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Abstract — With the aim of implementing climatic guidelines for planning purposes,
the urban climate of each particular city must be assessed, particularly the frequency of
unwanted climatic features, such as the Urban Heat Island (UHI). As the Lisbon “Mesoscale
urban meteorological network” (CEG-IGOT-ULisboa) has been running since 2004, it is
now possible to present statistical results about the UHI. It was calculated on an hourly basis
as the difference between one of the “central” measurement points (Restauradores or
Saldanha) and one of the eccentric points of the network (Carnide or Monsanto). UHI is
more intense in summer (maximum hourly averages up to 6.3°C) than in winter (up to 3.8°C),
and more intense during the night than during the day. In Lisbon, its causes are not only due
to the modification of energy balance in urban areas, but also to the shelter effect from the
prevailing and cold/cool North winds, due to the topography and the buildings.

Key-words: Urban Heat Island (UHI), thermal patterns, mesoclimatic network,
Lisbon, Portugal.

Resumo — A ILHA DE CALOR EM LISBOA. ESTUDO ESTATISTICO. Para informar as
decisdes sobre orientagdes climaticas para o ordenamento do territdrio, € necessario conhecer
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o clima urbano de cada cidade, nomeadamente no que diz respeito a frequéncia de ocorréncia
de fenomenos considerados indesejaveis, como a ilha de calor (IC) urbana. Depois de 8 anos
de funcionamento da “rede de mesoscala” de monitorizagdo meteorolégica em Lisboa
(CEG-IGOT-ULisboa), ¢ agora possivel apresentar resultados estatisticos sobre a IC. E
explicada metodologia de calculo da intensidade da ilha de calor, pela diferenga entre um dos
postos “centrais” (Restauradores ou Saldanha) e um dos postos mais excéntricos (Carnide ou
Monsanto). A IC ¢ mais intensa e frequente no Verdo (valor maximo horario: 6,3°C) do que
no Inverno (valor maximo: 3,8°C) e ¢ mais intensa de noite do que de dia. Em Lisboa, as
causas da IC devem-se ndo so6 a modificagdo de parametros do balanco energético em meio
urbano, como também ao efeito de abrigo de ventos dominantes frios ou frescos do quadrante
Norte, proporcionado pela topografia e pelos proprios edificios.

Palavras-chave: 1lha urbana de calor, padrdes térmicos, rede mesoclimatica, Lisboa,
Portugal.

Résumé — ETUDE STATISTIQUE DE L’ILOT DE CHALEUR A LISBONNE. La connaissance
des climats urbains est nécessaire a une juste appréciation des décisions a prendre dans le
cadre de I’aménagement du territoire, et surtout en ce qui concerne la fréquence des
phénomenes dits indésirables, comme 1’ilot de chaleur urbain (IC). Un réseau «d’échelle
moyenne» d’observations météorologiques ayant fonctionné a Lisbonne de 2004 a 2012
(CEG-IGOT-ULisboa), on peut déja présenter des résultats statistiques concernant I’IC. Le
calcul de son intensité est basé sur la différence entre les données d’un poste «centraly
(Restauradores ou Saldanha) et celles d’un des postes les plus excentriques (Carnide ou
Monsanto). L’ilot de chaleur est plus intense et plus fréquent en été (valeur maximale horaire
de 6,3°C), qu’en hiver (valeur maximale de 3,8°C) et il est plus fort la nuit que le jour. A
Lisbonne, les causes de I’IC sont dues non seulement aux modifications des paramétres de
bilan énergétique liées au milieu urbain, mais encore a un effet d’abri (des trés fréquents
vents frais ou froids de secteur nord) qui résulte de la topographie et des constructions.

