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Update of the urban heat island of Madrid and
its influence on the building’s energy simulation
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Abstract Despite great advances on building energy evaluatevailable
climate data does not include the effects of thbadrHeat Island (UHI). This
phenomenon, which increases the temperature imuwabeas, is variable in both
time and space, and implies an important lack ofiecy when simulating within
an urban context. During this research the relevariche UHI in relation to the
dwellings energy performance has been confirmeeedisas the existing barriers
to integrate the current UHI representations i@ dynamic energy simulation
process. Therefore, it is necessary to carry outpalate of the existing models, in
order to implement it into the energy evaluationgass. In this work, as a first
stage of the study and based on current technigfugeolocation and the use of
Geographic Information Systems (GIS), it is esttd#d a methodology to acquire
automatically an update of the UHI through isothemaps. It is aimed to set up
the starting point from which the integration o tdHI into the energy simulation
process will happen.

Keywords Urban Heat Island; climate; update; Madrid; enesigyulation

1 Introduction

Nowadays building energy evaluation tools play § k&le in stablishing the
basic energy strategies in the building sector.yTdh@ not only help to improve
the decision-making about building design andritebitants’ comfort, but also to
stablish the payback periods and select the bagimoamong all the possibilities
in both new and renovated buildings.

Despite the last decades have witnessed great egtvam building evaluation,
there are still some disagreement between the ationl results and reality
(Coakley et al., 2014). Several studies have adddethe issue, focusing on the
models’ calibration through the improvement of thermodynamic algorithms,
the user interaction profiles and the weather dtrdi (Evins, 2013; Foucquier et
al., 2013; Fumo, 2014).

The Urban Heat Island (UHI) relates to the last,cered it consists in the
temperature differences between the built (urbam) #e unbuilt landscape
(rural). Regardless the wide knowledge about thé, dirhilable climate data does
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2 Miguel Nufiez Peir6 et al.

not include its effects, as they undertake theoregiscale. Previous studies in this
research project have already anticipated the aals of this phenomenon in the
building energy evaluation (Lépez Moreno et al.12) and so the significance of
addressing the integration of the UHI effects ia bhiildings’ energy simulations.

2 Background

Due to the sum of factors that influence the UHinfation, as well as its
temporal and spatial variation, having an in-demhord of the phenomenon
requires a large amount of measurements. Whilefitee studies focused on
detecting the existence of the UHI and identifythgse areas with the greatest
intensity (Arnfield, 2003; Santamouris, 2007, 2Q1iB)recent years much of the
research efforts have been linked to the developwienumerical models, which
allow to study the urban heat island dynamicallyr@dei, 2010).

The first UHI study in Spain was carried out in tbiey of Madrid (Lépez
Gobmez et al.,, 1988, 1993), where the transects adetbgy was used. It was
followed by many other works related to specificesgtions of urban climate
(Almendros et al., 1995; Fernandez Garcia, 200kriBo et al., 2009), and even a
numerical model that tried to explain the urbanth&and’s behaviour at both the
mesoclimatic and microclimatic scale. (Salamanca.e2010, 2011).

These studies, however, have not proven to be stensiwith the objective of
this research, given its age, their inability togeate hourly records, and their lack
of accuracy at the microclimatic scale (Grimmondalet 2010, 2011). Based on
the recommendations that point towards the devetopmf models built upon the
target of the research (Mirzaei et al., 2015), thisject aims to generate an
empirical model from the collected data at multidiged urban locations
(Kolokotroni et al., 2006, 2010; Mihalakakou et 2002).

This paper addresses the first phase of the developof the model, carrying
out an update of the last surveys in the spatstidution of the UHI, which dates
back to the late 1980s.

3 Means and methods

This research replicates the methodology used enfitet study of Madrid’s
UHI (Lépez Gbémez et al., 1988), based on the deweémt of proximity
measurements through urban transects. In ordarcton the highest intensity of
the urban heat island, the data gathering was meefd under anticyclonic
weather conditions with a cloudless sky, calm wand few hours after the sunset
(2100 - 2300 UTC). Three simultaneous transectfigiaed a set of observations,
conducting each of them twice on every set (retwiim), and providing the
temperature records used in the results section.

1 The transects methodology refers to transvergardries through the city, commonly
carried out simultaneously, and from which thetamperature at multiple points is obtained.
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Needs to be mention that our study refines the gg®f planning, data
gathering, and analysis. These improvements allofeedhe reduction of the
needed means, helped to automate the processp &mdtér the precision and the
resolution of the results. In the next sectionsewglain its characteristics.

3.1 Itineraries and geolocation

Since the original itineraries from the study oB8&%re not suited to the current
road hierarchy of the city, new routes were crededach transect based on the
original measuring points. It has been necessargetterate a digital transport
network, continuous along the entire city, and ablemulate the current traffic
restrictions. For its development it was used hework Analystextension of
ArcGis 10.3as well as th®penstreetmajpase map. Afterwards, the new routes
were integrated into a mobile application to enabtmitoring and geolocation at
every single position of the vehicle.

