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Titulo: Mitigacion de la Isla de Calor Urbana: Un Modelo General

RESUMEN

Sin lugar a duda, la urbanizacion presenta un drastico y fuerte impacto ambiental. Uno de
ellos, es el fenomeno de Isla de Calor Urbana (ICU) que aparece en las ciudades debido al
cambio dr astico en e 1 us o de 1 s uelo. E ste f endmeno e s pr incipalmente noc turno pe ro
también aparece durante el dia en muchas ciudades incluyendo la Ciudad de México. La
ICU puede afectar el confort térmico humano que puede influir en la productividad humana
y m orbilidad en el p eriodo p rimavera/verano. P ara co ntrarrestar es te e fecto, s e u tilizan
sistemas de aire acondicionado, lo que lleva por un lado a una probable exacerbacion de la
ICUy porelotro, unau mentoe nel consumo d e en ergia, p rincipalmente el éctrica.
Actualmente, la ICU es muy marcada en la Ciudad de México, ya que el centro calido se
incremento tanto en el e spacio como en su intensidad al c ompararlo ¢ on m ediciones de
afios an teriores, con diferencias de latemperaturadel aire hastade 10 °C entre el drea

urbana y rural, por lo que es necesario implementar estrategias de mitigacion de la ICU.

Se construy6 un m odelo fenomenoldgico sencillo basado en el balance de energia
para generar un ap oyo tedrico dela mitigacion dela ICU en la Ciudad d e M éxico. El
modelo consiste principalmente en una aproximacion del balance de energia en la que se
desprecia tanto el calor antropico como la adveccion, ademas de tomar el almacenamiento
del tejido urbano como una constante. Por ello, este modelo se centra en que el incremento
del flujo de calor latente por el aumento de 1a cobertura arbérea puede reducir el flujo de
calor sensible y por lo tanto la temperatura del aire ya que ésta es una funcion del flujo de
calor s ensible. E ste m odelo s e g enerd p araun b arrio tipico co mercial/residencial de la
Ciudad de México utilizando datos de los componentes del balance de energia urbano y su
parametrizacion y datos de medicion sencilla y rutinaria (temperatura y humedad del aire,
presion, visibilidad, posicion geografica), obtenidos cada media hora, en 15 dias del mes de

marzo del afno 2006.

Para determinar el aumento de la cobertura arborea fue necesario analizar también

las v ariables q ue a fectan la transpiracion d e l os arboles, tales como la conductancia d el



dosel ( variable f isiologica) encu atroes pecies ar boreasd ominantes ( Eucaliptus
camaldulensis, Fraxinus uhdei, Liquidambar styraciflua y Ligustrum lucidum). La

transpiracion s e es timo u tilizando 1 at écnica del am ediciond e flujod es avia, yla
conductancia es tomatica se midio y s e parametrizo ut ilizando e | m étodo de 1a funcién
envolvente. E 1 flujo de s avia también s e pa rametriz6 ut ilizando e 1 m odelo de P enman-
Monteith. La conductancia total (conductancia del dosel + conductancia aerodindmica) se
estimo a p artir de datos promedio de la transpiracion y del déficit de presion de vapor. La
conductancia del dosel se calculo através de la conductancia estomatica y del indice de
area foliar. Las mediciones de flujo de savia se realizaron en cuatro arboles de cada especie
yla conductancia estomatica s e midi6o en al m enos cinco hojas d e c ada arbol cada 30
minutos. Estos experimentos se realizaron en la época seca, dos semanas entre el 11 y el 27
de abril de 2013 para la transpiracion, la conductancia estomatica y del dosel. Mientras que
las mediciones o calculos de conductancia total se obtuvieron mediante mediciones diarias
de transpiracion y de déficit de presion de vapor, del 22 al 27 de abril del 2013, al igual que

conductancia del dosel para la conductancia estomatica y el indice de area foliar.

El pr omedio de 1a conductancia e stomatica s e | ocalizé e ntre40m ms ' (E.
camaldulensis) y 50 mm s~ (L. lucidum). Los resultados muestran que la transpiracion fue

dominada fuertemente p or e I d éficit d e pr esion de v apor (DPV, v ariable a mbiental) y
controlado por la c onductancia estomatica ( gg). D e a cuerdo c on el m odelo de funcion

envolvente, las estomas fueron més sensibles al DPV que a la irradiancia y a la temperatura
del aire. Los valores d e radiacion neta, energia almacenada y flujos de calor sensible y
latente, fueron alrededor de 449, 224, 153, y72 W mfz, respectivamente. E 1rangode
transpiracion diario fue de 3.64 a 4.35 Ld ™.

Las tasas de transpiracion medidas en este trabajo son capaces de disipar hasta un
20% de la radiacion neta en la Ciudad de México (L. styraciflua registro la mas alta tasa de
transpiracion 4.35 L d™). Con estos resultados, es posible construir arreglos de arboles para
disipar 1 am ayor cantidad pos ible de c alor pr oducidoe nl ac iudad. Parar educirl a
temperatura del aire 1 © C enlazonade estudio, son ne cesarios 63 arboles gr andes de
Eucaliptus camaldulensis por hectarea, mientras que para reducir la temperatura del aire 2°

C se necesitarian s6lo 24 arboles grandes de Liquidambar styraciflua.



Este estudio sugiere que no solo con el aumento de la cobertura del dosel de arboles
en la ciudad se puede mitigar la ICU adecuadamente, sino que requiere de la eleccion de las
especies d e 4 rboles m &s ad ecuados p ara resolver es te p roblema. T ambién es 1 mperativo
incluir es te tipo d e es tudios en la seleccion de arboles y 1a p lanificacion d el d esarrollo
urbano para mitigar adecuadamente la ICU. En este trabajo, en un punto de vista particular,
también s e p resentan | as es trategias a s eguir p ara r esolver es te problema en un paisen

desarrollo, con un crecimiento urbano cadtico y complejidad climatica.

Toda es ta i nvestigacion d al a p auta p ara generar es trategias y | ineamientos d e

urbanizacion acorde con un medio ambiente saludable.

ABSTRACT

There is no doubt, the urbanization creates a drastic and strong environmental impact. One
of them is the Urban Heat Island (UHI) phenomenon that appears in cities due to the drastic
change in land use. Although, it is generally a nocturnal phenomenon also occurs during the
day in many cities including Mexico City. The UHI can affect the human thermal comfort
that can influence in the human productivity and morbidity mainly in the spring/summer
period. To counter this effect, air conditioning systems are used, which carry an increase in
the energy consumption, electric principally. Currently, the UHI is marked in Mexico City,
being that the warm center increased, as in space as in intensity, compared to measurements
from previous years, with air temperatures differences up to 10 °C between urban and rural

area. Therefore, it is necessary to implement strategies in UHI mitigation.

A p henomenological m odel b ased i n en ergy balance w as b uiltt o g enerate a
theoretical support in the U HI miti gation in M exico City. T his model is focused on the
concept of latent heat flux increasing by enlarging tree cover, to reduce sensible heat flux
and therefore air temperature. This model was generated in a typical commercial/residential
neighborhood using urban energy balance components data and parameterizations by data
of e asy and routine m easurements ( air t emperature, hum idity, p ressure a nd vi sibility),

obtained every 30 minutes, in fifteen days in March, 2006.
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To determinate tree cover increase, it was necessary analyze the variables that affect
transpiration, s uch a s, canopy ¢ onductance (physiological va riable), i n f our a rboreal
dominant species (Eucaliptus camaldulensis, Fraxinus uhdei, Liquidambar styraciflua and
Ligustrum lucidum). The sap flow technique was used to estimate tree transpiration rates
and s tomatal ¢ onductance w as m easured a nd parameterized us ing t he e nvelope function
method. S ap flow w as al so p arameterized by t he P enman-Monteith t ranspiration m odel.
Total conductance ( canopy conductance + a erodynamic conductance) was estimated from
time a veraged t ranspiration a nd m ean va por p ressure de ficit. C anopy conductance w as
computed from s tomatal conductance and | eaf area index. S ap flow m easurements w ere
made in four trees of each species and stomatal conductance was measured in at least five
leaves of each tree every 30 minutes. These experiments were carried out in the dry season,
in two w eeks be tween April 11t o027, 2013 r elated t o t ranspiration, and s tomatal a nd
canopy conductance. While m easurements o r cal culations o f't otal co nductance w ere
obtained through daily measurements of transpiration and vapor pressure deficit, from April

22 to 27, 2013; and also canopy and stomatal conductance and leaf area index.

Stomatal conductance averagev aluew asl ocatedb etween4 Om ms ' (E.
camaldulensis)and 50 mms ™ (L. lucidum). The r esults s how, t hat t ranspiration w as
strongly dom inated b y the pr essure v apor de ficit ( DPV, e nvironmental va riable) a nd
controlled by the stomatal conductance (gs). According to the envelope function method,
the s tomata w ere m ore s ensitive t o D PV t han i rradiance an d/or ai r t emperature. Net
radiation values, storage energy and sensible and latent heat flux, were around 449, 224,

153, and 72 W m 2, respectively. Transpiration daily range was from 3.64 to 4.35 L d .

Finally, transpiration rates presented here were capable to dissipate up to 20% of net
radiation in Mexico City. L. styraciflua registered the highest transpiration rate 4.35 L d™'.
With th ese r esults, it is p ossible to b uilt tree a rrangements to d issipate th e ma ximum
amount of heat produced in the city. To reduce the air temperature 1°C in the study area, it
is necessary 63 bi g trees of Eucaliptus camaldulensis by hectare, while to reduce 2 °C air

temperature is just necessary 24 big trees of Liquidambar styraciflua.

This study suggests that not only with the increasing of the tree canopy cover in the

city is possible to mitigate the UHI adequately; but it is also required to select tree species



more adequately to resolve this problem. It is also imperative include these type of studies
int he s election of trees a nd t he pl anning of urban d evelopment t o mitigate t he U HI
effectively. This work, in a particularly point of view, also presents strategies to continue
solving this problem in a de veloping c ountry, with a chaotic urban growth and climatic

complexity.

All this investigation provides guidelines to generate strategies and guidelines to the

urbanization a consistent with a healthy environmental.
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CHAPTER 1. INTRODUCTION AND
BACKGROUND

Charles Darwin in 1859 stated that it is not the strongest species that survive, nor the most

intelligent, but one that responds better to change (Comin del Rio, 2009).

While most living organisms have adapted to the environment, mankind has turned
the e nvironment t 0 hi s ow n be nefit. W ith t he a griculture i nvention, m ankind be comes
sedentary, and it is precisely at this moment that man be gins to adapt the environment to
settle and large-scale urbanization be gins or starts. T he urbanization, like a phe nomenon
beginning with agriculture invention, as was mentioned, has it origin in the prehistory and
actually i s a ne conomical s ector i ndispensable a nd f undamental t o f eeding hum an
population in entire world ( Bottino B enardi, 2009). A griculture de velopment would have
from 8,000 to 10,000 years, and along with hunting, fishing and cattle-raising led to human
settlements, and therefore the beginning of urban development, which led to the impulse of
cities, and in turn to a great population growth (Cadena, 2011). These civilizations w ere
distributed ne ar 1 arge rivers such a s t he T igris a nd E uphrates (Mesopotamia) and Nile
(Egypt) or around/on lakes (Mexico), which they provided enough water and nutrients to
have a great food production (Bottino B enardi, 2009). Later, industrial revolution took a
prominent role in urban growth, since the economic development is concentrated in cities;

there was a large labor demand to improve lifestyle (Montenegro, 1998).

Bottino-Bernardi ( 2009) affirmedth atc itiesa rea gglomerations covering
considerable a reas a nd occasionally ov erstep t heir bounds , i n w hich h istorically were
demarcated by a past political decision. Now-a-day, a great city expands beyond its original
administrative ar ea, r eaching out to other cities and spaces forming a large m etropolitan
area, b ringing a p olitical-administrative e ntity, w here hum an popul ation i s € ngaged i n
commercial, administrative or industrial activities, and where the utilities (water, electricity,
telephone, etc.) and f acilities ( schools, pa rks, hos pitals, e tc.) a re. T heir 1 egal s tatus

distinguishes it from rural and/or c ountry. Borja (2003) de fined the city as a historical,



geographical, cultural, even political, human concentration and diverse (urbs), provided

with identity and self-government (Civitas, polis) reality.

Rapid urban growth and the spread o f cities is one of the most i mportant e vents
taking pl ace from the s econd half o fthe X X century until now, pr ovoking in c onfined
spaces a highly concentrated population due to migration from the countryside over the site
natural increase. In the year 2000, there were 402 cities where the population was between
1 and 5 million inhabitants and 22 cities holding between 5 and 10 million. For example, in
1950, New Y ork was the only city with more than 10 million, and in 2015, it is estimated
that there are 30 cities with similar inhabitants number or more of which 23 of them, belong
to developing or emerging countries (Alberto, 2005; Saltenyte, 2016). It is noteworthy that
both, rich regions as well as the poor, the accelerated and disorderly urban growth generates
a strong spatial and environmental impact as the loss of biodiversity, the urban heat island,
and air, water and soil pollution. Furthermore, with the increasing of urbanization occurs, in
both dom estic or private a nd publ ic a nd c ommercial, a hi gher ¢ onsumption of e nergy

(Alberto, 2005).

As an example of the effect of urbanization, when an urban area expands, it creates
its o wn and d istinctive microclimate, a cl ear example o fthis effectisthe p henomenon
called Urban Heat Island (UHI), where the air temperature is greater in the urban area than
its s urroundings. W ilhelm S chmidt w as t he one of the pr ecursors on t he s tudy of't his
phenomenon conducted in Vienna in the early fifteenth century (Gartland, 2008). However,
the U HI investigation formally began in 1820 with Luke Howard when studied London
climate. A nother r esearcher who ¢ onducted t hese t ypes of s tudies w as E milien R enou
(1862) in Paris, who set several thermometers in the entire urban area and found that air
temperature i ncreased from 1t 02 °C  with their surroundings (Landsberg, 1981). T he
phenomenon of heat island is present in all cities, no matter their size or location, regardless
of its latitude (Capelli de Steffens, et al., 2005), and it is a w eather-climate phenomenon
(Gartland, 2008). Types of surfaces such as paved roads, parking lots and buildings have a

great influence on the increase in urban temperature (Oke, 1982).

At the present and probably with the climatic change effect, the UHI has become
more notable in the Metropolitan Area of Mexico City (MAMC) (Jauregui, 1997). Which



has been generated mainly by the urban expansion, which implies a drastic change in land
use (Cruz, 2000), with a difference on ur ban minimum temperature and rural area ( Ty.r)
neart o0 6 °C ( Jauregui a nd Luyando, 1998) andt he m inimum T yr 1.8 °C be tween
Chapingo and S an A gustin. A t th at ti me th e w arm ¢ enter w as lo cated a t th e C ircuito
Interior area (=~ 112.7 km?). However, to date UHI is also established during the daytime,

with maximum temperature differences up to 10 °C (Ty.r) (Ballinas, 2011).

It is important to note that UHI also has been observed in other Mexican cities such
as Tampico (22°15'19"N, 97°52'07"W, 30 m asl), w here the di fference wasupt o 6 °C
(Fuentes-Pérez, 2014), while in V eracruz-Boca del Rio (19°1125"N, 96°09'12"W, 10 m
asl), this difference may be upto 5 °C (Baca-Cruz, 2014). In Villahermosa (17°59'13"N,
92°55'10"W, 9 m asl) and Xalapa (19°32'24"N, 96°55'39"W, 1417 m asl), UHI was less
intense ( 2.5°C ). E venint hede sertc itiesa st he ¢ ase f or M exicali ( 32°39'48"N,
115°28'04"W, 6 m asl) the temperature di fference was 3.2t 0 4 °C (Garcia-Cueto, et al .,
2007). This phenomenon becomes so conspicuous and threatening occupying spaces in the
news as follows: By 2050, the warmth in Mexico City will be so intense which will lead to
an increased use of air conditioning. The cities of Cuernavaca, Tijuana, Acapulco and
Monterrey, among others, will suffer from increased temperature. But, especially in cities

where the called heat island occurs (Reforma Journal, 2014).

As a c¢ onsequence, thei ncreasingo fai rt emperature ( To) 1 nt he ur ban a rea
exacerbates the human thermal comfort, and people would experience more stress by heat
and hum an he alth ¢ ould be s eriously a ffected ( Laschewski a nd J endritzky, 2002) .
Furthermore, heat waves or heat strokes could increase or be enhanced by the UHI e ffect
(Luber and M cGeehin, 2008; B asara, et al., 2010). T his c an a ffect hum an pr oductivity

mainly in spring-summer period in temperate and subtropical regions.

Furthermore, these T yr differences can increase with the global cl imatic ch ange
(Brazel and Quattrocchi, 2005). Indeed, from the thermal comfort and human health point
of view, the heating produced by urbanization can be considered as some sort of thermal
contamination, which it could be defined as thermal pollution, since heat contamination is

more r elated t o t he h eat r eleased b y nuclear p ower, t hermoelectric p lants an d/or o ther



significant h eat s ources; me anwhile, th ermal p ollution is mo re r elated to th e lo w h eat

production as it is the urban case.