Mots-clés: Tlot de chaleur urbain, champs thermiques, réseau mésoclimatique,
Lisbonne, Portugal.
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INTRODUCTION

According to The United Nations, in 2011 52.1% of the world population

lived in cities. In Europe, the figure goes up to 72.9% and in Portugal to 61.1%. It
is expected that in 2050 67% of the world population will live in cities (United
Nations, 2012). Environmental problems, such as water and poor air quality, noise,
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thermal stress as well as health problems are particularly severe in urban areas
(Gabriel and Endlicher, 2011); furthermore, urban areas have ill impacts in non-
urban areas through residues production and resource consumption (water, space,
energy and raw materials). According to Mills (2003), the new urban utopia would
be the sustainable city, whose external impacts are minimized without worsening
urban life quality. Thermal stress is intensified in cities mainly due to the urban
heat island (UHI) effect, that is, the existence of areas (frequently the CBD) where
the temperature is higher than that of the periphery. The UHI is a widely studied
urban climate feature with implications on thermal comfort (therefore on energy
consumption, Mirzaei and Haghighat, 2010) and in human health (Tan et al,
2010). There are essentially three types of UHI: (i) surface UHI, as urban surfaces
are usually hotter than those of the suburbs and of the countryside (Lopes, 2003);
(i1) urban boundary layer UHI, that is the atmospheric layer where temperature,
humidity, turbulence, chemical composition are modified by the presence of the
underlying city; it lays above the top of the buildings and spreads sometimes up to
the free-atmosphere (Oke, 1996); (iii) Urban canopy layer UHI, that corresponds
to the existence of hotter urban air between the ground and the top of the buildings
of the urban area and will be dealt with in this paper. The relationship between
global warming and urban warming (e.g. UHI) still gives rise to controversy. As
Alcoforado and Andrade (2008)' have pointed out, upon examining extensive
literature on the subject, all authors agree that the urban energy balance in urban
areas is modified due to human constructions and activities and, as a result, urban
temperatures are higher than those of the surroundings. Most authors agree (i) that
urban anthropogenic heat fluxes do not have a direct impact upon global warming
and that (ii) cities are an important source of greenhouse gases and therefore
contribute indirectly to global warming. Some authors consider that rising
temperature trends may be exacerbated by the fact that several meteorological
stations are located in growing urban areas, but there is still controversy around the
subject (e.g. papers by S. A. Pielke Sr. and D. Parker quoted in Alcoforado and
Andrade, 2008 and Alcoforado, 2010b). On the other hand, when analysing the
opinions about the influence of “global warming” on cities’ temperature, most
authors agree that the impacts of global warming may be exacerbated in urban
areas. There is no doubt that temperatures in urban areas have already risen up to
values predicted in “global warming” until 2100. According to Oke (1997), cities
will be either losers (in warm areas of the globe or in the summer of middle-
latitude climates) or winners (in cold areas). Warmer cities will be more prone to
the increase of the levels of photo-oxidant air pollution, water and energy
consumption, and heat stress will cause discomfort or even health problems to the
inhabitants (Memon ef al., 2008; Alcoforado et al., 2009).

There is also no doubt that steps ought to be taken to adapt to new climate
conditions, already being felt in cities, that may deteriorate in the future. In order to
select adaptation measures, every particular city must be previously studied, as UHI
varies in time and space and from city to city. This paper focuses on Lisbon, located
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near the western coast of Portugal, on the bank of the Tagus estuary, which is 15 km
wide eastwards from Lisbon (fig. 1). The city covers 84 km?, has circa 600,000
inhabitants and is the centre of a metropolitan area with nearly 2.5 million people.
The city’s topography (including the city centre) is hilly with steep slopes and
altitudinal variations of over 100 m. Northwards, a plateau slopes gently to the North
and to the west the Monsanto Hill — a forested area — reaches 200 m. The old city
centre lies near the river and the highest buildings are not concentrated here, but
rather on its northern and north-western fringes. Lisbon’s climate is Mediterranean
with mild and rainy winters and hot dry summers (Alcoforado, 1992).

Fig.1 — Location maps.
Fig. 1 — Mapas de localizagdo.

RES - Restauradores, BAI - Bairro Alto, SAL - Saldanha,
CAR - Carnide, MON - Monsanto, BEL - Belém, PAR - Parque das Nagdes.

Following previous studies of Lisbon’s climate (Alcoforado, 1992; Andrade,
2003; Lopes, 2003), a mesoscale meteorological network was set up in 2004 to
monitor Lisbon’s UHI, under the guidance of Professor Timothy Oke. These studies
are still ongoing, combining observations and modelling. The preliminary statistical
results were published in 2007 (Alcoforado et al., 2007). Their main aim was to
produce useful information for urban planning, which has been achieved in
collaboration with Lisbon’s Municipality (Alcoforado et al., 2009).

