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Abstract—The future sustainability of cities is linked directly 

with their adaptive capacity in response to both ongoing 

urbanization, weather extremes and climate change. Many 

possible actions are related to urban materials and their thermal 

and radiative properties. To explore alternatives using 

modelling and to monitor applications the thermal and radiative 

properties of materials are critical. However, there is a lack of 

hyperspectral data for a wide range of common materials. A 

Spectral Evolution RS-3500 spectroradiometer is used to 

measure 2151 spectral (1 nm) bands between 350 to 2500 nm in 

four representative neighborhoods of Berlin (Charlottenburg, 

Neukolln, Lichtenberg and Mitte) during August 2022. The data 

are processed to contribute 284 hyperspectral measurements of 

surfaces into the urbisphere hyperspectral library.  
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I. INTRODUCTION 

The resilience and adaptation strategies of cities in 
response to climate change are of practical and academic 
interest [1]. Many are linked to the urban materials. However, 
these are spatially variable with differing spectral radiation 
reflectances responses linked to material composition, 
structure, texture and other properties. As the spectral 
reflectance of urban materials affects energy exchanges and 
many other processes in cities, many applications (e.g., 
weather and climate modelling) are fundamental to energy-
efficient building, neighbourhoods, cities and regions design. 
Spectral reflectance data are central to the mapping of urban 
surfaces and materials from satellite and aerial imagery.  

Three examples of existing spectral reflectance libraries 
that have data for urban materials (e.g., asphalt, concrete, 
vegetation, and metallic surfaces) are:  

1) Kotthaus et al.’s [2] undertook lab-based observations  of 
74 impervious urban materials to provide visible, near-
infrared (VNIR) and short-wave infrared (SWIR) 
reflectance and a long-wave infrared (LWIR) emissivity.  

2) The ECOsystem Spaceborne Thermal Radiometer 
Experiment on Space Station (ECOSTRESS) spectral 
library [3] aggregates data for 3000 natural and 72 
artificial materials from laboratory observation for 0.35–
15.4 μm wavelengths.  

3) Karlsruhe Library of Urban Materials (KLUM) provides 
181 spectral signatures in the VNIR and SWIR spectral 
range, with a special focus on building façade materials 
viewed obliquely [4].  

However, even combining these, the number of samples 
is very small for the variability of materials within each 
category (e.g., asphalt). Many factors impact surface 
reflectance, because of material composition linked to 
national/local regulations related to weather/climate 
conditions, local availability of raw materials and socio-
economic factors.  

To help address this data-gap, the urbisphere urban 
Hyperspectral (HS) library is being developed. This will use 
observations taken in several cities. Here, we focus on 
common materials found Berlin’s (Germany) Charlottenburg, 
Neukolln, Lichtenberg and Mitte neighborhoods (Fig. 1). In 
August 2022 handheld spectroradiometer Spectral Evolution 
RS-3500 observations in the 350 to 2500 nm spectral region 
were undertaken. With 1 nm spectral resolution, this provides 
a total of 2151 spectral bands. Here, the methodology to 
acquire and process the data (Section II) are presented.  

 

II. METHODOLOGY 

A. Seonsor selection 

The Spectral Evolution RS-3500 [5] is used for the in-situ 
HS measurements which provides high accuracy and 

 
Fig. 1. Location of hyperspectral measurements in four neighborhoods of 

Berlin: (a) Charlottenburg, (b) Neukolln, (c) Lichtenberg and (d) Mitte. 



precision. It measures spectral radiation in a spectral range 
between 350 and 2500 nm using three sensors: 

1) 512-element SI photodiode array (PDA) measures spectral 
radiation from 350 to 1100 nm with 2.8 nm spectral resolution 
at 700 nm. The sensor noise is 0.008 mW m-2 nm-1 sr-1. 

2) 256-element InGaAs measuring spectral radiation from 
1101 to 1900 nm with 8 nm spectral resolution at 1500 nm. 
The sensor noise is 0.012 mW m-2 nm-1 sr-1. 

