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ABSTRACT:  

A significant increase of extreme summer heat waves in Central Europe is arising, which has a strong 
influence on the living quality of its people. Thermal comfort and micro climate around buildings 
become important issues in urban planning affecting everyone’s daily lives. The major meteorological 
parameters, such as air temperature, air humidity, wind direction, wind speed and radiation are used to 
describe thermal comfort. Hereby the most important two parameters are wind speed and Mean 
Radiant Temperature (Tmrt). Tmrt sums all short and long wave radiation fluxes and weights the 
directional components for each up or down. In this study, a radiation model SOLWEIG is used to 
simulates spatial variations of Tmrt, we compare SOLWEIG’s simulation results with real survey data of 

Rotterdam in order to test whether SOLWEIG is suitable for Netherlands urban areas or not. We select 
a typical clear summer day in the Netherlands by examining its meteorological feature and simulate the 
temperatures on a computerised and idealized urban model with variable street widths and same 
height. Finally we discuss the Tmrt simulation results of different urban settings by comparing different 

street-aspect ratios (height-to-width ratio) using the SOLWEIG modelling. Our findings contribute to 
urban planning issues in quantifying the thermal comfort in specific urban environment and allow 
architects and planners to make informed decisions on the impact on thermal comfort of their design 
decisions.  
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INTRODUCTION 

Heat stress across Europe is increasing in the recent years. Micro climate need to be considered in micro urban 
planning, as it has a close relationship with human health. There are some key meteorological parameters which 
have a great influence on the human energy balance. The Mean Radiant Temperature (Tmrt) and wind speeds are the 

two major important parameters that influence outdoor human thermal comfort levels. In medium-sized western 
European cities, such as cities in the Netherlands or Germany, wind speed does not vary so much in micro scale. 
Thus Tmrt become an important indicator in these regions. Some studies showed that there is a strong relationship 
between Tmrt and the thermal comfort index called physiological equivalent temperature (Gulyas et al., 2006; Mayer 

and Matzarakis, 1998). 

 
Tmrt includes all short-wave radiation flux in direct, diffuse and reflected as well as long-wave radiation flux emitted 
from sky, wall and floor (Matzarakis et al., 2007). Tmrt also weighs the directional components of the radiation flux 
using following equation (Höppe, 1992; VDI, 1994): 

  15.2734   pstrSmrtT , (1) 

where p  is the emissivity of the human body (standard value 0.97),   is the Stefan-Boltzmann constant 
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iK  and iL  are the short and long-wave radiation fluxes respectively (i =1, …, 6) and iF  are the angular factors 

between a person and the surrounding surfaces. iF  is set to 0.22 for radiation fluxes from the four cardinal points 

(east, west, north and south) and 0.06 for radiation fluxes from above and below. k is the absorption coefficient for 

shortwave radiation (standard value 0.7). 

http://www.griffith.edu.au/environment-planning-architecture


For micro-scale models, most of the architectural modelling and visualisation software cannot be used to derive Tmrt. 
Currently there are three common simulation models for Tmrt easily available, namely the point simulation model 
called RayMan (Matzarakis, 2009), the ENVI-met model developed by Michael Bruse Ozkeresteci (Crewe et al., 
2003), and SOLWEIG model developed by the Göteborg Urban Climate Group (Lindberg and Grimmond, 2010; 
Lindberg et al., 2008; Lindberg and Thorsson, 2009). Katzschner and Thorsson (2009) showed that SOLWEIG 
presents reasonable results for Tmrt simulations of micro climates in Sweden. In order to get a better overview of 
spatial distribution of Tmrt within a given streets, we have chosen SOLWEIG (available from 
http://www.gvc.gu.se/Forskning/klimat/stadsklimat/gucg/software/solweig/) for this study to simulate the spatial 
variations of Tmrt and 3D fluxes of long- and short-wave radiation in complex urban settings.  