The main goal of the current study is to update the results with new observational
data and to present and analyse the basic statistics of Lisbon’s heat island. Data on
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the frequencies of occurrence and of the mean and maximum values of the UHI are
essential to decide which urban planning measures should being taken (Eliasson,
2000; Oke, 2006).

The next section will provide some information about the urban canopy UHI;
section III will explain how data was acquired. In section IV the methodology used
is described. The results are included in section V and discussed in section VI. The
conclusions are presented in Section VII.

II. URBAN CANOPY UHI

The urban thermal field is dependent not only on large scale (synoptic) factors
(Berenova and Huth, 2005; Morris et al., 2001) through the change in cloudiness and
regional wind field, but also on local natural features (such as the topography or the
presence of large water bodies) as well as on urban morphology. This means that at
any given time the urban thermal field is the result of the combined effects of the
synoptic, natural and urban features, as expressed by the Lowry (1977) equation:

'Hll.'. :frl.'.l\. I '|r|rJ ' E_"I”L (1)

Where M is the value assumed for a given climatic variable in the urban site x, at
the time ¢ and under the weather type i; C is the regional component (determined by
large scale features); L stands for the natural local features and U is the urban component.

The urban parameter (U) may be explained through the analysis of the urban
energy balance. The following equation was proposed by Oke (1988)

Q"+ 0 =0y + 0 +AQ, +AQ, )

O* is the net all-wave radiation and Q, the anthropogenic heat flux. Q, is the
flux of sensible heat, O, the flux of latent heat, AQ, is the heat stored in the urban
fabric and 40, represents the net heat advection (Wm™)

And

0* = K*+L* (3)
K*=K|-K? 4)
L*=L|-L1 (5)

K| is the short wave solar radiation, K1 the reflected short wave radiation,
L] the longwave sky radiation and L1 the longwave terrestrial radiation loss.

We include in this paper a brief summary of the differences of urban and rural
energy balance, and a discussion of the modification of the different terms of the energy
balance following Oke (1996), Mills (2004), Grimmond (2007), among many others.
It should be remembered that values vary from city to city and within each city.

K| may be 10% lower than in the country and up to -30% in cities with high
levels of pollution due to the high concentration of aerosols (Jauregui and Luyando,
1999). However, K1 is frequently lower in the city which is partly due to canyon
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geometry (Oke, 1996): the reflecting area is large and multiple reflexion between
walls in urban areas of low sky view factors (SVF) cause a lower outward shortwave
radiation (K 1). Besides, surface materials may also modify the albedo (e.g. dark
surfaces reflect less energy) and further decrease K 1. Lopes (2003) showed that the
albedo is lower in Lisbon than at the periphery (except in Monsanto Hill). As a result
K * may be similar in urban and rural areas or even higher in urban areas. As to
longwave radiation, L| may be increased in urban areas due to air pollution and dust
longwave emission and the longwave lost to the atmosphere L 1 may be reduced due
to low SVF. So L * will possibly be higher in urban areas, which means that there
will be greater absorption and re-emission of longwave radiation (Grimmond, 2007).

As a result, radiation budget (Q*, Eq. 3) will be higher in urban areas.

The anthropogenic heat flux (Q,) is higher in cities due to electricity and
combustion of fossil fuels, air conditioning and heating systems, factories, vehicles
and even heat from human metabolism (Sailor and Lu, 2004). This parameter is very
difficult to compute and the magnitude of the flux depends on the scale of the analysis.
It varies a lot from city to city (depending on the latitude, the industrialisation degree,
social-economic development among other factors), within the city and in time
(e.g. higher in winter in mid-latitude cities). Its proportion within the energetic balance
depends also on the population density (which varies a lot during the day). Part of (Q,)
is directly emitted in the urban canopy layer (traffic, air conditioning systems).

The energy input (O*+ Q,) is used in different ways in urban areas:

In many cities, the areas covered by vegetation are lower than in the country
and the cities have much more impervious areas. As a result, there is a decrease in
evapotranspiration (latent heat flux Q,). Then, the energy driving evapotranspiration
is lower in the city and there is more energy available to warm up the air (Q,, sensible
heat flux). The sensible heat flux is defined by Oke (1996) as “that heat energy able
to be sensed (e.g. with a thermometer)”.