3) 256-element InGaAs measuring spectral radiation from 
1901 to 2500 nm with 6 nm spectral resolution at 2100 nm. 
The sensor noise is 0.018 mW m-2 nm-1 sr-1. 

The combined measurements by the RS-3500 provide spectral 
signature with 1 nm spectral resolution, using spectral binning 
patterns [6]. 

B. Field setup 

As accurate measurements require a stable and powerful 
radiation source, cloud-free days with incoming solar 
radiation above 200 W m-2 are used. During this campaign this 
occurred 10:00 and 16:00 UTC.  

Fig. 2 shows the measurement setup on an asphalt surface. 
with the tripod mounted RS-3500 optical fiber set at 
perpendicular distance ℓ (0.20 m) from the target surface of 
interest. As the optical fiber has a Field of View (FOV) [7] of 
25ο, the diameter (�) of the measurement area is 0.09 m: 

 � = 2ℓ ∙ tan 	
��
 � (1) 

 

Fig. 2. Measurement setup with a tripod mounted optical fiber 0.20 m above 
an asphalt surface, with the RS-3500 within the bag. (a) Incoming spectral 
radiation is estimated from measurements of the rectangular white 
Lambertian panel. (b) Outgoing spectral radiation is measured directly from 
the surface. The spectral reflectance (2) is the fraction of the outgoing 
radiation to the incoming radiation.  

C. Measurement retrieval principles 

The RS-3500 measures the reflected spectral radiation, 
S(λ), from the target, for each for wavelength, λ. To calculate 
the surface spectral reflectance, r(λ), [8]:  

 ���� = �↑���
�↓��� = �↑���

�����/��
���� (2) 

both the spectral incoming, S↑(λ), and outgoing S↑(λ) radiation 
are needed [8]. The latter is measured directly by the RS-3500 
(Fig. 2b). �↓���  is estimated using the spectral reflected 
radiation �����  measured from the 0.12 m x 0.12 m 
Lambertian white panel (Fig. 2a) with its provided calibration 
factor, �������. 

 The wavelengths of the measured spectra with strong 
atmospheric absorption (i.e.  incoming solar radiation close to 
zero) are not analysed [9] resulting in gaps in the spectra (e.g., 
Fig. 3) at: 1345–1475 nm, 1780–2025 nm and 2340–2500 nm.  

As the absorbed wavelengths differ with variations in the 
atmospheric composition [8], they can vary with geographic 
regions and time (e.g., date).  

The RS-3500 has a maximum sample rate of 10 Hz and a 
default sample size of 10. As these settings caused instrument 
overheating and affected the spectra, we select a sampling 
rate of 1 Hz to measure the spectral reflected radiation for 5 
samples after testing various settings as the optimum for 
accurate measurements.  

As the sensor only saves the 5-sample mean spectral 

radiation, �� ����,  each point measurement (k) is repeated 
five times to remove measurements impacted by external 
factors (e.g., cirrus cloud, passing car/humans). To identify 
the source of the measurement variability to be removed, the 
standard deviation (STD) is calculated for each measurement: 

 �"#��� =  $%
& ∑ (�� ���� − �̅���+& ,%


 (3) 

where ���� is either the reflected spectral radiation from the 

target material or the Lambertian surface and �̅���  the 
respective mean reflected spectral radiation. For each the 
mean coefficient of variation (COV) is obtained: 

 
%

��-.�/0%� ∑ �12���
�̅��� ≤ 0.03�-�,�/  (4) 

where �%  is the sensor’s shortest wavelength and �7  the 
longest. Valid measurements require the mean COV < 0.03 
for all three sensors. 