Air ¢ onditioning s ystems ( ACS) ha ve be en installed i n w orkplaces w ith t he
objective of improving the thermal comfort to get a better human productivity, but with a
considerable increase in energy consumption and a co nsiderable increase in the energetic
costs (Wong and Chen, 2009). In Mexico City, for example, in 1996 the electricity sold to
the domestic sector by Comision Federal de Electricidad was 28,400 GW h'!, 23.4% of the
total consumption (121,579 GW h™), from this energy consumption by the domestic sector,
20% w asr equired t o condition t he e nvironment 1 nside bui ldings ( air ¢ onditioning,
evaporative cooling and f ans) ( Ramos, 1998), and 30% 1 n ¢ ommercial a nd bui ldings
services in metropolitan area and the 50% was d omestic consumption. These ACS which
have a very low efficient and "take" t he heat inside of the buildings and they "put" it
outdoors, g enerate a n i ncreasing i n t he t hermal pol lution e xacerbating t he U HI e ffect,

having feedback and therefore the human heat loads incrementing energy consumption too.

As UHI affects directly to human energy balance, mitigation can understanding in
the limit w hen people starts to experiment heat stress. In an urban environment, it is well
known t hat ve getation w hen transpiring, r edistribute t he e nergy balance with a result of
cooling the air in and out of the vegetated area, forming the so called "cold island", not only
in the site w here they find but two or three times more than the size o fthe green area
(Barradas, 1991; 2000). Unfortunately, itis a factth atin the cities t here is a d rastic
reduction of open spaces suitable for the construction of parks due to other urban priorities.
Mexico City just annually loses 1.5% of green areas to optimize vehicular traffic (Ezcurra,
1991). T herefore, it is imp erative to in vestigate th e e nergy redistribution in the city and
how this affect to T A, taking the energy balance as a f ramework and to implement linear
models linking, air temperature (T,) with latent heat flux (Qy) and indirectly with thermal
comfort (bioclimatic comfort index). At the present, UHI mitigation is an important issue
due to problems noted before (Rosenfeld, et al., 1998; Solecki, et al., 2005; T akebayashi
and Moriyama, 2007; Rizwan, et al., 2008; Shahmohamadi, et al., 2011).

There are several alternatives to mitigate the UHI by manipulating the urban energy

balance, and changing s ome terms and/or factors: 1) Changing the albedo to reduce net



radiation, 2) improving ventilation affecting human heat load, and 3) increase evaporative
potential areas. However, the first two alternatives are permanent and can potentially lead
to ne gative e ffects dur ing t he a utumn/winter pe riod w hen a Ibedo i ncreases due to s olar
inclination reducing net radiation, and cool winds could increase thermal sensation (wind
chill). N onetheless, th e th ird a Iternative ma y not le ad to n egative e ffects in w inter
especially when it comes from ve getation, particularly trees. A ccordingly with the proper
implementation o f urban vegetation, it is possible to mitigate the UHI due to the cooling
potential given by transpiration (Barradas, 1991; 2000; Susca, et al., 2011; Kornaska, et al.,
2015).

The r elease o fw ater v apor t o t he at mosphere b y t ranspiring p lants cau ses an
increasing i n ai r h umidity an d a d ecrease i n a ir t emperature. Transpiration is ma inly
controlled by stomatal resistance and dominated by environmental conditions (e.g. Jones,
1992; M einzer, et al., 1993); w hereas, s tomatal r esistance d epends on t he ph ysiological
behavior of the plant and is controlled by environmental conditions, too (e.g. Whitehead, et
al., 1981; J ones, 1992; Barradas, et al., 2004). Because of t hat, t ranspiration r ates a re
different a mong pl ant s pecies, and also i ndividuals of t he s ame s pecies m ay p resent

transpiration rates variations depending on the prevailing environmental conditions.

However, in proposing the release of water vapor as a mechanism to mitigate UHI,
it is necessary to understand the exchange between water vapor, surface and the atmosphere
which is one of the most important components of the energy exchange process in the air-
land i nterface ( Kumagai, e t a 1., 2004) , a nd a ny c orrelation be tween r adiation, s tomata
behavior and transpiration decrease or increase, can be determinate in detail for each specie

and the environment.

Therefore, to develop an appropriate urban vegetation structure to mitigate UHI, it
is required at first instance, to establish the transpiration be havior of each involved plant
species and their structural characteristics; and secondly to build up a theoretical model to
articulate mitig ations cenarios ¢ hoosing d ifferentp lants pecies and mo difying
environmental conditions. The well-known Penman-Monteith equation (Jones, 1992) is an
appropriate m odel t o e stablish t ranspiration be havior of e ach ¢ oncerned s pecies, w hich

involves ph ysiological a nd e nvironmental ¢ onditions, and it is also w ell-known t hat a ir



temperature ( To) d epends on s ensible heat flux (Qp), giving the support to a theoretical

model based on the urban energy balance (Tx = f(Qp)).

The structure o f this thesis is organized in such a way that be gins with the urban
heat island analysis in Mexico city, such as in dry season (November to May), as in wet
(June to October), over the years 2009 a nd 201 0. W here, UHI is emphasizes and is also
established in daytime and, have differences in temperatures up to 10 °C. Subsequently, an
ecophysiological a nd e nvironmental t ranspiration analysis is r ealized i n f our dom inants
species (Fraxinus uhdei, Liquidambar styraciflua, Eucaliptus camaldulensis and Ligustrum
lucidum) in t he ci ty, overhanging that tr anspiration is s trongly d ominate by V PD a nd
controlled bys tomatal co nductance an d Liquidambar styraciflua presents hi gher
transpiration, w hile Fraxinus uhdei the 1 ower. N ext s tep, a phe nomenological m odel is
presented to mitigate UHI, based in the first thermodynamic law and parameterize in such
way th atis p ossible realized, diagnostics orp redictions with routines an deas y
measurement variables as geographical position, temperature, relative humidity, visibility,
etc., with wh ichis p ossible determinate t he number of t ress qua ntity t o r educe air
temperature until 1 t 0 3 °C or the necessary. Overhanding, it is required, 63 Eucaliptus
camaldulensis big tress by hectare to reduce temperature 1 °C, while to decrease 2 °C, only
24 Liquidambar styraciflua big trees are needed. Finally, to reflect and tackle about this
problematic o f mitig ate th e h eat is land in M exico, since every ci ty p resents its own
characteristic, giving differences in comfort index in conurban areas o f Mexico cities as
Veracruz-Boca del Rio. And, with this, to implement a strategy to take the first steps to
mitigate heat island in cities with over 500,000 inhabitants, based on t he climate type in

each city.



CHAPTER 2. AIMS AND HYPOTHESIS

2.1 Aims and objectives

The main objective of this work was to build a simple phenomenological model based on
the energy balance to explore the effect of dominant urban trees on t he mitigation of the
UHI in a typical neighborhood of Mexico City in the dry season. The more specific aims

were:
1) to establish the extent and intensity of the urban heat island in Mexico City

2)t o analyze t he energy ba lance components i nur ban a reas a nd i n t otally di fferent

vegetation arrangements

3) to characterize the potential cooling of the air through tree transpiration of different tree

species

4) t o ¢ alculate/estimate t he n et r adiation f rom eas ily and r outine datas uchas air

temperature, air humidity and visibility
5) to parameterize the sensible heat flux versus air temperature
6) to suggest changes in the urban structure to mitigate the urban heat island

7) to suggest urban heat island mitigation strategies in main cities of Mexico in function of

climate and population

2.2 Hypothesis

The mitigation of the urban heat island can be performed through the manipulation of the
energy balance components, by increasing the latent heat flux by tree transpiration which

leads to a decrease of the sensible heat flux and therefore the air temperature.



CHAPTER 3. METHODOLOGY

3.1 Study site
3.1.1 Location

Measurements w ere m ade in the M etropolitan A rea o f M exico C ity (MAMC), with 1 6
delegations from Ciudad de México and 18 municipalities from the Estado de México. The
metropolitan area is found in an originally closed hydrological basin that was open in an
artificial way at principles of XVII century (INECC, 2013). This basin includes the MAMC
and s ome ar eas s uch as p ortions o f H idalgo, T laxcala an d P uebla s tates ( Ezcurra an d

Mazari, 1996).

Mexico City is one of the biggest cities inthe world (Barradas, etal., 1999), it
extends overan area of 7,500 km 2 and 1 ocated w ithin t he t ransversal ne ovolcanic a xis
(INEGI, 2011 a), surrounded by groups of mountains at east, west and south, and in the
north limited by a discontinued series of short mountains. Highest picks are P opocatépetl
and Iztacihuatl, with an altitude 5,465 and 5,230 m asl, respectively (Ezcurra and Mazari,

1996) (Fig. 3.1).

Mexico City has had a rapid and steady growth, in both population and urban area,
for example, between 1980 and 2010, human population increased from 14,052,263 (Cruz,
2000) to 20,137,152 (INEGI, 2011b) and urban area was from 1,115.6 km” (Sanchez, 1996)
to 1,627.0 km * (INEGI, 2011 b). S even of t he s ixteen de legations ha s ur ban g round:
Azcapotzalco, B enito J uarez, C oyoacan, C uauhtémoc, Iztacalco, M iguel H idalgo a nd
Venustiano C arranza a nd t he ni ne remaining h as ¢ onservation s oil: A lvaro O bregén,
Cuajimalpa, Gustavo A . M adero, Iztapalapa, M agdalena C ontreras, M ilpa A lta, T lalpan,
Tlahuac and Xochimilco. This conservation soil serves to water catchment and infiltration,

climate regulation and improve air quality and biodiversity.

The location o f the metropolitan area is within the area comprised in the extreme

north and south between 19.665 N and -99.083 W, corresponding to Villa de las Flores and



19.255 N and -98.999 W for Tldhuac and the east and west ends 19.474 N and -98.896 W
to C hapingo and 19.373 N and -99.282 W to Cuajimalpa, r espectively, and an a verage
altitude of 2,240 m asl (INEGI, 2011a).

3.2 Vegetation

The 5% from this city extension of 7, 500 km? is occupied by public accessible vegetation.
20.4 % from urban soil is public and private green areas, which 56% are woods, and the
remaining 44% is grass and shrub (INEGI, 2011a). Benito Juarez, Tlalpan, Coyoacan and
Cuauhtémoc have above 74% of woods surfaces; how ever, T lahuac only have 4.4% and

Venustiano Carranza and Iztapalapa are below 28% woods.

Figure 3.1, s hows that the metropolitan area occupies more than half of the whole
region, however, this region contain an area of temporal agriculture. Whereas in the south,

it is found a predominant part of pine forest, and a small area of grassland and a fir forest.

3.3 Climate

Metropolitan Area of Mexico City has a highland subtropical climate, modified by altitude
where annual temperature range is relatively narrow due to its geographical location. In the
dry season (cold and w arm s eason; November to M ay) the B ermuda anticyclone m oves
southward allowing polar air masses to invade most of the country inducing that the study

area has 1 ow rainfall and w eather t ypes as clear skies and cal m conditions ( Aleméan and

Garcia, 1974).

In t he w et s eason ( warm s eason) w hen t he Bermuda hi gh m oves nor thward, i t
allows to trade winds prevails in the study area causing atmospheric instability and moist
conditions (Alemén and Garcia, 1974). Mean annual rainfall (mean of 40 years) is 748 mm
and ne arly 94% oc curs dur ing t he r ainy s eason ( June-November). W inds a re  ight a nd

predominantly from the Northeast (SARH, 1982).
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Extreme temperatures occur in April (26 °C) and January (5.3 °C) (SARH, 1982),
with a marked heat island effect in the urban areas (Jauregui, 1971), not only at night but
also during daytime, with differences of up to 10 °C (Ty.r) compared to surrounding areas

(Ballinas, 2011).

99°15'0"W 29°0'0"W

19°45'0"N
19°45'0"N

19°30'0'N

19°30'0'N

19"150°N
18°150"N

“._- Elevation 4p Temperate or subpolar coniferous forest Tropical or subtropical shrubland
®  Meteorological station € Temperate or subpolar deciduous broadleaf forest <> Snow and ice
~ ~ _ Circuito interior «» Tropical or subtropical deciduous broadleaf forest Temperate or subpolar pasture
Urban area 4 Mixed forest Cropland
Waterbody 4 Temperate or subpolar shrubland Bare soil Leend

Figure 3.1. Mexico City Metropolitan A rea c onfiguration, v egetation di stribution, e levation and
spatial distribution of stations of the meteorological network (modified from INEGI, 2011Db).
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Energy balance measurements were performed in a district (Escandon district) near
to the center of the Metropolitan Area of Mexico City. Delimited by streets with intensive
vehicular traffic, and the land use in the study area is mainly commercial and residential
with 57% occupied by buildings of three to four stories, 37% for roads and paved areas, and
the r emaining 6% 1s covered b y v egetation ( Fig. 3.2) . T he m ean h eight ( Z,) o ft he
surrounding buildings is 12 m, and it was estimated that the aerodynamic surface roughness
(Zo) was 1 m. The zero displacement plane d was calculated to be 8.4 m height according to
the r ule-of-thumb e stimate ( d=0.7Z;) ( Grimmonda nd O ke, 1999 a).D uringt he

measurements period the footprint calculation averaged 1150 m (Velasco, et al., 2009).

19° 24'30"

19 24'N

Figure 3.2. Aerial view around the study site (marked with a white disk). The white circle indicates
the 1000-m distance around the measuring tower.
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3.4 Theoretical framework
3.4.1 The urban energy balance

As it w as mentioned in chapter 1, UHI is a climate-meteorological phenomenon that it is
mainly generated b y t he ¢ hange o f1and us e from rural t o ur ban, w here t he e nergy i s
redistributed. A s imple m odel of the e nergy balance (W m ?)in a cityis givenbythe
following expression (Oke, 1988):

Qv+ Qa=Qr+Qu+t Qs+ Qap [1]

where Qy is the net radiation (available energy), Q4 is the energy given to the system by
human activity (industry, internal combustion machines, heating, air conditioning, etc.), Qg
is the latent heat flux (evaporation/transpiration), Qy is the sensible heat flux (air warming),
Qs is the energy storage in the urban fabric and Qap is the horizontal transport of energy

(advection).

In many cases Q4 term can be neglected since the energy consumption is frequently
very l ow compared w ith s olar r adiation. T his t erm becomes s ignificant in co ld cl imate
urban centers as New York (USA) where human activities and energy use are high; ranging
between 20 and 160 W m™ as compared to energy provided through solar radiation, ranging
between 700 to 1000 W m™ (Taha, 1997). Considering the low energy c onsumption in
Mexico City, this term can be neglected. Also Qap term is commonly neglected in the
urban area because the urban fabric is uniform and there is no significant energy sources or
sinks in the representative area of measurements. A ccordingly to these assumptions (Qa =
Qap =0) the urban energy balance is reduced to: Qn = Qg + Qg + Qs. Where Qy is given
by:

Qn=[(1 - W)Rg + (A} —11)] [2]

where a is the albedo, Rg; the impinging solar radiation and (I} — I1) the fraction of long

wave radiation from the surface and from the air.
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3.4.2 The UHI mitigation phenomenological model

The phenomenological model is based on the reduced urban energy balance, first at all by

estimating Qy and Qs. Net radiation can be calculated by this form of Qy :

On = l(l — a)R3| + gAoTa® — ecoTc? [3]

where Ryg; is the incident solar radiation (W m™), a is the surface albedo (urban canopy), €a
and gc are the at mospheric and s urface emissivity, r espectively; T o and T¢ areairand
surface temperature (°K), respectively and o is the Stefan-Boltzmann constant (4.903 10~

MJ K* m? d'l). Rgy can be estimated as follow (Schmetz and Raschke, 1978):
Rsi = (R/1)” (Sgcos®)(a.b™) [4]

where S is the solar constant (1360 Wm™ ~ 2750 umol m™ s™'), @ is the zenith distance of

the sun and cos® calculation is given as:

cos® = [(sen@-cosn)(-cosa, seny )-senm-(sena, ‘seny)
+ (cos@-cosmn)-cosy ]-cosd + [cospA-(cosa, -seny)

+(sen@-cosy]-send

where ¢, n, O, o, y x arethel atitude, a ngulart ime of theday,day of year ( solar
declination), azimuthal orientation, and the slope of the surface, respectively, and d is given
by: 0 = -23.4 cos[360(tq + 10)/365], and t4 is day of year or the Julian day (Jones, 1992),
andaandb are the effective transmission factor, m is the optical air mass, r and R are,
respectively, the actual and the mean distance of the Earth from the Sun, in astronomical
units (ua) and R = 149,600,000 km = 1 ua, and r = 1+0.033cos[(t;2n/365)] where tq is day
of the year or the Julian day, and

m = [cos® + 0.15(93.885 - ©)" T [Py/Prn] (5]
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being Py the average atmospheric pressure on the site and Py is the atmospheric pressure
atsea level; and a and b de pend on t he visibility (km) which is a function of the urban
aerosols given by: a = 0.0096 In(visibility) + 0.7947 and b = 0.144 In(visibility) + 0.2397.

