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Abstract 

Scientific research has identified different adaptive behaviours that influence ther-

mal comfort in buildings. Depending on factors such as ventilation mode, building 

type, or occupant age, those user actions are diverse and include air conditioning 

and fan usage, window and/or door opening, curtain and/or blind usage, cloth ad-

justment, and beverage drinking, among many others. Especially in the Mediterra-

nean summer climate, façade openings are likely to be a direct inflow of hot air. 

Focusing on the case study of a residential building with a robust envelope, this 

chapter aims to assess the impact of keeping windows open on indoor temperature 

and relative humidity. 

Keywords: Open windows; Mediterranean climate; Summer climate; Tempera-

ture; Relative humidity. 

1. Introduction 

Scientific research has identified different adaptive behaviours that influence 

thermal comfort in buildings. Depending on factors such as ventilation mode, 

building type, or occupant age, those user actions are diverse and include air con-

ditioning and fan usage, window and/or door opening, curtain and/or blind usage, 

cloth adjustment, and beverage drinking, among many others (Arsad et al. 2023).  

Despite the multifaceted nature of adaptive strategies, research has predomi-

nantly concentrated on a limited set of passive measures, such as optimising insu-

lation layers, utilising naturally ventilated envelopes, and employing sun shading 

devices (Balali et al. 2023). Often driven by considerations of energy efficiency 

and financial implications, these adaptive strategies point out the need for a more 

comprehensive exploration of alternative approaches. 

Chvatal and Corvacho (2009) delved into the impact of increased envelope insu-

lation on overall building performance, revealing its beneficial effects during win-

ter but raising concerns about potential overheating in summer. Given the conven-

tional perception of highly insulated envelopes as unequivocal energy-saving 

solutions, it is therefore necessary to determine optimal insulation levels to avoid 

both indoor hygrothermal discomfort and increased reliance on air conditioning. 

Understanding the influence of outdoor environmental parameters on window-

opening behaviour, Kim et al. (2019) provided valuable insights for informed de-

sign decisions in architecture. According to Mochida et al. (2005), cross-ventila-

tion emerges as a key factor and has the potential to significantly enhance indoor 

thermal comfort, especially in the summer, through strategic control of window 

openings and tree arrangements. Likewise, Daghigh (2015) drew attention to the 

impact of natural ventilation on indoor humidity and its impact on comfort. 
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Additionally, Tamaskani Esfahankalateh et al. (2021) highlighted the significance 

of window orientation for enhancing thermal comfort in residential buildings, rec-

ommending east- and west-facing openings for cold climates. The authors also in-

dicated that heat transfer between the body and the surrounding environment hap-

pens through convection, so wind speed turns out to be relevant in this sense. 

Li et al. (2015) explored the triggers for window opening, emphasising the role 

of outdoor air temperature and occupants’ desire to improve indoor thermal and 

air quality against outdoor relative humidity, indoor air temperature, indoor rela-

tive humidity, and indoor CO2 concentration. 

Further nuances in window-opening patterns were exposed in a year-long study 

by Lai et al. (2018), demonstrating variations across seasons, times of day, and 

weekdays against weekends. It is worth noting that, in the region of their study 

(China), opening patterns increased from winter to summer up to around 27°C, 

with greater activity during the morning and working hours on weekdays; window 

opening on weekends took place to a lesser extent. 

The diverse perspectives presented in the literature stress the complexity of 

adaptive behaviours influencing thermal comfort in buildings. Especially in the 

Mediterranean summer climate, façade openings are likely to be a direct inflow of 

hot air and entail a temperature increase, especially in south rooms. According to 

Zaki et al. (2012), occupants may depend on mechanical cooling to counteract the 

excessive solar gain of rooms, which causes thermal discomfort. In this line, fo-

cusing on the case study of a residential building with a robust envelope, this 

chapter aims to evaluate how keeping windows open affects indoor temperature 

and relative humidity based on sensor and satellite data collected during a specific 

two-week period in summertime. Further, this unfavourable scenario was exacer-

bated by wildfire activity in the immediate vicinity, substantially reducing the 

area’s humidity during that period and for the foreseeable future, thus making it 

necessary to picture the relative humidity of the case study area. After all, in addi-

tion to indoor hygrothermal conditions, thermal comfort is affected by people’s 

adaptation to climate, of which the role of relative humidity is more complex 

(Borghero et al. 2023). 

Having introduced the research context, this chapter is structured as follows: 

Section 2 describes the case study and its geographical context. Meanwhile, Sec-

tion 3 presents the research methodology, which is supported by own and third-

party data on the case study building and its surroundings. Section 4 presents the 

data achieved and discusses the findings. Finally, Section 5 gathers the drawn con-

clusions and future work. 

 

 

 



4  

2. Case study: a residential building with a robust envelope 

2.1. Context 

As seen in Fig. 1 and Fig. 2, the case study is located in Alhaurín de la Torre, the 

7th most populated municipality in the near vicinity of Málaga city (42,531 citi-

zens in 2022, according to data by the regional government’s Instituto de 

Estadística y Cartografía de Andalucía in 2023). Geographically speaking, the 

case study is on the north side of Sierra de Mijas and close to the Guadalhorce 

River valley and coastal villages. The building is specifically located in Pinos de 

Alhaurín, a leafy suburb, at approximately 245 metres above sea level, near a cal-

cite quarry and a pine forest. 