The surface materials’ thermal characteristics have particular “radiative
properties (albedo and the emissivity), as well as conductive properties (thermal
admittance and conductivity)”, as Grimmond (2007) pointed out, which influence
the surface temperature and heat storage (AQ,). In most cases, heat stored during the
day is transferred by night to the urban atmosphere. Studies conducted in Lisbon
have shown that the ratio O /O* attains 55% in the more densely built part of the city
(southern city districts), versus 1.2% in the Airport and the forested hill in western
Lisbon (Lopes and Vieira, 2001).

Finally, the advection factor (4Q)) is the neat heat advection. The wind speed
decreases in the city due to surface roughness caused by the buildings. This has been
verified in Lisbon by Lopes ef al. (2011) and will be discussed below.

In conclusion, UHI can be controlled by a large set of factors the most important
of which are the modification in radiation balance, the emission of anthropogenic heat,
the reduction in evapotranspiration from vegetation and soils, the thermal accumulation
in buildings and pavements and the reduction of average wind speed (Oke, 1996;
Armnfield, 2003).



Lisbon heat island 67

III. MONITORING LISBON UHI
1. First networks

The first studies carried out in Lisbon were based on itinerant temperature and
humidity measurements (Alcoforado, 1992). The same route was repeated circa 60
times, using an Assman Psycrometer to measure temperature and humidity at 1.5 m
above the ground. Alcoforado (1992) calculated a mean UHI intensity of 2.5°C and
described night-time (higher) UHI and the fact that during the day, there are “cool
islands” in southern Lisbon either due to the sea-breeze (in the warm semester) or to
winter radiation fog from the Tagus estuary. Some spatial interpolation experiments
were carried out (Alcoforado, 1994).

Later, an early mesoscale network was temporarily set up and was the basis of
Henrique Andrade’s PhD thesis (Andrade, 2003). The 12 sensors were accurate
Gemini Data Loggers’ Tiny Talks (Alcoforado and Andrade, 2006). Andrade’s (2003)
work was also based on data from a microscale network in a city district in northern
Lisbon (Andrade, 2003 and Andrade and Alcoforado, 2008). Among other results,
Andrade (2003) confirmed and further studied Lisbon’s thermal patterns, developed
the spatial interpolation processes, constructed rather detailed thermal maps, and
initiated the study of human bioclimatology of Lisbon.

2. Permanent mesoscale network

In 2004, a permanent mesoscale network of 7 Geminy temperature and humidity
data loggers (model 7inyTag Plus) was set up under the framework of the ClimLis project.
The devices were fixed to lamp posts at a height of approximately 3.5 m and at a distance
of nearly 1 m from the post’s surface, hence avoiding its thermal influence (fig. 2).

Records were made at 15 minute intervals, but only the average values over
each hour period were analysed. In this paper 13,000 days from 2004 until 2012
are examined.

The sensors were disseminated as regularly as possible within the city. Two
sensors were located near the Tagus River (BEL, PAR), one on Monsanto Hill (MON)),
three in the city centre (RES, BAI, SAL) and one in the northern boundary of Lisbon
(CAR). The sites’ geographical characteristics are included in table I and their location
shown in figure 1. Their altitude varies from under 10 m (BEL and PAR) right on the
Tagus Bank to 160.8 m (MON). The altitude of RES, SALD and CAR rises as their
distance from the river increases. BAI, located on a southern hill of Lisbon, was
installed later (2005) and will not be included in this analysis. The percentage of built-
up area (measured within a 500 m square, centred over the observation site, Alves and
Biudes, 2013) is the highest in RES, BAI and SAL and is next to 0 in MON. The
measurement sites are relatively open places, all of them with SVF >0.69 (Andrade,
2003), avoiding the influence of microclimatic factors, since the main objective was
the study of the mesoscale thermal field (Oke, 2006). In order to interpret the results,
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each measuring point was characterized as exemplified in figure 2 for RES, a measuring
point within the CBD. Solar and shadow effect diagrams show that although RES is in
the city-centre, it stays in the shade only until just before 9:00 h, even in winter.
Monthly/hourly shadow effects are displayed in figure 7.