Herrmann and Matzarakis (2012) conducted research on Tmrt in idealised urban canyons using RayMan. They 
simulated the centre-line of a street only. Our research however, takes into account the whole street with its three 
different zones right, left and centre zones. Typically people are walking or cycling on the pavements and spending 
most time in the right or left zones of streets. Thorsson et al. (2009) showed the spatial variations of Tmrt with different 
urban forms using SOLWEIG. Yet, they did not analyse the hourly distribution and variation of Tmrt. Subsequently we 
simulate in our study Tmrt in an idealised urban environment using SOLWEIG model, whereby we consider the 
different zones of streets over a 24 hour cycle of a representative day. The aim of this study is to quantify the effect of 
height-to-width ratio for the centre/side areas of middle zone of the streets. The objective of this study is to show how 
thermal bioclimatic conditions and patterns can be modified in micro urban area of a medium sized western European 
city, taking Netherlands as an example.  

 

1. METHOD 

In the following we describe our methodology to simulate the Tmrt in different scenarios of varying height-to-width 
ratios of streets in an idealized urban region in the Netherlands. Firstly, we examine the suitability of the SOLWEIG, 
and then choose appropriate representative simulation day. Next, we develop an idealized urban setting and in the 
fourth step, we simulate various street-rations (height-to-width) in SOLWEIG and generate data of their Tmrt values of 

the right, left, and centre zones of the streets. 

1.1. Suitability test of SOLWEIG 

As SOLWEIG is an application designed for Swedish climate zones and environment. The Netherlands have a 
temperate maritime climate influenced by the North Sea and Atlantic Ocean, with cool summers and moderate, while 
most area of Sweden has a sub-boreal climate. We need to test whether SOLWEIG is suitable for simulations of 
Netherlands urban areas. Hereby we compare real survey data with the simulation results by SOLWEIG. The 
Meteorology and Air Quality Research Group at Wageningen University measured Tmrt with mobile equipment for the 
Rotterdam urban region on 6

th
 August, 2009 (Heusinkveld et al., 2010). Meanwhile Rotterdam’s Digital Elevation 

Model (DEM) data were used to simulate Tmrt in the same urban areas by using SOLWEIG. Comparing the simulation 
results with the real survey data we found that there were insignificant variations between the two set of data, their 
correlation is 0.84 (Figure 1). Subsequently, we considered it as suitable to using SOLWEIG for simulating Tmrt in 
similar urban areas of the Rotterdam.  

 

Figure 1. Scatter plot of Tmrt on observation (X-axis) and simulation data (Y-axis).  

 1.2. Selection of simulation day  
We need to choose a typical clear day for our simulation trying to avoid the impact of clouds on the Tmrt. As our test 
and simulation area we consider the urban region of Rotterdam, which is the second-largest city in the Netherlands. 
Rotterdam’s approximate Longitude is 4°28’ and Latitude is 51°55’. From each profile of global radiation of each day 
in summer 2009, the profile of on 6

th
 August, 2009 (Figure 2) matches best a diurnal distribution of average solar 

radiation over one year (smoother diurnal distribution suggests less wind) which we select for our simulation. It is also 
the same day when we measured real survey Tmrt with mobile equipment on site. The meteorological data is 
available at http://www.knmi.nl/klimatologie/uurgegevens/#no, it has the hourly and daily meteorological observations 
in Rotterdam. 

http://www.gvc.gu.se/Forskning/klimat/stadsklimat/gucg/software/solweig/
http://www.knmi.nl/klimatologie/uurgegevens/#no


 
Figure 2. The Profile of Global Radiation (in W/m

2
) of Wageningen on 14th May, 2012. 

 1.3. Idealized urban streets scenarios 

We built two identical street-models one in East–West and another one in North-South orientation with each street 
being 300 meters in length, 15 meters in height, which is based on typical buildings’ and streets’ sizes in central 
Rotterdam (Figure 3). The width of the street varies incremental steps of 5 meters between 5 meters and 45 meters 
following the model of (Herrmann and Matzarakis, 2012). So the streets differ in their height-to-width ratios (H/W) 
from 5m/15m = 1/3 to 45m/15m = 3 as well as their different orientations in either East-West or North-South. To 
overcome the influence of boundary conditions, we only consider the middle 100-meter zone of the streets for our 
simulation (dash rectangles in Figure 3), and for each street we considered three areas: centre area and two side 
areas for further analysis. 