The atmosphere emissivity €4, estimation is given by:

& =0.179¢"7 exp(350/Ta)

where e is the actual vapor pressure (kPa) = esRH and es =0.6108 exp[(17.27Ta)/(Ta +
237.3)] where T, is in °C and RH is the relative humidity (0-1).

Energy s torage (Qs) is one o fthe factors t hat can m ake t he U HI m ore i ntense

(Grimmond, et al., 1991):

AQ
Qs = alQN +4a, (7’\') + 4,

where t is the time (30 or 60 m in), and a;, @, and a; are constants d epending on t he
distribution and the characteristics of the urban fabric. These parameters are 0.671, 0.450 s
and —52 W m™, respectively (Velasco, et al., 2011). Energy storage in this paper is taken
constant in each time step, then the residual of Qy is distributed only in Qy and Qg in every
time step (Qn = Qu + Qg). As it is well-known, sensible heat flux is the responsible for the
air w arming, thus it is p ossible to p arameterize Q g as a function of T o (Qu =f(Ta)).
Therefore Ta = f(Qn) and Qu = Qn - Qg, finally Ta = f(Qn - Qg), and Qg and Qg could be
parameterized u sing th e s implified Penman-Monteith approach as follows ( Holtslag and

Van Ulden, 1983):

— (1_apm)+(%)

1+7
S

Qn Qv —-Qs) -4

Qe =" (Q, Q)+ 4
1+7

S (8]
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where S is the slope of the saturation vapor pressure versus temperature, y is the
psychrometric constant apy and B are empirical parameters. These parameters are 0.029 and
7.33, respectively, for the study site (Velasco, et al, 2011). Nevertheless, Qg in this case is
the m easured flux and the added flux due to tree transpiration is Q grrp. F inally, the air
temperature mitig ation wouldbe: T o =f(Qn - [Qe + Q erre]). A Iso B owen r atio w as

estimated from the relation Qu/QE.

Latent he at f lux pr oduced b y t rees (Qgrrrp) Was cal culated u sing t he Penman-

Monteith model (Bosveld and Bouten, 2001):

SO~ + pCP[Vlr:_)AD }

[9]
S + y[l + I’c:|
ra

Qetre = AE =

where Qgrrp = Ag is the latent heat flux (W m'z) due to tree transpiration, S is the slope of
the saturation vapor pressure (kPa °C™"), p is the density of air at constant pressure (kg m™),
Cp is the specific heat of air at constant pressure (J kg K™), VPD is the vapor pressure
deficit (kPa), y is the psychrometric constant (kPa K™), rc is the resistance of the canopy (s
m™) and r is the acrodynamic resistance of the canopy (s m™"). Vapor pressure deficit was
calculated with the equation: VPD = eg(1-RH), where es is the saturation vapor pressure.

Aerodynamic resistance (ry) (s m™) was estimated with the following relation:

A= 21 In Zy —d In o ~d 0]
(K*)(u) Zo (0.2)(z,)

where Zyw is th e h eight a t w hich th e w ind w as me asured (m), d (m)is thelevelo f
displacement of zero, K is the constant of von Karmann , u is the wind speed (m s™), and Z,
isam easure o ft he ae rodynamic s urface h eterogeneity, i n ou r ¢ ase, ve getation (m).

Resistance of the canopy (rc) (m s™) was calculated as follows:

I's 1

cC = =
LAl g,

[11]
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where LA is the leaf area index (m® m™), rg is the stomatal resistance which is the inverse

of stomatal conductance (gs), and gc is the canopy conductance.

The model used for analyzing and predicting stomatal conductance (gs = 1/rs) from
the dr iving v ariables ha s be en pr eviously d escribed b y J arvis ( 1976) a nd m odified b y
Dolman ( 1993) and W right, etal ., (1996). T he m odel i s ba sed ont he h ypothesis t hat
steady-state s tomatal co nductance d epends o n en vironmental v ariables ( Stewart, 1988;
Roberts, et al., 1990; Barradas, et al., 2004). This method consists in selecting the data of
the likely upper limit of the function (envelope function) represented by a cloud of points in
each of the diagrams produced by plotting stomatal conductance versus any environmental
variable. T he envelope function method has three assumptions: 1) the envelope function
represents the optimal stomatal response to a selected climate variable (e.g. irradiance); 2)
the poi nts be low t he s elected function are t he result of a ¢ hangeinany ofthe ot her
variables ( €.g. vapor p ressure d eficit, ai r t emperature), and 3 ) t here are n o s ynergistic
interactions (Jarvis, 197 6; Fanjul and Barradas, 1985; Barradas, et al. 2004). The model

takes the form:

Us = Jsmax [9(QN)G(VPD)G(TH)] (2]

where Qsvax 1s the maximum value of the measured s tomatal ¢ onductance, and g(Qn),
g(Ta), g(VPD), are the nor malized boundary-line functions (0-1 values) that i ncorporate
the effects of irradiance |, air temperature T 4, air vapor pressure deficit (VPD) and are as
follow: g(Qn) = (aQn)/(b + Qn), g(VPD)=c+dVPD and g(Ta)=e+fTpo+g T where a,

b,c,d,e,fand g are parameters of the model.

3.4.3 Transpiration, total conductance and decoupling coefficient

Total conductance (gr, m s™') was estimated from time averaged transpiration (TRP, kg m™
s™) and mean vapor pressure deficit (VPD, Pa) as:
Ay TRP

= — 13
91 = Lec, vpPD 3l
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where y (Pa °C™) is the psychrometric constant, A (J kg™) is the latent heat of evaporation
of water, p (kg m”) is the air density, € is the mole fraction of water in air (0.622 kg water
per kg air) and Cp is the specific heat of dry air at constant pressure (J kg™ °C™"). Vapor
pressure difference or deficit was calculated as the vapor leaf—air gradient VPDg = es. — e,
where eg| is the saturated vapor pressure of the leaf and e is the actual air vapor pressure;
but e = RHes where RH is the relative humidity (0—1) and esais the saturated air v apor
pressure, therefore VPDg = es. — RHes and eg = 0.6108exp[(17.27T)/(T + 237.3)] where T
is the leaf temperature (T|) in the case of eg. and /or the air temperature (Ta) in the case of
e. However, when T = Ta; VPD = es(1 — RH) which is the air vapor pressure deficit. When
T. was measured, the 95% ofthe cases was equal to Ta, therefore all cal culations w ere

referred to air vapor pressure deficit (VPD) and calculated every 30 min.

Total conductance is the sum of canopy (gc) and aerodynamic (ga) conductance (gt
_ gc + ga). Canopy co nductance (m s™') w as es timated as t he p roduct o f m ean s tomatal
conductance ( ms ') an d1 eafar eaindex ( LALm > m?; gc = gsLAI). A erodynamic
conductance (m s ™), calculated as the inverse of aerodynamic resistance (ga = 1/r4), was

estimated from the difference of total resistance (rt = 1/gr) and canopy resistance (fc =

1/gc) as:

— =1 =—— — [14]

and gs was calculated using the parameterization of equation 13.

A dimensionless decoupling coefficient (Q¢)w as cal culatedt o an alyzet he
dependence of ¢ anopy t ranspiration on ph ysical or ph ysiological factors. A formula to
express the relative s ensitivity o f c anopy transpiration to a marginal c hange in stomatal

conductance was introduced by Jarvis and McNaughton (1986):

1

- a+[zEpwasgo

¢ [15]

where S (Pa °C™) is the rate of change of saturation water vapor pressure with temperature

Q).
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3.5 Measurements, materials and data

3.5.1 Urban heat island data

The meteorological data generated by the metropolitan meteorological network (REDMET)
of Mexico City were used for the analysis. It consists of 15 stations in strategic locations as
shown in figure 3.1 and table 3.1. M eteorological data for the years 2009 and 2010 w ere
chosen, because with such years will have a very updated determination of the distribution
and 1 ntensity o ft he UHI, but a lsoint hose years E1 Nifiloa nd La N ifa oc curred,
respectively. Data were corrected by altitude mainly at Cuajimalpa and Chapingo where the
elevation is 200 and 60 m higher than the rest of the meteorological stations, respectively.
Like t emperature ch ange w ith al titude, was n ecessary used p otential t emperature ( dry
adiabatic), as a correcting form to have a better understanding of differences temperatures

between stations areas.

The UHI distribution was determined with monthly average hourly temperature and
plotted i n ¢ harts correspondingt o each m onth of t he analyzed years us ings pline
interpolation with a geographic information system (ArcGIS version 9.2; ESRI, CA, USA).
Its intensity was determined by calculating the temperature difference between each of the

urban weather stations and a rural station (Ty.g) that was located in Chapingo.

3.5.2 Transpiration and total conductance

Measurements of transpiration and stomatal conductance were made on four individuals of
four dom inant s pecies t o M exico City: Fraxinus uhdei (Wenz.) Lingelsh. ( Oleaceae),
Ligustrum lucidum W.T. Aiton (Oleaceae), Eucaliptus camaldulensis Dehnh. (Myrtaceae)
and Liquidambar styraciflua L. ( Hamamelidaceae). F. uhdei and L. styraciflua are
deciduous t rees and na tive t o M exico, w hereas L. lucidum and E. camaldulensis are
evergreen an d i ntroduced s pecies. T rees w ere 1 ocated in p ublic areas, in a s treet | ateral
platform formed a single row of planted trees completely surrounded (around a radius of
300 m) by paved areas of asphalt and cement, in a area with no bui ldings around, and a

water collection area (bare soil) around the trunks of the trees of 0.25 m* (square of 0.5 m).
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Table 3.1. Name, location and predominant land use as the building-paved ratio (B/P) and green
area (GA) of each station of the meteorological network.

Land use (%)
Station Name Latitude °N  Longitude °W B/P GA
TAC Tacuba 19.460 -99.194 82.7 15.0
EAC ENEP Acatlan 19.490 -99234 84.2 14.0
SAG San Agustin 19.540 -99.017 67.3 1.0
TLA Tlalnepantla 19.535 -99.195 90.5 9.9
XAL Xalostoc 19.533 -99.067 94.9 5.1
MER La Merced 19.429 -99.110 85.4 14.0
PED Pedregal 19.336 -99.193 73.4 25.0
CES Cerro de la Estrella 19.347 -99.062 90.8 9.1
PLA Plateros 19.337 -99.188 88.4 11.5
VIF Villa de las Flores 19.665 -99.083 95.3 4.6
CUA Cuajimalpa 19.373 -99.282 79.0 21.0
TPN Tlalpan 19.267 -99.174 80.5 19.0
SUR Santa Ursula 19.324 -99.138 78.5 21.5
TAH Tlahuac 19.255 -98.999 45.8 54.0
CHA Chapingo 19.474 -98.896 9.00 91.0

Trees were planted in north-south rows spaced 6 m apart with no assembly of their
crowns. T ree s pecies s tructural p arameters are s hown in T able 3.2. Urban ve getation in

public areas is administered by the municipality.
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Table 3.2. Leaf area indices (LAL m* m™), diameter at breast height (DBH, cm), crown diameter
(CD, m) and leaf size (LS, long (I , cm), wide (w, cm)) for the studied species. LAI was estimated
with a canopy analyzer (LAI-2000, LI-COR Ltd., Lincoln, Nebraska, USA) (n=4 for LAI, DBH and
CD) and (n=40 for LS).

Species LAI DBH H CD Leaf Size (I,w)

F. uhdei 45 21.0 150 110 8.02 (1.57), 3.50 (1.16)
L. lucidum 4.0 14.8 13.0 8.10 6.13 (1.14), 3.02 (0.86)
E. camaldulensis 4.1 15.1 140 72 11.63 (2.42), 3.15 (0.81)
L. styraciflua 4.5 26.5 14.0 14.5 6.25 (1.17), 5.95 (1.38)

Transpiration of these species was estimated from sap flow measurements made in
the t runk us ing s teady-state x ylem w ater m ass-flow me tering s ystems similar to th ose
described by Cermack, et al. (1984) and Schulze, et al. (1985) with one instrumental set per
tree. X ylem w ater m ass-flowmeters w ere co nnected t o ad ata l ogger ( 21XL, C ampbell
Scientific, Logan, U tah, USA); voltage and gauge signals were s canned every 20 s and
averages were 1 ogged every 30 m inutes. Total ¢ onductance w as obt ained f rom d aily

measurements of transpiration and vapor pressure deficit between 101 and 116 doy in 2013.

3.5.3 Sap flow

Sap flow was calculated from F = (Ps—P))k/(CwAT), where Ps is input power to the heater,
Cw 1s the h eat cap acity o f w ater, k 1s t he d imensionless r elation o f m easured s egment
length to total tree circumference, AT is the temperature difference across the heater which
1s maintained constant and P reflects heat 1oss due to conduction and convection which is
determined dur ing ni ghts w hen s ap flow i s a bsent. D uring s teady-state ¢ onditions t he
applied power does not normally exceed 2 W (with a potential maximum of 20 W). During
the measuring period, 5 electrodes per system of the size 60 x 15 x 1 mm were inserted up
to 50 mm into the trunk while depth of insertion of thermocouples was 25 mm according to

the measured sapwood depth (3-4.5 cm) obtained by taking samples with a Pressler drill.
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The measuring point was insulated with a polyurethane and aluminized mylar jacket from
outside by protecting a gainst w eathering and to minimize external effects on AT. X ylem
water m ass-flowmeters were co nnected t oa d atal ogger ( 21XL, C ampbell S cientific,
Logan, Utah, USA); voltage and gauge signals were scanned every 20 s and averages were
logged every 30 min. Heat storage in the stem segment during each 30 min interval was
estimated b y m easuring t he ch anges i n s tem t emperature d uring t he first an d t he | ast

minutes of each interval.

3.5.4 Stomatal and canopy conductance

Stomatal conductance was measured in the same individuals of each species at four sites on
at least five fully sunlit and shaded expanded leaves per plant, with a steady-state diffusion
porometer (LI-1600, LI-COR, Lincoln, Nebraska, USA); air and leaf temperature (Ta, TL),
relative humidity (RH) and photosynthetically active radiation (PAR) were also measured
with the mounted s ensors in the porometer (Fanjul and B arradas, 1985). C oncomitantly,
irradiance, air temperature and humidity, wind speed and direction were measured with a
pyranometer ( Eppley P SP, C ampbell-Scientific, U SA), a te mperature-humidity pr obe
(HMP35C, C ampbell-Scientific, U SA), and an anemometer and vane s et (03001, R M
Young, USA), respectively. Irradiance, wind sensors and temperature-humidity probe were
installed 3 m above the highest tree canopy in a telescopic tube, that is to say these sensors
were installed 18 m above the floor surface. The outputs from all sensors were connected to
a data logger (21X, Campbell S cientific, USA) and scanned every 30 s and 30 minutes
averages logged. Sensors above the canopy w ere calibrated b efore the study and cleaned
every week during the study period. Sap flow measurements were made during eight days
in M arch (doy 82-89) and 16 days in A pril (doy 101 -116)in 2013 (hottest month) in
Mexico City from 07:00 to 20:00 LT, and extensive measurements of stomatal conductance
and related measurements were made during six days (84, 87, 1 04, 106, 110 and 114) in

2013. It did not rain either before, during or after measurements.
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3.5.5 Energy balance measurements

Net radiation, sensible and latent heat fluxes were measured continuously for 13 days from
17 to 30 March, 2006. March is one of the warmest months of the year in Mexico City with
mean minimum and maximum temperatures of 7.7 °C and 24 °C, respectively, and average

monthly precipitation rate of 9.3 mm.

Instruments for measuring heat fluxes were installed on a 25 m tower mounted on a
17 m tall building giving a total height of 42 m, almost three times the average height of the
surrounding buildings. Net radiation was measured with a Kipp and Zonen net radiometer
CNRI1. Wind speed, virtual temperature, and humidity fluctuations were sampled at 10 Hz
with a 3 D sonic anemometer (Applied Technologies, Inc., model SATI-3K) and an open-
path infrared gas analyzer (OP-2 IRGA, ADC BioScientific). Fluxes were calculated every
30-min using the eddy covariance method and corrected for the effects of air density using
the Webb corrections. A detailed description of the instrumentation and methodology used

in the eddy covariance system is provided by Velasco, et al. (2009).

3.5.6 The human thermal comfort index

As the UHI directly affects the human energy balance, mitigation must be understood in the
limit when pe ople be gin to experience heat stress which is possible to do it by applying
different thermal comfort indexes, and so far the most recommended is the physiological
equivalent t emperature ( PET). T his index is d efined as t he t emperature at any I ocation
(inside or outside of buildings) and equivalent to Ty, in a typical interior arrangement (no
solar radiation and wind), the he at l oad o f the human bod y remains and body and s kin
temperatures are equal to external conditions where is evaluated (Hoppe, 1999). This index
has the advantage of being universal and is independent of clothing and metabolic activity,
is given in degrees Celsius and thus can easily relate to the common experience, it is not
based on's ubjective m easures andi sus edi nbot ht emperate an d w arm cl imates.
Furthermore, t hisi ndex can b e eas ily ¢ alculatedi ft he p rogram R ayMani sus ed

(Matzarakis, et al., 2007) with at least hourly data of temperature and relative hum idity
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(RH) of the s ite. T able 3.3 s hows t he di fferent ¢ ategories o f't hermal pe rception a nd
physiological stress of PET index.

