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Introduction

One of the fundamental objectives of many studies on urban heat islands (UHI) involves
establishing their intensity on determined nights or, if there is a sufficiently high number of
observations, their maximum intensity and average intensity can also be ascertained. Regardless
of the methodology employed, whether it refers to (1) differences between two fixed observatories,
one urban and another peripheral or non-urban, (2) mobile urban transects or (3) remote sensing,
in the end it is a question of providing a value of thermal differences between contrasted points or
sectors, one urban and another that could be termed non-urban. Thus, the intensity of the UHI is
seen in the temperature difference expressed at a given time between the hottest sector of the city
and the non-urban space surrounding this. The intensity of the heat island is the simplest and most
quantitative indicator of the thermal modification imposed by the city upon the territory in which
it is situated and of its relative warming in relation to the surrounding rural environment at night
time (Kim and Baik, 2002; Memon et al., 2009).

Background

However, the concept of the UHI, requires a definition that establish comparisons among cities
and makes precise appraisals of the magnitude of this phenomenon in a given city on different
dates. The first basic step entails the choice of two points, one urban and the other non-urban.
In relation to the urban point, there is generally less uncertainty, because it is established in the
hottest part of the city on average, usually in the center. Even without ad hoc observations, in
many cities it is quite easy to determine the hottest area at night. If this were not the case, a pilot
measurement campaign could establish the hottest point. It should be kept in mind that the hottest
part of the city is not always the same, as can be seen by means of remote sensing in Santiago
de Chile (Sarricolea and Martin-Vide, 2014), although the present paper will refer to these urban
and non-urban points. The latter must be selected with great care. Ideally, the non-urban point
should be close to the city, but in a rural area, or, better still, with natural vegetation cover. The
adjective “rural” has traditionally been associated with the location of the non-urban or reference
point and thus, UHI intensity has commonly been defined as the temperature difference between
urban and rural places (or areas), ATy_; = Ty — Ty, where AT,_, is UHI intensity, T, is urban
temperature and T, rural temperature. Of course, the non-urban point must be situated outside
the constructed urban space or any surface that has been modified by asphalt, cement, etc.. ., in
order for anthropogenic heat to be negligible in its energy balance, for the sensible and latent heat
to be as similar as possible to that of natural cover, and for the radiation balance to present albedos
and emissivity coefficients that are also similar to those of a natural environment. However, the
boundaries of the city are often inaccurate, because the urban continuum sometimes lacks clear
limits, presenting a transition toward typically rural land uses. Most cities do not border on the rural
space, but rather on periurban zones, rururban ones, etc. . ., which are influenced to some extent
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by the city. Even rigorous studies make use of somewhat vague
expressions such “nearby rural area” for the non-urban point
or sector (Van Hove et al., 2011). To find this non-urban point
we would, in certain cases, have to cover such a distance that
we would enter a climatic domain, or a given weather type at
a determined moment, different from the city being studied.
On comparing their temperatures, the differences would not
only result from the urban effect, but also from the existence of
different climates or weather. Many studies have failed to select
the suitable non-urban point, selecting an available observatory
outside the city, even if this does not provide the ideal conditions.
Furthermore, much effort has been invested in zoning the land
uses surrounding cities in order to subject them to climatic and
meteorological study and to establish UHI intensities. Indeed,
some urban climatologists have proposed detailed classifications
of space and of urban and rural landscapes, particularly of their
transition zones. In this sense, we can cite the work of Oke (2006),
who proposes seven Urban Climate Zones (UCZ), from N°1,
intensely developed urban zones with detached close-set high-
rise buildings with cladding, e.g., downtown towers, presenting
over 90% built (impermeable) surface, to N°7, scattered semi-
rural development houses in a natural or agricultural area, e.g.,
farms, estates, with less than 10% built surface. This classification
is used, for instance, to accurately compare the maximum urban
heat island intensities of 19 Dutch cities (Van Hove et al., 2011).
Other authors also assume that the rural, or reference, point
must possess less than 10% of constructed surface (Wing-Yee,
2010). Using remote sensing, the urban land cover explains the
UHI intensities of many European cities (Zhou et al., 2013).
Stewart and Oke (2009) expanded the UCZ classification into a
more comprehensive system called Local Climate Zones (LCZ).
It attempts to categorize the landscape “universe” into 19 LCZ
belonging to four landscape series (city, agricultural, natural, and
mixed) according to surface cover, surface structure, and cultural
activity. This procedure has been employed, for example, by Siu
and Hart (2013) for Hong Kong. In this sense, the case of Hong
Kong is highly illustrative of the problems involved in choosing
the points, particularly the rural, or non-urban, one. These
authors conclude that the rural stations used in previous studies
are not representative, and thus, the UHI intensities previously
calculated for Hong Kong may have been underestimated.

