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AAbstract 

This paper researches on the thermal comfort of Lingnan Garden in summer. First of all, the method of the field measurement 
and questionnaire survey is used to obtain the hourly data of meteorological elements (air temperature, relative humidity, globe 
temperature, wind velocity) and the outdoor thermal comfort state of the Lingnan garden. Then, with the aid of RayMan model, 
the physiological equivalent temperature (PET) is calculated to synthetically evaluate the thermal environment state of garden 
spaces which are composed of different landscape elements. Finally, the regression analysis method is used to establish the 
correlation between human thermal sensation and thermal environment indices of the Lingnan Garden outdoor spaces and to 
obtain the thermal neutral temperature and the maximum temperature of PET, thus the outdoor thermal comfort evaluation model 
of Lingnan Garden is preliminarily established. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

The outdoor thermal environment has been widely concerned in the past ten years. Different climatic conditions 
and various outdoor spaces will produce thermal sensation changes of human body, and thus affect the comfort 
degree of human body [1,2]. Therefore, the improvement of the outdoor microclimate environment will improve the 
frequency of people’s outdoor activities. 

Current research focuses mainly on field experiment, outdoor thermal comfort simulation and the outdoor 
thermal comfort indices around different climate zones. Among the outdoor thermal comfort indices, Physiological 
Equivalent Temperature (PET) is nowadays one of the commonly used evaluation indices under different climates, 
and has become the thermal comfort evaluation index of different climates, and has been approved by the German 
Engineering Association (Verein sell Deutscher Ingenieure, VDI). It is the thermal index based on MEMI (Munich 
Energy Balance Model for Individuals) Model and proposed by Mayer & Höppe [3]. It refers to the corresponding 
temperature at the thermal state, when human shell temperature and core temperature is equal to the typical indoor 
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environment and when human body is in thermal equilibrium in an outdoor environment. Matzarakis, Mayer & 
Iziomon [4] pointed out that PET had certain advantages over other thermal indices. He elaborated this point that 
most of the previous studies of thermal indices are established on the basis of the meteorological parameters, such as 
effective temperature, standard effective temperature, equivalent temperature, etc., but these indices neglect the 
quantity of human activities and are a lack of thermal physiological relevance, while PET could make up for this 
defect. PET not only considers meteorological parameters like the air temperature, relative humidity, wind velocity 
and the mean radiation temperature, but also focuses on individual parameters like thermogenesis of human 
activities, metabolic rate and clothing thermal resistance. Moreover, PET is measured in generally-used degrees 
Celsius (°C), which is easier for scholars from all walks of life to understand. In addition, Matzarakis [4] proposed 
to divide physiological equivalent temperature into nine grades to represent different degrees of human body 
comfort. 

With the deepening of the study, the researchers found that different regional climate, seasonal change, space 
environment, space function, cultural atmosphere and psychological adaptation would produce different thermal 
environment perception of human body, namely different thermal sensation, and further affect comfort degree of 
human body, although same PET showed that human body had the same thermal exchange and same thermal 
physiological reaction with the outside world [5-11. Therefore, the relationship between targeted outdoor thermal 
environment PET index and thermal sensation should be established according to different season and the 
corresponding function in different regions. 

Lingnan garden is a landscape shape unique to the Lingnan area, develops from the Nanyue Dynasty up to now, 
about more than two thousand years, and has become an important and indispensable component of the Chinese 
garden art. During its development from Nanyue Dynasty garden to residential courtyard of the Ming and Qing 
Dynasties, then to the Modern restaurant garden, and finally to the Modern Lingnan garden architecture, Lingnan 
garden spontaneously forms a series of simple and effective method for hot and humid climate, which is worth 
exploring and using for reference, due to the influence of the geographical environment, natural climate and local 
culture. As the individual activities within the garden often take place in outdoors, distribution and change regularity 
of meteorological elements will directly affect the thermal sensation of an individual within the garden and degrees 
of freedom of outdoor activity environment choice, therefore it is necessary to carry out comprehensive inspection 
of outdoor thermal comfort indices. Therefore, this paper focuses on the outdoor thermal comfort of the Lingnan 
garden in summer with high temperature and high humidity and obtaining thermal neutral temperature and the 
threshold of PET. 