Table 3 .3. P hysiological eq uivalent t emperature ( PET) i ntervalsi n d ifferent ca tegories of
temperature perception and physiological stress in humans, with typical heat production (80 W) and
the resistance to heat transfer by clothing (0.9 clo) (Matzarakis and Mayer, 1996).

PET  Thermalperception  Gradeof physiological stress

<4°C Very cold Extreme cold stress
4°C
geC Cold Strong cold stress
Cool Moderate cold stress
13°C Slightl I Slight cold
ightlycoo ight cold stress
18 °C gnty g
53 c Comfortable No thermal stress
Slightly warm Slight heat stress
29 °C
Warm Moderate heat stress
35°C
) Hot Strong heat stress
41 °C
>41] °C Very hot Extreme heat stress

With t hisi ndex t ype, apart from de termining t he de gree of t hermal hum an
comfort/discomfort, can also be used as a suitable tool to establish in which areas and in
what time it can be considered the existence of thermal pollution, understanding the latter
as a h eat excess generating a heat stress, which in PET case could be above 23 °C and it
may be equivalent to an air temperature as low as 14 °C with relative humidities from 60 to
90%. However, the limit of 23 °C PET could rise to 29 °C (boundary between light- warm
and warm) which corresponds to a T4 and RH of 19 °C and 40%, respectively.

Finally, figure 3.3 shows in a flow chart the sequence of practical steps to mitigate
the UHI as a general model where it is necessary first, to locate and analyze the existing

UHIin e ach cityand the de termination of a hum an ¢ omfort i ndex, i nt his c ase t he
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physiological equivalent t emperature (PET) an itistakenequal or greaterthan 23 °C

corresponds a human perception of slightly warm with a physiological stress of slight heat

stress (Matzarakis, et al., 2007) (Table 3.3).

T, NUMERICAL

UHI
LOCATION

SIMULATION

T

APPROACHES TO
URBAN
STRUCTURE
CHANGES

l

PET
CALCULATION

NO

YES

REGULATIONS, LAWS AND ACTIONS

I

URBAN PLANNING

Figure 3.3. Flowchart of a general model to mitigate UHI. T he discontinuous line represents the
UHI mitigation phenomenological model based on the energy balance.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 The urban heat island in Mexico City

Figure 4.1 shows the spatial distribution of the average temperature at 06:00 and 14: 00
local time (LT) in January and May 2010 in Mexico City. At 06:00 LT, a warm center is
developed and located in the area surrounding by Cerro de la Estrella (CES), San A gustin
(SAG), Villad elas Flores (V IF), E NEP-Acatlan ( EAC) and P edregal ( PED) s tations,
oriented to the center-north of the city, with temperature differences (Ty.gr) near of 3.5 °C
and the highest T, of 8.5 °C (Fig. 4.1A). Whereas at 14:00 LT (Fig. 4.1B), the warm area
has shifted to the west of the city, and is smaller than that observed at 06:00 LT with a Ty
of approximately 2.5 © C and the hi ghest T o around 21 °C . H owever, a 1arge area w as
established in much of the c ity w here t emperatures w ere 1 ower t han t heir s urroundings
forming a new island, probably this effect is due to the ventilation of the city as wind speed
increases from 13:00 to 15:00 LT up to 4.4 m s™ in combination with the topography of the
area (Jazcilevich, et al., 2005).

On May 2010 t he distribution and the location of the warm center was similar to
that presented in January but with higher temperatures. In the morning (06:00 LT) the Tyr
was 0.5 °C hi gher than that obs erved in January ( Fig. 4.1C); how ever, Ty.r was higher
about 2 °C in May than in January at 14:00 LT (Fig. 4.1D), with the highest temperature

around 26 °C. These results are very similar for that observed in 2009.

The temperature difference in the area of La Merced (MER) may be up to 7.1 °C as
occurred at 04:00 LT on January 21. However, there are p eriods of 1ow T y.r which are

between 0.09 and 1 °C, around 01:00 and 14:00 LT, respectively (Fig. 4.2).

In June the UHI thermal intensity is similar in the selected meteorological stations
(MER, E AC) t han t hat obs erved i n January ( Fig. 4 .3). H owever, t here is an intensity
inversion at VIF and T PN, since T PN shows a similar be havior to V IF in J anuary and
viceversa in June. Thermal intensity at MER area was up to 8.9 °C as occurred at 17:00 LT
on June 8. However, at the same time at EAC area Ty.r was 12.1 °C and 6.32 and 9.3 at

VIF.
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Figure 4.1. Average air temperature (°C) distribution in January (A, B) and May 2010 (C, D) at

06:00 (A, C) and 14:00 LT (B, D) in Mexico City.

and TPN, respectively. In average, Ty.r > 0 was 2.5, 2.0, 2.7 and 0.8 °C, whereas Tyr <0
was -1.1, -0.73, -0.8 and -1.47 °C at MER, VIF, EAC and TPN, respectively (Fig. 4.2).
This behavior shows a shifting of the UHI to the south maybe due to the fact that the rainy

season is establishing.
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Figure 4.2. Temperature difference Ty (°C) in January 2009 at a) La Merced-Chapingo, b) Villa
de la Flores-Chapingo, ¢c) ENEP Acatlan-Chapingo and d) Tlalpan-Chapingo.

Urban h eat 1 sland di stribution a nd i ntensity i n 2009 w ere ve ry s imilar t o t hat
observed in 2010 ( Fig. 4.2 and 4.3); with temperature di fferencesupt o 10and 9°C in
January and June, respectively at MER. With these results it is possible deduce the effect of
El Nifo and La Nifna on both the distribution and the intensity of the heatisland is not
significant. Clearly, incases when Tyr >>3 °Cispossiblyduetotheeffectofsome
synoptic factors governing the season, or weather types as cloudy, rainy or windy, mainly
due to the cooling of the surroundings o f the rural meteorological station as occurs after
raining than heating the urban area. Currently, the actual UHI compared with that reported
by Jauregui and Luyando (1998) increased from 112.7 km? (Circuito Interior) to the area
between t he m eteorological s tations of Cerro de 1a E strella (CES), San Agustin (SAG),
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Villa de las Flores (VIF), ENEP-Acatlan (EAC) y Pedregal (PED) (~754.29 km?), and its
intensity increased 2 °C . However, unlike the typical, UHI is also established during the

daytime, with intensities of up to 10 °C (Ty-r).
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Figure 4.3. Temperature difference Ty (°C) in June 2010 at a) La Merced-Chapingo, b) Villa de la
Flores-Chapingo, ¢) ENEP Acatlan-Chapingo and d) Tlalpan-Chapingo.

This te mperature in crease in volves a direct e ffect in th e th ermal c omfort in dex,
where undoubtedly people will experience more heat stress and thus it is very likely that
energy ¢ onsumption c ould i ncrease t o c ool t he living s paces a nd hum an he alth w ill be
severely affected (Laschewski and Jendritzky, 2002). Furthermore, this actual temperature
differences could be enhanced with the global climate change (Brazel and Quattrochi,

2005). A 1so, he at s hocks w ill i ncreased orb e en hanced b y t he U HI ef fect ( Luber an d
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McGeehin, 2008; Basara et al., 2010). From these points of view, UHI could be considered
as a form of thermal pol lution. T herefore, it is ur gent and ne cessary to i mplement U HI
mitigation s trategies s ince th ose differences c an s ignificantly affect h uman h ealth an d
increase energy c onsumption. Further studies are being conducted to explore alternatives

for the UHI mitigation in Mexico City.

4.2 Transpiration and canopy conductance

The environmental conditions during the experimental period are shown in figure 4.4 VPD
average was 1.28 kP a fluctuating between 3.27 (maximum) and 0.087 kPa (minimum). Of
0.0871 (night time) (Fig. 4.4A). Irradiance increased rapidly from early in the morning to
around midday, reaching the maxima values between 850 and 1050 W m~ with an average
value for all t he m easurement period of 445.7 W m™ (Fig. 4.4B). C hanges in the t otal
amount of transpiration per day (TRP) were observed during the experiment for the four
species (Fig. 4.4C). TRP wasnon s imilar for every s pecies d uring t he ex periment. In
general Liquidambar styraciflua reached the highest values as high of 5.43 Londay 116
whereas Eucaliptus camaldulensis registeredaslowas2.69 L onday 102. O verthe
measuring period (days 101-116), average TRP values for species were 4.35, 4.09, 3.90 and
3.64 Ld™' for Liquidambar styraciflua, Fraxinus uhdei, Eucaliptus camaldulensis and
Ligustrum lucidum, r espectively. T hese t ranspiration r ates r epresent a gross energy
consumption of 10.64, 9.99,9.52 and 8.9 MJ d’! per species, equivalent to 37, 35, 33 a nd

31% of the average incoming short-wave radiation, respectively.

Figure 4.5 s hows transpiration rates of the four species on day 114. T ranspiration
throughout the day showed generally a uni-modal pattern with s ome s light c hanges and
increasing as irradiance to reached its maximum value around midday. Sequences of TRP
patterns show that transpiration before 8:00 and after 17:00 LT was negligible. The highest
daily transpiration was registered by L. styraciflua (936 gm > d' =0.936 mm d™') and the
lowest by L. lucidum (755 gm > d™' = 0.755 mm d™'") with maxima rates of 0.043 and 0.034

gm 2 s ', r espectively, registered be tween 12a nd 14: 00 LT.M aximum di urnal
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measurements were done and presented in figures. 4.5, 4.6 and 4.7.
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Figure 4.5. D iurnal p atterns of transpiration rate ( TRP) and 1atent heat flux (Lg) for Eucaliptus
camaldulensis (A), Fraxinus uhdei (B), Liquidambar styraciflua (C) and Ligustrum lucidum (D)
during day of year 114. Data points represent the mean of four measurements on different trees.
Bars represent the standard error.

The diurnal course of total conductance (gt) was similar in the four species showing
a maximum value between 12 a nd 16:00 LT. However, gr was l ower than those values
corresponding to gc after midday for L. styraciflua and L. lucidum, and around 16:00 LT
for E. camaldulensis and F. uhdei (Fig. 4.6). Aerodynamic conductance (ga) patterns were
similar in the four species with two peaks, one from midnight to early morning (24:00-
06:00 LT) and the other from late in the morning until the evening (10:00-20:00 1h) with
values as high as 111.41 mm s at noon (L. lucidum). During daylight time, gc in average

registered values between 39.8 (E. camaldulensis) and 49.74 mm s (L. lucidum) and 21.8
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(15:00 LT) and 33.7 (13:30 LT) mm s, respectively. Aerodynamic conductance was from

three to five times higher than canopy conductance (Fig. 4.6).
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Figure 4.6. Diurnal patterns of total c onductance (gr, bl ack di amonds), c anopy c onductance ( g,
white circles) and aerodynamic conductance (g4, black squares) for 114 day of year, when intensive
measurements were made. Values are the averaged and bars represent the standard error (n = 4), for
canopy conductance N=20.

Tree transpiration is a reliable me chanism to mitigate high heat loads in M exico
City, and therefore to mitigate the urban heat island e ffect, e ven with the relatively low
transpiration rate registered by E. camaldulensis on day 102. However, it looks like that L.
styraciflua and L. lucidum have the greatest cooling potential to mitigate UHI, because they

registered the highest transpiration rate values, as much as 105 W m” early in the afternoon
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(14:00-16:00 LT). It also appears, in the s cope of this study, that L. styraciflua and L.
lucidum are better options to reduce the heat load, mainly in the early afternoon, when the
maximum temperature is recorded. Although it is difficult to compare transpiration rates in
different p laces i nt he world be cause of t he particular m icrometeorological and s oil
conditions, t ranspiration r ates of the s tudied s pecies were i n r easonable ag reement w ith
other results in the world. Transpiration rates here appear to be low compared with other
TRP values found in other species and in other sites. TRP for the s tudied s pecies w ere
much | ower t han those observed in non -stressed D ouglas firin Vancouver ( Tan et al.,
1978) or beech forest in Maruia, New Zealand (Kelliher, et al. 1992) or red maple in South
Carolina, but higher than stressed red maple (Bauerle, et al. 2002). It is necessary to point
out t hat i n M exico C ity, t rees a re not ¢ ommonly irrigated and pr obably t he obs erved
transpiration r ates ar ¢ low. N evertheless, a ctual t ranspiration r ates presented i nt his
investigation can dissipate up to 20% of maximum net radiation registered in Mexico City

and reported by Barradas, et al. (1999) at noon when it is around 560-600 W m™.

In general, Q¢ values were 1 ow, averaging from 0.086 ( L. lucidum) to 0.125 (F.
udhei) with maximum values between 0.67 (F. uhdei) and 0.56 (L. lucidum) and minimum
from 0.0003 (L. lucidum) and 0.0007 (L. styraciflua). The highest Q¢ values were recorded
around sunrise and/or sunset and the lowest from 12:00 to 18:00 LT, showing a similar
pattern for L. styraciflua, L. lucidum and F. uhdei; and the contrary to E. camaldulensis

(Fig. 4.7). High values are consistent with low g values in the four species.

According to Leuning, et al. (1991) and Roberts and Rosier (1993), the response of
stomatal ¢ onductance t o va por pr essure de ficit i s a n i mportant f actor i n de ciding t he
amount of water used by trees. Several authors have indicated the role of leaf conductance
in the c ontrol of w ater use and its r elationship w ith t he ¢ oupling be tween canopy and
atmosphere (Dye, 198 7; H inckley a nd B raatne, 1994) . Int hiss ense,J arvisa nd
McNaughton ( 1986) i ntroduced a di mensionless de coupling ¢ oefficient ( Qc¢), w hich
approaches unity as s tomatal ¢ ontrol d ecreases. O ne imp lication of Q¢ — 0 is that the
stomatal control of transpiration is high, while a fractional change in stomatal conductance
(proportional t o ¢ anopy ¢ onductance) w ould 1 ead t 0 a n e qual ¢ hange in t ranspiration.

Stomata exert less control on canopy transpiration as Q¢ — 1 and, as a result, transpiration
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becomes increasingly dependent on the net radiation received and less dependent on vapor

pressure deficit (Gu, et al., 2005; Nicolas, et al., 2008).
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Figure 4.7. Diurnal patterns of decoupling c oefficient (£2¢) for 1 14 day o f ye ar, w hen intensive
measurements were made for Eucaliptus camaldulensis (open circles) and Liquidambar styraciflua
(closed circles) (A), and Fraxinus uhdei (open triangles) and Ligustrum lucidum (closed triangles)
(B). Values are the averaged and bars represent the standard error (n= 4).
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The low values of the decoupling coefficient (£2¢) found in this study suggest that
all the studied species were well coupled to the atmosphere mainly from 10:00 to 18:00 LT.
It is interesting to note that E. camaldulensis presents a different behavior through the day
to the pattern showed for the other species. This could be due to the size of its crown (1.3 to
1.5 fold) and the length of its leaves (2 fold) which are larger than the ones of the others
species. L. lucidum was s lightly more c oupled to the atmosphere than the other s pecies,
which had relatively higher Q¢ values. Nevertheless, the other three species also showed
low Q¢ values. Theser esults d emonstrate t hat w ater v apor ex change w as s trongly
dominated by VPD and controlled by stomatal conductance, mainly in between sunrise and

sunset.

4.3 The stomatal conductance model

The pl otted da ta of 1 ndividual m easurements of nor malized stomatal ¢ onductance ( gs)
plotted against Irradiance (1) (Fig. 4.8) during the experiment, showed a significant scatter,
but the probable envelope function of the data was described by a hyperbolic relationship of
the form: g(I) = Al/(B+1) with coefficients of d etermination between 0.90 and 0.98. T he
relationships and parameter values for the four species are given in figure 4.8. The values
of B for L. Lucidum and F. udhei were consistently lower than those for L. styraciflua and

E. camaldulensis reflecting a lower sensitivity to irradiance for these species.

The effect of To on gs was described by a second de gree pol ynomial of the form:
gs=a+ bTa+ CTA2 where a, b and ¢ are constants. These constants and relationships are
shown in figure 4.8 with c oefficients of de termination (%) be tween 0.91 a nd 0.98. T he
optimal ( Tp) an d ca rdinal t emperatures (Tp,;, and T yax) o f's tomatal f unction w ere
calculated from this polynomial relationship by computing the roots and the first derivative
for each species and season. Maximum stomatal conductance occurred around 28.3 + 2.0
°C for the four studied s pecies, w hereas c ardinal t emperatures of gs were similar for E.

camaldulensis, F. uhdei and L. lucidum with higher values than L. styraciflua.
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Figure 4.8. Scatter diagram and probable boundary line of normalized stomatal ¢ onductance (gs)
plotted ag ainst i rradiance ( 1), a ir temperature ( To) a nd vapor p ressure d eficit (V PD) fo r
Liquidambar styraciflua (A, C, E), Eucaliptus camaldulensis (B, D, F), Fraxinus uhdei (G, I, K)
and Ligustrum lucidum (H, J, L) when intensive measurements were made during the experiment.