Restauradores 21/12 - 8h

Restauradores 21/6 - 8h Restauradores 21/6 - 9h

Fig. 2 — The Restauradores measurement point: photo, solar and shadow effect diagrams
(location in fig. 1).
Fig. 2 — A estagdo urbana dos Restauradores: fotografia, diagrama solar e efeito de sombra
(localizagdo na fig. 1).

A temporary microclimatic network was also installed in one city-district
(Telheiras, northern Lisbon) in order to determine the influence of street orientation,
buildings’ shape, height to width ratio (Landsberg, 1981), presence/absence of trees and
traffic on temperature, humidity and wind (Andrade, 2003; Lopes, 2003; Andrade and
Alcoforado, 2008; Alcoforado, 2010a). However, the results will not be dealt with here.

Table I — Description of the measurement sites within Lisbon mesoscale network.
Quadro I — Descricdo dos locais de medigdo da rede de mesoscala de Lisboa.

Measurements sites

RES BAI SAL CAR MON BEL PAR

Altitude (m) 324 558 851 106.7 160.8 5.8 42
Minimum distance to the Tagus River (m) 1225 1168 3765 7810 2635 181 75

Built up area * (%) 657 736 70.8 247 0.6 198 21.6
Mean building height* (m) 11.6 114 162 15 7.5 9.9 16.5

NDVI (Normalized Difference Vegetation Index) 0.1 0.1 -0.1  -0.14 0.12 0.0 0.29

RES - Restauradores, BAI - Bairro Alto, SAL - Saldanha, CAR - Carnide, MON - Monsanto, BEL - Belém,
PAR - Parque das Nagoes (location on fig.1)

*see text above
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IV. METHODOLOGY

The urban heat island results from the fact that “the air in the urban canopy is
usually warmer than that in the surrounding” (Oke, 1996: 288). Following the same
source the difference between the “peak” temperature in the city centre and
“the background rural temperature defines the urban heat island intensity” (Oke,
1996: 289). This seems quite simple.

However, it is difficult to find universal criteria to calculate the UHI intensity
(UHII). In different studies, authors calculate UHI intensities in very different ways.
As pointed out by Steward (2010) special attention should be given to site selection
and temporal resolution of data. Hourly data are used in the current study. Furthermore,
the data from the different sensors located in urban and sub-urban areas, following
T. Oke’s rules (2006), were analysed in order to select appropriate sites to UHI
calculation and three procedures were carried out.

1. Thermal similarities among city measurement sites
1.1. Comparison of thermal characteristics of measuring sites

First of all, the number of times each measuring point was the hottest or the
coldest was counted and the frequency of both occurrences was calculated. It is
clear from table II, that the more central measuring points (RES, BAI, SAL) are
the hottest ones by night (sum of the bold figures on column 4: 96.4%) and by day
(sum of the bold figures on column 4: 83.37%). CAR and MON are nearly always
the coldest ones (sum of the italic figures on column 3 and 5, respectively: 99.7%
by night and 83.6%). It is interesting to note that MON (on the forested hill, but in
a site with high SVF) has a much higher frequency of coldest nights (92.8%) than
CAR (6.9%).

Table IT — Warmest and coldest measuring sites (%).
Quadro II — Frequéncia em que cada local é o mais quente e o mais frio (%).

Measuring Daytime Nighttime
sites Warmest site Coldest site Warmest site Coldest site
Restauradores (RES) 64.9 0.1 79.6 0.1
Bairro Alto (BAI) 4.4 15.1 3 0.2
Saldanha (SAL) 14.4 1.2 13.8 0
Carnide (CAR) 10 39.5 1.4 6.9

Monsanto (MON) 6.3 44.1 23 92.8
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1.2. Temperature deviations from the Airport

Then we calculated for each location the percentage of hourly temperature
deviations between that site and the Lisbon Airport, located in the northern part of the
city (fig.1). The Airport had already been used as a reference station in early urban
climate studies of Lisbon (Alcoforado, 1992), because it is in a windward situation
towards Lisbon in the very frequent situations of N winds (Lopes ef al., 2011).