 

 
Fig. 1. Case study’s geographical context: Sierra de Mijas and coastal surroundings. Viewed 

from the west. Source: based on Google Earth Pro 3D content (Google Inc. 2023). 
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Fig. 2. Case study’s geographical context: Sierra de Mijas and coastal surroundings. Viewed 

from the northeast. Source: based on Google Earth Pro 3D content (Google Inc. 2023). 

 

The Sierra de Mijas is a mountainous formation with a variety of flora and 

fauna, highlighting the presence of the Jarapalos Arboretum, a botanical garden 

with a multitude of plant species. Unfortunately, these mountains are prone to 

wildfires (mainly intentioned), especially in summer. In this sense, from 12.30 pm 

on the 15th to 17th (stabilised at 7.30 pm) of July 2022, the Sierra de Mijas experi-

enced a devastating wildfire affecting biodiversity. It was not until 19th July that 

the fire was controlled and finally declared extinguished on 3rd August 2022. It is 

also worth mentioning that authorities evacuated more than 1500 people preven-

tively since the fire reached, and was likely to reach, populated areas. In relation 

to the extent (in hectares burnt) of this natural disaster, official numbers differ de-

pending on the reporting public body or organisation: 1788.33 ha (Dirección 

General de Protección Civil y Emergencias 2023), approximately 1870 ha by the 

regional government (Dirección General de Política Forestal y Biodiversidad 

2023), or 1814.05 ha measured on cartography and 2097.21 ha calculated on the 

Digital Terrain Model (DTM) of the area a few hours before the fire was stabilised 

in the evening (Acaire 2022). Fig. 3 shows, in red colour, the surface boundary af-

fected by the wildfire, according to Sentinel 2B satellite data at 10.56 am on 17th 

July. 
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Fig. 3. Location and extent of Sierra de Mijas’ wildfire on 17th July 2022. Source: based on 

Javier Martos’ map (Acaire 2022). 

 

Section 4 will reveal the role of this foliage-covered sierra in the area’s moisture, 

but now that it has been almost destroyed, the climatic implications of this wildfire 

are yet to be determined. 

2.2. Building typology and features 

The construction of the case study building concluded in 1999, several years be-

fore the entry into force of the continuously amended and current Technical Build-

ing Code (Ministerio de Vivienda 2006), the reference set of regulations that es-

tablish the requirements and standards for building design and construction in 

Spain. Notwithstanding, despite the regulations applicable to date (1970s to 

1980s), the building was provided with a robust envelope with thermal insulation 

and a significant mass in walls, thus yielding a reasonable theoretical thermal iner-

tia. 

The case study’s building was a ground-floor detached house with a reinforced 

concrete structure based on pillars and slabs and a sloping roof. The walls forming 

the thermal envelope were 34.5 cm thick and consisted of the following layers, 

from the outside to the inside: First, white vibrated concrete rough blocks (there 

was no additional cladding), a 2 cm layer of cement mortar to seal the blocks and 

receive the projection of 2 cm of polyurethane foam. Next, letting a non-ventilated 

3 cm cavity in the inner core of the wall to reduce thermal transmittance, a hollow-
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brick wall with a thickness of 7 cm served as the basis of the 1.5 cm thick plaster-

ing in contact with indoor ambient. 

The two monitored rooms of the building had different orientations at opposite 

façades, particularly south and north. Each room comprised one sliding window 

with an effective opening surface of approximately 0.50 m2 (0.45 x 1.10 m) for 

each open sash. These windows allowed cross-ventilation throughout a corridor. 

3. Methodology 

The research methodology comprises two different data sources: 1) Satellite im-

agery and data, and 2) Data recorded in situ from the case study building. 

3.1. Satellite data collection 

3.1.1. Satellite imagery 

Sentinel-2 L2A data were used to contextualise the case study in terms of geo-

morphological features, its proximity to the sea, and the surrounding dryness in or-

der to supplement recorded hygrothermal data from the case study building. 

Access to satellite data was granted via the Copernicus Browser from the Coper-

nicus Data Space Ecosystem (European Space Agency (ESA) and T-Systems 

2017). According to this online system, Sentinel-2 satellite provides high-resolu-

tion visible and infrared spectral band images to monitor vegetation, soil and wa-

ter cover, inland waterways, and coastal areas to achieve land-cover maps, land-

change detection maps, vegetation monitoring, or monitoring of burnt areas. Level 

2A data, available since June 2015 and March 2017 globally, are high-quality data 

processed to filter atmospheric effects on the light reflected off the Earth’s sur-

face, reaching the sensor. 

Collected satellite imagery comprised two distinct types: 

• ‘True colour’ images (visible light) consisting of the red, green, and blue 

(RGB) colour channels to produce a natural coloured representation of the 

Earth, as seen with the naked eye. 

• ‘Normalised Difference Moisture Index’ (NDMI) images, with values ranging 

from -1 to 1 (coefficient). Low, negative values (intense red) indicate barren 

soil, values around zero (from approximately -0.2 to circa 0.4) generally cor-

respond to water stress, and high, positive values (dark blue) account for high 

canopy with no water stress. In this way, NDMI images are used to determine 

vegetation water content and monitor droughts. 
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The time span of satellite image recording was determined by the following fac-

tors: i) the hygrothermal monitoring period of the case study building, so that it 

was mostly covered (from 9th to 23rd July 2022), ii) the wildfire that took place 

nearby during that period, and iii) the comprehensiveness and quality of satellite 

imagery. The second factor made it convenient to explore the area’s moisture con-

ditions before and after the natural disaster, which happened from noon on the 15th 

until the evening of the 17th of July 2022, in order to reveal a possible impact on 

the indoor and outdoor temperature and relative humidity values of the case study. 