 

Figure 3. Two idealized urban streets scenarios: showing study area in the middle zone of the streets, and 
the centre-/side-areas of each street:  

(a) East–West orientation; (b) North-South orientation. 

 1.4. Simulation of Tmrt for different scenarios 

To simulate in SOLWEIG, we set the location-data, load local DEM information, set the appropriate sky view factor 
based on DEM and the model we generated, adjust the suitable model parameters, synchronize meteorological data 
(including temperature, relative humidity, global radiation, diffuse radiation, direct radiation) of a clear day and 
execute the software to receive the simulation results, which is shown in Figure 4. 
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Figure 4. Six steps to generate simulation results using SOLWEIG. 

 

2. SIMULATION RESULTS AND DISCUSSION 

We compute our above generated simulation results to visualize the data for evaluation. The next following figures 
describe the Tmrt simulation results of our two scenarios and their spatial variations. This allows us to distil the impact 
of Tmrt in both orientation of streets and their various widths. 

Figure 5 shows the histograms of all Tmrt frequency distributions in the two street-orientations and the relationship 
between the Tmrt in all streets widths and their frequency. Figure 6 shows this information too, yet we have separated 
the various street widths and present them individually. The next Figure 7 presents the relationship between Tmrt and 
different widths per each hour of the day for the two orientations. Figure 8 visualises a three-dimensional 
representations of the various Tmrt distributions per hour of the different widths in their respective two orientations. 
While Figure 9 shows the Tmrt of the centre zones of each street per hour of the two orientations, Figure 10 presents 
that the detailed spatial-temporal distribution of Tmrt in the streets to visualise the difference between the centre and 
side zones. 

Figure 5 and Figure 6 shows that the range of Tmrt of all streets over 24 hours is between 8°C to 60°C. As expected 
during night times where there is no real global radiation during, we can observe a high count of occurrences of 
relative low temperature for both scenarios. We also can see a clear difference between the two scenarios of North-
South and East-West orientations during day hours. Tri-peak distribution can be found for East-West orientation and 
bi-peak for North-South orientation, correlating to the direct sun exposures 

 

Figure 5. Histograms of average of all 24-hour Tmrt (°C) data for the idealized urban streets:  
(a) East–West orientation; (b) North-South orientation. 

Figure 6 illustrates similar information as Figure 5, yet we have separated the various street widths into individual 
graphs. In both scenarios, the wider the street, the higher is count of lower and higher temperatures. There are a few 
Tmrt values larger than 35 °C in the case of the 5 m wide streets. At the same time, the minimum temperature is 
decreasing while the street widths are increasing from 5 m to 45 m. 



 

Figure 6. Frequency distributions of 24-hour Tmrt (°C) for nine streets in an idealized urban setting:  
(a) East–West orientation; (b) North-South orientation. 

Figure 7 visualises that Tmrt is obviously the highest around noon time while the North-South orientation has overall 
higher values of Tmrt. For the East-West orientation, the increase of Tmrt is overall lower and slower; especially in the 
more narrow streets. For example the Tmrt change of the 5m wide street in East-West orientation is much less than in 
the North-South orientation and stays below 30°C for the East-West orientation (Figure 7a). In contrast to that the 
North-South orientation has a very steep increase of Tmrt of up to 35–45°C in the morning hours and similar steep 
decline in the evening with little transitional values (Figure 7b). The reason for these can be explained as follows. For 
the East-West orientation, solar radiation reaches the ground increasingly/decreasingly throughout the day. In the 
scenario of North-South orientation solar radiation reaches the ground around noon only because of the shadowing 
effect of the buildings. 