Stomatal ¢ onductance i nt he f our s pecies t ended t o d ecrease 1 inearly as V PD
increased. Stomatal sensitivity to VPD was different for the four species. E. camaldulensis
and L. styraciflua registered the higher sensitivities to VPD than L. lucidum and F. uhdei.
E. camaldulensis was a pproximately 25,49, and 59% m ore s ensitive to V PD, than L.

styraciflua, F. uhdei and L. lucidum, respectively (Fig. 4.8).

Liquidambar styraciflua registered the maximum stomatal conductance (10.05 mm
s1), w hereas Ligustrum lucidum was i ntermediate ( 8.42 mms ), to F. uhdei, and E.

camaldulensis with the lowest values (6.00 and 5.41 mm s, respectively).
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However, stomatal conductance also depends on the VPD. The higher the VPD, the
smaller the gs. The fit of gs versus VPD (r* = 0.91- 0.97) showed a higher sensitivity of gs
to this driving variable in the four studied species. E. camaldulensis was the species which

responded more sensitively to changes in VPD than the others (Fig. 4.8).

On t he ot her h and, t he de creasing/increasing i n s tomatal co nductance h as b een
attributed t o an i ncreasing/decreasing in VPD and T 5o (Schulze and Hall 1981; S chulze
1986; Maroco, et al., 1997; Meinzer, et al., 1997), or to a combination of these factors. The
curve lines of gs versus T o show that the responses of gs to T o are very similar between
species, but L. styraciflua showed a slightly lower range (Tmin - Tyax) than the others

species.

Furthermore, p revious studies also have been d emonstrated the effectof | on gs
(Pitman, 1996; Meinzer, et al., 1997; Gao, et al., 2002; Zweifel, et al., 2009). Although the
four s tudied s pecies reach the m aximum c onductance at an irradiance of 300 W m™, L.
lucidum reached 80% of the change of gs at 9 W m™ (the more sensitive species to 1) and L.

styraciflua at 100 W m™ (the less sensitive species to ).

Because of the different transpiration rates o f the studied species, it is possible to
select the most suitable species according to the microenvironment where the species are to
be pl anted; how ever, t he m ost s uitable s pecies would be those that s howed t he hi ghest
transpiration rates, as Liquidambar styraciflua and Ligustrum lucidum, while it would be
better to build tree arrangements using the four species making a more biodiverse system
since dissipation of net radiation is not large enough to make a difference. In this regard, it
should be stressed that two of the studied species are not native, and therefore they may be
objectionable because of the current preference of native species. However, the city as a
completely a rtificial system could be nefit f rom i ntroduced s pecies with t he hi ghest
transpiration rates. Most likely, the studied species may have a higher transpiration rate if
they werei rrigated, andt hen f urther reduce oft he u rbanh eatl oad. T herefore, a
recommendation could be a controlled irrigation to the studied species in the dry season in
order to increase transpiration, and thereby reduce the heat l oad. F urthermore, irrigation

could be extended to the w hole u rban v egetation s ystem. However, t his 1 ssue must be
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correctly ad dressed since w ater supplies are scarce in the dry season and trees would be

competing with human consumption.

Results of this study show clearly that reduction of heat loads is possible even in the
dry season with no irrigation through evaporative cooling from tree soil water uptake and
transpiration that would pr obably r educe s urface a nd ne ar-surface a ir t emperatures.
Additionally, this reduction in temperatures could be enhanced from the tree shading effect

(Oliveira, et al., 2011).

It is important to notice, in addition to reduce heat load and energy demand using
trees to mitigate Mexico City’s heat loads, they also could improve air quality by removing
particles from air (Al-Alawi, et al. 2007; Guzman-Morales, et al. 2011) and public health,
as well as reduce the city’s c ontribution t o greenhouse gas emissions. [tisrelevantto
mention that some tree species could generate volatile or ganic compounds (VOC) which
can increase air pollution (Guenther, et al. 2000; Karl, et al. 2003; Yang, et al. 2009). On
the other hand, Song, et al. (2016) found that VOC'’s in some way it could improve human
health.

4.4 Energy balance

Figure 4.9 s hows the performance of the components of energy balance for a typical day
(day of year, doy 78) in the period of measurements. Net radiation increased rapidly from
dawn (-106.6 W m™) to around midday, r eaching a m aximum of 693.5 W m™. Inthe
afternoon Qy tended toward zero to reach its minimum in the sunset. In average Qn was

449.0 W m™ for Qy > 0.

Sensible and latent heat fluxes increased with the rise in Qy in the morning to reach
their maxima around midday. However, during the day Qg, Qu and Qs were not as regular
as Qn. Most of the available energy (53%) was dissipated by Qg with values up to 428.0 W
m™ early in the afternoon (average daytime value was 224.0 W m™), followed by Qy with a
maximum value of 210.0 W m™ late in the morning, and an average of 153.0 W m~. Qg

registered the lowest values with 204.0 W m™ around midday, and an average of 72 W m?,
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just 16% of Qn (Fig. 4.9). Bowen ratio in average was 2.92. During the whole experiment
averaged va lues were 3 73.3,190.0, 121.43 a nd 41.52 W m~ for QN Qs,Qu and Qg

respectively.
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Figure 4.9. Energy balance components (W m™) in the Escandon district in Mexico City in a typical
day of the dry season on doy 78.

4.5 Relationship between Ta and Qy

Energy balance and micrometeorological data measured in the Escandon district were used
to relate air temperature versus the sensible heat flux, taking into account the delay between
the emission of sensible heat and T for Qn>0. T4 that is not directly proportional to Qg in
time, while having a m easured flux, the heating of the air and therefore its temperature, is

showed after certain time. Table 4.1 shows the relationship between T, and Qy at different
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time steps. It is noteworthy that among the changes from one to two hours, the regression
coefficient in creases its value, not so for the third time lag (after three hours) when this
value decreases. This means that air temperature at a given time is given around two hours
after the actual sensible heat flux. As a result, it is possible to consider that there is a time
delay of two hours that produces it, i.e. air temperature has a delay time of two hours versus
Qu. Therefore, the relationship of air temperature de pending on t he sensible heat flux is

given as Ty = 0.03892Qy + 15.3136, and finally the diagnosis equation is:

Ta=0.03892[Qn — (Qg + Qgrrp)] + 15.3 [16]

where it can be seen that there is a basal temperature around 15 °C during the day when Qn
> 0. Qg is the latent heat flux measured in the study site as a result of the remains of the 6%
of ve getation, and it can be calculated with Eq. 8, and Qgrrp is the necessary latent heat
flux provided by vegetation to reduce T and can be identified as Eq. 9. Consequently, this
relationship is key in the estimation of air temperature after increasing the latent heat flux

by augmenting vegetation.

Table 4.1. Simple regression parameters of T versus Qg (T = aQy + b) for all data Q>0 measured
at Escandon district, for actual and delayed for 1, 2 and 3 hours (t). Parameters values and (standard
errors) are shown, p<0.05. Numbers in bold indicate the best fit of T, versus Qy.

a(°Cm’ W) b (°C) r t(hour) n
0.02863 (0.00161) 15.8831(0.177) 02503 0 1152
0.03544 (0.00147) 15.4896 (0.162) 03807 1 1056
0.03892 (0.00137) 15.3136 (0.152)  0.4582 2 960

0.03865 (0.00139) 15.3698 (0.153) 0.4505 3 864
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4.6 Transpiration and canopy conductance

The environmental conditions during the experimental period are shown in figure 4.10, Net
radiation i ncreased r apidly from e arly i n t he m orning t 0 a round m idday, reaching t he
maxima values between 640 and 790 W m 2 with an average value for all the measurement
period of 356.4 W m 2 when Qx>0. VPD average was 9.0 hP a fluctuating between 23.58
(maximum, r egistered a round m idday) a nd 1.2 3 hP a ( minimum, r egistered a t ni ght).
Transpiration di ffered a mong s pecies du ring t he e xperiment, in g eneral L. styraciflua
showed t he hi ghest values and L. ligustrum the 1 owest. C hanges in the t otal amount of
transpiration per day (TRP) w ere obs erved dur ing t he e xperiment f or t he f our s pecies,
ranging between 3.64 - 4.35 L d™". Averaged TRP values were 4.22,3.82,3.64,3.59L d’!
for L. styraciflua, F. uhdei, L. lucidum and E. camaldulensis, r espectively. T his
transpiration rates represent a gross energy consumption of 10.30, 9.33, 8.89 and 8.77 MJ

d”!, respectively per each species.

Figure 4.11 s hows transpiration rates of the four species on do y 84. T ranspiration
throughout the day showed generally a uni-modal pattern with s ome s light c hanges and
increasing as 1 rradiance r eaches i ts m aximum value ar ound m idday. The h ighest d aily
transpiration w as r egistered for L. styraciflua (1098 ¢ m > d™')and t he | owest for E.
camaldulensis (993 gm 2 d')w ithm aximar ates of 0.043 and0 .032gm 2 s,
respectively, registered between 13:00 and 15:00 LT. Maximum diurnal transpiration rates
represent an energy consumption of 98.9, 105.25, 101.83 and 78.14 W m™ for F. uhdei, L.

styraciflua, L. lucidum, and E. camaldulensis, respectively.
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Figure 4.10. Net radiation (A,), vapor pressure deficit (VPD) (B) and daily transpiration (C) during
the e xperiment in four tree sp ecies in M exico C ity. E ach histogram is t he m ean o f four trees.
Vertical bars on histograms are standard error (S.E.) of the mean.
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Figure 4.11 Diurnal patterns of transpiration rate (TRP) and latent heat flux (Qgrrp) for Fraxinus
uhdei (A), Liguidambar styraciflua (B), Eucaliptus camaldulensis (C), and Ligustrum lucidum (D)
during doy 84 . D ata p oints r epresent t he m ean o f f our m easurements o n d ifferent t rees. B ars
represent the standard error (S.E.).

The di urnal p attern o f canopy co nductance ( gc) w as s imilar in th e four s pecies
showing a maximum value between 12:00 and 15:00 LT. However, L. styraciflua and L.
lucidum showed hi gher gc values than F. uhdei and E. camaldulensis, ¢ onsistent w ith
transpiration. Average gc registered values between 12.5 (E. camaldulensis) and 20.42 mm

s? (L. lucidum), w ith maxima va lues of 38.45,33.34,2321a nd21.8m ms™ for L.
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styraciflua, L. lucidum, F. uhdei and E. camaldulensis, respectively (Fig. 4.12). These gc

values agree with the measured transpiration.
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Figure 4.12 Diurnal patterns of canopy conductance (gc) for a typical day in March for L.
styraciflua (closed t riangles), L. lucidum (open ci rcles), F. uhdei (closed d iamonds), a nd E.

camaldulensis (open diamonds). Values are the averaged and bars represent the standard er ror
(S.E.) (n=20).

4.7 Mitigation of the UHI in Mexico City

Table 4.2 shows the measured and required energy fluxes to decrease air temperature some
degrees by reducing sensible heat flux by increasing latent heat flux which is a function of
transpiration rates, tree structure parameters like LAI and crown diameter and tree density.
The necessary sensible heat flux was calculated by inverting Ta = 0.03892Qy + 15.3136.

Values showed on t able 4.2 seem to be reasonable taking into account that the measured
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value of Qg is low compared to other energy balance, but higher or similar to the calculated

ones, which represent 6% of the vegetated area in the study site.

Table 4.3 shows e vidence of t he p erformance of t he phe nomenological m odel.
Predicted values of the complete model agreed closely with the results from the model for
Ta, and e ach of the di fferent s ubmodels ( Qn, Q grrp) ( Fig. 4.13). In general, v alues of
determination of the model are indicative of a better agreement between observed values of
Ta, Qn and Qgrrp, and values calculated from the model. Although, the model coefficients

indicate that the model does explain with some efficiency T and Qy it does not for Qgrrp.

This is most likely due to the fitting of Qg model for each of the studied species, it is
clear to notice that E. camaldulensis (r* = 0.5963) is the species that least fits the model and
probably also F. uhdei, although this species has a high coefficient of determination (r* =
0.8575) the root-mean-square error (rmse) is also high, having in the best case, an error of

up to 13%, propagating these errors to Qgrrp.

Table 4.2. Measured fluxes (Qn, Qs, Qum, Qem: Wm‘z) and required (Qur, Qgr) to reduce the air
temperature (Tam) 1, 2 and 3 °C (Tar) on day of year (doy) 77 at 14:00 LT and 78 at 15:00 LT, and
tree d ensities (tree ha™) o ft wo n ative species, L. styraciflua (Ls)and F. uhdei (Fu), andtwo
introduced s pecies Ligustrum lucidum (LI) and E. camaldulensis (Ec), t o ¢ hange t he required
sensible heat flux to get the required air temperature by increasing the latent heat flux. Numbers in
bold indicate the results from the model.

doy/hour Tam Qx Qs Quv  Qem Tar  Qur Qer Ls Fu LI Ec

77/14:00 28.0 680.0 252.0 329.0 939 270 3006 335 170 86 162 429

28.0 680.0 252.0 3290 939 260 2749 59.2 300 151 286 7538

28.0 680.0 252.0 329.0 939 25.0 2492 849 430 217 410 1088

78/15:00 27.0 703.0 299.0 324.0 799 26.0 2749 492 249 126 237 63.0

27.0 703.0 299.0 3240 799 250 2492 749 380 191 36.1 959

27.0 703.0 299.0 324.0 799 240 2235 1006 51.0 257 485 1289
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Table 4.3. S tatistical performance of the simple p henomenological m odel a t t he ha If-hourly
timescale. Fluxes are determined for hours when Qy>0. Intercept and rmse units are in W m~? for

the energy fluxes and °C for Tj,.

Variable N Slope Intercept r rmse
Qn 130  0.9528 11.5225 0.9785 33.37
Qerrp 168 0.9416 5.2736 0.8499 28.92
Qg F. uhdei 42 0.9825 6.5020 0.8571 11.32
Qg L. styraciflua 42 1.0221 -0.6002 0.8825 9.58
Qg L. lucidum 42 0.8327 8.80061 0.9442 8.48
Qg E.camaldulensis 42 0.9274 5.8852 0.5963 10.29
Ta 130  0.8705 2.7982 0.8891 1.38




Q, calculated (W m)

Qgrge Calculated (W m™)

T, model calculated (°C)
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Figure 4.13 S catterplots of half-hourly m easured versus m odeled ne t r adiation (A) a ndt ree
transpiration (B), and calculated versus modeled air temperature (C). Transpiration (B) is shown for
F. uhdei (openci rcles), L. styraciflua (closed ci rcles), L. lucidum (closed t riangles) an d E.
camaldulensis (open triangles). Statistics for fit goodness are reported in Table 4.3.
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Because this model is based on t he urban energy balance any c onstraint of their
components could change the model results as itis the case in which Q and Qap were
neglected; h owever, w hen m easurements wered one, Q g and Q gy were m easured
independently, and in the case that Q4 values could be significant, say above 5% of Qx, its
effect is introduced implicitly in the other components (Qg, Qu and Qs) not affecting the
UHI m itigation m odel r esults. A Iso, t he footprint e xtension in t he s tudy site (1150 m)
where there are no i mportant s ources ot s inks of energy (Fig. 4.1), Q op effectmaybe

negligible.

The m easurements o f fluxes and the urban tissue al lowed to generate the energy
storage parameters (Eq. 3) for this neighborhood. The large value of 0.671 (a;) indicates the
importance of Qg in the energy balance in this neighborhood of Mexico City, and similar to
B, reflects the large proportion of area which is paved and built against green/evaporating
area (Velasco et al., 201 1). Energy storage is a key component, being the most dissipative
constituent of e nergy b alance i nt he city. A ccording t o t he m easurements, w hen Q §
registered at noon 693.5 W m~, Qs was 290 W m ™, this is the 40%. Averaged QN was
449.0 W m'z, whereas Qg was 224.0 W m~ when Qn >0, namely 50% of Qy in average.
However, taking into account Eq. 3, Q s values increase as high as 390 W m ™, being the
53% of Qn. Similarly to Sao Paulo, Brazil, where Qg is the 51% of Qy (Ferreira, et al.,
2013). Although the constitution of studied areas in extratropical cities in North America
are different from Mexico City, it is possible to notice that high urbanization affects energy
storage, for example, in Vancouver, Canada, this ratio is 48%, but from 17 to 31% in cities
with 24 to 49% of vegetation (Grimmond and Oke, 1999b). However, energy storage is not
comparable t o1 atent h eat f lux, a Ithough " dissipates" | arge a mounts of e nergy. T his
mechanism ( Qs) j ust r edistributes t he e nergy, t aking | arge a mounts from e arly m orning
until ir radiance ma ximum is r eached, a nd a fter th at it is r e-irradiated as h eatt ot heir
surroundings in the afternoon and night. A major problem with this mechanism is that Qg
may change due to alterations in both, building materials and urban fabric distribution, and

therefore probably modify the coefficients of Eq. 3.