The latter factor, i.e., the suitability of image data, was affected by the coverage of 

satellite flight paths over the area and its cloudiness. In an effort to reach the end 

of the building’s monitoring period, satellite imagery was consulted in the days 

that followed. However, the images were incomplete. It was not until 1st August 

that the whole area was captured by Sentinel-2 (the moisture conditions may have 

undergone alterations over that extended time frame) except for 27th July, but the 

image presented a significant number of clouds covering the Sierra de Mijas. Con-

sequently, it was decided to display 22nd July as the closing instance of the satel-

lite observation. Similarly, pre-wildfire data were retrieved from the Copernicus 

Browser dated 27th June for comparison, thus ensuring the completeness men-

tioned above and the quality of image data. 

Beyond collecting the satellite images (true colour and NDMI), pre- and post-

wildfire histograms were downloaded from the NDMI images so that the moisture 

index could be more easily visually quantified and understood in terms of signifi-

cance. In addition, both NDMI images were converted into greyscale to quantify 

the pixel intensities as per Antón and Amaro-Mellado (2021) and as seen in Antón 

et al. (2022). This was carried out by enquiring the digital number (DN) in 8-bit 

encoding (256 values ranging from 0 to 255). As a consequence, the lost vegeta-

tion and the new surface with extreme dryness could be represented by means of 

two supplementary histograms. 

3.1.2. Meteorological data 

This research also benefitted from meteorological satellite data, which were use-

ful in capturing the outdoor conditions of the case study building’s surroundings 

during indoor hygrothermal monitoring. This was achieved via the POWER Data 

Access Viewer by NASA (1981) to obtain higher resolution daily time series data 

from the Prediction of Worldwide Energy Resource (POWER) Project. With its 

origin in NASA research and managed by NASA’s Global Modelling and Assimi-

lation Office (GMAO), POWER provides solar and meteorological data sets to 

support renewable energy, energy efficiency in buildings, and agricultural needs. 

Here, meteorological data are provided by the Modern-Era Retrospective analysis 

for Research and Applications, Version 2 (MERRA-2) Project, available since 1st 

January 1981, with data until within several months of real time (NASA 2020). 

In this research, by entering the case study’s coordinates (hidden for privacy), a 

comprehensive series of meteorological data was extracted from MERRA-2: 
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• The average air (dry bulb) temperature at 2 metres above the Earth’s surface 

(°C) indicated as T2m in this chapter’s tables. 

• Dew point (temperature) at 2 metres (°C)  

• Relative humidity at 2 metres (%), indicated as RH2m in this chapter’s tables. 

• Surface pressure (kPa)  

• Wind speed at 10 metres (m/s), WS10 in tables 

• Wind direction at 10 metres (degrees)  

• Wind speed at 50 metres (m/s), WS10 in tables  

• Wind direction at 50 metres (degrees)  

Among those parameters, the most relevant were chosen to analyse the building 

performance considering the season of the year, the case study altitude, and priori-

tising data deriving from the sensors installed. 

Finally, the 2022 mean energy intensity or mean solar radiation on the case 

study area’s Earth surface was also obtained to contextualise the case study. 

3.2. Sensor data: indoor and outdoor conditions 

Data revealing the case study’s indoor and outdoor conditions consisted of tem-

perature and relative humidity recordings. This was carried out using three 

OMEGA data loggers (OM-CP-RHTEMP101A) attached to the walls and config-

ured to monitor strategic case study locations: a bedroom facing the south façade 

(ID 1_South), a guest room facing north (ID 2_North), and outside the latter 

room’s window, protected from direct sunlight (ID 3_Exterior). It should be noted 

that both rooms are opposite, thus allowing cross ventilation. Considering that the 

aim of this research was to ascertain the building’s hygrothermal performance, no 

cooling was used during the monitoring period, letting its passive features be the 

sole influencing factors. 

The temperature and relative humidity monitoring took place every 15 minutes 

during the 14 days from 9th to 23rd July 2022, commencing and concluding at 12 

pm CEST (Central European Summer Time). In the course of that period, records 

were kept for both instances: i) when windows in any of the rooms were closed 

and ii) the occupancy status of each room. 

After acquiring the data, temperature and relative humidity values were concur-

rently visualised in individual graphs for each sensor. This presentation aimed to 

facilitate the comprehension of the relationship between the two variables. Addi-

tionally, key statistical parameters, including maximum, minimum, mean, and 

standard deviation were computed. The analysis approach extended to encompass 

the coefficient of variation, covariance, and correlation coefficient, contributing to 

a comprehensive characterisation of their variability and interrelationship. 



10  

4. Results and discussion 

As per the methodology structure above, this section presents and analyses the 

data collected by following both qualitative and quantitative statistical approaches. 

