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Abstract Mean radiant temperature (Tmrt) based on two mea-
surement methods and outputs from three models are compared
in this study. They are the six direction radiation method, globe
thermometer method, RayMan model, ENVI-met model and
SOLWEIGmodel. The comparison shows that globe thermom-
eter method may overestimate the Tmrt since wind velocity is a
key variable in the estimation based on this method. For better
estimation, Tmrt measured by the globe-thermometer method be
corrected by the imported wind speed (stable, low and assum-
ing wind speed) and validated by the six-direction radiation
method. The comparison of models shows that the RayMan
model’s evaluation of Tmrt involving global radiation with fine
time resolution was better than the corresponding evaluations
under the other two models (ENVI-met and SOLWEIG) in this
case. However, the RayMan model can only assess Tmrt for a
one-point one-time context, whereas the other two models can
evaluate two-dimensional Tmrt. For two-dimensional evalua-
tions of Tmrt, SOLWEIG have a better prediction of Tmrt than
ENVI-met, and ENVI-met can simulate several different vari-
ables, which are wind field, particle distribution, CO2 distribu-
tion and the other thermal parameters (Ta, surface temperature
and radiation fluxes), that SOLWEIG cannot.

1 Introduction

Many human thermal assessment indices—for example, pre-
dicted mean vote (PMV) (Fanger 1972), physiologically

equivalent temperature (PET) (Mayer and Höppe 1987), per-
ceived temperature (PT), universal thermal climate index
(UTCI) (Fiala et al. 1999; 2001; Jendirtzky et al. 2012),
standard effective temperature (SET*) (Gagge et al. 1986)
and outdoor standard effective temperature (OUT_SET*) (de
Dear and Pickup 2000)—have been developed for assessing
human thermal conditions in human biometeorology, and the
required parameters are metabolism, clo value, air tempera-
ture, air humidity, wind velocity and radiation flux. For
assessing radiation fluxes, an important parameter of input
parameters is the mean radiant temperature (Tmrt) (Hwang
et al. 2011; Lin et al. 2010; Kántor and Unger 2010a). Mean
radiant temperature is defined as a temperature value to eval-
uate the total radiation flux over human body with Stefan–
Boltzmann law. Two methods—the six-direction radiation
method VDI 3787 (VDI 1998; Höppe 1992) and the globe-
temperature method ISO 7726 (ISO 1998)—can serve to
estimate Tmrt. Several studies estimated Tmrt according to the
globe-thermometer method for thermal-comfort indices to
study tourisms issues (Lin and Matzarakis 2008) and to iden-
tify relationships between environmental factors and outdoor
thermal comfort (Hwang et al. 2011; Lin et al. 2010, 2012;
Kántor and Unger 2010b; Makaremi et al. 2012; Thorsson
et al. 2010). To address human thermal conditions of different
surfaces and a street canyon in urban areas, researchers esti-
mated Tmrt according to the six-direction radiation method and
Tmrt served as the parameter of PET (Mayer and Höppe 1987;
Mayer et al. 2008). The six-direction radiation method also
served to estimate Tmrt affected by orientation of streets and by
height and width ratios relative to radiation fluxes (Ali-
Toudert and Mayer 2007).

The six-direction radiation method treats the human body
as a cube and assigns different weighting coefficients to six
directions of long- and short-wave radiation (VDI 1998).
Therefore, six directions of short- and long-wave radiation
data are necessary for measuring individual case studies.
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Because of direct measurement of radiations, the six-direction
radiation method can yield accurate and direct assessments
according to the other previous studies (VDI 1998; Höppe
1992; Thorsson et al. 2007). The weighting coefficient of this
approach has been only criticised, which has been discussed in
previous studies (Kubaha et al. 2004; Thorsson et al. 2007),
and the correctness of the weight coefficient is doubtful.
However, six-direction method has to be more accurate than
any other methods, including modelling, despite of the minor
problem of the weight coefficients. Regarding its disadvan-
tages, the whole measurement system of the six-direction
radiation method is expensive, takes time to set up and is
rather immobile.