22. Methods 

2.1. Field measurement  

2.1.1. Introduction to the test object 

Known as the “Lingnan Four Famous Gardens in Late Qing Dynasty”, Yu Yin Shan Fang in Panyu, Ke Garden 
in Dongguan, Qinghui Garden in Shunde and Liang Garden in Foshan (Fig. 1, 3, 6, 8) are the masterpieces of 
traditional Lingnan gardens, which highlight the design principle of “let nature take its course and improve the 
nature” in landscape gardening. The four gardens enjoy compact layout, a good balance between compact and sparse, 
open architecture, corridors full of twists and turns, which lead to good ventilation and shading within the garden 
and subtly response to the climate characteristics of wet and rainy Lingnan. These four gardens are selected as the 
object of research, to carry on outdoor thermal environment test of gardens in summer. Test process was divided 
into several times. Testing period was mainly concentrated in July and September 2014, and August 2015.  
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2.1.2. Measuring-point arrangement 

A comprehensive consideration of the distribution of landscape elements and the activity state of users and 
visitors is taken to arrange measuring-points, according to different characteristics of different spaces in the outdoor 
garden (Figure 2, 4, 5, 7). This paper mainly studies on the garden outdoor thermal environment state under different 
combinations of the soft landscape elements (vegetation, water) and hard landscape elements (corridors, pavilions). 
The locations and their general information of observation points are shown in Table 1.  

2.1.3. Measuring instrument 

The instruments used in this test mainly include thermal index imager, and the temperature and humidity 
recording device. HD32.3 thermal index imager (Table 2) produced by Italian Delta Ohm Company is used to 
record the globe temperature and wind velocity of different measuring points. HOBO temperature and humidity 
recording device (Table 2) produced by American Onset Company is used to record air temperature and relative 
humidity. During the test, HOBO temperature and humidity logger is placed in the air temperature radiation shields 
to prevent it from the influence of the solar radiation to avoid deviation of temperature and humidity data. A tripod 
is used to place the two instruments above the measuring point, 1.5 m height vertical from the ground. Observation 
method of a fixed time period is adopted within the period 9:00-18:00, which is the most frequent time for outdoor 
activities, to make hourly record of air temperature (Ta), relative humidity (RH), globe temperature (Tg) and wind 
velocity (Va) of different measuring points. 

2.2. Questionnaire survey 

Field measurement of data is carried on and in the meantime questionnaire survey is also carried out. The test 
objects are visitors in the garden. Questionnaire mainly involved aspects of thermal sensation, thermal comfort and 
acceptance degree of the test objects under different environmental conditions within the garden. The testing 
contents are divided into different grades with different corresponding values, such as thermal sensation divided 

Fig. 2. Function layout and 
measuring point arrangement 
of Yu Yin Shan Fang 

Fig. 1. Real scene picture of 
Yu Yin Shan Fang 

Fig. 4. Function layout and measuring 
point arrangement of  Ke Garden 
F

Fig. 3. Real scene picture 
of Ke Garden 

Fig. 6. Real scene picture of 
Qinghui Garden 

Fig. 5. Function layout and measuring point arrangement of 
Qinghui Garden 

Fig. 8. Real scene picture 
of Liang Garden 

Fig. 7. Function layout and measuring point arrangement of 
Liang Garden 
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from cold to hot into 9-point scale: -4 (very cold), -3 (cold), -2 (cool), -1 (slightly cool), 0 (neutral), +1 (slightly 
warm), +2 (warm), +3 (hot), +4 (very hot), and thermal comfort into 1 (comfortable), 2 (slightly uncomfortable), 3 
(uncomfortable) and 4 (very uncomfortable). In the meantime, a detailed record of the test position, time, as well as 
the age, gender, activity state and dresses of the test objects is made. According to the statistics, there are 945 valid 
questionnaires in the whole test. 