4.1. Satellite data 

4.1.1. Sentinel-2 L2A data 

In this research, satellite image data are used to depict the case study area’s envi-

ronmental conditions. In this sense, Fig. 4 shows Sentinel-2 L2A true-colour and 

NDMI images and histograms before and after the wildfire occurred in Sierra de 

Mijas. The various data reveal a clear difference between both scenarios, high-

lighting the significant loss of vegetation towards the barren surface, especially 

with values ranging from -0.08 to -0.30 in the NDMI images, also seen as forest 

burnt in the true-colour image. Consequently, as burnt areas retain less moisture 

than foliage-covered sectors, an impact on the region’s climate is expected. In 

turn, this could impact the hygrothermal conditions of the case study as opposed to 

the situation in which the wildfire did not occur. 
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Fig. 4. Sentinel-2 L2A satellite data from Sierra de Mijas’ wildfire, pre- (1, left column) and 

post- (2, right column) wildfire: a) true colour images; b) NDMI images; and c) NDMI histo-

gram. Source: NASA’s (1981) ‘POWER Project’ Data Access Viewer. 

 

In addition, although the conversion of RGB images into greyscale depends on 

colour interpretation and assignment to index values, pixel intensities were en-

quired to approximate the quantification of vegetation losses further. The follow-

ing histograms illustrate the lost vegetation and the new surface with extreme dry-

ness. Thus, based on the converted RGB NDMI images, Fig. 5 quantifies the 

number of pixels corresponding to this index. 
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Fig. 5. Histogram of pre- and post-wildfire pixel distribution. 

 

Also shown as the percentage of higher presence (Fig. 6): 

 

 
Fig 6. Histogram of vegetation and dryness pixel distribution. 

 

In view of the above, a lower DN represents vegetation, whereas higher DN val-

ues account for dry areas, the latter mainly corresponding to burnt surfaces. 

Thereby, from DN 117 onward, it is the post-wildfire scenario that exhibits a 

higher presence of pixels corresponding to areas with increased water stress, away 

from the extremely high percentage of pre-wildfire vegetation from DN 0 to circa 

50 and the more slight foliage increase within the 50–117 range. 
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4.1.2. MERRA-2 meteorological data 

Satellite meteorological data collected from NASA’s MERRA-2 Project are pre-

sented here to determine the quantities applicable to the case study. To do this, 

these quantities are displayed together by plotting their values throughout the hy-

grothermal monitoring period set. 

 Fig. 7 shows MERRA-2 temperature and relative humidity data, which are esti-

mations at 2 m over the Earth’s surface. In order to assess their suitability for this 

study, it is therefore necessary to compare them with outdoor data recorded from 

the case study building (sensor ID 3_Exterior), although the latter will be ad-

dressed in the following subsection.   

 

 
Fig 7. Case study monitoring: outdoor ambient temperature and relative humidity. Source: 

NASA’s (1981) ‘POWER Project’ Data Access Viewer and sensor ID 3_Exterior, respectively. 

 

To support that decision, quantitative, statistical data from the two-source meteor-

ological parameters above are gathered in Table 1 below: 

 

 Max* Min* Mean Standard 

Deviation 

CoV* Covariance Correlation 

Coefficient 

T2m (ºC) 28.83 22.05 25.02 1.56 0.06 
1.82 0.61 

T Sensor3 (ºC) 31.62 24.00 28.05 1.94 0.07 

RH2m (%) 96.56 52.38 72.97 10.35 0.14 
61.89 0.54 

RH Sensor3 (%) 73.90 22.70 42.18 11.06 0.26 

*Where ‘Max’ accounts for maximum, ‘Min’ for minimum, and ‘CoV’ for coefficient of 

variation, and ‘T’ and ‘RH’ respectively represent temperature and relative humidity. 

Table 1. Statistical analysis of data collected from MERRA-2 and sensor 3.  
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All considered, both the graph and the analysis results reveal significant differ-

ences between data from the two sources, which may lead to wrong insights into 

the case study’s hygrothermal behaviour: MERRA-2’s average RH is 73% higher 

than that deriving from Sensor 3 ID 3_Exterior, while the mean temperature from 

the former is approximately 11% lower during the monitoring period. Moreover, 

MERRA-2’s temperature rises with sunlight before the actual temperature does, 

the latter being extracted from Sensor 3’s log. This fact is qualitatively shown in 

the graph above and from the calculated covariance, with a positive relationship 

revealing a common trend. It is worth noting that negative values indicate an indi-

rect relationship between variables (this is the case of temperature and relative hu-

midity), whereas positive values show that they jointly increase and decrease. Be-

sides, considering their high covariance, the strong direct relationship between 

relative humidity from the two sources is remarkable since when the recorded RH 

(sensor) increases, the estimated RH (satellite) rises at a higher rate, which could 

be away from the ground-floor reality, the case study.  

This research did not aim to understand the difference between data from the 

cited sources (recorded against estimated), but it may be partly due to the fact that 

the case study presents obstacles to wind, such as the building itself or its sur-

roundings, particularly, a significant number of trees and other nearby construc-

tions. 

For all those reasons, it is the temperature and relative humidity recorded by 

Sensor ID 3_Exterior that is selected to depict the case study’s performance. 

In addition, Fig. 8 depicts how wind speed at 10 m and 50 m altitude (from the 

Earth’s surface) and surface pressure behaved during the monitoring period. 

 

 
Fig. 8. Case study monitoring: wind speed at 10 m and 50 m, and surface pressure. Source: 

NASA’s (1981) ‘POWER Project’ Data Access Viewer. 

 

The wind direction at 10 m is not represented in the graph above but follows a 

quasi-regular behaviour during the monitoring period. However, it was from 8 am 

on the 19th of July until 12 am on the 20th that the wind experienced a change in 
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direction, progressively blowing from southeast to northwest during that lapse. 