The globe-thermometer method was initially developed to
measure Tmrt indoors. Thus, the globe thermometer technique
was modified for outdoor use, which requires wind velocity
and air temperature as input, and involves an experience
function (ISO 1998). The benefits of the globe-
thermometer method are that mobility and set-up are
simple. However, the Tmrt of the globe-thermometer
method depends also on wind speed and air tempera-
ture, so the variability and quality of the data should be
validated, and previous studies have noted that Tmrt

derived from the globe-thermometer method and Tmrt de-
rived from the six-direction radiation method are similar to
each other in various climate regions (Spagnolo and De Dear
2003; Hwang et al. 2011; Lin et al. 2010; Makaremi et al.
2012; Nikolopoulou et al.; 1999; Nikolopoulou and
Lykoudis 2006; Thorsson et al. 2007).

Modeling simulation is not an expensive method for
the evaluation of Tmrt. RayMan (Matzarakis et al.
2007; 2010), ENVI-met (Bruse and Fleer 1998) and
SOLWEIG (Lindberg et al. 2008) are three common
models for the simulation of Tmrt. Beside those
models, Park and Tuller (2011) used global radiation
and diffuse radiation to assess Tmrt and compared to
the other models for assessment of the radiation fluxes
of human bodies, and the result was probably better
than above three models. However, the method is not
realised as a simulation modelling and not compared
in this study.

The RayMan model calculates Tmrt for one location
through several different input conditions, as inputting
sky view factors, fisheye photography, inputting global
radiation or obstacle structure model of buildings
(Matzarakis et al. 2007, 2010). In previous study,
RayMan model could be also applied for the estimation
of Tmrt with input cloudy cover numbers (Thorsson
et al. 2004). ENVI-met needs obstacle structure of
buildings and all-sky global radiation to calculate Tmrt

in two dimensions (Bruse and Fleer 1998). SOLWEIG
needs global-radiation data derived from measurements
to calculate diffuse radiation and finally Tmrt. However,

the main purpose of RayMan and ENVI-met is to use
human-biometeorological parameters to calculate
thermal-comfort indices like PMV or PET in assessing
thermal environments; SOLWEIG can calculate only sky
view factors and Tmrt in version 2.1. Thus, RayMan and
ENVI-met are used to estimate not only Tmrt but also
human thermal assessment in previous studies (Ali-
Toudert and Mayer 2005; Fröhlich and Matzarakis
2012; Hwang et al. 2011; Lin and Matzarakis 2008;
Lin et al. 2010, 2012; Makaremi et al. 2012), while
SOLWEIG is only used to estimate Tmrt (Lindberg and
Grimmond 2010, 2011).

Because there are many methods and we could gain
Tmrt as one parameter for human thermal-condition in-
dices, it is necessary to know the differences among
these methods through rigorously conducted compari-
sons. Thus, the object of the current study is to find
out the difference among the Tmrt of the six-radiation
method, the globe-thermometer method, the RayMan
model, the ENVI-met model and the SOLWEIG model.
It will help instrument and simulation model users to
recognise the advantages and disadvantages of those
methods.

2 Experiment

In order to conduct a comparison between the six-
direction radiation method and the globe-thermometer
method, we set up six pyranometers and six
pyrgeometers (manufactured by Kipp & Zonen Corp.)
and a globe thermometer for measuring Tmrt on August
10, 2010 in Freiburg, Germany (48.00N, 7.85E). The
measurement period was in central European time
(CET), from 0800 to 1600 hours. The weather was
nearly clear skies on the measuring day. Figure 1 shows
the measurement location, which was far away from the
buildings and on grass. Figure 2 is the fish-eye photo-
graph of the measurement site from a height of 1.1 m
above the surface.

In addition to using six pyranometers and six pyrgeometers
and the globe thermometer for the estimation of Tmrt, we
measured air temperature, relative humidity, wind speed and
wind direction from the height of 1.1 m above the surface. All
those data were recorded in 1-min resolution by means of a
Campbell datalogger.

For all above measurement instruments, accuracy of ambi-
ent temperature instrument and globe thermometer was within
±0.1 °C, the accuracy of the relative humidity measurements
was within ±5 %, the accuracy of the wind speed measure-
ments within ±0.1 m/s, the accuracy of the pyranometer was
within ±1 W/m2 and the accuracy of the pyrgeometer was
within ±4 W/m2.
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A long-term station, including a pyranometer,
pyrgeometer and anemometer, were set up at

approximately roof level, over a canopy layer. All data
were collected in 10-min intervals by means of a
Campbell datalogger.