Furthermore, Bowen r atio c an be used as an ur banizationindex andalsoasan

indicator of the presence/absence of vegetation in Mexico City, and possibly in other parts
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of the world, since its value is high in well urbanized areas with lack of vegetation, as
Palacio de Mineria (B=8.8, near MER (Fig. 4.1), 1% vegetation) in the historic city center
(Oke, etal., 1999), and 1 ower i n di stricts w ith 1 ess ur banization, a s E scandon di strict
(B=2.92, near PLA (Fig. 4.1), 6% ve getation) and P edregal de San Angel (=1.92, near
PED (Fig. 4.1), 50% vegetation), a suburban area (Barradas, et al., 1999) similar to Sao
Paulo, Brazil, university campus (f=1.57, 30% vegetation) (Ferreira, etal., 2013). In
general, Bowen r atios in ex tratropical cities ap parently are higher t han in M exico City,
from 1.24 t 0 2.87, t aking i nto a ccount t hat gr een areas e xtension are bi gger ( 24-49 %)
(Grimmond and Oke, 1999b). It is interesting to notice that Vancouver showed a similar
value to Escandon ($=2.87) with 5.5 fold greener area. This is probably due to the low

transpiration rates of urban vegetation in that latitude.

The t heoretical r esults a pplying t he phe nomenological m odel pr esented he re,
demonstrate that tree arrangements can efficiently but differentially mitigate the urban heat
island in M exico City, considering th eir tr anspiration r ates; w hile th ere are s ome s light
discrepancies between tree densities, for instance when T, is reduced from 26 to 25 °C with
a tree density of 43.0 and 38.0 trees ha™ for L. styraciflua with a similar performance for
the ot her s pecies. T his be havior c ould be due t ot he d ifference be tween obs erved or
measured Qgm on doy 78 which is 15% lower than that observed on doy 77, although Qy is
higher on doy 78 (23 W m™) than on doy 77. H owever, and as it was commented above,
some of the total Qgy amount in the study site can be due to the practice to spill water to
the sidewalks and streets by some shops in the area, a very hard variable to control. A
simple s trategy to solve this problem would be to discard m easured Q gy with the usual
increase o ftree d ensity as itis p ossibleto getb yusingtree s pecies with t he h ighest
transpiration rates, LAl and crown diameter like F. uhdei which is possible to have a no
overlapping density with maximum of 105 trees ha™', corresponding a Qg value of 411.0 W
m™> reducing Qy to almost null, and T 4 could be 15.0 °C . This temperature, Qg and tree
density is just similar to a natural forest. The main problem with this approaching is that Qg
parameters could change releasing energy excess to Qg and Qg since a; in a mixed forest is
0.11 ( McCaughey, 1985 ) or 0.32 f or s hort grass (Doll etal., 1985). N evertheless, t his
approximation s hows a r easonable p erformance of t he m odel ( Table 4.3), a Ithough E.

camaldulensis (and F. uhdei, but t he i ntroduced e rror i s not s o large) presented alow
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performance on Qgrrp calculation. Maybe this error is due to environmental conditions of
plants w hen m aking t he m easurements t hat w ere not t aken i nto a ccount w hen gs was
modeled as air pollution and/or substrate humidity with a differential effect among species,
as well as the data number (Barradas et al., 2004), although sufficient to L. styraciflua y L.
lucidum, it was not for the other two species. Therefore, it is necessary to explore further

these possibilities in future works.

4.8 Mitigation of the UHI in Mexico: a challenge

In the case of Mexico City, in La Merced (19.412° N, 99.152 W, 2245 m asl) that besides
being in t he hi storic centeritisalsolocatedinthe UHI w arm center, inJanuary and
February, PET is below the upper limit, but most of the day is in the cold stress category
except for the period between 12:00 and 14:00 local time (LT) when a value of slightly
warm (PET > 23 °C) is registered. From March to August, cold stress is reduced generally
from 6:00 to 8:00 and 18:00 to 24:00 LT, while heat stress category predominates from
09:00 until 17:00 lh, even it is distributed until December from 12:00 to 14:00 LT. Thus, in
these periods an environment of high thermal pollution oc curs mainly in April, May and
June which are recorded in 4 -6 hours of strong heat stress from 10:00 to 16:00 LT (Fig.
4.14).

Whereas for a city like Veracruz-Boca del Rio (19°11'25"N, 96°09'12"W, 10 m asl)
(Fig. 4.15), this index is between 13 and 43 °C with a PET slightly cool to c omfortable
category from 19:00 to 6:00 LT, from January to March, and November and December, and
comfort to slightly warm between 20:00 and 5:00 LT from May to November, dominating
the range from warm to very warm range throughout the year from 07:00 to 19:00 LT. As it
can be seen in the Veracruz-Boca del Rio urban area, people ex perience more heat stress
than t hat p eople may ex perience in La M erced (Mexico City), however, the cold s tress

events are less intense and less frequent.
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Figure 4.14. P hysiological e quivalent temperature (PET, © C) distribution throughout the day and
year in La Merced, Mexico City, calculated for a typical person in an open urban environment with
a physical activity of 80 W m™ (sedentary), normally dressed (0.9 clo) and calm wind (< 0.5 ms™).

4.9 The challenge

By imp lementing a U HI miti gation s trategy in M exico, th e first f actor to c onsider is

climate, since the geographic location and varied topography make the country includes
almost all the world climates, i.e. to normalize the cities by the climate type that o ccur.
According to the climate distribution by the CONABIO (1998) there are 60 climate Képpen
types in Mexico; however, they could be reduced to nine major climates, depending on the
general characteristics of each group. So they stand out as the tropical wet and monsoonal
(Af and Am), tropical savana (Aw) and tropical sub wet (A(C)) in group A; tropical and
temperate desert (BW) and tropical and temperate steppe (BS) in group B; and temperate
wet ( Cfan d C m), t emperate w etan d d ry (Cw), t emperate M editerranean ( Cs) an d

temperate wet/sub wet (Cb') in group C. Group D climates do not exist in Mexico and those
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Figure 4.15. Physiological equivalent temperature (PET, °C) distribution throughout the day and
year in Veracruz-Boca del Rio, calculated for a typical person in an open urban environment with a
physical activity of 80 W m™ (sedentary), normally dressed (0.9 clo) and calm wind (< 0.5 ms™).

ingroup E canb e n eglected s ince t he areas in w hich t hey o ccur ar e very s mall and

undeveloped (Fig. 4.16).

The number of inhabitants is another important factor to consider in mitigating the
UHI because it is a component which reflects not only the extent of the city but also the
infrastructure, transport and th e a ctivity o fits inhabitants. W hile the U HI is ma nifested
from the beginning of the development, this phenomenon can become a problem when the
urban population is about 500 thousand or more inhabitants. In Mexico there are ten cities
with over one million inhabitants, among which highlights the urban zones of Mexico City

and Guadalajara (Table 4.4, Fig. 4.16)
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Figure 4.16. Spatial distribution of main climates of Mexico modified from CONABIO (1998), and
representative cities with over 500 thousand inhabitants. The distribution of the CONABIO climates
is based on K&ppen classification.

The Metropolitan Area of Mexico City has a variety of group C climates (México
City, Federal D istrict, C sa; E catepec, C fc; an d N ezahualcoyotl, N aucalpan a nd
Chimalhuacan, C wb) as w ell as t he m etropolitan ar ea o f G uadalajara, Z apopan an d
Tlaquepaque, C fb. T herefore, they may be a c¢limate group t hat r equires the s ame form
solution of UHI mitigation, and so on with the other cities and their climate types (Table

4.4).

One alternative and apparently the simplest, is to increase the albedo up to 50% to
reduce Q n through i ncreasing r eflection of s hort w avelength r adiation ( Eq. 3) . Ifthe
proportions of the available energy dissipation remain, then it is most likely Qy decreases
and therefore T 5. However, the reflection mechanism is complicated because the reflected
solar radiation is also absorbed by the lower layers of the atmosphere, furthermore it has to

pass through the air pollutants layer that characterize a city where it is absorbed and thereby



Table 4.4. Climatic urban groups with more than 500,000 inhabitants in Mexico.
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City Inhabitants Climate  City Inhabitants  Climate
type
type

Cities with type C climate
Mexico C ity ( 19°25.03'N, 8,720,916 Csa Guadalajara 1,600,940  Cfb
99°09.42"W, 2250 m asl) (20°40'N,

103°20'W, 1570 M

asl)
Ecatepec ( 19°36.07'N, 1,688,258 Cfc Zapopan ( 20°43'N, 1,155,790 Cfb
99°03.15'W, 2250 m asl) 103°24'W, 1548 m

asl)
Nezahualcoyotl (19°24.82'N, 1,140,528 Cwb Tlaquepaque 542,051 Cfb
99°02'W, 2240 m asl) (20°39'N,

103°19'W, 1540 m

asl)
Naucalpan ( 19°28.72'N, 833,782 Cwb
99°14.38' W, 2275 m asl)
Chimalhuacan ( 19°25N, 525,389 Cwb Puebla 1,485,941 Cfc
98°54'W, 2243 m asl) (19°03.08N,

98°13.07'W, 2150

m asl)
Aguascalientes ( 21°53'N, 814,545 Cwb Morelia 684,145 Cwb
102°18'W, 2300 m asl) (19°42.05'N,101°11

.07'W, 1920 m asl)
Toluca ( 19°17.53'N, 747,512 Cwb Reynosa (26°01'N, 526,388 Cwa
99°39.23'W, 2667 m asl) 98°14'W, 33 m asl)
Querétaro (20°35.28N, 734,139 Cfc Durango 526,659 Csa
100°23.28'W, 1824 m asl) (24°01.36'N,

104°39.27'W, 1885

m asl)
Cities with type B climate
Tijuana (32°31.85N, 1,410,687 Bsk Meérida ( 20°58'N, 777,615  Bsh
117°01.2'W, 31 m asl) 89°37'W, 10 m asl)
Ciudad Juarez ( 31°44.37'N, 1,313,338 Bwk SanLu isPo tosi 730,950  Bsh
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106°29.22'W, 1137 m asl) (22°09'N,
100°58.5'W, 1864
m asl)
Ledn (21°07.18'N, 1,278,087 Bsk Hermosillo 701,838 Bwh
101°40.83'W, 1804 m asl) (29°05.73'N,
110°57.05'W, 216
m asl)
Monterrey (25°40.28'N, 1,133.814 BSh Guadalupe 691,931 Bsh
(25°40.65'N,
100018.52VW, 540 m asl) 100°15.6'W. 480 m
asl)
Mexicali (32°39.8'N, 936,826 Bwh Saltillo ( 25°26'N, 648,929 Bsh
115°39.8'W, 6 m asl) 101°W, 1560 m
asl)
Culiacan ( 24°48'N, 858,826 Bsh Torredn 577,477 Bwk
107°23'W, 68 m asl) (25°32.66'N,
103°26.5'W, 1120
m asl)
Chihuahua ( 28°38.12'N, 809,232 Bwk
106°05.33'W, 1433 m asl)
Cities with type A climate
Acapulco ( 16°51.1'N, 717,766 Aw Veracruz 552,156 Am
99°54.58'W, 20 m asl) (19°11.42'N,
96°09.2'W,10m asl)
Villahermosa ( 17°59.22'N, 640,359 Aw Tuxtla  Gutiérrez 503,320 Aw
92°55.17'W, 9 m asl) (16.75°N,
93.115°W,
522 m asl)
Cancun (21°9.63'N, 628,310 Aw

86°50.85'W, 10 m asl)

I} would increase substantially. Also, if the surface temperature decreases, then I1 could

decreases, increasing the proportion of 1ong-wave radiation (Eq. 3) and therefore Qn. A

probably counteracti st o m ake us e of " cool" m aterials w hich r educe t he | ong-wave
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impinging r adiation b y "r eflecting th at k ind of w avelengths" ( Synnefa, e t al., 2007);
however, all these techniques has been proven as excellent building coolers but not as an
effective UHI mitigation factor, and probably this reflection could present a similar albedo
mechanism. A dditionally, t he i ncreasing o fal bedo i s ap ermanent p ractice, w hich can
reduce significantly T, in the autumn-winter period, due to the lower angle of the sun, and
the | ower s un i nclination t he hi gher a Ibedo ( Barradas, 2014) . For e xample, t his s un
inclination in the city o f M onterrey is from 85.5°t 0 40.6°, a nd from 8§3.7°t0 47.7° in
Mexico C ity, w hereas in T uxtla G utiérrezi s f rom 82.5°t 049.7°. T he i mmediate
consequence is that in spring and summer may have low temperatures, but much lower in
fall and winter. For cities with temperate climates it looks like that the albedo increasing is

not an appropriate solution.

Another alternative c onsidering the energy balance to miti gate the UHI, itis the
implementation o f green spaces, because the v egetation in general and trees in particular
are capable of absorbing large amounts of energy (2.5 MJ/kg) by the transpiration process
increasing Q g and reducing Q iy and t hen T 4. Nevertheless, t his s olution r equires f rom
specific s tudies to de termine transpiration rates of the involved plants, and the di fferent
structure p arameters as | eafar eai ndex, h eight, co verage andt he en ergyb alance

components.

However, a r oughly andt heoretical e xercise us ingt ree s ystems w ith hi gh
transpiration rates in Mexico City, showed the feasibility of using them as natural cooling
systems to mitigate the UHI. In asystem c omposed mainly o f native tr ee s pecies w ith
intermediate tr anspiration r ates Bowenr atio ( f = On/Qg) w as 0.70, but w hen hi gh
transpiration rates trees were chosen, B was 0.28, indicating that this latter system
developed a cooling power three times greater than the intermediate transpiration s ystem
(Ballinas, 2011). Nevertheless, B in the Palacio de Mineria (city center) was 9.9 (Oke, et al.,
1999) s howing a v ery high a ir he ating pot ential w ith no pos sibility t o bui ld great t ree
arrangements to increase Q g. A possible solution for a fully urbanized area could be to
replace th e e xisting lo w tr anspiration r ates tr ees b y tr ees o r v egetation w ith high

transpiration rates or some evaporative surfaces.
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In cities with more than 500,000 i nhabitants, the three mainly climate types occur
(A, B and C). These all cities can be grouped into their different climate types which could
implement similar UHI mitigation solutions for each group regardless of their geographical
location. Therefore, it is possible to recommend some UHI mitigation practices solution for

cities with different climates.

However, in two climate groups (A, C) there area subgroups classified as humid
climates in which the implementation of vegetation to mitigate the UHI is not as effective
as in areas with ¢ limate t ype B, s ince pl ant t ranspiration c ould be reduced by high air
humidity, although this reduction could be around a 10%. On the other hand, the increasing
of air humidity includes a negative effect on thermal comfort indexes. Probably in cities
with this climate type, it would be necessary to apply other methods, as the modification of
albedo ( cities with climate A ) in cluding an appropriate amount of ur ban ve getation t hat
must be de fined. A lso the m odification of the urban winds ( ventilation) c an be suitable
because it ¢ an di splace t he t ranspired w ater v apor t aking a pos itive effect ont hermal
comfort i ndexes. H owever, ur ban na tural ve ntilation de pends ont he i ntensity and
persistence o f wind and ¢ ompete m ore t o ur ban de sign and a rchitectural I ayout of t he
buildings and the design of the same. Certainly, for cities with climates type B and C but
not hum id, t he be st pos sible U HI m itigation s trategy is th e imp lementation a nd/or th e

increasing of urban vegetation arrangements with high transpiration rates.
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CHAPTER 5. CONCLUSIONS

5.1 UHI and Mexico City

The UHI in Mexico City has a distribution in almost all area in the city, with a warm center
surrounded by ENEP-Acatlan, Villa de 1as Flores, San A gustin, Cerro de 1a E strella and
Plateros meteorological stations, mostly occurred by night; however different to the typical
UH]I, it establishes also during day, with intensities up to 10 °C (Ty). This information can
be us eful a ccording t o ne w a reas t o expanding w ith t he appropriate pl anning,inan
adequately te rritorial o rder. Because ofth at,itis imp erative to identify the U HI
phenomenon. There is no doubt that people in cities are the most affected, not only due heat
stress b ut b y h ealth p roblems, th erefore it is n ecessary to imp lement U HI mitig ation

strategies since that urban temperatures can affect human health and energy consumption

5.2 Tree transpiration

Even with low irrigation in Mexico City, it is possible to notice that tree transpiration rates
can dissipates up to 20% of net radiation. However, in order to understand the transpiration
and the water used by trees, it is essential to establish the stomatal conductance response to
the en vironmental v ariables as v apor p ressure deficit, n et r adiation an d air t emperature.
Because of the different transpiration rates of the studied species, it is possible to select the
most s uitable s pecies a ccording t o t he m icroenvironment where t he s pecies aretob e
planted; how ever, t he most s uitable s pecies would be t hose t hat s howed t he hi ghest
transpiration rates, as Liquidambar styraciflua and Ligustrum lucidum, while it would be
better to build tree arrangements using the four species making a more biodiversity system

since dissipation of net radiation is not large enough to make a difference.