Given the representation of wind speed in Fig. 8, the clear drop in its values corre-

sponds to the cited change in wind direction, but there is no noticeable impact on 

the rest of the quantities, at least qualitatively.  

 Besides, in view of the lower values of wind speed at 10 m in relation to that at 

50 m, a reduction in wind speed can be anticipated at a lower altitude (1–2 m 

against 10 m). As explained above, near the ground level, the building itself and 

its surroundings constitute obstacles hindering the wind, so this should also have 

an impact on temperature and relative humidity estimations by MERRA-2. For its 

part, the dew point (temperature) at 2 m was not analysed, as the recorded (sensor) 

outdoor temperature was always higher, even at night. 

Regarding surface pressure, Fig. 8 above reveals clearly defined rises and falls in 

cycles of approximately 12 hours each. In light of recorded temperature cycles (of 

around 24 hours), surface pressure also turns out to be a relevant parameter to 

study. Therefore, wind speed at 10 m and surface pressure were chosen as the key 

meteorological (MERRA-2) quantities for the joint analysis with hygrothermal 

monitoring data. 

Finally, it is worth providing the 2022 mean energy intensity or mean solar radi-

ation on the case study area’s Earth surface: 4.79 kWh/m2/day. 

4.2. Case study building temperature and relative humidity 

Considering recordings every 15 minutes, 2690 data points were collected from 

each sensor’s log at the end of the monitoring period (1345 values for each quan-

tity, temperature, and relative humidity). This subsection is structured as follows: 

indoor sensors (two devices in rooms with a different orientation) and a third sen-

sor installed outside the building (north façade). 

4.2.1. Sensors 1 and 2: indoor (south and north) 

Here, temperature and relative humidity data from indoor sensors are first plot-

ted and statistically analysed for each device separately. 

Fig. 9 illustrates the behaviour of those quantities in the south bedroom (Sensor 

1). 
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Fig. 9. Case study monitoring: Sensor 1’s temperature and relative humidity. South bedroom. 

 

Quantitative data from the previous curves are shown below (Table 2): 

 

 Max Min Mean Standard 

Deviation 

CoV Covariance Correlation 

Coefficient 

T Sensor1 

(ºC) 

30.09 25.21 28.18 1.03 0.04 

-2.53 -0.29 
RH Sensor1 

(%) 

63.60 26.80 40.75 8.48 0.21 

Table 2. Statistical analysis of data collected by Sensor 1. South bedroom. 

 

The data shows what could be considered high temperature parameters for an in-

door space. With windows open most of the monitoring period, the south bedroom 

presents an average of 2.44ºC daily difference between day and night in tempera-

ture (relative maxima and minima). There is also a greater degree of dispersion of 

relative humidity in contrast to indoor temperature in this sunlit room. 

In terms of how the variables behave in relation to each other, covariance and 

correlation coefficient indicate a strong, indirect relationship between them in 

such a way that relative humidity markedly decreases as temperature increases, as 

expected, especially after noon. Relative humidity is unstable and dispersed, with 

values scattered across each day-night cycle. In contrast, temperature is more pre-

dictable, with more regular increases and decreases for each cycle, despite the 

great ordinate (y-axis) cycle breadth. 

On its end, the behaviour of temperature and relative humidity of Sensor 2’s data 

(north guest room) are displayed in Fig. 10. 
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Fig. 10. Case study monitoring: Sensor 2’s temperature and relative humidity. North guest room. 

 

Table 3 gathers the statistical parameters from the above graph: 

 

 Max Min Mean Standard 

Deviation 

CoV Covariance Correlation 

Coefficient 

T Sensor2 

(ºC) 

29.86 26.88 28.21 0.68 0.02 

0.31 0.06 
RH Sensor2 

(%) 

60.60 28.60 40.95 7.22 0.18 

Table 3. Statistical analysis of data collected by Sensor 2. North guest room. 

 

In comparison to Sensor 1, the north guest room experienced a more regular 

temperature as the data were less dispersed, both qualitatively and quantitatively, 

although further analysis below will show differences between their thermal be-

haviour. In the north guest room, the average daily temperature difference be-

tween day and night was approximately 0.81ºC. About relative humidity, records 

from Sensor 2 were similar on average but reached lower and higher absolute 

maximum and minimum values. In addition, the graph and the statistical analysis 

reveal an overall common behaviour of the temperature and the relative humidity. 

Once data from indoor sensors have been separately displayed and analysed, it is 

worth presenting and studying both sources jointly in order to depict the hygro-

thermal performance of the case study building depending on the orientation. Prior 

to this, times when windows were closed because of events such as the wildfire 

and occupancy periods of the south bedroom are also specified (Table 4 and Table 

5)—there was no occupation in the north guest room during the monitoring pe-

riod. 
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Date 9th July 10th July 11th July 16th July 17–18th July 

Closed win-

dows 

Room 

 

North 

 

Both South 

Time 1.00–9.45 

pm 

12.00–6.15 

am 

3.00–5.40 pm 

Occupancy Time 3.00–5.30 

pm 

1.00–10.00 

am 

1.00–10.00 

am 

 

11.45 pm–8.00 

am 

People 1 2 1 2 

Table 4. Window closing and occupancy in case study rooms. 