33.  Results and Discussion  

3.1. Calculation and analysis of PET 

Rayman was the thermal environment evaluation model developed by professor Andreas Matzarakis and his team 
members of the University of Freiburg, Germany in 2007. The model took into account the complex urban structure, 
and calculated some outdoor thermal environment indices (like PMV PET SET*) through the introduction of 
meteorological factors such as clouds, wind, air temperature and relative humidity, and through the calculation of 
the long wave and short wave radiation obtained by human body, as well as in combination with the age, gender, 
height, weight, clothing thermal resistance and the metabolic rate of test objects. This research tends to calculate the 
PET at each measuring point in the four gardens with the aid of Rayman model. 

 

Table 1. General information of measuring-points 

Measuring point   
no.     

Position 
Whether near  
water 

Shelter state 
Underlying 
surface 

Yu Yin  
Shan Fang 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Within Wopiao Cottage 
Under Flower Stands of Shenliu Hall Front Porch 
Near the Wall, Western of Square Pond 
Front Porch of Linchi Bie Guan 
Above Huanhong Kualv Bridge 
Near Rockery 
Within Waterside Pavilion 
Under Corridors 
Small Yard in Front of Wopiao cottage 
North of Waterside Pavilion 
Within Laixun Pavilion 

No 
Yes 
Yes 
Yes 
Above 
Yes 
Above 
Yes 
No 
No 
No 

Indoor 
Flower Stands 
Garden wall 
Front Porch 
Bridge Pavilion 
Rockery Sparse Shade 
Indoor 
Corridor 
Sparse Shade 
Dense Shade 
Pavilion 

Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Tilestone 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 

Ke Garden 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Within Ke Pavilion 
Within Baiyue Pavilion 
Huzhong Tian Courtyard 
Within Narrow and Deep Patio of Yaoshan Ge 
Under Trees in Front of Wenhua Courtyard 
Orchid Terrace 
Within Yazi Hall 
Under Tree near Qu Pond 
Above Zhanming Bridge 
Huanbi Corridor Back on Little Patio 
Within Baihong Xiaoxie 

Above 
No 
No 
No 
No 
No 
No 
Yes 
Above 
No 
No 

Pavilion 
Pavilion 
No Shelter 
Four Walls Around Patio 
Sparse Shade 
No Shelter 
Indoor 
Dense Shade 
No Shelter 
Corridor 
Pavilion 

Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Tilestone 
Floor Tile 
Floor Tile 

Qinghui 
Garden 

1 
2 
3 
4 
5 
6 
7 

Under Chengyi Pavilion Eaves 
Within Hexagonal Pavilion near Winding Corridor 
North Bank of Square Pond 
Huana Pavilion 
In Front of Zhenyan Room 
Path behind Guiji Cottage 
Near Nine-Lion Mountain of New Garden 

Yes 
Yes 
Yes 
No 
No 
No 
Near Waterfall 

Pavilion 
Pavilion 
Sparse Shade 
Dense Shade Pavilion 
Dense Shade 
Sparse Shade 
Sparse Shade Corridor 

Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 

Liang  
Garden 

1 
2 
3 
4 
5 
6 
7 
8 

Front Porch of Boat Hall 
Under trees of Old Hu Pavilion 
Within Pavilion Above Rockery 
Small Hard-Floor Square 
Junction Place of Stone Courtyard and Water Courtyard 

Near Rockery 

Li Pavilion 

Above Arch Bridge 

Yes 
No 
No 
No 
Yes 
Yes 
Yes 
Above 

Dense Shade 
Dense Shade 
Sparse Shade 
Pavilion 
Sparse Shade 
Sparse Shade 
Sparse Shade Rockery,Garden Wall 