The six-direction radiation method rests on the as-
sumption that human bodies are like a uniform cylinder.
Therefore, through this method, we calculated the mean
radiation flux Sstr (in W/m2) absorbed by the human
body as

Sstr ¼
X6

i¼1
Wi � ak ⋅Ki þ al⋅Lið Þ:

Here, Wi is a weighting factor for measuring radia-
tion fluxes, ak is the general absorption coefficient for
short-wave radiation, al is the general absorption coef-
ficient for long-wave radiation, Ki represents short
wave radiations at the six directions and Li represents
long-wave radiations at the six directions. Then, ac-
cording to the Stefan–Boltzmann law, Tmrt is calculated
as Tmrt=(Sstr/εp⋅σ)0.25−273.2 (VDI 1998). In the equa-
tion, Sstr is radiation flux, εp is emission coefficient of
human beings skin (0.95) and σ is Stefan–Boltzmann
constant (5.67×10−8).

We used wind velocity, ambient temperature and globe
temperature to calculate the Tmrt by means of the experience

Fig. 1 Satellite photograph of experiment location. Source: Google maps

Fig. 2 The fisheye photograph on August 10, 2010 at measurement
location at the height of 1.1 m
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function based on ISO 7726 (1998), resulting in the following
equation:

Tmrt ¼ Tg þ 273
� �4 þ 1:1� 108 � V 0:6

a

ε� D0:4 � Tg−Ta

� �� �0:25
–273:

Here, D is the radius of the globe, ε is the absorption
coefficient for the globe, Tg is the globe temperature, Va is
wind velocity, and Ta is ambient temperature. In our study, D
of the globe ball is 15 cm and ε is 0.95.

We measured and calculated Tmrt in those two different
ways and then compared the two sets of results with each
other.

3 Models and simulation

We used RayMan Pro version 2.0, ENVI-met version 3.1 and
SOLWEIG version 2.1 to undertake a comparison of their
resulting data with the data derived from the six-direction
radiation method and the globe-thermometer method.

3.1 The RayMan model

RayMan Pro version 2.0 offers different methods with which
to estimate accurate Tmrt values for one point. Users can input
sky-view factors, fisheye photos, cloudy numbers, obstacle
structure, surface temperatures or globe radiation to estimate
Tmrt according to the RayMan model. Additionally, RayMan
serves to calculate human thermal-assessment indices, such as
PET, SET*, UTCI, PT and PMV. The advantages of RayMan
are convenience of use and of modification, accuracy of Tmrt

estimations, the sturdiness of the human thermal-assessment
indices and the relatively reduced computational time (Kántor
and Unger 2010b; Makaremi et al. 2012).

For the RayMan simulation, we set the Bowen ratio at 1.5
(Grass for Bowen ratio) and the surroundings’ albedo at 0.2
(Grass for surface); then, we set the other input parameters at
default simulation values. Two different input conditions with
two different sets of observation data helped us estimate Tmrt

with RayMan. One condition derived from the global radia-
tion at 1.1 m; the other derived from the fisheye photo at 1.1 m
and global radiation at a roof level of 50 m.

3.2 The ENVI-met model

ENVI-met version 3.1 is a spatial 2.5-dimensional micro-scale
model. This means that ENVI-met can simulate data in two
horizontal axes and in limited vertical layers. In order to use
ENVI-met, users must input an obstacle structure and define
obstacle structure data by users for each grid. ENVI-met
estimates Tmrt in reference to the sun’s trajectory, latitude
and longitude for clear skies. Environmental air temperature,

vapour pressure, wind speed and wind direction are required
inputs for ENVI-met. As a result, ENVI-met can output Tmrt,
air temperature, wind speed, wind direction, PMVand PET for
each grid in a map file and a text file. The advantages of
ENVI-met are 2.5-dimensional simulation for CO2 emission,
aerosols distribution, wind field, air temperature, Tmrt and two
human thermal assessment indices. However, simulation by
ENVI-met takes a long time. For 1 day’s worth of data, a
computational time of 2 days is required, if ENVI-met is run
on the computer with CPU Pentium 4 3.20 GHz, 1 GB RAM
for memory, and Microsoft Windows XP system.

For an ENVI-met simulation, an obstacle structure is in-
putted. Figure 3 shows the obstacle structure with a simulation
domain involving 40×40 grids and a 30-story height, which
we used to calculate the Tmrt, and each grid was 2×2 m2. We
also set up five layers of external areas and a 30-min time
interval as input conditions in order to determine the stability
of the model and the calculating time. We took the average of
the four grids on coordinates (26, 21), (27, 21), (26, 22) and
(27, 22), as seen in Fig. 3, so that we could assess Tmrt and,
hence, compare the sets of measurement data.

