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Abstract: Detailed climate information in an easily interpretable form is demanded by the general
public, as well as by decision-makers on different planning levels. One example is the group of
planners in the field of sports and tourism. A promising approach is the visualization of climate
thresholds in a Climate-Tourism/Transfer-Information Scheme (CTIS) for the prevailing local climate
conditions. The presented approach is adaptable to specific destinations and target activities and
integrates meteorological, as well as recreational, touristic and specific activity-related parameters
and thresholds. All parameters are simplified in terms of factors and combined in one individual
graph, the CTIS diagram. The detailed information on local climate can be applied by non-experts
like tourists intending to attend a sports event. They are able to prepare for different aspects of the
local climate by, e.g., selecting appropriate clothing when planning their stay. The example of the
Tokyo 2020 Olympic Games is presented and discussed. Results show that heat stress together with
sultriness is likely to occur during the scheduled time of the Olympics, while cold stress will most
probably not be relevant.

Keywords: sport events; climate and recreation; thermal indices; CTIS; RayMan; Olympic
Games; Tokyo

1. Introduction

Spectators of sports events and tourists in general are exposed to unaccustomed or sometimes
extreme meteorological and climatological conditions, which may affect them in a positive or negative
way [1–5]. In addition, activities during events for athletes and visitors can be driven and affected
by mean and extreme climate conditions [6]. These conditions, as well as general information about
the climatic setting, need to cover the patterns of meteorological parameters and significant climate
at an appropriate temporal resolution [1]. The relationship of and interactions between climate and
tourism are well studied. However, most methodologies applied in the past have been of a qualitative
manner. Recent research has often focused on quantifying the effect of strategies counteracting the
local effect of global climate change (e.g., [7]). Interdisciplinary approaches are required to assess the
effects on tourism (e.g., [8]).
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The interactions between weather, climate, and tourism are well known and have been previously
described [5,7–14]. Growing attention has recently been paid mostly to sustainable tourism (e.g., [7]) but
less to specific events and the effect on athletes and visitors [1,15]. This has been considered by approaches
like the Climate Index for Tourism [13,14], as well as the Climate-Tourism/Transfer-Information-Scheme
(CTIS) [16], that allow the results provided by recent science in the field of human biometeorology and
tourism climatology to be quantified [16].

Impacts of climate on touristic activities cannot be assessed by analyzing only air temperature
and precipitation. Recent methodologies have allowed for an assessment considering various facets of
biometeorology (thermal aspects and aesthetical, as well as physiological, facets) [16]. The thermal
aspects of climate can only be assessed using complex thermal indices based on the human energy
balance, e.g., the physiologically equivalent temperature (PET) [17]. It summarizes the effect of the
prevailing climate on a human being for cold, as well as for hot, conditions. The result can be considered
as an assessment of thermal perception [17]. The aesthetical, as well as physical, facet can be analyzed
by the assessment of individual meteorological parameters, e.g., the daily sunshine duration [8–10].

The aim of this study is to detect the appropriate and inappropriate periods of time in terms of
human thermal comfort, to enable the development and implementation of necessary countermeasures
in time to minimize or totally avoid unpleasant impacts. At the same time, the methodology is provided
to enable members of planning and organizing committees and other responsible persons to apply
this approach to other locations. Unlike in previous works, the study presented here is not based
on individual meteorological parameters affecting human thermal comfort like air temperature (Ta)
and is not restricted to a coarse temporal resolution of monthly data. The analysis is rather based
on the variability of a complex thermal index (PET) at a high temporal resolution of 3 h and a long
meteorological dataset of almost 52 y. The methodology is designed to provide results assisting in the
organization and planning of sporting events in various different climates and cultures [15]. The results
are presented in figures that can easily be interpreted by non-experts in terms of human thermal
comfort, e.g., people responsible for the planning of sports events.

The present study describes a method to process, assess, and present meteorological data.
The analysis of selected factors of climate targeting tourism is presented for the example of Tokyo.

2. Methodology and Data

2.1. Study Area

The agglomeration of Tokyo is located in the eastern center of the Japanese main island Honshū at
approximately 35◦41′ N and 139◦45′ E. The Japanese capital city together with the “Greater Tokyo
Area” surrounding the “Bay of Tokyo” is considered to exceed 38 million inhabitants. The local climate
with hot, perhumid summers and cool, humid winters is classified as “temperate–humid” by the
Köppen climate classification. The region experiences a one-month seasonal lag with the warmest
month, on average, being August (with an average maximum Ta of 29.9 ◦C). The coldest month is
January with an average minimum Ta of 3.2 ◦C (see [15]). Precipitation in terms of snow is sporadic
but is recorded almost every year. The overall average Ta is 16.3 ◦C. Tokyo is hit by (mostly weak)
typhoons almost every year. With an average sum of annual precipitation of 2546 mm, the city does
receive a lot of precipitation. The wettest month in Tokyo, therefore, is September (333.6 mm), while
the least monthly precipitation is recorded in January (88.4 mm).