Some results are plotted in figure 3. The white part of the columns correspond to
situations with slight temperature deviations (-0.5°C<AT<+0.5°C); the grey scale
corresponds to positive deviations (AT>+0.5°C) when the city is hotter than the Airport;
the stripes relates to negative deviations (AT <-0.5°C), when the city is cooler than the
Airport. RES (fig. 1 and 2) is hotter than the Airport in more than 60% of the hours
(AT >+0.5°C), 20% of which superior to +1.5°C and 3% superior to +2.5°C. Saldanha
(SAL, not shown) is hotter than the Airport in 45% of the hourly intervals, that is 15%
less than RES, probably due to its more north exposed site than RES. Saldanha’s square
lays within the ventilation path through a large N-S street (Alcoforado et al., 2009).

The frequency of positive deviations (AT >+0.5°C) decreases in the peripheral
sites: 15% in CAR and 10% in MON. This site, located in a forested urban hill in
western Lisbon, has the highest frequency (70%) of negative deviations to the Airport,
10% AT lower than -2.5°C and 3% AT lower than -2.5°C.

In CAR, 45% of the deviations are lower than -1.5°C. BEL has a relatively high
percentage (55%) of positive deviations (AT >+0.5°C) to the Airport, most probably
due to its position in SW Lisbon, more directly submitted to warmer ocean air in the
winter semester. Negative deviations (AT <-0.5°C) attain circa one fourth of the cases,
due to the advection of cooler summer air.

%
°C

100 A 1
>3.5
25
1.5

——05

80 77 -0.5
-1.5
-2.5
<-3.5

60

Frequency

40

20

0
RES CAR MON BEL
Fig. 3 — Frequencies of temperature deviations between some measuring points and Lisbon Airport.

Fig. 3 — Frequéncia de desvios de temperatura entre alguns postos de observagdo e o Aeroporto.
RES - Restauradores, CAR - Carnide, MON - Monsanto, BEL - Belém, Data source: CliMA-CEG-ULisboa
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1.3. Classification of measuring points based on their thermal deviations to
the Airport.

Next, a tree clustering analysis (based on the linkage distance) of the thermal
deviations between urban stations and the Airport was carried out. The results are expressed
on the dendrogram in figure 4. MON and CAR, the peripheral stations, are isolated from
the five other more central stations, as expected (level A). Detailing the analysis (lower
linkage distance, level B), the three stations of the city centre (RES, SAL and BAI) form
a group, separated from the two riverside measuring points.

In view of these results, RES and SAL were used as “central city measuring
points” (BAI had a shorter measuring period) and CAR and MON were used as
peripheral sites. The riverside areas (BEL and PAR) were not considered in this
analysis owing to the influence of the Tagus river and the Ocean (particularly summer
sea breezes and winter radiation fogs), that in these two particular sites may overlap
the urban effect (Sakakibara and Owa, 2005; Alcoforado, 1992; Alcoforado ef al.,
2006). Their particular thermal behaviour is reflected in their separation from the
central sites on the dendrogram (BEL and PAR in fig. 3).

400

350 A

300

250

200

Linkage distance

150

100

50

MON CAR BEL PAR SAL BAI RES

Fig.4 — Similarity groups of the thermal deviation of each measuring site to the Lisbon Airport.
Fig.4 — Grupos de similaridade dos desvios térmicos de cada ponto de observagdo
em relagdo ao Aeroporto.

Data source: CliMA-CEG-ULisboa and [IPMA
2. Criteria to calculate UHI intensity

Following Oke (1996) and Andrade (2003) and based on the comparisons
described above, the occurrence of the UHI in Lisbon was considered each time the
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temperature in the central sites (SAL and RES) was higher than the temperature
registered in the peripheral locations (MON and CAR). The intensity of the UHI
(UHII) was calculated as the difference, at a specific moment, between the central
and the peripheral sites following the equation:

UHII =T, T, (1)

Where T, corresponds to the highest air temperature of the two central sites,
and T, the lowest air temperature of the peripheral sites.

IV. RESULTS: DAILY AND MONTHLY VARIATION OF LISBON’S UHI

The data was divided into night-time (20:00-6:00h) and daytime observations
(10:00 to 18:00h), discarding the times close to sunrise and sunset, when the radiation
conditions can cause thermal anomalies due to the shadowing of the facets.