Moreover, there is an effect on the leeward side of the city,
which at a given moment depends mainly upon wind direction.
If on a determined night the non-urban point is subjected to this
effect, the difference between this point and the city center will be
attenuated. Therefore, depending on wind direction, the urban
influence upon the leeward side of the city may or may not affect
the non-urban point.

Simplifying Lowrys additive scheme (Lowry, 1977),
temperature measured at the urban point is a function of
the climate of the region it is located in, plus the effect of local
geographic factors and urbanization, whereas the temperature
at the non-urban point of the regional climate itself and the
effect of local geographic factors. If the local geographic factors
are similar at both points, then the difference between both
temperatures will express the effect of the city, which constitutes
our objective. If we are to provide a correct and comparable

value of UHI intensity, it is vital to choose a non-urban point
with an altitude and distance from the sea, or from the existing
bodies of water, comparable to those of the urban point. These
two geographic factors, altitude and distance from the sea, are
decisive, whilst others, such as latitude, do not cause appreciable
differences between the two points. If the non-urban point
is situated, for instance, higher than the urban one, then its
average temperature will be appreciably lower or, on occasions,
higher if thermal inversion occurs. In any case, the urban effect
would be camouflaged on calculating the temperature difference.
There is therefore a need to establish the margin of altitude
differences between the urban and non-urban points in order to
consider that their temperature differences reveal only the urban
effect. If the average vertical temperature gradient is considered
(0.65°C/100 m), 30.8 m will cause a variation of 0.2°C, which is of
the order of accuracy of many temperature measurements. Thus,
as a general rule, the altitude of the non-urban point should
not differ from the urban one by more than & approximately
30 m. In the very well-documented doctoral thesis by Siu (2011)
the points finally selected present an altitude difference of 27 m.
In the case of Barcelona, the altitude difference between the
points of contrast is approximately 20 m (Moreno-Garcia, 1994).
On nights with intense ground thermal inversion, very often
associated with synoptic situations (anticyclonic) which give rise
to intense heat islands, 30 m constitutes an altitudinal contrast
that can cause substantial temperature differences, of several
degrees centigrade. In these cases, a non-urban point situated
at a lower (higher) altitude would overestimate (underestimate)
the urban effect. For these nights, altitudinal differences of
only 10m would represent a non-urban bias in the calculated
intensities of the heat island. In short, the altitudinal difference
between the urban and non-urban points should never surpass
30m, and, if possible, should be less than 10m. In the event
that the latter criterion were not possible, the intensity of the
heat island established on nights with intense thermal inversion
has to be subjected to correction. This is also the case if it
were impossible to find a non-urban point with an altitude
difference of 30 m or less with respect to the urban point (for
instance, in a city totally occupying the bottom of a closed-in
valley).

It is a well-known fact that bodies of water regulate
temperature and attenuate daily and seasonal temperature
differences, as can be seen in the limited daily and annual
temperature ranges on coasts and islands. For this reason, it is not
recommendable to choose a non-urban point more distant from,
or close to, the coastline than the urban point, but this requires
further discussion. Once again, there is a need to specify the
maximum assumable value for this difference in distance from
the coast. Very few studies have addressed this issue, which does
not provide one single result, given that the influence of distance
from the sea is very strong in a coastal area and negligible in
an inland environment far from the coast or separated from it
by reliefs. In the latter case, in a large inland urban area, with
a continental climate, even a difference of tens of kilometers in
distance from the sea between the urban and non-urban points
will not cause any temperature differences. On the contrary,
next to the coast or the edge of a big lake, the effect of the
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body of water rapidly decreases as one moves away from it. It
is highly likely that the relationship between the influence of
distance from the sea and temperature is not a linear one. In
an environment open to the sea such as the plains of Valencia
(Eastern Spain), annual average minimum temperature decreases
by approximately 0.16 °C/km with distance from the sea; in
January this variation is 0.23°C/km and in July 0.11°C/km,
approximately (Ninyerola et al., 2005). If the city is coastal, the
distance from the sea of the urban and non-urban points should
not differ by much more than over 800 m (in the case cited, and
as an annual average, in view of the lack of specific records, a
difference of 0.2 °C/km would occur in January with a difference
between distances of 870 m). As can be seen in the example given,
the factor “distance from the sea” depends upon time of year and
also latitude, due to the influence of water and air temperatures
and of the marine currents, which possess their own thermal
anomaly.
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Conclusions

In summary, the intensity of the heat island is the simplest and
quantitative indicator of the thermal modification imposed by
the city upon the territory. Therefore, the most important aspects
to be considered in this definition are, in the first place, that
two points (urban and non-urban) that follow the scheme of
Stewart and Oke (2009), that is, a point in the urban center
and another with less than 10% floor area, also, the altitudinal
difference between the urban and non-urban points should never
surpass 30 m, and, if possible, should be less than 10 m. Finally,
the proximity to water bodies in urban and non-urban points
should be similar and ideally over 800 meters.
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