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Abstract: As urban areas expand, the focus on improving outdoor thermal comfort intensifies.
This study generated Summer Discomfort Index (SDI) maps for Seville and Barcelona (Spain),
as well as Tetuan (Morocco). SDI integrates temperature and humidity for an accurate comfort
assessment. Calculations involved substituting air temperature with land surface data from MODIS
and incorporating humidity from weather stations, then comparing it to Thermal Sensation Votes
(TSV) gathered through surveys. The objective was to assess thermal comfort levels and explore the
relationship between remotely sensed SDI and residents’ reported perception. These detailed SDI
maps offer crucial insights into summer thermal conditions, advancing urban climate studies and
influencing urban planning, design, and well-being strategies.

Keywords: thermal comfort; Thermal Sensation Vote; land surface temperature; Summer Discomfort
Index

1. Introduction

In recent decades, urbanization has been a pivotal force, signifying the concentration
of populations in cities and the consequential expansion of urban areas. This shift has
emerged as a central topic in contemporary urban policy discussions, underlining its
paramount importance [1]. Against the backdrop of global climate change and the swift
pace of urban development, urban residents are confronted with progressively severe
environmental challenges [2–4]. These challenges necessitate an urgent focus on enhancing
outdoor thermal comfort to ensure the well-being of city dwellers.

Various thermal comfort indices are employed to assess the subjective perception of
thermal comfort [5–8]. The Summer Discomfort Index (SDI) [9] is a modified version of
Thom’s Thermal Discomfort Index [10]; it introduces a more visual approach to evaluating
thermal comfort during warm seasons. Through user-friendly maps, it combines temper-
ature and humidity factors, providing a clear measure of outdoor comfort levels. These
maps can provide a valuable tool in urban planning and design.

2. Materials and Methods

Questionnaires were administered over various days in June 2022 in Tetuan, Morocco
(35.5889◦ N, 5.3626◦ W), and on specific days in June 2023 in Seville (37.3891◦ N, 5.9845◦ W)
and Barcelona (41.3874◦ N, 2.1686◦ E), Spain (Figure 1).
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(MODIS), further enhancing the robustness and comprehensiveness of our thermal envi-
ronment representation. The main daily humidity data, derived from reputable weather 
stations, were used as the second component in the calculation of SDI. 

  

Figure 1. Study areas: Tetuan, Morocco, and Seville, Barcelona, Spain.

All questionnaires included various personal and environmental questions. For the
sensation vote, ASHRAE’S [11,12] seven-point scale was employed for evaluating thermal
comfort. Consequently, Thermal Sensation Votes (TSVs) were calculated based on the
following rating: −3 for feeling cold, −2 for feeling cool, −1 for feeling slightly cool, 0 for
feeling comfortable, 1 for feeling slightly warm, 2 for feeling warm, and 3 for feeling hot.

The Summer Discomfort Index (SDI) in this study was derived by leveraging the
observed correlation between air temperature and land surface temperature. This correla-
tion enabled the establishment of a precise linear regression equation, which is pivotal in
calculating SDI values. This equation was then seamlessly integrated into the SDI maps,
ensuring a dependable and accurate portrayal of thermal discomfort across our selected
locations. This process was underpinned by meticulous data acquisition over a compre-
hensive period of three decades, drawing from four distinct outdoor thermal comfort
databases covering ten cities with diverse geographical and climatic profiles. In instances
where air temperature data were not directly accessible, we relied on trustworthy weather
stations to supplement our dataset. Additionally, land surface temperature data for each
location were sourced from the Moderate Resolution Imaging Spectroradiometer (MODIS),
further enhancing the robustness and comprehensiveness of our thermal environment
representation. The main daily humidity data, derived from reputable weather stations,
were used as the second component in the calculation of SDI.

3. Results

In Tetuan, Morocco, we observed the lowest temperatures coupled with the highest
levels of humidity. In stark contrast, Seville exhibited the highest temperatures but expe-
rienced the lowest humidity levels. Barcelona fell in between, ranking second for both
temperature and humidity (Table 1).
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Table 1. Average Thermal Sensation Vote (TSV), temperature, and humidity in the studied cities.

City, Country Days Mean TSV Mean Temperature
in ◦C

Mean Humidity
in %

Tetuan, Morocco
1 June 2022 1.44 26.0 57
3 June 2022 0.43 25.0 56

13 June 2022 0.32 24.9 64

Seville, Spain 1 June 2023 0.14 26.1 39
6 June 2023 1.29 31.8 25

Barcelona, Spain 15 June 2023 1.26 28.8 46

Furthermore, our analysis using Summer Discomfort Index (SDI) maps (Figure 2) on
the same date revealed insightful patterns. The high temperatures in Seville, coupled with
the elevated humidity levels in Tetuan, rendered both cities slightly warmer than Barcelona.
Interestingly, Barcelona’s SDI map indicated localized spots that offered a marginally more
comfortable thermal experience compared to the other cities.
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4. Discussion

The comparative analysis of Tetuan, Seville, and Barcelona provides valuable insights
into the diverse thermal environments within cities classified under the same Köppen
climate type (Csa). Notably, Tetuan, Morocco, exhibited the lowest temperatures in the
studied period along with the highest humidity levels, while Seville, Spain, experienced
elevated temperatures and lower humidity levels, and Barcelona fell in between, rank-
ing second for both temperature and humidity. These findings emphasize the nuanced
microclimatic differences that significantly influence the thermal experiences of residents
and visitors.

The observed variations in thermal conditions align with the geographic and climatic
characteristics of each city. Tetuan, located in northern Morocco, experiences the moderating
influence of the Mediterranean Sea, leading to milder temperatures but higher humidity
levels. Seville, situated inland in southern Spain, is characterized by hot, dry summers
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typical of continental climates. Barcelona, also along the Mediterranean coast, benefits from
a maritime influence, resulting in relatively moderate temperatures and humidity levels.

The Summer Discomfort Index (SDI) further corroborates our findings. Both Tetuan
and Seville, with their combination of high temperatures and humidity levels, exhibited
slightly higher discomfort levels compared to Barcelona. Interestingly, Barcelona’s SDI map
revealed localized areas that offered a slightly more comfortable thermal experience. This
suggests the presence of microclimatic variations within the city, influencing the perceived
thermal comfort of its inhabitants.

5. Conclusions

The characteristics of the environment, an individual’s capacity for adaptation, and the
insulation of one’s clothing are among the variables that affect thermal sensation variations.
Research and planning are made easier by the objective depiction of thermal conditions
provided by visual maps. The Summer Discomfort Index (SDI) brings attention to the
differences in thermal perception among cities and emphasizes the value of using both
objective measurements and subjective assessments.

Additionally, in this study, the cities exhibited distinct temperature and humidity
profiles. In Tetuan, Morocco, the lowest temperatures were observed with high humidity,
while Seville experienced high temperatures with low humidity. Barcelona ranked in-
between. Despite sharing a Köppen climate classification (Csa), significant microclimatic
differences were observed, underlining their impact on residents’ experiences.

In summary, our findings demonstrate the intricate interplay between temperature,
humidity, and thermal comfort in these Mediterranean cities. These nuanced differences
should be carefully considered in urban planning and design to create spaces that prioritize
the well-being and comfort of inhabitants.
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