Pavilion Sparse Shade 

Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Floor Tile 
Tilestone 
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Trough Rayman contrast, the result verifies that there is little PET difference between men and women of the 

standard height and weight (within 0.1°C), thus the paper chooses male persons of 175 cm height, 70 kg weight, and 
35 years old as standard persons to calculate; Through statistics, the activity type of 83% of tested persons in the 
gardens is walking (0.9 m/s), thus the corresponding metabolic rate of 115 W/m2 is taken as the calculation 
parameter; the mean clothing thermal resistance of tested persons is 0.3 clo; In addition, meteorological parameters 
(Ta, RH, Va) of the testing day recorded by instruments, the mean radiation temperature (MRT) calculated 
according to formulas, the cloud cover of the testing day provided by weather stations and the observation image 
obtained by Hemiview canopy system are treated and introduced in Rayman model to calculate. 

The PETs of the four gardens are respectively analyzed (Fig. 9). Due to the influence of long hours of solar 
radiation, the PETs of all measuring points with sparse shade and no horizontal shelter fluctuate strongly in the 
daytime. Among these points, the measuring points near the garden wall or rockery, though without horizontal 
shelter measures, are in the shadow of rockery and garden wall for a period of time along with the change of the 
solar altitude angle and azimuth angle, for rockery and garden wall play a vertical shading effect so that their PET 
fluctuation in the daytime is slightly weak. In addition, some measuring points with horizontal shelter (corridor, 
pavilion) are still under direct sunlight for a period of time due to small shelter area, thus their PET fluctuation is 
weaker. The PET of other measuring points under dense shade or with enough horizontal shelter is relatively stable 
in the daytime, owing to relatively weaker influence of solar radiation. Therefore, it can be concluded that PET has 
relatively high correlation with solar radiation. 
 

 
 

Table 2. Performance of measuring instrument 

Instrument Name 
Measurement 

Parameters 
Measurement Range Accuracy Resolution 

HOBO  
Temperature and Humidity 

Recording Device 

Ta (°C) -40°C-70°C ±0.18 °C 25°C  0.02 25°C  

RH (%) 0%-100% ±2.5% 10-90%  0.03% 

HD32.3 
Thermal Index Imager 

Tg (°C) -10°C-100°C ±0.3 °C 0.1 

Va (m/s) 0 m/s-5 m/s 
±0.05 (0-1 m/s) 
±0.15 (1-5 m/s) 

0.01 

Fig. 9. PET analysis of each measuring point of the four gardens 
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A comparison of the overall state of PET in four gardens is made (Fig. 10). The comparison shows the result that 

the PET distribution of the other three gardens concentrates within 30°C - 35°C, with Ke Garden as an exception 
most of whose PET distribution concentrating within 33°C - 40°C. Due to the relatively sparse vegetation, the PET 
extreme value of Ke Garden is far higher than the other three gardens. Since extreme variate value exists in the 
obtained data, the median used as the representative value can better reflect the median level of PET of each garden. 
The PET median value of Ke Garden is 36.5°C, still the highest among the four gardens, while that of the other 
three gardens basically reaches the same level. Thus it can be seen that both of the area and density of garden 
vegetation are directly related to PET. 

In general, The PET difference among the measuring points within Qinghui Garden is relatively small, while that 
of the other three gardens is relatively significant, which indicates that uniformity of the thermal environment within 
Qinghui Garden is relatively good. The uniformity state of thermal environment depends on different combinations 
and allocation of environmental elements.  

 

 

3.2. Statistics and analysis of Thermal Sensation and Thermal Comfort Votes  

Through statistics of the obtained questionnaire, table 3 and 4 is obtained, in which there are no grades of “cold” 
and “very cold” in the 945 valid questionnaires. The thermal sensation of 35% of the tested persons is neutral, while 
69% of them feel comfortable in the garden, which is far greater than the proportion of “neutral” thermal sensation, 
and is basically equal to the total sum of “slightly cool”, “neutral” and “slightly warm” thermal sensation 
proportions. Thus it is seen that deviation from the “neutral” thermal sensation in summer will not necessarily make 
people feel discomfort, and people can still feel comfortable in the transferring process from “neutral” to “cold” or 
“hot”.  