In figure 5, the median UHI is slightly lower by day (1.6°C) than by night (2.1°C).
The first quartile is higher by night (1.7 versus 1.3°C by day), as well as the third
quartile (2.5 versus 2.2°C by day). Maximum UHII during the studied period is 6.3°C
(by night) and 5.7°C (by day). However, these slight differences hide great temporal
and spatial differences, which further analysis will unveil.
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Fig. 5 — Daytime (10:00-18:00h) and night-time (20:00-6:00h) box-plots of the
urban heat island intensity (UHII).
Fig. 5 — Blox plots da intensidade da ilha de calor diurna (10-18h) e nocturna (20-6h).

Data source: CliMA-CEG-ULisboa
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Figure 6 discloses more details related to daily variability of air temperature in
Lisbon. First of all, it is clear that the frequency of UHII >2°C is lower from 9 to
1Ta.m. (<20% of'the cases). It increases during late afternoon and attains its maximum
value around 20-21:00h (70% of the cases) and diminishes slowly towards dawn.
This is quite similar to the general scheme explained by T. Oke (1996) and discussed
below. The mean UHII, however, does not show such a great daily variation, although
it is lower during the day (1.8°C) than in the evening and night (2.0°C). The values
are very close to the median, displayed in figure 5, which denotes a symmetrical
distribution. Nonetheless, maximum UHII is reached in summer afternoons and
more so in the evenings (up to 6°C). In winter, maximum UHII fluctuates between 3
and 4°C, slightly higher in the evening than in the afternoon.
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Fig. 6 — Hourly UHI frequency and mean hourly intensity of Lisbon UHI (2004-2012).
Fig. 6 — Frequéncia e intensidade média horaria da ilha de calor em Lisboa (2004-2012).
Data source: CliMA-CEG-ULisboa

Finally, figure 7 plots UHII at different times throughout the whole year,
showing large differences. The lower daytime UHII occurs earlier and lasts less in
summer than in winter. The night-time maximum is higher and lasts longer during
the summer months. The afternoon evening increase of UHII (more than 2°C) in
summer begins much earlier (14:00h) than the winter one (circa 19:00h). In the
discussion, these findings will be put into context and further explained.
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Fig. 7 — Lisbon’s mean UHII versus time of the day for the 12 months of the year (2004-2012).
(See coloured version online)
Fig. 7 — Intensidade média mensal e horaria da ilha de calor em Lisboa (2004-2012).
(Versdo a cores online)

Data source: CliMA-CEG-ULisboa

V. DISCUSSION

The urban climate is quite specific to each city. Nevertheless, the Mediterranean
cities have a fair amount of points in common (Montavez et al., 2000; Santamouris,
2007; Kolokotsa et al., 2009): an evening/night-time maximum occurs in most cities;
maximum UHI takes place in the summer (except for Barcelona, Moreno-Garcia,
1994) and afternoon cool island may occur due to shadow effect, storage of energy
inside buildings (AQs) and in several cities to the occurrence of sea-breezes, as in
Nice (Carrega, 1992) and Marseille (Lemonsu et al., 2006).

In Lisbon, summer UHII values are the highest (mean values of 2.6°C, as
mentioned above). Nocturnal maximal is caused by different factors, such as heat
released by the buildings (AQs), more anthropogenic heat (QF) released into the
atmosphere, eventually less latent heat released (QE) by dew formation, less heat
used for evapotranspiration (also QE) and in some cases higher radiation balance
(Q*, less outward longwave radiation due to low sky-view factors). This last factor
is probably less important in Lisbon, because both RES and SAL measuring sites
are set in areas with sky-view factors >0.69. Lisbon’s UHI is also due to shelter
from cold (in winter) and cool (in summer) prevailing north winds in the valley
beds and lower altitudes of the southern part of the city (which coincides partly with
the CBD, fig. 8).