 

Figure 7. Average of each street’s Tmrt (°C) with buildings of 15 m height and variable widths (5–45 m):  
(a) East–West orientation; (b) North-South orientation. 

Results shown in Figure 8 support the above discussion. Different patterns can be found for the various street widths 
as well as the tow orientations: the width of temperature peak for the East-West orientation is larger than North-South 
orientation, consistent with the results shown in Figure 7. The depression of Tmrt during the noon time is due to the 
solar angle. The solar angle can be also reflected in the spatial distribution of Tmrt in Figure 10. 



 

Figure 8. Mean of each streets’ Tmrt:  
(a) East–West orientation; (b) North-South orientation. 

Figure 9 presents the Tmrt of the centre zone of each street (ref. also Figure 3). Our results of the Tmrt of these zones 
are similar to the ones of Herrmann and Matzarakis’s study (2012). Their study area was Freiburg, in South-West of 
Germany and akin to Rotterdam they belong to in the same climate zone. The East-West orientation will get more 
radiation than the North-South orientation and the highest Tmrt is measured during noon whereby due to the sun 
angle the North-South scenario reaches a peak value Tmrt.  

 

Figure 9. Akin to Figure 7, yet only presenting the results of the centre zone of the streets: Average of each 
streets centre zones’ Tmrt (°C) with buildings of 15 m height and variable widths (5–45 m):  

(a) East–West orientation; (b) North-South orientation. 

However, Herrmann and Matzarakis did not show the Tmrt in two street side zones, in which most of the pedestrians 
walk or cycle. We consider it as important to distinguish between an overall mean (right, centre, and left zones), only 
the centre zone of a street, and its side zones, to reflect the actual situation of a given urban scenario. Therefore we 
analyse the spatial-temporal distribution of Tmrt (shown in Figure 10). Different patterns for Tmrt in both the centre 
zone and the two pavement areas on each side of the street can be examined. We find higher values of Tmrt during 
noon time due to the sun angle of the geographical location.  

As it can be clearly seen from Figure 10, Tmrt differs for different zones of the streets. For the East-West orientation, 
the distribution of Tmrt is symmetrical at around 12 pm. Tmrt on the south side of the streets is lower than that on the 
north side due to the sun shadow (Figure 10a). For the North-South orientation (Figure 10b), however, Tmrt reaches 
its peak on the west side (from 8 am) earlier than the east side (at 12 pm) in the morning. From 12 pm, Tmrt declines 
from the west side to east side in the afternoon. 



 
Figure 10. Spatial-temporal distribution of streets’ Tmrt (average Tmrt along the direction of street whereby 

shading indicates streets and blank indicates buildings):  
(a) East–West orientation; (b) North-South orientation.  

As we can distil from the above discussions Tmrt is affected by the variations of times within a day, the widths and 

especially the three different zones of streets, as well as their global orientations. Our study offers for architects and 
urban planner a quick and rough guide on how these issues impact the micro climate of their design.  

CONCLUSION AND LIMITATION 

The simulations performed in this study show that urban configuration plays an important role on the local Tmrt. Width, 
height and orientations are very influential parameters of an urban setting and most of all the Tmrt in middle of a street 
is different from that in side areas of the pavements and facades of the adjacent buildings. Additionally each side 
zone has been simulated separately to distinguish between morning and evening radiations. The thermal comforts of 
these side areas play an important role of the thermal comfort of people’s lives. The simulation results can become a 
reference for micro-scale urban climate in design and planning. Further studies such as rotating the orientations of 
the street in various other different angles, drawing monthly heat stress maps and considering other items, such as 
vegetation, building materials and building/street forms, building programmes and functions, people activities, etc. are 
needed. There are other factors that have an impact on Tmrt, e.g. the personal thermal comfort of people and their 
activities, which have been omitted in this study. Considering those, our research will lead us to analyse the 
relationship between urban form and Tmrt of distinct other climate zones as well as other urban forms.  
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