Add up the thermal sensation and thermal comfort votes of the four gardens, and percentage is adopted to analyze 
the data (Fig. 11, 12), due to different number of samples among the four gardens. The thermal neutral and 
comfortable laws are basically identical among the four gardens. On the whole, among the thermal sensation votes 
of Ke Garden, the proportion of “neutral” votes is less than 30%, lower than the mean value, and that of “slightly hot” 
votes accounts for about 60% and that of corresponding “comfortable” accounts for the minimum proportion among 
the four gardens; The “neutral” proportions of thermal sensation votes of Yu Yin Shan Fang and Qinghui Garden are 

Fig. 10. Integrated analysis of the 
PETs of the four famous gardens 

Fig. 11. Thermal Sensation Votes 
proportion of the four famous gardens 

Fig. 12. Thermal Comfort Votes 
proportion of the four famous gardens 

Table 3. Proportion of Thermal Sensation Votes TSV of four gardens 

 
Very Cold 

-4 
Cold 

-3 
Cool 

-2 
Slightly Cool 

-1 
Neutral 

0 
Slightly Warm 

+1 
Warm 

+2 
Hot 
+3 

Very Hot 
+4 

Total Number 
of People 

— — 3 94 331 204 140 106 67 

Proportion — — 0.3% 9.9% 35.0% 21.6% 14.8% 11.2% 7.1% 

Table 4. Proportion of Thermal Comfortable Votes TCV of four gardens 

 Comfortable Slightly Uncomfortable Uncomfortable Very Uncomfortable 

Total Number of People 652 214 69 10 

Proportion 69.0% 22.6% 7.3% 1.1% 
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similar, accounting for more than 35%, with slightly larger proportion of “slightly cool” votes of Yu Yin Shan Fang. 
The “neutral” proportion of Liang Garden accounts for more than 45%, that of “slightly cool” votes for nearly 15%, 
higher than the other three gardens, and that of “comfortable” votes is the highest in four gardens.  

 

 
Fig. 13-14 show statistics result of thermal sensation and thermal comfort votes of each measuring point and 

percentage is adopted to analyze the data, due to different number of samples among each measuring point. The 
“neutral” proportions of both measuring point 8 and 10 of Yu Yin Shan Fang are close to 50%, and slightly hot and 
slight cold proportion are similar, but the “comfortable” proportion at measuring point 10 is about 15% higher than 
that at measuring point 8. Therefore, it can be referred that the thermal sensation is closely related to thermal 
comfort, but the degree of hotness or coldness is not the only standard to determine comfort degree. Measuring point 
10 is covered with thick lush tall trees, which can generate shady comfortable feeling psychologically in people’s 
heart. The percentage of comfort degree at each measuring point is sorted and the result shows that more than 80% 
of the participants think the measuring point under shade comfortable, and that more than 60% of the participants 
think the measuring point under artificial shelter (corridors, pavilions) comfortable. Measuring point 1 is covered by 
a pavilion and located above the surface of an open and wide lake. This point enjoys pleasant scenery, where 
obvious feeling of wind relieves the hot and humid feeling. Therefore, it obtains the highest “neutral” vote in the 
garden, with “comfortable” votes accounting for more than 85%. Measuring point 4 is located within a little patio 
whose is narrow and deep, free from direct sunlight all day long and accordingly very shady and cool, and become 
“cold source” of the whole architecture. Therefore, it obtains 60% of “slightly cool” votes and all the participants 
feel comfortable. Hence, it is seen that slightly cool thermal environment in summer can make people feel 
comfortable. The thermal comfort of each measuring point in Qinghui Garden is close, with measuring point 7 
accounting for nearly 20% higher than measuring point 2. Thus it can be inferred that dynamic water can better help 
regulate the outdoor thermal environment, compared with static water. However, among the thermal comfort votes, 
“comfort” proportion of measuring point 7 is slightly lower than that of the measuring point 4 under a pavilion 
without water around. This suggests that high humidity and low wind velocity can also affect the people's comfort, 
under the condition of insignificant difference in the degree of coldness or hotness. Qunxing Thatched Cottage of 
Liang Garden enjoys lush vegetation, and more than half area of the garden is covered with trees, thus overall 
thermal sensation is neutral and slightly cool. A respective comparison of measuring point 3 and 7, and of measuring 
point 2 and 1 is made. The result shows the comfort degree of all measuring points next to water is higher than that 
of measuring points without water around, which indicates that water could increase the cool and comfortable 
feeling psychologically in people’s heart, under lush vegetation or at places with horizontal shelter (pavilion) in 
summer. A comparison of measuring point 4 and 5 shows that thermal sensation of measuring points next to water is 
hotter and the comfort degree is lower, which suggests humidity rise will increase people's sense of "hotness" and 
thus aggravate discomfort in summer under the conditions of strong influence of solar radiation and slightly hot 
outdoor environment. 