UHI mean (°C)
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One very interesting feature in figure 7 is the fact that, in summer, high UHII
begins quite early in the afternoon, which can be explained by the wind regime in the
city (Alcoforado, 1987; Lopes et al., 2013). In the summer mornings, there are
frequently E and SE breezes from the Tagus estuary that veer to the S and SW by
midday or later, bringing cooler air into the river-site city centre, sometimes up to
RES (Andrade, 2003) and in summer cause a negative heat island from 9:00h to
12:00h (or later). This negative heat island does not appear in the mean values, but it
is clear from several study-cases (Alcoforado et al., 2006). In the afternoon, at least
in 40% of the cases, the sea-breeze is replaced by north gradient wind. During the
time the North wind is blowing, the southern and central part of the city is sheltered
and a positive UHI develops quite early (15 h or even earlier, fig. 7).

Fig. 8 — Nocturnal urban heat island under light North wind
(standardized temperatures °C, Andrade, 2003).
Fig. 8 —Ilha de calor em situagdo de vento fraco de Norte
(temperaturas estandardizada °C, Andrade, 2003).

Data source: CliMA-CEG-ULisboa
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Fig. 9 — UHI intensity versus wind speed.
Fig. 9 — Intensidade da ilha de calor versus velocidade do vento.

Data source: CliMA-CEG-ULisboa

The relationship between UHII and wind has been studied and verified recently
by Lopes et al. (2013). The plots of UHII versus wind speed show an expected
reduction of UHI intensity when wind exceeds 4 m/s (fig. 9). However, UHI still
persists and its intensity may reach 2°C under wind speeds of 18 m/s. This is due to
the shelter effect, mentioned above. It is interesting to note that with wind speeds
above 12 m/s UHII is never close to 0, meaning that the shelter effect is really
important. Some authors do not consider this factor to cause a real UHI (Stewart,
2010). However, it is difficult to separate the different causes and shelter effect is not
only caused by topography but also by high-rise buildings, so it is a result from city
morphology. This dual effect is discussed in Andrade et al. (2010).

The maximum UHII in Lisbon does not occur in calm situations, following the
general rule (Oke, 1996), but with light winds, where shelter effect accumulates with
urban causes and may generate UHII up to 6°C (fig. 9). In very light wind situations
(below 2 m/s) UHII decreases (maximum circa 4°C). This is explained in the summer
by sea-breeze situations, bringing fresher air to the down-town area and in winter by
the occurrence of foggy situations. The relationship between UHI and wind direction
is not so clear and is discussed in Lopes et al. (2013).

We are aware that statistical analysis has weaknesses, particularly the inability “to
present several physical phenomena” (Mirzaei and Haghighat, 2010). Moreover, there
are generally a limited number of stations and of meteorological parameters measured,
not always for a long period of time, necessary to “filter the unpredictable errors”
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(idem). However, measurements are necessary to validate numerical or physical
models and we have now a relatively long series of urban measurements; furthermore,
measurement points have been selected with tight criteria following Oke (2006).

VI. CONCLUSION

In this research work, more details and statistical information about Lisbon’s
thermal climate are divulged, now based on hourly data from 8 years (2004-2012) of
the Mesoscale Measurement Network of the CliMA research group. For science sake
and for urban planning procedures, it is essential to identify the frequency of the
Lisbon UHI to decide if (and which) adaptation measures should be applied.

The areas with higher temperatures occur in the “Baixa” (RES site) and the
“Avenidas Novas” (SAL site). Nevertheless, there is a great spatial and temporal
variability of the UHII. This paper concentrates on its temporal variability. The
median UHII varies from 1.5°C in summer to 2.1°C in winter. Maximum values may
attain circa 6°C in summer afternoons, evening and nights. Minimum frequencies of
UHII >2°C, as detected in this research, correspond to the time spanning from 8:00
to11:00 h. This is only partly due to shadow effect, as we have verified that at least
after 9:00 h there is direct solar radiation on the measuring sites (fig. 2 shows the
example of RES measuring point). During the morning, energy is stored within the
buildings (AQs) and air temperature is generally lower than in non-urban open
spaces. Maximum values occur during the night, particularly in the summer when,
among other factors, AQs is released to the urban canopy layer, after sunset and
during part of the night. The maximum UHII in Lisbon does not occur in calm
situations but in light wind conditions, where shelter effect accumulates with urban
causes and may generate UHII up to 6°C.

This paper is focused on temporal variability of Lisbon’s UHIIL. The current
data set is also being used in a paper (in preparation) updating the study of Lisbon’s
spatial thermal patterns.
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