2.2. Methods

2.2.1. Physiologically Equivalent Temperature (PET)

The assessment of human thermal comfort does require complex thermal indices [12], mostly
relying on the evaluation of the energy balance for a sample human. Popular examples for thermal
indices for the assessment of human thermal perception are Fanger’s predicted mean vote [18], PET [17],
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or the standard effective temperature [19], as already applied in several studies [20–22]. They do
combine meteorological parameters and physiological aspects of the human body, e.g., the person’s
age, height, weight, activity or workload, and the current clothing insulation. To consider the effect
of wind speed on the energy exchange between the human body and its environment, the measured
wind speed readings need to be transferred from the height at which they were recorded (usually 10 m
above ground level) to the reference height of 1.1 m representing the gravimetric center of an average
human body [18].

The Physiologically Equivalent Temperature (PET) is one of the most commonly applied thermal
indexes applied in all kinds of studies dealing with human thermal comfort. It is defined “as the air
temperature at which, in a typical indoor setting (without wind and solar radiation), the energy balance
of the human body is balanced with the same core and skin temperature as under the complex outdoor
conditions to be assessed” [17]. The frequent application of PET (e.g., [20–22]) allows for the results to
be compared easily to findings by other studies [1]. PET also has the advantage of using ◦C as a unit.
This makes it easy to interpret the results for people without any knowledge of human thermal comfort.
The thermal effect of the environment in PET is considered based on the “Munich energy balance
model for individuals” (MEMI) [23,24]. One of the most important input parameters in the estimation
of PET is the “mean radiant temperature” (Tmrt). This especially holds during summer at daytime [1].
Tmrt is defined as “the temperature of a perfect black and equal surrounding environment, which
leads to the same energy balance as the current environment” [18].

2.2.2. RayMan Model

RayMan is a micro-scale model that is applied for analyzing the long-term development of thermal
comfort in this study. RayMan has been developed to calculate “radiation fluxes in simple and complex
environments” [25,26]. This allows for the estimation of the mean radiant temperature, which can be
used to calculate thermal bioclimatic indices, e.g., PET [17]. The RayMan model performs calculations
meeting the requirements by the German VDI-Guidelines 3789 Part II [27] and VDI-Guidelines 3787
Part I [28]. The model has been developed for use in the field of biometeorology and urban climatology,
but can be applied in tourism studies as well. Results in terms of PET are partly presented and classified
into nine classes of thermal perception (Table 1) [29].

Table 1. Thermal perception and stress classification for human beings (internal heat production, 80 W;
heat transfer resistance by clothing, 0.9 clo) modified after [29].

PET (◦C) Thermal Perception Grade of Physical Stress

<4 Very cold Extreme cold stress

4–8 Cold Strong cold stress

8–13 Cool Moderate cold stress

13–18 Slightly cool Slight cold stress

18–23 Comfortable No thermal stress

23–29 Slightly warm Slight heat stress

29–35 Warm Moderate heat stress

35–41 Hot Strong heat stress

>41 Very hot Extreme heat stress

2.2.3. Meteorological Data

Meteorological data covering the time from August 1966 to June 2018 at a temporal resolution
of 3 h recorded at WMO meteorological station 47662 in Tokyo provided by the synoptic database
were used in this study. The station is located at 35◦41′30” N, 139◦45′04” E on a hill with a terrain
height of 25.2 m surrounded by an urban park. The station was selected for its location in the central
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district of Chiyoda as its data are considered the best-possible representative. Wind speed was
measured at an anemometer height of 10 m above ground level and was altitude-corrected to a target
height of 1.1 m based on a power-law profile also applied in [30]. The altitude-corrected wind speed
does range from 0.0 to 33.3 m/s with a most frequent incident daytime wind direction of North to
North-Northwest and South and North-Northwest to North, as well as South to Southwest, during the
night. Air temperature, vapor pressure, and global radiation were used without altitude correction as
they were measured at a 2 m height and, thus, the difference to the destination height was too small to
cause relevant uncertainties.

2.2.4. CTIS

Quantification and visualization of the different facets of climate in tourism can be done by applying
an approach based on thresholds of different meteorological parameters, the “Climate-Tourism/Transfer-
Information-Scheme” (CTIS) [16]. The method combines meteorological aspects with components related
to tourism and integrates the information into one simple graph. The factors to be included in the CTIS
do obviously differ from one climate region to another. The definitions of the several threshold values,
therefore, do not necessarily correspond to the universal meteorological threshold values. For example,
a “stormy day” is defined in meteorology as a day with a wind strength of 8 bft or stronger, corresponding
to a wind speed exceeding 17.2 m/s. In tourism climatology, however, a wind speed of 8 m/s is considered
to be perceived as unpleasant and uncomfortable. Furthermore, the relevant parameters themselves will
vary as, e.g., tourists or attendees of winter sport events will prefer snow, while others, e.g., attending
events in hot and dry climates, prefer to avoid heat stress. The selection of parameters and thresholds
is thus based on the target region or event and should be adjusted to different climate regions and
cultures [1,5,8].