In addition to reduced heat load and probably energy demand, mitigation of Mexico
City’s he at 1 oads c ould i mprove a ir qua lity b y r emoving pa rticles from a ir a nd p ublic
health, as well as reduce the city’s contribution to greenhouse gas emissions; however, it is

relevant t o m ention t hat s ome t ree s pecies ¢ ould g enerate vol atile or ganic ¢ ompounds
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(VOC) which can increase air pollution. It is expected that the reduction of urban heat load

could reduce the use of energy for air conditioning with a direct decrease on energy costs.

5.3 UHI mitigation

Considering energy balance as a framework to mitigate UHI, the implementation of green
spaces is as uitable p ractice, b ecause v egetation i n g eneral an d t rees in p articular a re
capable of absorbing large amounts of energy by transpiration process, increasing Qg and
reducing Q iy and t herefore T A. T he first step is to try to e stablish th e number o f tr ees
according to th eir tr anspiration r ates; th en, to determine th e p ossible decrease in a ir
temperature and thereby mitigate more efficiently the UHI, therefore a p henomenological
model easy to handle w as presented. T his model is based on t he ur ban e nergy ba lance,
however, any constrain of their components could change the model results. Bowen ratio
for e xample, ¢ an be u sed a s a n u rbanization i ndex a nd a Iso a s a n i ndicator of t he
presence/absence of vegetation in Mexico City, and possibly in other parts of the world, as
it was stated before, UHI is not exclusive from a particular city, but it is present in all cities

in the world, regardless its size, inhabitants, geographical location.

It is necessary to continue identifying the best tree characteristics and s pecies to
design with more precision the spatial distribution of trees to get the sufficient latent heat
flux to effectively mitigate the heat island. Unfortunately, the currently urban design could
not allow to expand or introduce these tree arrangements in some sites; however, old trees
may be changed by others with higher transpiration rates, leaf area index and coverage, or

to design other types of vegetation arrangements with high transpiration but no evaporation.

5.4 The Challenge to Mitigate UHI

One of the biggest challenges in Mexico is to mitigate the UHI in its cities since Mexican
cities are growing v ery fast: C ancun, G uadalajara, M exico C ity, M onterrey, Q ueretaro,
Tijuana and Tuxtla Gutierrez are the seven cities with the largest real estate growth among

the 50 largest cities in the country. The city of Tuxtla Gutierrez grew from 2000 to 2010 by
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30% and it is expected this growth remain into 2030. Therefore it is imperative that urgent
action in urban planning must be taken, so that this phenomenon would not grow and not
become a difficult problem to solve, and with this move towards to a more sustainable city.
Mexico City has about 20,116,842 1 nhabitants in an area of 2,046 km 2 being one of the
most populous cities in the world. Its population is estimated to increase to 20.6 million in
2025 and despite that it has one of the largest parks in the Americas (%6.78 km?,
Chapultepec), the effect of the UHI has been increasing in both size and intensity. These
urban increases imply a high demand for goods and services and therefore the effect of the

UHI will increase both size and intensity.

5.5 Why mitigate UHI?

Clearly reduction of heatloadsinthecityis possible eveninthe dry season with no
irrigation, t hrough t he evaporative cooling pot ential f rom t ree-soil-water upt ake a nd
transpiration t hat w ould pr obably r educe s urface t he ne ar-surface airt emperatures.
Additionally, this reduction in temperatures could be enhanced from the tree shading effect.
Furthermore, t his cu rrently t emperature d ifferences c ould be e nhanced w ith t he g lobal
climate change. A lso, heat shocks will increased or be enhanced by the UHI effect, and
energy consumption for air conditioning also will increase. This is why it is imperative that
urgent action in urban planning be taken, so that this phenomenon would not grow and not

become a difficult problem to solve, and with this move towards to a more sustainable city.

5.6 Very important...

It is necessary to continue identifying the best tree characteristics and species to design with
more p recision th e s patial d istribution o f'tr ees to g et th e s ufficient la tent h eat flux to
effectively mitigate the heat island. Unfortunately, the c urrently urban design c ould not
allow to expand or introduce these tree arrangements in some sites; however, old trees may
be changed by others with hi gher transpiration rates, 1eaf area index and coverage, or to

design other types of vegetation arrangements with high transpiration but no e vaporation.
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Any tree arrangements tor educe urban h eat1oadsit is e ssential to e stablishitin the
warmest mo nth a sit isthecaseo fthisstudy. Itis imp ortantto notethatthis isa
multidisciplinary p roblem w hich ne eds of ur ban de velopers, e cologists, a rchitects,

engineers, climatologists, geographers, sociologists, etc.

The challenge to mitigate UHI is a large and complex task, but necessary.
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The Urban Tree as a Tool to Mitigate the Urban Heat Island
in Mexico City: A Simple Phenomenological Model

Monica Ballinas and Victor L. Barradas*

Abstract

The urban heat island (UHI) is mainly a nocturnal phenomenon,
but it also appears during the day in Mexico City. The UHI may
affect human thermal comfort, which can influence human
productivity and morbidity in the spring/summer period.
A simple phenomenological model based on the energy
balance was developed to generate theoretical support of UHI
mitigation in Mexico City focused on the latent heat flux change
by increasing tree coverage to reduce sensible heat flux and
air temperature. Half-hourly data of the urban energy balance
components were generated in a typical residential/commercial
neighborhood of Mexico City and then parameterized using
easily measured variables (air temperature, humidity, pressure,
and visibility). Canopy conductance was estimated every hour
in four tree species, and transpiration was estimated using sap
flow technique and parameterized by the envelope function
method. Averaged values of net radiation, energy storage, and
sensible and latent heat flux were around 449, 224, 153, and 72
W m~=, respectively. Daily tree transpiration ranged from 3.64
to 4.35 Ld™". To reduce air temperature by 1°C in the studied
area, 63 large Eucalyptus camaldulensis would be required per
hectare, whereas to reduce the air temperature by 2°C only 24
large Liquidambar styraciflua trees would be required. This study
suggests increasing tree canopy cover in the city cannot mitigate
UHI adequately but requires choosing the most appropriate
tree species to solve this problem. It is imperative to include
these types of studies in tree selection and urban development
planning to adequately mitigate UHI.

Core ldeas

« Urban heat island mitigation by vegetation with emphasis on
urban trees.

- A phenomenological model of UHI mitigation based on urban
energy balance.

- Tree transpiration as a mechanism to urban heat island mitiga-
tion.
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RBANIZATION, as a drastic transformation of the

environment, presents many effects in the settlement

area. One of these effects is the urban heat island
(UHI). The UHI phenomenon has led to increased air tempera-
tures in urban arcas compared with their rural surrounds (e.g.,
Lee, 1991; Oke, 1995; Kuttler, 1998; Unger, 1999). Temperature
rise in a city or urban area is due to the redistribution and storage
(heat) of solar radiation energy because of changes in land use.
This can be partly explained by the drastic reduction of latent
heat flux (Q,) caused by the impervious layer of concrete and
asphalt, the limited contribution of evaporative and green areas,
and the sensible heat flux (Q,,) increase, all of which contribute
to increased air temperature ( TA).

The UHI in Mexico City can be as high as 6 to 7°C on average
but can also be established during the day with intensities of up
to 10°C (Ballinas, 2011). Rising temperatures can negatively
affect human thermal comfort, which can affect productivity
and lead to health issues, mainly in the spring/summer seasons
(Seppanen et al., 2004; Tse and So, 2007).

Due to these problems, there are many studies and research
examining mitigation of UHI (Rosenfeld et al., 1998; Solecki et
al., 2005; Takebayashi and Moriyama, 2007; Rizwan et al., 2008;
Shahmohamadi et al., 2011). There are several alternatives to
mitigate the UHI by manipulating the urban energy balance and
changing some terms and/or factors: (i) changing the albedo to
reduce net radiation, (ii) improving ventilation affecting human
heat load, and (iii) augmenting evaporative potential areas. The
first two alternatives are permanent and can potentially lead to
negative effects during the autumn/winter period when albedo
increases due to solar inclination, reducing net radiation, and
when cool winds could increase wind chill. However, the third
alternative may not lead to negative effects in winter, especially
when it comes from vegetation, particularly trees. Accordingly,
with the proper implementation of urban vegetation, it is
possible to mitigate the UHI due to the cooling potential given
by transpiration (Barradas, 1991, 2000; Susca et al, 2011;
Kornaska et al., 2015).

The release of water vapor to the surrounding air by transpir-
ing plants increases air humidity and decreases air temperature.

M. Ballinas, Centro de Ciencias de la Atmdsfera, Universidad Nacional Auténoma
de México, Circuito Cientifico s/n, Ciudad Universitaria, 04510, México, D.F,,
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México, D.F,, México. Assigned to Associate Editor Stephen Livesley.

Abbreviations: CD, crown diameter; DBH, diameter at breast height; doy, day of
year; LA, leaf area index; UHI, urban heat island.
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Typical rates of heat loss by evaporation in arid environments
with good irrigation range from 24.5 t0 29.5 MJ m 2 d*; in tem-
perate climates, rates range from <0.7 (winter) to 7.4 MJ m™>d™"
(summer) (Jones, 1992). The release of water vapor correspond-
ing to these heat loss values ranges from 0.28 to 12 L m > d™.
Transpiration is mainly controlled by stomatal resistance and
is dominated by environmental conditions (e.g., Jones, 1992;
Meinzer et al., 1993), whereas stomatal resistance depends on
the physiological behavior of the plant and is controlled by envi-
ronmental conditions (e.g., Whitchead et al., 1981; Jones, 1992;
Barradas et al., 2004). Therefore, transpiration rates are differ-
ent among plant species, and individuals of the same species may
present transpiration rate variations depending on the prevailing
environmental conditions.

Developing an appropriate urban vegetation structure to
mitigate UHI requires (i) determining the transpiration behavior
of each involved plant species and their structural characteristics
and (ii) developing a theoretical model to articulate mitigation
scenarios choosing different plant species and modifying
environmental conditions. The well-known Penman—Monteith
equation (Jones, 1992) is an appropriate model to establish the
transpiration behavior of each concerned species and involves
physiological and environmental conditions. It is also well
known that 7', depends on sensible heat flux (Q,,) giving the
base to a theoretical model based on the urban energy balance
7,0,

The objective of the work described here was to build a simple
phenomenological model based on the energy balance to explore
the effect of dominant urban trees [Fraxinus ubdei (Wenzig)
Lingelsh., Ligustrum lucidum W.T. Aiton, Eucalyptus camaldu-
lensis Dehnh. (Myrtaceae), and Liquidambar styraciflua L.] on
the mitigation of the UHI in a typical neighborhood of Mexico
City in the dry season.

Materials and Methods
The Urban Energy Balance

A simple model of the energy balance (W m™) in a city is
given by the following expression (Oke, 1988):

Qu+Q, =0 +Q,+&+Q,, (1]

where Q,_ is the net radiation (available energy), Q, is the energy
given to the system by human activity (industry, internal com-
bustion machines, heating, air conditioning, etc.), Q, is the latent
heat flux (evaporation/transpiration), Q,, is the sensible heat flux
(air warming), Q, is the energy storage in the urban fabric, and
Q,, is the horizontal transport of energy (advection).

In many cases the Q, term can be neglected because the
energy consumption is frequently very low compared with solar
radiation. This term becomes significant in cold-climate urban
centers such as New York, where human activities and energy
use are high (20-160 W m™) as compared with energy provided
through solar radiation (700-1000 W m™) (Taha, 1997).
Considering the low energy consumption in Mexico City, this
term can be neglected. Also, the Q, | term is commonly neglected
in urban areas because the urban fabric is uniform and there
are no signiﬁcant energy sources or sinks in the representative
area. According to these assumptions (Q, = @, = 0), the urban

energy balance is reduced to: Q = Q, + Q,, + Q..

The Urban Heat Island Mitigation
Phenomenological Model

The phenomenological model is based on the reduced urban
energy balance, first by estimating Q, and Q.. Net radiation can
be calculated by:

Q.=l1-)R +e,0T,*~c 0T (2]

where R is the incident solar radiation (W m~2); o is the sur-
face albedo (urban canopy); € N and €. are the atmospheric and
surface emissivities, respectively; T, and T are air and surface
temperature (K), respectively; and o is the Stefan-Boltzmann
constant (4.903 x 10~ MJ K™ m™* d™"). The R, value can be
estimated as follows (Schmetz and Raschke, 1978):

R = (R/r)*(§,cos0)(a.b™) (3]

where § is the solar constant (1360 Wm™* &~ 2750 pumol m~?
s71); © is the zenith distance of the sun (cos® calculation is
given in Appendix A SE1); a and b are the effective transmis-
sion factors; 7 is the optical air mass; 7 and R are, respectively,
the actual and the mean distance of the Earth from the Sun in
astronomical units (ua) (R = 149,600,000 km = 1 ua); and » = 1
+0.033cos[(£,27/365)], where z, is day of the year or the Julian
day, and

m = [cos® +0.15(93.885 — ©) 1251 [P, /P, ] (4]

where P, is the average atmospheric pressure on the site; P, is
the atmospheric pressure at sea level; and a and b depend on the
visibility (km), which is a function of the urban acrosols given
by:a=0.0096 In(visibility) + 0.7947 and b = 0.144 In(visibility)
+ 0.2397. The atmosphcrc emissivity, €, estimation is given in
Appendix A SE2.

Energy storage (Q,) is one of the factors that can make the

UHI more intense (Grimmond et al., 1991):

AQx

At

Os=a,0n+a,

]""‘3 (5]

where 7 is the time (30 or 60 min), and 4, 4,, and 4, are con-
stants depending on the distribution and the characteristics of
the urban fabric. These parameters are 0.671, 0.450 s, and —52
W m™, respectively (Velasco et al., 2011). Energy storage in this
paper is taken to be constant in each time step; then the residual
of Q is distributed only in Q,, and Q, in every time step (Q, =
Q,, + Q,). Sensible heat flux is responsible for the air warming;
thus, it is possible to parameterize Q,, as a function of 7', [Q,
=AT,)). Therefore, T, = AQ,) and Q,, = Q — O,. Finally, T',
=0~ Q,), and Q, and Q, could be parameterized using the
simplified Penman-Monteith approach as follows (Holtslag and
Van Ulden, 1983):

M(QN_QS)_B 6]
I+

Q=

Qe="P (0 —Q¢)+8 7]
1+

|2
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where S is the slope of the saturation vapor pressure versus tem-
perature, v is the psychrometric constant, and Qg and (3 are
empirical parameters. These parameters are 0.029 and 7.33,
respectively, for the study site (Velasco et al., 2011). In this case,
Q. is the measured flux, and Qprpp 1 the added flux due to tree
transpiration. Finally, air temperature mitigation is calculated as
T, =0~ [Q; + Q;rsp))- The Bowen ratio was estimated from
the relation Q,,/Q,.

Latent heat flux produced by trees (ic., QETRP) was calcu-
lated using the Penman—Monteith model (Bosveld and Bouten,
2001):

VPD

rA

AQN+pCr

QETRP = \E = (8]

A+~{[1+’C
7A

where Q. ., =\, is the latent heat flux (W m™2) due to tree tran-
spiration, A is the slope of the saturation vapor pressure (kPa
°C™), p is the density of air at constant pressure (kg m~?), C, is
the specific heat of air at constant pressure (J kg™' K™'), VPD is
the vapor pressure deficit (kPa), ~ is the psychrometric constant
(kPa K), 7 is the resistance of the canopy (s m™), and 7, is the
acrodynamic resistance of the canopy (s m™). Vapor pressure def-
icit was calculated with the equation: VPD = ¢ (1 — RH), where
e is the saturation vapor pressure and RH is relative humidity.

Aerodynamic resistance (7,) (s m™") was estimated with the fol-

lowing relation:
rA= 21 In Zy—d In % —d [9]
(K*)(u) Z (02)(Z,)

where Z, is the height at which the wind was measured (m), 4
(m) is the level of displacement of zero, K is the constant of von
Karmann, # is the wind speed (m s™'), and Z is a measure of the
acrodynamic surface heterogeneity, in our case, vegetation (m).
Resistance of the canopy (r.) (m s™') was calculated as follows:

99°11°30" W 99* 11°

7S 1

= - [10]
LAL  gc

rC

where LATis the leaf area index (m* m™); 7, is the stomatal resis-
tance, which is the inverse of stomatal conductance (gs); and g.is
the acrodynamic conductance.

Stomatal conductance was parameterized as a function of
microclimate variables using the envelope function method

(Fanjul and Barradas, 1985; Barradas et al., 2004) by:
s = Zonnxl£(Qy) g(VPD) ¢(T)] [11]

where g(Q, ), g(VPD), and ¢(7,) are the envelope curve func-
tions of normalized g, (g;,,, = 1) that depend on Q,, VPD, and
T, and are as follows: g(Q,) = (2 + Q,)/(b + Q,), g(VPD) = c +
dAVPD,and g(T,) =e+fT, +gT,’ wherea, b,c,d,e,fand gare

parameters of the model.