3.2 Equipment and data gathering

Three temperature sensors and dataloggers were fosetthe temperature
record. Each sensor consisted on a NT@gdive Temperature Coefficignt
exposed thermistor, with an accuracy of £0,2 °C amdsponse time ofgot= 60
seconds (figure 1). Virtually immediate response waaranteed for the sensor at
speeds above 30 km/h, and thus enabling to detegtdrature differences in up to
10 seconds’ intervals.

The transects were carried out by car, with thes@eplaced at the roof and
distanced from the surface and the exhaust pipgeSihe measurements took
place several hours after sunset, it was not napes$s protect the sensor from
solar radiation.

testo 17572 P

Datalogger Testo 175 T2 ﬂ
Dimensions: 89x53x27 mm |
Channels: 2 (int/ext) |
Measuring rate: 10s — 24h

Measuring range: -35... +55°C

Accuracy: +0,5°C
Sensor NTC exposed thermistor
Dimensions: @5 x115 mm
Measuring range:  -50... +125°C
Accuracy: +0,2 °C

O

Response time:  gt= 60s

Fig. 1 Technical data of the equipment used in the measemts. Source: Testo AG.
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4 Miguel Nufiez Peir6 et al.

3.3 Analysis tools, interpolation techniques and maps generation

On the basis of the obtained data, a frequencyitalision analysis of each data
set was carried out in order to identify commongyas among them.

Also several isotherm maps were created for eacbhfsgbservations. For that
process a geostatistical analysis method caltddaiging was used. Theriging is
a technique that allows, by interpolating a patéiciatch of data, to predict the
value on a given point:

2(s0) = X1 MZ(s1) (1)

The variogram which is the function that describes the spat@telation in
the kriging, was set to be exponential (2), as it has beerelwidised in
meteorology and contamination prediction (Palonghal., 2015).

y(h) = CO+C(1—exp(_Th)); h>0 (2)

Previous research have also pointed out that tharatbeds influence the UHI
distribution (Fernandez Garcia et al., 1996). Tlees the model was completed
with a DTM layer (Digital Terrain Model) in order to provideformation on the
altimetry. All the process was fulfilled with tH8eostatistical Analyspackage
from ArcGIS 10.3

In addition to the 101 points from the transectsllected data from six
observatories of the National Meteorological Agedf&EMET) and from nine
urban stations of the air quality system (SICAM)revedded to the process,
giving a total of 116 measuring locations (figuje 2

 Transect's measuring point
< AEMET observatories
@ Air quality stations [(A)

Fig 2. Location of the observation points used in the 'mgpneration.
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4 Results & discussion

Four data sets were obtained from the measurentkeatswere carried out
between July 2015 and April 2016. Each data seesponds to one season, as the
measurements took place around one month aftesalisices and equinoxes. As
it is explained in3 Means and Methodsall measurements were performed under
the same atmospheric conditions, at the same timlefalowing the identical
itineraries.

Table 1 shows a summary of the most importantssiedi parameters that were
used during the analysis of the frequency distiitvuand the isotherm maps’
generation.

Table 1 Statistical parameters from each temperature @ata s

Parameter | July 18" 2015 | October 28, 2015 | February 16, 2016 | April 25", 2016
Average 31,2 12,8 2,6 15,6
Minimum 27,3 11,2 -0,6 12,1

P1o 28,7 11,9 15 13,7

Pso 31,6 12,9 2,6 15,6

Pgo 33,1 13,4 3,8 17,4
Maximum 33,7 13,8 5,9 18,0
Range 6,4 2,6 6,5 59
Standard 1,6 0,6 1,0 1.3
deviation

4.1 Frequency distributions

The analysis of the frequency distribution (figu3g shows that it can be
inferred the intensity of the urban heat islandrfrine data dispersion of each data
set. Thus, it can be observed a decreasing patterthe UHI intensity from
summer to winter g§-b-9 and backwardscfd-a), in line with the results of
previous research (Nufiez Peir6 et al., 2016).

DOI:10.1007/978-3-319-51442-0_28.
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6 Miguel Nufiez Peir6 et al.

While confirming that the greater UHI intensity lpgms in the warmest month,
the differences between the measurements from awibmand spring ) are
remarkable, since both were performed at timeshefyear in which historical
temperature records are very similar (Tmax=16-20%8in=6-7°C).

This can be explained by the fact that, at thisude, the UHI intensity seems
to have a high dependence upon solar radiatiois ftoted, therefore, that the
urban heat island does not have a symmetrical li@heagarding the seasons but
in relation to the solstices, intensifying or safte its effect depending on the
proximity to them.

Consequently, the measurements could be preserdedthe highest to the
lowest intensity: the data sedistances itself 24 days from the solstice,dld®es
57 days, thec does 125 days and the does 129 days. Moreover, it can be
explained the resemblance between the aututpn and the winter d)
measurements, located symmetrically from the sslsiind under the same solar
radiation.
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Fig. 3 Frequency distribution of temperature for eactadat, presented in chronological order.
July 18", 2015;b: October 28, 2015;c: February 18, 2016;d: April 25", 2016.
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4.2 | sotherm maps

@ Air quality stations @ AEMET observatories « Transect's measuring point

- BN 223 o4 Els-s  EE-s

Fig. 4 Isotherm maps based on temperature variatioreftin data set, presented in chronological
order.a: July 18", 2015;b: October 28, 2015;c: February 18, 2016;d: April 25", 2016.