For Tokyo, the following parameters and thresholds have been selected: In the diagram, “Thermal
comfort” is counted if the PET ranges from 13 to 29 ◦C, and the result is thus part of the classes of
slight cold stress to slight heat stress according to Table 1. “Heat stress” in terms of the CTIS diagram
is counted if the PET exceeds 35 ◦C. In this study, both the classes of strong and extreme heat stress are
counted as heat stress for people standing closely together for a long time (spectators), and people
with a high workload (athletes) will suffer from heat stress earlier. “Cold stress” is counted if the PET
is 4 ◦C or less, translating to extreme cold stress according to Table 1. Only the lowest class is selected
here as countermeasures can easily be taken by adding more clothing layers. For the meteorological
parameters, “Sunny days” are considered as days without precipitation. Tourists usually prefer fair
weather. Therefore, more sun together with few clouds is considered more suitable in the diagram.
“Days with fog” are defined by a relative humidity (RH) exceeding 93%. “Wet days” are counted for
precipitation more than 5 mm, while “Dry days” must have a total precipitation of less than 1 mm.
“Sultriness” is based on a vapor pressure greater than 18 hPa and “Stormy days” are defined by a wind
speed more than 8 m/s. Ranges of PET are adjusted to meet the thermal perception classification for
humans, which is presented in Table 1.

For the easiest interpretation, a probability scale in terms of a suitability factor is applied in
the CTIS [16]. It comprises of 20 classes ranging from “unsuitable” to “ideal,” which is 5% of the
probability for each incorporated class. Some factors are thereby considered positive (more counts
will increase suitability). Others are considered negative, resulting in an inverted assessment scale
for those parameters. For Tokyo, “Thermal comfort,” “Sunny days,” and “Dry days” are considered
positive. ”Ideal”, therefore, relates to a lot of, e.g., thermal comfort, while the opposite holds for “Heat
stress,” “Cold stress,” “Foggy days,” “Rainy days,” “Sultriness,” and “Stormy days.”

3. Results

In this section, the thermal conditions in Tokyo throughout the year are described based on the
thermal index PET to provide an overview over thermal comfort and stress for each decade. Another
important factor for tourists and athletes is precipitation, which is analyzed in detail below. Finally,
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the overall suitability of climatological conditions for tourism and outdoor sports are visualized
according to the CTIS.

3.1. Frequencies of PET Classes

The annual distribution of thermal comfort in a general form can easily be visualized by
a frequency-distribution plot showing the probability for ranges of PET for each decade of the year
(Figure 1). The ranges of PET results, therefore, do match the ranges of the thermal perception
classification provided by Table 1 to facilitate the interpretation.
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Figure 1. Decadal frequency diagram of PET classes for Tokyo based on data covering the period
from August 1966 to June 2018 at a resolution of 3 h. Results are classified according to the thermal
perception classes provided by Table 1 (modified after [29]).

Looking at Figure 1, one can see that the winter decades belonging to the months from December
to February are dominated by classes of PET less than 13 ◦C, indicating cold stress. The most frequent
comfortable conditions in terms of the classes 13–18 ◦C, 18–23 ◦C, and 23–29 ◦C can be found in the last
decade of May to the end of June and in September. From the end of June to mid-September, conditions
with heat stress (PET of at least 35 ◦C) can be found and exceed 22% of all readings in the first decade
of August. When interpreting Figure 1, it needs to be considered that the figure comprises of day- and
night-time conditions. The overall conditions, therefore, appear cooler than experienced on-site.

3.2. Frequencies of Precipitation

Tokyo does receive precipitation quite regularly (Figure 2). While there are hours with precipitation
found throughout the year, the probability of precipitation events is lower in January, while rain is quite
frequent in the second half of June, as well as in the time from the second decade of September to the end
of October. August, especially the end of August, thereby shows fewer light rain events than the other
summer months. The probability of heavy rain events, however, is almost the same (around 8%).
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Figure 2. Frequency diagram of precipitation (RR, mm/3h) for Tokyo showing average precipitation
classes throughout the year in decadal resolution.