  

Date 18–19th July 20th July 21st July 22nd July 23rd July 

Occupancy Time 11.45 pm–8.00 

am 

2.00–10.30 

am 

1.00–10.30 

am 

1.30–9.30 am 1.00–8.30 am 

People 1 1 1 2 1 

Table 5. Occupancy in the north guest room. 

 

Fig. 11 shows closed windows and occupancy along with temperature values 

from the two sensors installed. 

 

 
Fig. 11. Case study monitoring: Sensors 1 and 2’s temperature. South bedroom and north guest 

room. 

 

From the above, the situation when both windows were closed is also worth dis-

cussing. Here, temperatures decreased at night at a slower pace, particularly in the 

north guest room and more slightly in the south bedroom. Similarly, the routine 

temperature increases during sunlight followed a slower pace than usual for the 

two sensors (1 and 2) in cases of window closing. 
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For its part, Table 6 compiles the breakdown of relative maximum (daytime) and 

minimum (nighttime) temperature values of daily cycles during the monitoring pe-

riod. This allows for the study of different room orientations in relation to each 

other. 

 

Day cycle Daily Tmax * 

(South) 

(ºC) 

Daily Tmax 

(North) 

(ºC) 

Tmax 

increase 

(S/N)* 

Daily Tmin * 

(North) 

(ºC) 

Daily Tmin 

(South) 

(ºC) 

Tmin 

increase 

(N/S) 

09/07/2022 27.95 27.54 1.01 -- -- -- 

10/07/2022 28.19 27.54 1.02 26.88 25.21 1.07 

11/07/2022 28.17 27.79 1.01 26.96 26.14 1.03 

12/07/2022 28.21 27.64 1.02 27.01 25.99 1.04 

13/07/2022 29.23 28.07 1.04 27.14 26.28 1.03 

14/07/2022 29.27 28.34 1.03 27.39 26.88 1.02 

15/07/2022 29.74 28.62 1.04 27.80 27.19 1.02 

16/07/2022 29.79 28.83 1.03 28.16 27.61 1.02 

17/07/2022 29.61 28.77 1.03 28.11 27.22 1.03 

18/07/2022 29.94 29.10 1.03 28.43 27.56 1.03 

19/07/2022 30.03 29.86 1.01 28.35 27.40 1.03 

20/07/2022 30.09 29.38 1.02 28.28 27.20 1.04 

21/07/2022 29.31 29.08 1.01 28.83 27.92 1.03 

22/07/2022 29.70 29.05 1.02 28.23 26.98 1.05 

23/07/2022 -- -- -- 28.17 27.47 1.03 

*Where ‘Tmax’ and ‘Tmin’ account for maximum and minimum temperature, respec-

tively, ‘S’ means South, and ‘N’ is North. 

Table 6. Indoor relative maximum and minimum temperature values of day cycles. 

 

Thus, the mean relative maximum temperature recorded by Sensor ID 1_South 

during the monitoring period is 2.41% higher than that deriving from the north 

guest room monitoring; likewise, the average relative minimum temperature from 

the latter sensor (Sensor ID 2_North) is circa 3.40% higher. These facts reveal that 

the case study building experiences slightly better indoor thermal comfort (lower 

temperature in summertime) in the north non-sunlit guest room during the day, as 

expected. In contrast, despite occupancy, the sunlit room (south) is more exposed 

to changes, thus seeing a more severe temperature decrease during the night, 

which in turn means better thermal comfort under the studied conditions of the 

case study. 

The relative humidity recorded by both sensors was also jointly analysed (Fig. 

12). 
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Fig. 12. Case study monitoring: Sensors 1 and 2’s relative humidity. South bedroom and north 

guest room. 

 

Given the complexity of relative humidity and the presence of multiple relative 

maximum and minimum values throughout the daily cycles, they were not calcu-

lated. Instead, the relationship between the relative humidity recorded by each 

sensor was quantified, obtaining a covariance of 59.59 and a correlation coeffi-

cient of 0.97. 

Also supported by the graph above (Fig. 12), the statistics indicate a strong di-

rect relationship between the data from both sensors. It is worth noting that occu-

pancy makes the south bedroom’s relative humidity higher at night since the north 

guest room is generally superior the rest of the time. 

4.2.2. Sensor 3: outdoor (north façade) 

This subsection includes the analysis of i) the case study’s outdoor ambient con-

ditions, studying data recorded by Sensor ID 3_Exterior and relevant meteorologi-

cal parameters deriving from MERRA-2, and ii) the behaviour of Sensor ID’s 

1_South and 2_North against 3_Exterior in order to characterise the building per-

formance. 

Firstly, given that temperature and relative humidity values from the building 

monitoring were recorded every 15 minutes, in contrast to the hourly recording for 

wind speed at 10 m (MERRA-2 data), values corresponding to the 15, 30, and 45 

minutes between hours were linearly interpolated to complete the satellite data. As 

a result, the joint analysis of the variables is straightforward, with a wind speed 

value for every temperature and relative humidity datum (Fig. 13). 
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Fig. 13. Case study monitoring: outdoor ambient temperature and relative humidity, wind speed 

and surface pressure. Source: sensor ID 3_Exterior and NASA’s (1981) ‘POWER Project’ Data 

Access Viewer, respectively. 

 

As previously seen, Table 7 gathers statistical parameters to contrast quantities 

recorded by a sensor installed in the case study building and, this time, satellite 

meteorological data. 