3.3 SOLWEIG

SOLWEIG version 2.1 is a sample model for simulating Tmrt

and the sky-view factor in an hourly temporal resolution. For a
SOLWEIG simulation, global radiation data is necessary input
data. Additionally, an obstacle structure can be inserted into a
SOLWEIG model for evaluating Tmrt, which is affected by
surrounding buildings; however, without global-radiation da-
ta, SOLWEIG cannot estimate Tmrt. The advantages of
SOLWEIG are horizontal 2-dimensonal simulation for the
sky view factor and Tmrt, an obstacle structure inputting from
map files or text files, and relatively reduced computational
time.

We inserted hourly global radiation data from ground sta-
tion into SOLWEIG, and we used the same obstacle structure
for the SOLWEIG model as for ENVI-met. The simulation
was lack of vegetation model input into SOLWEIG. In this
simulation, SOLWEIG calculates only sky view factor from
obstacle data and then drives Tmrt at the height of 1.1 m above
the surface from global radiation, sky view factors, latitude
and longitude of location.

4 Results

4.1 Comparison of the Tmrt values based on two field
measurment methods

We analysed and compared all those calculations of Tmrt in
time series. Figure 4 shows the results of those assessments
from different measurements and simulations. The methods’
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evaluations of Tmrt exhibit some differences. The Tmrt value
derived from the globe-thermometer method is greater and
oscillated more than the Tmrt value derived from the six-
direction radiation method because the former value signifi-
cantly reflected wind velocity. Nevertheless, we reduced os-
cillation relative to Tmrt to calculate Tmrt according to the
globe-thermometer method with a 10-min resolution.
Furthermore, we evaluated the Tmrt by applying a stable low
wind speed (v=0.5 m/s) to the ISO 7726 Tmrt function accord-
ing to the suggestion by Lin and Matzarakis (2011). Tmrt

derived using the globe thermometer with a stable wind speed
agrees with that from the six-direction radiation method much
better than that from the original globe-thermometer method.

In order to discuss causes of Tmrt oscillation in the globe-
thermometer method, let us first consider all the variables
involved in the globe-thermometer method’s Tmrt, as presented

in Fig. 5. Air temperature and globe temperature were two
relatively stable variables. Meanwhile, wind velocity oscillat-
ed violently. Therefore, the oscillation of the globe-
thermometer method’s Tmrt perhaps stemmed from wind ve-
locity. To reduce the oscillation of wind speed, such as setting
wind speed as 0.5 m/s or using average wind speed in 10 min,
can smooth the oscillation of Tmrt in the globe-thermometer
method. However, some small amplitude of Tmrt is caused also
from air temperature and globe temperature. Nevertheless, the
tendencies of the globe-thermometer method’s Tmrt and the
six-direction radiation’s Tmrt are similar.

Short-wave radiations and long-wave radiation from six
directions are illustrated in Fig. 6. According to Fig. 6.,
short-wave radiation significantly affected the six-direction
method’s Tmrt from the downward, southerly, easterly and
westerly directions. Because little short-wave radiation

Fig. 3 The obstacle structure model of buildings, trees and surfaces for the ENVI-met. Four selected grids are marked in the brown frame
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Fig. 4 Comparisons regarding
time series of different Tmrt values
as measured on August 10, 2010:
a the Tmrt values from the six-
direction radiation method
(Tmrt_VDI_six), the Tmrt values
from the globe-thermometer
method [Tmrt (ISO 7729, Eq. 9)],
the Tmrt values from the globe-
thermometer method in 10-min
intervals [Tmrt (ISO 7729, Eq. 9]
10-min resolution) and the Tmrt

values from the globe-
thermometer method with stable
velocity (v=0.5 m/s) [Tmrt (ISO
7729, Eq. 9) v=0.5m/s]; b the Tmrt
values from the six-direction
radiation method (Tmrt_VDI_six),
the Tmrt values from the RayMan
model involving both a fisheye
photo and global radiation at roof
level (Tmrt_RayMan_fisheye) and
the Tmrt values from the RayMan
model with global radiation at
1.1 m (Tmrt_RayMan_GR); and c
the Tmrt values from the six-
direction radiation method
(Tmrt_VDI_six), the Tmrt values
from the SOLWEIG model
(Tmrt_SOLWEIG), and the Tmrt