3.3. CTIS

To make biometeorological information like heat stress or the likelihood of precipitation more obvious
to non-experts, the “Climate-Tourism/Transfer-Information-Scheme” (CTIS) is applied (compare to
Section 2.2.4). The CTIS for Tokyo (Figure 3) shows that the time from spring to fall is most suitable in
terms of thermally comfortable conditions (first row in Figure 3). The winter months, however, are mostly
unsuitable. While heat stress is not very frequent in total (minimal suitability of almost 30% in the third
decade of July, as well as in the first decade of August), there is quite frequent cold-stress in the winter
months (more than 90% of all hours from the end of December to mid-February). Sunny conditions are
scarce throughout the year in Tokyo with only up to 40% in December and January. Foggy, as well as
rainy, days are less frequent (increasing suitability) in the winter months, while they are more frequent at
the end of July and end of September. This is very similar to the distribution of suitability in terms of dry
days (the absence of rainy days does occur quite similar at the same time as the occurrence of dry days).
From the end of July to the first decade of September, there is a high probability for a sultriness of up to
90% in Tokyo, strongly decreasing the touristic potential at this time. Stormy days are rare all over the
year with maximum frequencies in Spring decreasing the suitability for tourism to less than 90%.
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Figure 3. “Climate-Tourism/Transfer-Information-Scheme” (CTIS) showing average frequency classes
for several relevant parameters in Tokyo. For a detailed description of the categories, please refer to
Section 2.2.4 “CTIS.” The red box highlights the scheduled time for the 2020 Olympics in Tokyo.

For the specific time the Tokyo Olympics is scheduled, the 24th of July to the 8th of August,
the CTIS indicates that the time is well-selected in terms of the presence of thermal comfort and cold
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stress. Sunny days are few in the time selected. However, this holds almost throughout the year except
for the winter. In addition, in terms of foggy, rainy, dry, and stormy days, the time range selected can be
considered suitable. Another image can be seen looking at the rows of heat stress and sultriness. While
for heat stress, the selected decades are the worst throughout the year with a suitability of only 30%,
the heat stress perceived by the audience and athletes will likely be worse due to the high probability
of sultriness. Both decades show suitabilities of less than 5% in terms of this factor.

The extrema for the same time range for a time from 8:00 to 22:00 LST indicate that both heat
stress and sultriness can be worse than indicated by the diagram. While the air temperature ranges
from 18.3 ◦C to 34.0 ◦C in the given time and the PET is almost the same with a range from 12.5 ◦C
to 33.4 ◦C, vapor pressure might become a key parameter ranging from a minimum of 12.1 hPa to
a maximum of 38.2 hPa, being 26.5 hPa on average.

4. Discussion and Conclusions

Climate conditions, which are assets of touristic areas, as well as all locations hosting any
sports events, can be described by human biometeorological and tourism-climatological methods [1].
In the past, most studies and analyses only delivered results and visualizations on a monthly basis [31].
Results presented in the study at hand, however, show a way to transfer information about climate
to sophisticated and comprehensive, but simple, graphs for tourism purposes. The combination of
analyzing a thermal index like PET, as well as individual meteorological parameters like precipitation,
and combining both into one information scheme is a promising approach that can be applied for
various climates and regions while being useful to decision-makers and planners [1,5,8,15,16]. The CTIS
approach can, therefore, be applied to different destinations while always considering the most relevant
parameters for the specific location.

The CTIS scheme can, therefore, be generated from readily available data, e.g., from a meteorological
station on-site, or from results of climate models, to provide insight on future conditions. CTIS results
are a handy source of information for the preparation of holiday time, sports events, and all kinds of
touristic activities. In addition, health resorts and public authorities can prepare for climatic events to
avoid negative impacts on tourism, recreation, sports, and, in general, health and free-time activities.

Results for decades 21 to 22, the time of the 2020 Olympics in Tokyo, show almost ideal conditions
in terms of the availability of thermal comfort (Figure 3). However, this mostly holds for the night-time.
At the same time, heat stress is an issue until the second decade of September (compare Figures 1
and 3). Most discomfort in the given time frame is to be expected from heat stress in combination with
sultriness and the absence of sunny conditions, while cold stress is unlikely to cause any inconvenience.
It, therefore, has to be considered that the approach applied by this study is based on climatic averages
and can, therefore, give insight into the conditions that are likely to occur at a given time. Conditions
can, therefore, be better or worse in the case the Olympics are hit by extreme weather events.

The CTIS can provide detailed information, as described above, in an easily and intuitively
understandable way to non-experts in the field of human biometeorology and climatology, in general
(e.g., [31–33]). The scheme can be used as a summary of basic climatological and bioclimatological
conditions at a specific location [1,15], e.g., Tokyo. It can also be applied for specific sport events and
for both visitors and athletes. Sticking with the example of Tokyo, the same methodology could also be
applied for the Tokyo Marathon, which is scheduled for March. For the advantages described above,
the methodology provided by this study is proposed as a gold standard of good biometeorological
practices when it comes to tourism and sports and is recommended for all major events.
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