 

 Max Min Mean Standard 

Deviation 

CoV Covariance Correlation 

Coefficient 

T Sensor3 (ºC) 31.62 24.00 28.05 1.94 0.07 
-11.30 -0.53 

RH Sensor3 (%) 73.90 22.70 42.18 11.06 0.26 

Surface Pressure 

(kPa) 
100.32 99.50 99.92 0.16 0.00 

  

    SurPress* against T Sensor3 -0.03 -0.10 

SurPress against RH Sensor3 0.40 0.22 

SurPress against WS10* 0.01 0.04 

Wind Speed at 10 

m (m/s) 
8.16 0.89 3.80 1.57 0.41 

  

    WS10 against T Sensor3 0.00 0.00 

WS10 against RH Sensor3 -2.40 -0.14 

*Where ‘SurPress’ accounts for surface pressure and ‘WS10’ for wind speed at 10 m. 

Table 7. Statistical analysis of sensor temperature and relative humidity data against meteorolog-

ical data. Source: own data and NASA’s (1981) ‘POWER Project’ Data Access Viewer, respec-

tively. 
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The surface pressure remains predominantly stable throughout the monitoring 

period. In view of Fig. 13, the 12-hour cycles of surface pressure correspond to 

fluctuations in relative humidity, whereas temperature exhibits cycles of approxi-

mately 24h. Surface pressure rises and falls rapidly alongside temperature, coin-

ciding with the onset and conclusion of each temperature cycle. However, two cy-

cles of surface pressure occur during the solar radiation cycle, at approximately 

the highest temperature value, making the surface pressure reach a lower value. 

Regarding the behaviour of quantities between each other, it is worth highlight-

ing the accordance of outdoor temperature with wind speed and surface pressure. 

In contrast, relative humidity is significantly influenced, especially by wind speed, 

to a greater extent. It has an indirect relationship with wind speed and a direct, al-

beit lesser, connection with surface pressure. 

Secondly, outdoor sensor data were compared to those from Sensors 1_South 

and 2_North so that the building’s hygrothermal behaviour could be depicted (Fig. 

14). 

 

 
Fig 14. Case study monitoring: indoor and outdoor ambient temperature and wind speed. Source: 

sensors 1, 2, and 3, and NASA’s (1981) ‘POWER Project’ Data Access Viewer, respectively. 

 

In the graph above, the vertical scale remained constant to facilitate the identifi-

cation of extreme values from each of the three temperature data sources. 

For its part, Table 8 quantifies the relationship between indoor and outdoor tem-

perature values from each sensor. 

  

T Sensor 3 vs 1 T Sensor 3 vs 2 

Covariance 1.30 0.58 

Correlation Coefficient 0.65 0.44 

Table 8. Statistical analysis of temperature data collected by all sensors. 
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Table 9 indicates a more direct and stronger relationship between outdoor tem-

perature and that from the south bedroom, which is more extreme than the temper-

ature from Sensor 2. 

 

Day cycle Daily Tmax 

(Exterior) 

(ºC) 

Daily Tmax 

(South) 

(ºC) 

Tmax 

increase 

(Ext/S) 

Daily Tmin 

(North) 

(ºC) 

Daily Tmin 

(Exterior) 

(ºC) 

Tmin 

increase 

(N/Ext) 

09/07/2022 29.04 27.95 1.04 -- -- -- 

10/07/2022 29.70 28.19 1.05 26.88 23.88 1.13 

11/07/2022 29.35 28.17 1.04 26.96 24.41 1.10 

12/07/2022 29.67 28.21 1.05 27.01 24.37 1.11 

13/07/2022 30.44 29.23 1.04 27.14 24.82 1.09 

14/07/2022 31.32 29.27 1.07 27.39 25.32 1.08 

15/07/2022 31.06 29.74 1.04 27.80 25.67 1.08 

16/07/2022 30.87 29.79 1.04 28.16 25.73 1.09 

17/07/2022 31.01 29.61 1.05 28.11 25.58 1.10 

18/07/2022 31.04 29.94 1.04 28.43 25.97 1.09 

19/07/2022 31.72 30.03 1.06 28.35 25.71 1.10 

20/07/2022 31.31 30.09 1.04 28.28 25.58 1.11 

21/07/2022 30.04 29.31 1.02 28.83 26.00 1.11 

22/07/2022 31.47 29.70 1.06 28.23 25.37 1.11 

23/07/2022 -- -- -- 28.17 26.16 1.08 

*Where ‘Tmax’ and ‘Tmin’ account for maximum and minimum temperature, respec-

tively, ‘S’ means South, ‘N’ is North and ‘Ext’ is exterior. 

Table 9. Indoor and outdoor relative maximum and minimum temperature values of day cycles. 

 

In addition, relative maximum and minimum temperature values of daily cycles 

were also calculated (Table 9); this time, the most unfavourable scenarios were 

addressed, such as the maximum indoor temperature values, both daytime and 

nighttime, as they affect thermal comfort. The maximum temperature of the 23rd 

of July and the minimum of the 9th were not calculated as those days were not 

fully monitored. 

Given the results above, the average relative maximum outdoor daytime temper-

ature is 4.6% higher than that recorded by Sensor 1 in the south bedroom, which, 

in turn, represents a mean difference of approximately 1.36ºC. In contrast, the 

non-sunlit north guest room shows an average relative minimum indoor tempera-

ture of around 10% higher than the exterior at night, reaching a mean difference of 

2.55ºC, which, by itself, may entail thermal discomfort inside the building under 

those conditions. 