values from the ENVI-met model
(Tmrt_ENVI)
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Fig. 5 Time series of different
variables used for calculating the
Tmrt values from the globe-
thermometer method on August
10, 2010: a the air temperature
(Ta) and globe temperature (Tg); b
the wind velocity; and c the Tmrt

values from the globe-
thermometer method in two
different time resolutions [1 min
(Tmrt_GB) and 10 min
(Tmrt_GB_10min)]
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emanated from easterly and westerly directions, the maximum
Tmrt values under the six-direction radiation method did not
occur at noon but at 1330 hours (CET), while global radiation
is the strongest. At the same time, the maxima of Tmrt from
globe thermometer depend on validations of the wind speed
and time resolution. They occurred during 1100 to 1300 hours
(CET).

4.2 Comparison of the Tmrt values based on three models

Comparison of Tmrt derived by six-direction radiation method
and RayMan model with two different inputting data, which
are fisheye photo combined with global radiation at the height

of 50 m and global radiation at the ground station, show that
Tmrt estimated by RayManmodel is lower than Tmrt derived by
the measurement data (Fig. 4b). In particular, the most signif-
icant difference between the RayMan model’s Tmrt values and
the six-direction radiation method’s Tmrt values presented
itself in the morning and evening. This peak difference may
reflect possible differences between the model and the method
regarding their respective approaches to estimating diffuse
radiation and projector factors of the radiation flux absorbed
by human body. Nevertheless, the RayMan model’s simula-
tions of Tmrt in the two conditions and Tmrt derived by six-
direction radiation method show the similar tendencies of the
time series.

Fig. 6 Time series of different
variables for calculating Tmrt
according to the six-direction
radiation method on August 10,
2010: a the short-wave radiation
inserted to the six-direction
radiation method and b the long-
wave radiation inserted to the six-
direction radiation method
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By contrast, there seems to be significant difference be-
tween the ENVI-met’s simulation of Tmrt values and the six-
direction radiation method’s simulation of Tmrt values. ENVI-
met simulates global radiation and diffuse radiation through-
out the day of year, longitude, latitude and solar constant.
Then, ENVI-met model calculates Tmrt throughout global
radiation, diffuse radiation and obstacle structure for each
grid. Therefore, coarse resolutions of the obstacle structure
could reduce the accuracy of Tmrt in the ENVI-met model.
However, changing of the spatial resolution in ENVI-met
model is not convenient because the whole obstacle should
be manually rebuilt for each point. In addition, the 2×2 m2 is
most commonly spatial resolution to use in ENVI-met.
Therefore, our test carries out how is the accuracy of Tmrt in
ENVI-met with commonly spatial resolution to compare mea-
surement data.

We acquired only eight samples of simulation data by
means of the SOLWEIG model. SOLWEIG evaluates much
accurate value of Tmrt in horizontal space to compare to six-
direction method. This is because we took the average Tmrt of
the same four grids of two 2-D simulation models (SOLWEIG
and ENVI-met), the evaluation of Tmrt from SOLWEIG is
better than from ENVI-met. Statistical regression cannot make
a temporal comparison possible between the SOLWEIGmod-
el and the six-direction radiation method (Fig. 4c). Therefore,
we cannot conduct any statistically significant test with the
SOLWEIG model’s samples. The SOLWEIG model must
evaluate Tmrt stemming from global radiation as input data.
The algorithm of the SOLWEIG model is quite a simple way
to simulate Tmrt for the purpose of comparing RayMan and
ENVI-met with each other. However, with the same obstacles,
two different results are presented in the same four grids and
spatial resolution in ENVI-met and SOLWEIG model. This
means that SOLWEIG can evaluate better Tmrt spatially than
ENVI-met.

4.3 Statistical regression results for each method

We did statistical regression analysis and took six-direction
radiation method as reference, even though the measurement
period was unfortunately not all clear skies. Six-direction
radiation method applies directly long- and short-wave radia-
tion to calculate the radiation fluxes over human beings body
and calculates Tmrt based on Stefan–Boltzmann law. It is
independent to air temperature and wind speed. Besides, Tmrt

is a factor to assess radiation fluxes over human body (VDI
1998). Direct measurement data of radiation fluxes can eval-
uate Tmrt accurately to avoid uncertain errors from the other
parameters, like wind speed and air temperature. Thus, the six-
direction radiation method is used as reference in this study to
compare with other estimated Tmrt. Figure 7 presents several
global-radiation data regarding measurements and simulations
under clear sky. Beginning at about 1300 hours CET, clouds

covered the skies according to the comparison between global
radiation data from RayMan model and the measurement at
the roof level. For this reason, statistical regressions are made
in three different groups: all data cases, the data under clear
skies and under cloudy skies. We compared all the measure-
ment and simulation data with the measurement data from the
six-direction radiation method, though the SOLWEIG data
lacked a sufficient number of samples for regression.