The mean spectral reflectance �̅��� is calculated as: 

 �̅��� =
/

8/ ∑ 9�̅↓�-����:8/-;/
/

8< ∑ 9�̅��=����/��
����:8<=;/
  (5) 

where >% and > are the total number of the remaining valid 
spectra, for the target and Lambertian surface respectively. 
To smooth residual noise the Nadaraya-Watson Regression 
with Radial Base Function (RBF) Kernel [10] is applied to 
the mean HS reflectance signatures calculated in (5). The 

smooth mean spectral reflectance, �̅���, is obtained from: 

 �̅��� = ∑ ? /
√<ABCD.DD<|FCG|< H̅�I�J F8G;F/

∑ 	 /
√<ABCD.DD<|FCG|< � F8G;F/

 (6) 

D. Library classification 

Each HS library spectrum has the following metadata 
associated with them: 

Cluster: - A group of HS measurements with similar spectra. 
- material name – e.g., asphalt, concrete, metal, grass  
- color – e.g., red, green, blue, yellow, orange, black 
- structure – e.g., smooth, fine roughness, porous  
- Status – e.g., new, weathered, dusty, rusty 
- usage – e.g., external wall, roof, ground, window 

For example, Fig. 3 shows the HS measurements for the 
cluster labeled as: “Blue Smooth Ceramic Tile (Usage: 
External Wall)”. The cluster contains 8 HS measurements 
acquired at different locations within Berlin. Fig. 3 also 
shows the HS reflectance signatures for all the measurements 
within this cluster, while the picture corresponds to the 6th 
measurement. Apart from the unique denomination, each 



cluster is also assigned a unique ID consisting of 13 
alphabetical characters, the first and second representing the 
Material Type, third and fourth material’s usage, fifth and 
sixth the color, seventh and eighth the structure, ninth and 
tenth the status, and the last three the location of the 
measurements. For example, for “Blue Smooth Ceramic Tile 
(Usage: External Wall)” the unique ID is “CC-EW-BL-SM-
NO-BER”, where the digits: “CC” for Ceramic Tile, “EW” 
for External Wall, “BL” for blue color, “SM” for smooth, 
“NO” for Not-Specified (not a given status for this material), 
“BER” for Berlin. Each measurement included in a cluster of 
the HS library contains its own spectral reflectance, spectral 
incoming and reflected radiance, picture, geo-location 
(latitude and longitude), local time and a unique measurement 
ID. The unique measurement ID is 15 characters long and it 
is a combination of the cluster’s ID and the measurement’s 
index inside this cluster. For example, the picture in Fig. 3 
belongs to the 6th measurement in cluster, with ID: 
“CC-EW-BL-SM-NO-BER-06”. 

  

The separation of the HS measurements into clusters is 
initially carried out in an approximate manner during 
acquisition, i.e., clusters include measurements of similar (or 
even the same) materials under different conditions (i.e., 
location, date, time etc.). Afterwards, all the reflectance 
spectra within a cluster are compared with each other using 
the Spectral Angle (SA) as a metric: 

 �K(�⃗M, �⃗N+ = acos 9 H⃗R∙H⃗S
|HR|∙THST:    (7) 

where �⃗M  and �⃗N  are the vector forms of the reflectance 

spectra x and y respectively, for the valid wavelengths. After 
experimenting with various thresholds, the 0.10 threshold 
was identified as the optimal value for SA. Choosing lower 
values would result in splitting similar HS measurements into 
different clusters, while higher values would permit distinct 
HS measurements to be grouped within the same cluster. 

In case an element has SA larger than 0.10 compared to 
other elements of the same cluster, it is removed and its’ SA 
is compared to the spectra of the other clusters. In case the 
removed element presents SA lower than 0.10 compared to 
all other clusters, then its assignment in the initial cluster is 
reviewed. If the material at hand presents similarities with 
other materials of the cluster, then it is added to this cluster, 
otherwise a new cluster is created for this element. At the end 
of this process, all the features that belong to one cluster have 
SA less than 0.10 with each other. Following this initial intra-
cluster comparison process, the individual spectra of 
materials within a cluster are compared to the rest of the 
clusters.  