Besides, the typical temperature drop in the late afternoon, particularly in the 

south-facing room—it is the most exposed to solar radiation—occurs with a delay 

of approximately 2 to 4 hours compared to the exterior. This may be due to the 

thermal inertia effects of the building envelope still applying during this period, as 

it absorbs energy throughout the day. In contrast, due to the thermal envelope’s 
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characteristics and as a result of solar activity since sunrise, the temperature in-

crease in the building takes between 1 and 2 hours in comparison to the outside. 

Regarding the wind, Table 10 gathers statistical parameters of its relationship 

with sensor temperature data. 

  

WS vs T Sensor1 WS vs T Sensor2 WS vs T Sensor3 

Covariance -0.78 -0.64 0.00 

Correlation Coefficient -0.49 -0.61 0.00 

Table 10. Statistical analysis of wind speed–temperature data gathered and collected by all sen-

sors, respectively. 

 

These data show the opposite behaviour of wind against indoor temperatures, as 

they generally increase when wind speed decreases. What is more, the unstable, 

non-uniform curves of temperatures correspond to periods with irregular wind 

speeds, with drops and rises of a different ordinate (y-axis) cycle breadth. This 

could indicate that wind speed affects indoor temperature behaviour and partly the 

outdoor temperature while sharing an overall common trend with the latter. 

With respect to relative humidity, this research revealed its complexity both in-

side and outside the building. For the first time in this chapter, relative humidity 

data from sensors 1, 2, and 3 are displayed together so that their complex behav-

iour is depicted (Fig. 15). Again, the scale of the vertical axis remains constant. 

 

 
Fig. 15. Case study monitoring: indoor and outdoor ambient relative humidity and wind speed. 

Source: sensors 1, 2, and 3, and NASA’s (1981) ‘POWER Project’ Data Access Viewer, respec-

tively. 

 

Statistical data is also provided in Table 11 below: 
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RH Sensor 3 vs 1 RH Sensor 3 vs 2 

Covariance 87.51 72.76 

Correlation Coefficient 0.94 0.91 

Table 11. Statistical analysis of relative humidity data collected by all sensors. 

 

Therefore, it is patent that both indoor relative humidities behave in accordance 

with outdoor data, with a higher correspondence of data recorded by Sensor 

1_South, a room that is more exposed to the exterior. 

Finally, in terms of wind activity, as seen in Fig. 15, its relationship with relative 

humidity data from all sources (sensors) becomes more intricate. Table 12 statisti-

cally analyses their connection. 

  

WS vs RH Sensor 1 WS vs RH Sensor 2 WS vs RH Sensor 3 

Covariance -0.62 -0.79 -2.40 

Correlation Coefficient -0.05 -0.07 -0.14 

Table 12. Statistical analysis of MERRA-2 wind speed and relative humidity data collected by 

all sensors. 

 

While indoor relative humidity data follow a slightly different distribution in 

comparison with wind speed, outdoor data from Sensor ID 3_Exterior is clearly 

against its behaviour, showing an indirect relationship that may imply relative hu-

midity drops as the wind increases. 

5. Conclusions 

The adaptation of building occupants to unfavourable outdoor environmental 

conditions resides in two primary aspects: the passive strategies implemented in 

the building, comprising design features and subject to construction quality, and 

strategies of use, such as the control of window openings, sun protection solutions, 

among others inherent to their behaviour. 

As far as the authors of this chapter know, this is the first time the hygrothermal 

performance of a building has been analysed under a series of unfavourable condi-

tions affecting both indoor and outdoor ambient. In particular, considering the 

Mediterranean climate in summer, these conditions consisted of i) keeping win-

dows open during a high-temperature season and ii) a nearby wildfire, which had a 

clear effect on the area’s moisture index and could have impacted recorded rela-

tive humidity. 

The case study building was monitored for two weeks in July 2022 in three key 

locations using temperature and relative humidity sensors (Sensor 1_South, 

2_North, and Sensor ID 3_Exterior). The results indicated that the case study 

building’s thermal inertia made it retain heat for 2 to 4 hours from the logical 
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temperature drop at night, with the most exposed room (south bedroom) reaching 

an average 4.40% reduction in temperature in relation to the mean maximum out-

door temperature; likewise, the indoor temperature rise took from 1 to 2 hours to 

occur during sun activity from early morning. The non-sunlit north guest room 

showed a 10% higher average relative minimum daily indoor temperature (circa 

28ºC) in comparison with the outside, thus revealing worse thermal behaviour 

(greater thermal discomfort) than the south bedroom at night. In addition, window 

closing had an impact on both indoor temperature and relative humidity inasmuch 

as their rises and drops happened at a slower pace, as expected. Similarly, their 

values increased as wind speed decreased, the latter following cycles of 12 hours 

against the daily cycles (24 hours) of temperature and humidity. For its part, build-

ing occupation in the south bedroom caused relative humidity to be slightly higher 

than that of the north guest room. However, the less exposed room (north) pre-

sents higher relative humidity despite the lack of occupation. In this sense, having 

installed sensor 3 also on the north façade, it was not possible to evaluate the ef-

fect of watering the garden on the case study’s indoor hygrothermal conditions. 

All considered, future work would involve researching the role of indoor air ve-

locity in temperature and relative humidity changes. Similarly, the impact of clos-

ing the window of the south bedroom during the day (the most affected room at a 

critical moment) on the building’s hygrothermal behaviour is yet to be explored. 
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