Figure 8 presents the relationships between the globe-
thermometer method’s measurements and the six-direction
radiation method’s measurements from the statistical regres-
sion results. The correlation coefficient with all data is 0.66,
the correlation coefficient with all clear-sky cases is 0.55 and
the correlation coefficient with under cloudy-sky cases is 0.71.
The measurement condition under cloudy sky means also
much lower short-wave radiation than under clear sky
(Fig. 7). Beside of regression of Tmrt between globe thermom-
eter method and six-direction radiation method, Fig. 5a shows
also that globe temperature changes more rapidly under
cloudy sky than under clear sky. Probably, the results of
statistical regressions reflect the globe thermometer’s capacity
to react more quickly in the presence of long- than short-wave
radiation due to different rates of absorption and emission
against short-wave and long-wave radiations.

Figure 9 shows the statistical regression results as a com-
parison between the RayMan simulation with global radiation
at the ground station and the six-direction radiation method’s
measurements: The correlation coefficient with all data is 0.9,
the correlation coefficient with all clear-sky cases is 0.91 and
the correlation coefficient with under cloudy-sky cases is 0.92.
Figure 10 shows the statistical regression results as a compar-
ison between the RayMan simulation with the input condi-
tions, which are global radiation at roof level and fisheye
photos, and the six-direction radiation method’s measure-
ments: the correlation coefficient with all data is 0.88, the
correlation coefficient with all clear-sky cases is 0.92 and
correlation coefficient with under-cloudy sky cases is 0.88.
Regarding regression coefficients, there was no significant
difference between the “all clear-sky cases” set and the “under
cloudy-sky cases” set for the comparison between the
RayMan modelling and the six-direction radiation method’s
measurements. This imply that RayMan with input global
radiation could simulate very well Tmrt whatever under cloudy
sky or under clear sky.

Figure 11 presents the statistical regression results as a
comparison between the ENVI-met simulation and the six-
direction radiation method’s measurements: The correlation
coefficient with all data is 0.24, the correlation coefficient with
all clear-sky cases is −0.16 and the correlation coefficient with
under cloudy-sky cases is −0.37. The results show that there
was no significant relationship between ENVI-met and the
six-direction radiation method. Figure 12 presents the statisti-
cal regression results as a comparison between the Tmrt of the
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SOLWEIG simulation and the Tmrt of the six-direction radia-
tion method’s measurement: The correlation coefficient with
all data is 0.57. However, as there were only seven points for
comparison between the SOLWEIG model and the six-
direction radiation method, the correlation might not be
representative.

Statistical regression analysis suggests that the
RayMan simulation with input parameters, which are
fisheye photos and global radiation at the roof level,
has a more significant relationship with the six-direction
radiation method’s measurements than the relationship
between the six-direction radiation method’s measure-
ments and the globe-thermometer method’s measure-
ments. However, the ENVI-met simulation under com-
monly spatial resolution (2×2 m2) exhibited only a
weakly significant relationship with the six-direction
radiation method’s measurement. It is important to keep
in mind that there were fewer samples for the ENVI-
met simulation than for the RayMan simulation. On the
other hand, the comparison between simulation of
EVNI-met and six-direction method is spatial average
value compare to one point. The definition of choosing
spatial grids and the spatial resolution of simulation
may be the great bias of this comparison.

5 Discussions

5.1 The Tmrt values of the six-direction radiation method

The six-direction radiation method serves as a common and
general measurement method for assessing Tmrt. According to
the previous study (Holst and Mayer 2011), the Tmrt values of

the six-direction radiationmethod have better correlation (R2=
0.76) to the sky-view factor in the south than to the sky-view
factor as a whole (R2=0.56). However, the greatest Tmrt value,
as derived from the six-direction radiation method in our
study, did not occur at noon time (Fig. 6.). This finding most
likely reflects the fact that, under the six-direction radiation
method, the weighting of the coefficients of four-way radia-
tion (west, east, north and south radiations) was too high for
calculating Tmrt. Meanwhile, pyranometers do not measure
short-wave radiation only from one direction, as they have a
180° field of view for the task. Another issue concerns wheth-
er the short-wave radiation in the west and the east is really so
relatively low at noontime: it is doubtful that the maximum
westerly and easterly direction values occurred at sunrise and
sunset. Therefore, this measurement method could undergo
further improvement.