Based on the temperature records collected duhagreasurements, and by
following the methodology described in secti®® Analysis tools, interpolation
techniques and maps generatidhere have been generated different maps of
isotherms for each season (figure 4). These mapeegent the temperature
difference between each observation point andeaeete value.

Usually the reference value is taken from a ruadation placed in the
surrounding of the city. It should be said thasihot an easy task to locate it, as
there are consistent doubts about what can bedsresi a rural location, or how
to ensure that the measurement of that particulst s truly representative of the
surroundings of the city. Those doubts have ledyrapother things, to question

DOI:10.1007/978-3-319-51442-0_28.
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the methodology and results from hundreds of UHtists developed around the
world (Stewart, 2011).

Another approach to determine the reference termyreraalue consists, when
developing urban transects, in taking the minimwmgerature of the series.
However, as it can be seen in figure 4.c, therecases where the minimum
temperature corresponds to an atypical value. Afjhothis does not mean that
measurements are necessarily erroneous, using dsemreference value when
generating a map could cause huge distortions ame ¢o wrong conclusions. It
should also be noted that in this study the coldesdrd was never found at the
same location, moving fro@iudad Universitariaat the west (summer) to the exit
of Madrid at the north (autumn), to the vicinity tife Jarama river at the east
(winter) and to the entrance of Getafe in the s¢spiing).

This study, instead of setting a temperature vidu¢he coldest point, it poses
the use of the first decile of the data set adexeace value for the first isotherm.
It was found that this process downplays the wedflany atypical and leads to a
better and easier comparison between different mbisetherms.

@ Air quality stations o AEMET observatories « Transect's measuring point

- B o4 W45 -

Fig. 5 Isotherm map based on temperature variatioridatight. July 1%, 2015.
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Figure 5 shows in more detail the spatial distitoubf the UHI at its greatest
intensity (July 18, 2015). This has been compared with another isotheap
from the same time of the year, but using data fa@nyears ago (July 111985;
figure 6). The temperatures were obtained froméngperature profiles published
in the first UHI study of Madrid (Lopez Gomez et, 41988).

It is observed that the morphology of both of thésnvery similar. The
concentric distribution of the urban heat islandtilged with a more intense
development in the NE-SW axis, in line with the amtzation expansion. It is
found a repeated pattern @iudad Universitariaas itis in both cases the closest
point to the city with the lowest temperature. Teroundings of the parkl
Retiro, with a cool island, show a similar behaviour tB&sults confirm that the
villages around the city of Madrid are under thieafof micro-heat islands, with
an intensity of one to three degrees Celsius. @witig that there are some urban
fabrics that cause either a rise or a fall in terapees is worth of interest as well.

© AEMET observatories * Transect's measuring point

- B e Ee-s s

Fig. 6 Isotherm map based on temperature variation anigtitt July 11, 1985. After Lépez
Gomez et al. (1988)

DOI:10.1007/978-3-319-51442-0_28.
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10 Miguel Nufiez Peir6 et al.

Regarding the evolution of the urban heat islandnduthe last 30 years, it
seems clear that the UHI has enlarged its sizdrandased the number of urban
areas that bear the hottest temperature recordse(twhere the intensity is over
4°C). However, the UHI intensity does not seem eoiricreasing itself, as the
maximum values are in both cases around 5-6 °C.

It appears that the growth of the city has effedtivincreased the domain of the
urban heat island, spreading its higher effect oy areas. However, it does not
seem enough to increase its intensity at the pevhere already had reached the
maximum, probably because the urban fabric is dateed and has changed
little or nothing over the last three decades.

5 Conclusions

This research confirms that the urban heat isldidadlrid has grown from the
study that was firstly developed between 1984 a@@61(Lopez Gomez et al.,
1988). It has been observed an increase in its @r@aluence, in particular on
those parts with the highest temperatures.

Despite the significant human effort and the matarieans that were needed,
the methodology that was used to carry out thisatipg of the UHI has turned
out to be extremely useful. Due to the improveméh&t were implemented on
the process, we expect to perform an urban climaddysis on a lower scale.

The comparison of the data sets from different simkthe year suggests that
the highest intensity happens around the summaestiam| mainly due to the
greater amount of solar radiation that is receiaad accumulated by the urban
fabric. Contrary to what is said in the study fra®88, the intensity of the UHI
appears to reach its minimum around the wintettiselsThe differences between
both studies seems to be on the rural reference val

In conclusion, the findings of this study have pded an updated base for the
decision-making of UHI related aspects. These testbuld be used in many
fields related to the urban climate, and it staaslsan essential tool to select the
most relevant locations of the urban microclimafétimately, it completes the
first stage of the dynamic model that will integrahe UHI effects into the
building energy evaluation.
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