulation (Scottish Government, 2020) 

Cavity walls (Rob, 2023) 

Dutch brick history (Orsel, 2006) 

Roof construction and materials (Oltengarm et al., 2001) 

Historical building construction (Museum Ons' Lieve Heer op Solder, 2024) 

Roof insulation (Milieu Centraal, 2024) 

Rc values and building regulations (Liebregts and Persoon, 2011) 

Building construction (Koninklijk Verbond van Nederlandse Baksteenfabrikanten, 2002) 

Cavity walls (Koninklijk Verbond van Nederlandse Baksteenfabrikanten, 1999) 

Cavity wall construction (Historic England, 2012) 

Heritage value, post-war buildings (Havinga et al., 2020) 

Dutch building stock composition (Delft University of Technology, 2024) 

U-values and thermal conductivity (Building Research Establishment, 1984) 

 580 

 581 
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Table A2: Overview table of building materials and their estimated thermal property values based on the literature 582 
search with the associated sources. 583 

Facet Material Average 
thermal 
conductivity  
[W m-1 K-1] 

Average 
specific heat 
capacity  
[J kg-1 K-1] 

Surface 
albedo 

Surface 
emissivity 

Source 

Both Air 0.02 1005   (Building Research 

Establishment, 1984; Table 15 

Thermal Resistances of Air 

Gaps, 2021) 

 Mineral wool 0.038 920   (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2024; The Engineering 

Toolbox, 2003b; Koninklijk 

Verbond van Nederlandse 

Baksteenfabrikanten, 2002) 

Wall Brick 0.9 840 0.3 0.91 (Koninklijk Verbond van 

Nederlandse 

Baksteenfabrikanten, 2002; Oke, 

1987; Rasooli, 2020; The 

Engineering Toolbox, 2003a) 

 Concrete 0.68 940 0.225 0.805 (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2024; The Engineering 

Toolbox, 2003a; Koninklijk 

Verbond van Nederlandse 

Baksteenfabrikanten, 2002; Oke, 

1987) 

 Sand lime 
brick 

0.64 1000   (Jasińska et al., 2021; de Vree, 

2026) 

Roof Wooden 
boards 

0.14 1200   (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2021) 

 Clay tile 0.8 800 0.225 0.9 (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2024; The Engineering 

Toolbox, 2003a; Oke, 1987) 

 Reinforced 
concrete  

1.442 1000   (Farhan et al., 2021) 

 Woodwool 
cement slab 

0.085 1000   (Building Research 

Establishment, 1984; Table 6 

Thermal Conductivity, Specific 

Heat Capacity and Density, 

2021) 

 Bitumen  0.5 1000   (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2021) 

 Gravel  0.36 840 0.15  0.92 (Oke, 1987; Oke et al., 2017; 

Pisello et al., 2014) 

 Chipboard 0.15 2093   (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2021)  

 Perlite  0.08 837   (Table 6 Thermal Conductivity, 

Specific Heat Capacity and 

Density, 2021) 

 584 



 23 

Appendix B: HERITAGE VS LCZ values in WRF 585 

Table B1: Variable values for urban classes in WRF. The left table shows default values for the LCZs and the right 586 
table shows customised HERITAGE-class values for Amsterdam. Mini histograms to the right visualise the building 587 
height distribution for BEP(+BEM). 588 

 589 

590 
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Appendix C: WRF parameter names 591 

Table C1: Corresponding parameter names in URBPARM.TBL in WRF. 592 

Parameter name Name in URBPARM.TBL  Parameter name Name in URBPARM.TBL 

Building heights mean [m] ZR  Roof thermal conductivity AKSR 

Building heights SD [m] SIGMA_ZED  Wall thermal conductivity AKSB 

Median roof width [m] ROOF_WIDTH  Roof surface albedo  ALBR 

Road width [m] ROAD_WIDTH  Wall surface albedo ALBB 

Urban fraction FRC_URB  Roof surface emissivity EPSR 

Roof (volumetric) heat 
capacity 

CAPR  Wall surface emissivity EPSB 

Wall (volumetric) heat 
capacity 

CAPB  Window coverage fraction 
[%] 

PWIN 

Road width [m]  STREET PARAMETERS: 
street width 

 Building height distribution 
5 m bins per class 

BUILDING HEIGHTS 

Median roof width [m] STREET PARAMETERS: 
building width 

   

Appendix D: Technical details for implementing the HERITAGE-raster in WRF 593 

The HERITAGE-raster needs to be converted to a readable binary format for WRF and appropriate changes need 594 

to be added to the preprocessing modules in WRF. We used the convert_geotiff tool (Beezley et al., 2025) to 595 

convert the raster tiff-file to geogrid binary files using the following command:  596 

convert_geotiff -c 60 HERITAGE-raster_final.tif 597 

This creates multiple files labelled “00XXX-00XXX.00XXX-00XXX” and an “index”-file. It is necessary to add 598 

the line: “mminlu="MODIFIED_IGBP_MODIS_NOAH” to the index-file. All of these files are then added to a 599 