5.2 The Tmrt values of the globe-thermometer method

The variations and oscillations characterising the data arrived
at through the globe-thermometer method show that this
method is not suitable for measuring Tmrt outdoors with ISO
7726 (1998) because of the effects of turbulence and wind.
Previous research (Nikolopoulou et al. 1999; Thorsson et al.
2007) evaluated the Tmrt of the globe-thermometer method in a
5-min time resolution and pronounced that the globe-
thermometer method needs a specific amount of time to arrive
at the energy-exchange equilibrium. However, the Tmrt values
of the globe-thermometer method are almost highly affected
by outdoor wind velocity according to ISO 7726 (1998),
regardless of whether the calculations involve Tmrt values of
the globe thermometer in 5-min time resolution (as in
Thorsson’s study) or in 10-min time resolution. For this

Fig. 7 Time series regarding
different global radiation levels,
from the ground-station
measurements (ground station),
the urban-climate station for the
Freiburg measurements (station at
roof level), the ENVI-met model
simulation (ENVI-met model),
and the RayMan model
simulation with fisheye
photography (RayMan model)
under clear sky on August 10,
2010
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Fig. 8 Statistical regression
analysis comparing the six-
direction radiation method’s Tmrt
values and the globe-thermometer
method’s Tmrt values, as measured
on August 10, 2010: a regression
analysis of all data, b regression
analysis of clear-sky data and c
regression analysis of cloudy-sky
data
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Fig. 9 Statistical regression
analysis comparing the Tmrt

values of the six-direction
radiation method and the Tmrt

values of the RayMan simulation
with global radiation on August
10, 2010: a regression analysis of
all data, b regression analysis of
clear-sky data and c regression
analysis of cloudy-sky data
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Fig. 10 Statistical regression
analysis comparing the Tmrt

values of the six-direction
radiation method and the Tmrt

values of the RayMan simulation
with fisheye photography and
global radiation at roof level on
August 10, 2010: a regression
analysis of all data, b regression
analysis of clear-sky data and c
regression analysis of cloudy-sky
data
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Fig. 11 Statistical regression
analysis comparing the six-
direction radiation method’s Tmrt
values and the ENVI-met model
simulation’s Tmrt values on
August 10, 2010: a regression
analysis of all data, b regression
analysis of all clear-sky data and c
regression analysis of cloudy-sky
data
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reason, the globe-thermometer method is suitable for applica-
tion to indoor measurements of Tmrt or to windless and not so
high global radiation outdoor conditions.

Additionally, the globe-thermometer method’s Tmrt outdoor
measurements are mostly overestimate in contrast to the six-
direction radiation method’s calculations. The results of our
findings in this regard are different from those of Thorsson
et al. (2007), in which the Tmrt measurements of the globe-
thermometer method are underestimations in contrast to the
six-direction radiation method. Moreover, Fig. 8 shows that,
in our present study, there was a lower correlation between the
globe-thermometer method and the six-direction radiation
method than was the case in Thorsson et al. (2007). The
reason could be that their study used a gray-globe thermom-
eter in 5-min time resolution or that the latitude of our research
site was higher than in their study. Gray-globe thermometer
has lower rates of emission and absorption against radiations
and the emission coefficient of gray-globe thermometer is
more close to human beings skin than black-globe thermom-
eter. To combine those conditions, such as lower global radi-
ations in high latitude area and 5-min time resolution, the
energy balance in gray-globe thermometer would be more
easily reached in shorter time than in black-globe
thermometer.