Fig. 13. Votes proportion of the Thermal Sensation of each measuring point of the four gardens  

Fig. 14. Votes Proportion of the Thermal Comfort of each measuring point of the four gardens  
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3.3. The proposal and verification of thermal comfort threshold in summer 

A regression analysis of PET value obtained by integrated calculation and the corresponding thermal sensation 
votes is made and the results are shown as follows in figure 15. The linear regression equation obtained is:  

 

              
 

Generally, people do not produce cold feeling in the outdoor environment in summer and thus the main problem 
of outdoor thermal environment in summer is hot. Therefore, in view of the environment design, only the PET 
neutral temperatures corresponding with the five grades in thermal sensation scale from "neutral" to "very hot" are 
calculated, and the median (±0.5) values between two adjoining degrees are introduced into the formula to re-
calculate, so that the corresponding PET ceiling of “neutral” thermal sensation of the garden in summer and the 
corresponding PET range from “slightly warm” to “very hot” are defined (Table 5). Through calculation, the 
corresponding PET neutral temperature and PET ceiling of outdoor area of Lingnan garden in summer when people 
feels neutral are 30.9°C and 33.2°C respectively. 

 

44. Conclusion 

The research shows that a well-distributed thermal environment of garden depends on the of different 
combinations and configurations proportion of environmental factors. Due to the influence of many factors such as 
the climate, environment, function and thermal adaption, there is no uniform standard for the perception of thermal 
environment among different people, which leads to some limitations of thermal comfort evaluation model, applying 
only to specific environmental conditions. In Lingnan Garden, when PET value does not exceed 33.2°C in summer, 
the thermal comfort of outdoor Lingnan garden could be basically guaranteed. The preliminary establishment of 
thermal comfort evaluation model of Lingnan garden in summer provides the basis for outdoor thermal environment 
evaluation of the garden, and at the same time helps to further understand the thermal comfort state of the Lingnan 
garden in summer, to better create suitable thermal comfort environment of outdoor garden, and to inherit the 
climate adaptability experience of Lingnan garden. 

TSV = 0.2135 × PET − 6.5886  R =0.5053         1  
In the equation: TSV is the corresponding value of different thermal sensation vote rating; PET is physiological equivalent temperature. 

Fig. 15. PET and Thermal Sensation Vote (TSV) 

Table 5. Corresponding PETs of different thermal sensations and their thresholds in summer 

Thermal Sensation Levels 
Neutral Temperature 
(°C) 

Lower Temperature Limit (°C) Upper Temperature Limit (°C) 

0 Neutral 30.9 — 33.2 

1 Slightly Warm 35.5 33.2 37.9 

2 Slightly Hot 40.2 37.9 42.6 

3 Hot 44.9 42.6 47.3 

4 Very Hot 49.6 47.3 — 
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