“HERITAGE”-folder which should be placed in the same directory as the other land surface files (e.g. LCZ 600 

rasters) and needs to be pointed to in the GEOGRID.TBL and the namelist.wps.  601 

 602 

In the GEOGRID.TBL the following lines need to be added above the existing LANDUSEF section: 603 

=============================== 604 

name=LANDUSEF                                           #Insert HERITAGE-raster 605 

        priority = 3 606 

        dest_type = categorical 607 

        z_dim_name = land_cat 608 

        interp_option = default:nearest_neighbor 609 

        abs_path = default: <HERITAGE folder location> 610 

=============================== 611 

name=LANDUSEF                                           #Insert CGLC_MODIS_LCZ_global as backup 612 

        priority = 2 613 

        dest_type = categorical 614 

        z_dim_name = land_cat 615 

        interp_option = default:nearest_neighbor 616 
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        rel_path = default:CGLC_MODIS_LCZ_global/ 617 

=============================== 618 

 619 

To link the HERITAGE-raster in the WPS, the following lines need to be changed in the namelist.wps: 620 

geog_data_res = 'default','default','default','default', 621 

geog_data_path = '<location of land surface files and HERITAGE folder>' 622 

opt_geogrid_tbl_path = './' 623 

 624 

It is important to refer to and store the files correctly. The abs_path in GEOGRID.TBL needs to point to where 625 

the HERITAGE-folder with the converted binary-files and the index-file is located. The geog_data_path in 626 

namelist.wps needs to point to the directory where all land surface files are located. Note that geog_data_res is set 627 

to ‘default’ and is aligned with the selection for interp_option, abs_path and rel_path. This results in a smooth 628 

transition between datasets as they are available regardless of nesting domain.  629 

Appendix F: Conversion of land use classes from CGLC-MODIS-LCZ to HERITAGE 630 

 631 

Figure F1 shows the changes of land use classes moving from the CGLC-MODIS-LCZ raster to the HERITAGE-raster. 632 
Most of the natural classes stay the same and there is not a clear link between specific LCZs and specific HCs.  633 

 634 
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Appendix E: Additional implementation details for WRF 635 

Two additional changes are needed to make the representation fair for all HERITAGE-classes due to the facet 636 

representation in WRF. Each facet in WRF is separated into four layers with a fixed layer thickness dependent on 637 

the urban scheme (SLUCM=20 cm, BEP(-BEM)=15.75 cm). The facet thermal properties are applied across all 638 

layers (Kusaka et al., 2001; Martilli, Clappier and Rotach, 2002). To account for this model aspect we suggest to 639 

calculate the equivalent thermal conductivity per facet and HERITAGE-class following (Pappaccogli et al., 2018): 640 

𝜆𝑒,𝐻𝐶 = (𝜆𝐻𝐶 ∗ 𝐿𝐻𝐶)/𝐿𝑊𝑅𝐹  (1) 641 

where λHC is the original thermal conductivity of the HERITAGE-class facet, while LHC and LWRF represent the 642 

facet thickness (roof or wall) of the HERITAGE-class and in WRF, respectively. Our resulting equivalent thermal 643 

conductivity is incorporated into the modified version of the URBPARM_LCZ.TBL (Sandvik, Milošević and 644 

Steeneveld, 2026). Be aware that one needs to set use_wudapt_lcz=1 in the namelist.input to make WRF read the 645 

URBPARM_LCZ.TBL. 646 

 647 

Upon model testing with WRF version 4.6.1 we encountered model instability for BEP and BEP-BEM due to low 648 

roof thermal conductivity values. To avoid this instability, we suggest adjusting the roof layer thickness (dzr_u 649 

and dzr) inside WRF for BEP and BEP-BEM. We obtained satisfactory results when increasing the two outermost 650 

layers from 0.5 to 1 cm and 0.25 to 4 cm for these two urban canopy schemes resulting in a total modelled roof 651 

thickness of 20 cm instead of 15.75 cm. We conducted a sensitivity test to the increase in roof thickness and found 652 

a minimal impact on our simulation results (difference <5%). An additional benefit of increasing the roof thickness 653 

to 20 cm is that the equivalent thermal conductivity for roofs stays the same regardless of urban canopy scheme.  654 

Code and data availability 655 

The HERITAGE approach has been tried and tested in WRFv4.6.1 but should in principle work for any version 656 

of WRF with the LCZ representation enabled (since WRFv4.3). Other models with a similar structural setup and 657 

requirements to WRF could also implement the HERITAGE approach in a similar way.  658 

The HERITAGE-raster.tiff with corresponding binary and index-file for WRF as well as the HERITAGE-659 

modified URBPARM_LCZ.TBL are available at 4TU.ResearchData: https://doi.org/10.4121/8687610F-A25E-660 

49CA-ADC6-8BCCE0F5A22B (Sandvik et al., 2026). The WRF source code is openly available on GitHub 661 

(Weather Research and Forecasting Model, 2026) and our modified and tested version of WRFv4.6.1 along with 662 

the GEOGRID.TBL is available in the 4TU.ReserachData repository above. Other underlying data can be 663 

provided by the corresponding authors upon request.  664 
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