The second step of the clustering process includes the 
evaluation of the maximum intra-cluster SA’s. Considering 
two clusters, cluster C1 with spectrums A, B and C and cluster 
C2 with spectrums D, E and F. In case, the SA between the 
spectrums A and B, is higher than the SA between A and D, it 
is concluded that spectrum A does not belong to the cluster 
C1. If the maximum SA between spectrum A and the spectra 
belong to the cluster C2 is lower than the minimum SA 
between spectrum A and the spectra belong to cluster C1, then 
its’ inclusion in cluster C2 is being reviewed again. If the 
measured material with spectrum A is the same type (i.e. 
asphalt) as those included in the cluster C2, it is added to that 
cluster. In any other case, a new cluster is created for this 
element. After this cross-check for all elements in all clusters, 
all the spectra that belong to different clusters have SA values 
less than 0.10 compared to each other and lower SA compared 
to any other spectrum of any other clusters. 

III. RESULTS: SPECTRAL LIBRARY STATUS 

The methodology (Section II) has been applied to   
measurements in Berlin (Fig. 1) to measure 284 façade and 
vertical surfaces. The data are organized in 86 clusters. 
Spectra in the same cluster contains the same information 
about the materials type, color, structure, status, usage and 
cluster ID but, different measurement ID, geo-location, local 
time, picture, spectral reflectance, spectral incoming and 
outgoing radiation. Table I. shows a sample of 9 clusters of 
the HS library, while Fig. 4 shows the image of the first 
measurement in each cluster, respectively. 

IV. CONCLUSIONS 

In this study, an urban hyperspectral library was developed 
using the Spectral Evolution RS-3500. The library contains 
284 hyperspectral measurements in total (façade and vertical), 
organized in 86 different clusters, for different materials can 
be found in the city of Berlin. The data are processed to 
contribute into the urbisphere hyperspectral library, which 
will be used for modelling and other urban environment 
applications, to help investigate intra- and inter-city 
variability. 

 
Fig. 3. Photograph (top) and surface reflectance plot (bottom) of eight 

individual measurements for the “Blue Smooth Ceramic Tile (Usage: 
Façade)” cluster. The image displays the setup for the 6th measurement 
of this cluster. 
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Fig. 4. Examples of materials included in the HS library, collected from the 

area of Berlin. (a) Stones, (b) Granite, (c) Sand, (d) Asphalt, (e-f) Painted-
Asphalt, (g) Ceramic-Tiles, (h-i) Bricks. More information about the 
materials shown in this figure can be found in Table I. The labels show 
measurements from four neighborhoods in Berlin, color-coded as follows:
red for Charlottenburg, yellow for Neukolln, green for Lichtenberg: green, 
blue for Mitte. 

TABLE I.   MATERIAL CHARACTERISTICS AND CLUSTER IDS 

Material Usage Color Structure Status Cluster ID # Of Samples 

(a) Stone Pavement Grey Paver-Blocks Weathered ST-PA-GY-PB-WE-BER 6 

(b) Granite Pavement Black Plate Not-Specified GR-PA-BK-PL-NO-BER 1 

(c) Sand Ground Grey Uneven Not-Specified SA-GR-GY-UN-NO-BER 3 

(d) Asphalt Ground Grey Fine-Roughness Not-Specified AS-GR-GY-FR-NO-BER 7 

(e) Painted-Asphalt Ground Green Smooth Weathered PA-GR-GR-SM-WE-BER 2 

(f) Painted-Asphalt Ground Red Smooth Weathered PA-GR-RE-SM-WE-BER 3 

(g) Ceramic-Tile External Wall Blue Smooth Not-Specified CC-EW-BL-SM-NO-BER 8 

(h) Brick External Wall Black Smooth New BR-EW-BK-SM-NE-BER 2 

(i) Brick External Wall Orange Smooth Weathered BR-EW-OR-SM-WE-BER 3 

Table I. Examples of the clusters included in the urbisphere HS library. Each cluster contains a unique 13-digit Cluster ID.  All the measurements that 
belong to the same cluster contain the same information about the material, usage, color, structure, status and cluster ID. Each measurement contains a 
unique 15-digitt measurement ID, which is a combination of the cluster’s ID and the measurement’s index inside this cluster. For example, the 

measurement ID for the second entry of the cluster ST-PA-GY-PB-WE-BER is ST-PA-GY-PB-WE-BER-02 