To improve the globe-thermometer method outdoors, Lin
andMatzarakis (2011) suggest that the wind speed for the ISO
standard 7726 Tmrt function (1998) should be corrected and
validated in reference to parallel measurements of both the
globe thermometer and the six-direction radiation method’s
short- and long-wave radiation-flux measurement system, or
simply applying a stable low wind speed (v=0.5 m/s) to the

ISO 7726 Tmrt function, thus improving the accuracy of Tmrt

estimations by the globe thermometer. In our study, the Tmrt of
the globe-thermometer method is also more similar to six-
direction radiation method’s Tmrt throughout the correction of
wind speed in ISO standard 7726 Tmrt function than the
original function based on the suggestions of Lin and
Matzarakis (2011). The estimation of Tmrt from globe ther-
mometer according to ISO standard 7726 is developed origi-
nally for indoor. There is much lower turbulence indoor than
outdoor. This may imply that wind speed on the surface of
globe thermometer is different fromwind speed measurement.
If the loss energy by turbulence on globe thermometer is
overestimated, Tmrt from globe-thermometer method is
overestimated, too. This is because the calculation of ISO
7726 appends the loss energy of the turbulences over black
globe to evaluation of Tmrt.

5.3 Tmrt simulation of the three models

Figures 8, 9, 10, and 11 show that the RayMan model’s Tmrt

estimations, with two different simulating conditions, were
much better than those of the ENVI-met model, though the
RayManmodel’s Tmrt estimations for the morning period were
underestimations in contrast to the six-direction radiation
method’s corresponding calculations. In a previous study
(Thorsson et al. 2007), the six-direction radiation method
overestimated the Tmrt variable more than did the RayMan
model for both the sunrise period and sunset period. This
difference may reflect the greater levels of short-wave radia-
tion in the west–east direction than in the upper–down direc-
tion. However, radiation flux absorbed by human body is

Fig. 12 Statistical regression
analysis comparing the Tmrt of the
six-direction radiation method
and the Tmrt of the SOLWEIG
simulation on August 10, 2010
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overestimated in the west–east direction due to the weighting
coefficient of radiation flux in the six-direction radiation
method (Fig. 6).

The accuracy of the ENVI-met model’s Tmrt simulation
might have been a response to the spatial resolution of the
obstacle model. In our case, the four simulation points in
ENVI-met are very nearly to a bush at southern side. This could
cause some calculating errors to global radiation and Tmrt.
Therefore, an obstacle model possessing high spatial resolution,
like 1×1 m, should be used in the ENVI-met model, but this
addition greatly increases the calculation time. Besides, obsta-
cle model for ENVI-met should be rebuilt in this spatial reso-
lution. It needs more details of obstacle and takes much time.
Previous research (Fröhlich and Matzarakis 2012) shows also
how difficult to change obstacle model in fine spatial resolution
and the greatly additional calculating time.

We had only a small handful of SOLWEIG simulation
samples, far too few to prove whether or not SOLWEIG-
simulated Tmrt is similar to the measuring Tmrt of the six-
direction radiation method. However, global radiation data
as an input condition and only an hourly time resolution
restrict the application of SOLWEIG. Our results (Fig. 4)
show that SOLWEIG satisfactorily simulates Tmrt in fine spa-
tial resolutions but not in rough temporal resolutions.

The all three models are still developed and furthermore
validated with field measurement results. Therefore, there
could be some improvements to simulate more accurate Tmrt

in fine temporal and spatial resolution in the new versions of
the three models with saving computational time. The results
of the comparison of the three models in this study are some
suggestions for using those versions of the three models to
evaluate Tmrt.

6 Conclusions

This is only a 1-day case study, but it identifies and explains
important differences among the six-direction radiation
method’s measurements, the globe-thermometer method’s
measurements, the RayMan model’s simulations, the ENVI-
met model’s simulations and the SOLWEIG model’s
simulations.

Tmrt of the six-direction radiation method is reliable and
accurate measurement now, but it may be necessary to tune
and to improve the weighting coefficient of the short- and
long-wave radiations in the horizontal directions. In additions,
Tmrt of the globe-thermometer method requires stable low
wind velocity as an input. Undergo the improvement, Tmrt of
the globe-thermometer is more similar to Tmrt of the six-
radiation method.

Three models underwent testing in this study, but only
one—the RayMan model—demonstrated that it can accurate-
ly simulate Tmrt in fine temporal resolution for one point. For

two-dimensional Tmrt simulation in rough temporal resolu-
tions, SOLWEIG seems to the best choice among the three
models. Our study has suggested improvement capable of
bolstering Tmrt measurements of the globe thermometer meth-
od. For improvement of this method, the measuring wind
speed should be replaced a stable and low wind speed. It is
also suggested by Lin and Matzarakis (2011). This study
pointed also out the advantages and disadvantages of Tmrt

simulations of the three models under common using
conditions.
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