Study Site and Observation Period

Measurements were performed in the Escandon district,
which is near to the center of the metropolitan area of Mexico
City (19°24'12.63"' N, 99°10/34.18"" W, 2245 m asl). The city has
ahighland subtropical climate. Mean annual precipitation (mean
of 40 yr) is 748 mm, and almost 94% occurs during the rainy
season (June-November). Winds are light and predominantly
from the northeast. Extreme maximum and minimum tempera-
tures are registered in April (26°C) and January (5.3°C), respec-
tively (SARH, 1982), with a marked UHI effect in the urban
area (Jauregui, 1997). The UHI effect was established during the
daytime, with intensities of up to 10°C (77, ,) (Ballinas, 2011).
The studied district is delimited by streets with intensive vehicu-
lar traffic, and the land use in the study area is mainly commercial
and residential, with 57% occupied by buildings of three to four
stories, 37% as roads and paved areas, and 6% covered by vegeta-
tion (Fig. 1). The mean height (Z,) of the surrounding buildings
is 12 m, and it was estimated that the acrodynamic surface rough-
ness (Z,) was 1 m. The zero displacement plane 4 was calculated
to be 8.4 m height according to the rule-of-thumb estimate (4 =

19° 24'30"

19°24'N

Fig. 1. Aerial view around the study site (marked
with a white disk). The white circle indicates the
1000-m distance around the measuring tower.
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0.7Z,) (Grimmond and Oke, 1999a). During the measurement
period, the footprint calculation averaged 1150 m (Velasco et al.,
2009). The sensible and latent heat fluxes and Q, were measured
continuously for 13 d from 17 to 30 Mar. 2006. March is one of
the warmest months of the year in Mexico City, with mean mini-
mum and maximum temperatures of 7.7 and 24°C, respectively,
and average monthly precipitation rate of 9.3 mm.

Measurements

Instruments for measuring heat fluxes were installed on a
25-m tower mounted on a 17-m-tall building giving a total
height of 42 m, almost three times the average height of the sur-
rounding buildings. Net radiation was measured with a Kipp
and Zonen net radiometer CNR1. Wind speed, virtual tempera-
ture, and humidity fluctuations were sampled at 10 Hz with a
3D sonic anemometer (model SATI-3K, Applied Technologics,
Inc.) and an open-path infrared gas analyzer (OP-2 IRGA,
ADC BioScientific). Fluxes were calculated every 30 min using
the eddy covariance method and corrected for the effects of air
density using the Webb corrections. A detailed description of the
instrumentation and methodology used in the eddy covariance
system is provided by Velasco et al. (2009).

Canopy conductance was calculated by measuring g, and
LAL These measurements were made on four dominant tree
species to Mexico City: Fraxinus ubdei (Wenz.) Lingelsh.
(Oleaceace), Ligustrum lucidum W.T. Aiton (Oleacecac), E.
camaldulensis Dehnh. (Myrtaceac), and Liguidambar styraciflua
L. (Hamamelidaceae), 13 to 15 m high. Fraxinus ubdei and L.
styraciflua are deciduous trees and are native to Mexico, whereas
L. lucidum and E. camaldulensis are evergreen and introduced
species.

Leaf arca indices (7 = 4) were 4.5 (diameter at breast height
[DBH], 21.0 cm; crown diameter [CD], 11.0 m) for E uhdei,
4.0 (DBH, 14.8 cm; CD, 8.10 m) for L. lucidum, 4.10 (DBH,
15.1 cm; CD, 7.2 m) for E. camaldulensis, and 4.5 (DBH, 26.5
cm; CD, 14.5 m) for L. styraciflua, as estimated with a canopy
analyzer (LAI-2000, LI-COR Ltd.).

Stomatal conductance (g;) was measured in the same indi-
viduals of each species at four sites on at least five fully expanded
leaves per plant with a steady-state diffusion porometer (LI-
1600, LI-COR); air and leaf temperature (7, 7;), RH, and
photosynthetically active radiation were also measured with
the mounted sensors in the porometer. These measurements
were made every half hour from 08:00 to 18:00 local time
(LT). Concomitantly, irradiance, air temperature and humidity,
and wind speed and direction were measured with a pyranom-
eter (Eppley PSP, Campbell-Scientific), a temperature-humidity
probe (HMP35C, Campbell-Scientific), and an anemometer
and vane set (03001, RM Young), respectively. The pyranometer,
wind sensors, and temperature-humidity probe were installed 3
m above the tree canopy. Transpiration was calculated with the
Penman—Monteith model.

Transpiration was estimated from sap flow measurements
made in the trunk using steady-state xylem water mass-flow
metering systems similar to those described by Cermdk et al.
(1984) and Schulze et al. (1985) with one instrumental set per
tree. Xylem water mass flowmeters were connected to a data
logger (21XL, Campbell Scientific); voltage and gauge signals
were scanned every 20 s and averages were logged every 30 min.

Results
The Urban Heat Island in Mexico City

Figure 2 shows the spatial distribution of the average temper-
ature at 06:00 and 14:00 LT in January and May 2010 in Mexico
City. At 06:00 LT, a warm center is developed and located in the
area surrounding by Cerro de la Estrella, San Agustin, Villa de las
Flores, ENEP-Acatlén, and Pedregal (PED) stations, oriented to
the center-north of the city, with temperature difterences (77, )
near 3.5°C and with a highest 7', of 8.5°C (Fig. 2A). By 14:00 LT
(Fig. 2B), the warm area has shifted to the west of the city and is
smaller than that observed at 06:00 LT, with a T,. of approxi-
mately 2.5°C and the highest T, around 21°C. However, a large
area was established in much of the city where temperatures were
lower than their surroundings, forming a new island; this effect
may have been due to the ventilation of the city because wind
speed increases from 13:00 to 15:00 LT up to 4.4 m's™! in combi-
nation with the topography of the area (Jazcilevich et al., 2005).

In May 2010, the distribution and the location of the warm
center was similar to that presented in January but with higher
temperatures. At 06:00 LT, the T, was 0.5°C higher than that
observed in January (Fig. 2C); however, T, , was higher by about
2°C in May than in January at 14:00 LT (Fig. 2D), with the high-
est temperature around 26°C. These results are very similar to
those observed in 2011.

The temperature difference in the area of La Merced (MER)
may be up to 7.1°C, as occurred at 04:00 LT on 21 January.
However, there are periods of low T UR that are between 0.09 and
1°C at around 01:00 and 14:00 LT, respectively.

Energy Balance

Figure 3 shows the performance of the components of energy
balance for a typical day (day of year [doy] 78) during the mea-
surement period. Net radiation increased rapidly from dawn
(-106.6 Wm™) to around midday, reaching a maximum of
693.5 W m™. In the afternoon, Q, tended toward zero to reach
its minimum in the sunset. On average, Q, was 449.0 W m™? for
0Q,>0.

Sensible and latent heat fluxes increased with the rise in Q
in the morning to reach their maxima around midday. However,
during the day, Q,, Q,,, and Q, were not as regular as Q, . Most of
the available energy (53%) was dissipated by Q,, with values up
t0428.0 W m™? carly in the afternoon (average daytime value was
224.0 W m™?), followed by Q,,, with a maximum value of 210.0
W m™ late in the morning and an average of 153.0 W m™ Q.
registered the lowest values, with 204.0 W m™ around midday
and an average of 72 W m™?, which is just 16% of Q, (Fig. 3).
The average Bowen ratio was 2.92. During the whole experiment,
averaged values were 373.3, 190.0, 121.43, and 41.52 W m™2 for

Qv 9, 9Q,, and Q, respectively.
Relationship between Air Temperature
and Sensible Heat Flux

Energy balance and micrometeorological data measured in
the Escandon district were used to relate air temperature with
the sensible heat flux, taking into account the delay between the
emission of sensible heat and 7', for Q, > 0. Air temperature
that is not directly proportional to Q,, in time while having a
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Fig. 2. Average air temperature (°C)
distribution in January (A, B) and
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MER, La Merced; PED, Pedregal; PLA,
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TLA, Tlalnepantla; TPN, Tlalpan; VIF,
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measured flux (i.c., the heating of the air and therefore its tem-
perature) is shown after a certain time. Table 1 shows the rela-
tionship between 7', and Q, at different time steps. Among
the changes from 1 to 2 h, the regression coefficient increases;
however, this value decreases during the third time lag (after 3 h).
This means that air temperature at a given time is given around
2 h after the actual sensible heat flux. As a result, it is possible to

800
e g QN
600 { —— Q,
—— Q
NE 4001 _._ Qg
=3 200 -
x
=
[-—
O J gty o AWl R e
-200 -
0 4 8 12 16 20 24

local time

Fig. 3. Energy balance components (W m) in the Escandon district
in Mexico City in a typical day of the dry season on day of year 78. Q,,
latent heat flux; Q,, sensible heat flux; Q,, net radiation; Q, energy
storage in the urban fabric.

.98.95 Villa de las Flores; XAL, Xalostoc.

consider that there is a time delay of 2 h that produces it (i.e.,
air temperature has a delay time of 2 h vs. Q,,). Therefore, the
effect of air temperature on the sensible heat flux is given as 7',
=0.03892Q,, + 15.3136, and finally the diagnosis equation is:

T, =0.03892[0, — (Q, + O, )] + 153 [12]

where it can be seen that there is a basal temperature around
15°C during the day when Q, > 0. Q, is the latent heat flux mea-
sured in the study site as a result of the remains of the 6% of veg-
etation and can be calculated with Eq. [6]; Q, ., is the necessary
latent heat flux provided by vegetation to reduce 7', and can be
identified as Eq. [8]. Consequently, this relationship is key in the
estimation of air temperature after increasing the latent heat flux
by augmenting vegetation.

Transpiration and Canopy Conductance

The environmental conditions during the experimental
period are shown in Fig. 4. Net radiation increased rapidly from
early in the morning to around midday, reaching the maximal
values between 640 and 790 W m™2, with an average value for the
entire measurement period of 356.4 W m™when Q, > 0. Average
VPD was 9.0 hPa, fluctuating between 23.58 (maximum, regis-
tered around midday) and 1.23 hPa (minimum, registered at
night). Transpiration differed among species during the experi-
ment. In general, L. styraciflua showed the highest values, and L.
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Table 1. Simple regression parameters of air temperature (T,) versus sensible heat flux (Q,) (T, = aQ,, + b) for all data with net radiation >0 measured

at Escandon district for actual time and delayed for 1, 2, and 3 h.

a b Hour n
°Cm2W-' °C
0.02863 (0.00161)t 15.8831(0.177) 0.2503 0 1152
0.03544 (0.00147) 15.4896 (0.162) 0.3807 1 1056
0.03892 (0.00137)* 15.3136 (0.152) 0.4582 2 960
0.03865 (0.00139) 15.3698 (0.153) 0.4505 3 864

1 Parameter values (SE) are shown (p < 0.05).

# Numbers in bold indicate the best fit of air temperature versus sensible heat flux.

ligustrum showed the lowest. Changes in the total transpiration
per day were observed during the experiment for the four spe-
cies, ranging between 3.64 and 4.35 L d™'. Averaged TRP values
were 4.22,3.82,3.64,and 3.59 L d™ for L. styraciflua, F. ubdei, L.
lucidum, and E. camaldulensis, respectively. These transpiration
rates represent a gross energy consumption of 10.30, 9.33, 8.89,
and 8.77 MJ d°!, respectively, per species.

Figure 5 shows transpiration rates of the four species on doy
84. Transpiration throughout the day showed generally a uni-
modal pattern with some slight changes and increasing as irra-
diance reaches its maximum value around midday. The highest
daily transpiration was registered for L. styracifiua (1098 g m™
d™) and the lowest for E. camaldulensis (993 g m™ d™'), with
maximum rates of 0.043 and 0.032 g m™ s/, respectively, regis-
tered between 13:00 and 15:00 LT. Maximum diurnal transpi-
ration rates represent an energy consumption of 98.9, 105.25,
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Fig. 4. (A) Net radiation (Q,; W m™?), (B) vapor pressure deficit (VPD;

hPa), and (C) daily transpiration rate (TRP) during the experiment in
four tree species in Mexico City. Each histogram is the mean of four
trees. Vertical bars on histograms are SEM.

101.83, and 78.14 W m™ for . ubdei, L. styraciflua, L. lucidum,
and E. camaldulensis, respectively.

The diurnal pattern of canopy conductance (g.) was similar
in the four species, showing a maximum value between 12:00
and 15:00 LT. However, L. styraciflua and L. lucidum showed
higher g values than F whdei and E. camaldulensis, consistent
with transpiration. Average g values were between 12.5 mm s~
(E. camaldulensis) and 20.42 mm s7! (L. lucidum), with maxi-
mum values of 38.45, 33.34, 23.21, and 21.8 mm s™! for L szy-
raciflua, L. lucidum, F. ubdei, and E. camaldulensis, respectively
(Fig. 6). These g values agree with the measured transpiration.

Mitigation of the Urban Heat Island in Mexico City

Table 2 shows the measured and required energy fluxes to
decrease air temperature by reducing sensible heat flux by increas-
inglatent heat flux, which is a function of transpiration rates, tree
structure parameters like LAI and crown diameter, and tree den-
sity. The necessary sensible heat flux was calculated by inverting
Eq. [7]. The values in Table 2 secem to be reasonable because the
measured value of Q is low compared with other energy balance
but higher or similar to the calculated ones, which represent 6%
of the vegetated area in the study site.

Table 3 shows evidence of the performance of the phenom-
enological model. Predicted values of the complete model agreed
closely with the results from the model for 7', and each of the
different submodels (Q,, Q,,,) (Fig. 7). In general, values of

coeflicients of determination of the model are indicative of a
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Fig. 5. Diurnal patterns of transpiration rate (TRP) and added flux due

to tree transpiration (Q.,,

) for Fraxinus uhdei, Liquidambar styraciflua,

Eucalyptus camaldulensis, and Ligustrum lucidum during day of year
84. Data points represent the mean of four measurements on differ-

ent trees. Bars represent SE.
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Fig. 6. Diurnal patterns of canopy conductance (g ) for a typical day
in March for Liquidambar styraciflua (closed triangles), Ligustrum
lucidum (open circles), Fraxinus uhdei (closed diamonds), and
Eucalyptus camaldulensis (open diamonds). Values are the average,
and bars represent the SE (n = 20).

better agreement between observed values of 7', Q, and Q...
and values calculated from the model. Although the model coef-
ficients indicate that the model does explain 7', and Q, with
some efficiency, it does not for Q. .. This is most likely due
to the fitting of the Q. model for each of the studied species.
Eucalyptus camaldulensis (r* = 0.5963), probably F. ubdei, are the
species that least fit the model. Although this species has a high

coefficient of determination (* = 0.8575), the RMSE is also
high, having, in the best case, an error of up to 13%, propagating
these errors to Q.-

Discussion

This work, to our knowledge, is the first attempt to establish
the number of trees according to their transpiration rates, to
determine the possible decrease in air temperature and thereby
the ability to mitigate more efficiently the UHI, and to introduce
a phenomenological model that is easy to handle. Because this
model is based on the urban energy balance, any constraint of
the components could change the model results, as is the case
in which Q, and Q,  were neglected; however, Q, and Q, were
measured independently, and in the case that Q, values could be
significant, say above 5% of Q,, its effect is introduced implicitly
because the other components (Q,, Q,,, and Q,) did not affect
the UHI mitigation model results. Also, within the footprint
extension in the study site (1150 m) where there are no impor-
tant sources or sinks of energy (Fig. 1), the Q,  effect may be
negligible.

The measurements of fluxes and the urban tissue were
allowed to generate the energy storage parameters (Eq. [3]) for
this neighborhood. The large value of 0.671 (4,) indicates the
importance of Q, in the energy balance in this neighborhood of
Mexico City and, similar to 3, reflects the large proportion of
area that is paved and built against the green/evaporating area
(Velasco et al., 2011). Energy storage is a key component, being
the most dissipative constituent of energy balance in the city.

Table 2. Measured fluxes and required fluxes needed to reduce the air temperature 1, 2, and 3°C on day of year 77 at 14:00 local time and day of year
78 at 15:00 local time and tree densities of two native species and two introduced species needed to change the required sensible heat flux to get

the required air temperature by increasing the latent heat flux.

Day of Tt Measured fluxes$ T s Required fluxes9 Tree densities#
year/hour A Q, Q, Q, Q AR Q.. Q. Ls Fu Ll Ec
W m= trees ha™

77/14:00 28.0 680.0 252.0 329.0 93.9 27.01tt 300.6 33.5 17.0 8.6 16.2 42,9
28.0 680.0 252.0 329.0 93.9 26.0 274.9 59.2 30.0 15.1 28.6 75.8
28.0 680.0 252.0 329.0 93.9 25.0 249.2 84.9 43.0 21.7 41.0 108.8

78/15:00 27.0 703.0 299.0 324.0 79.9 26.0 274.9 49.2 249 12.6 23.7 63.0
27.0 703.0 299.0 324.0 79.9 25.0 249.2 74.9 38.0 19.1 36.1 95.9
27.0 703.0 299.0 324.0 79.9 24.0 223.5 100.6 51.0 25.7 48.5 128.9

T Air temperature.

¥ Q, latent heat flux; Q,, sensible heat flux; Q, net radiation; Q,, energy storage in the urban fabric.

§ Required air temperature.

1 Q,, required latent heat flux; Q,, required sensible heat flux.

HR!

# Native species: Ls, Liquidambar styraciflua; Fu, Fraxinus uhdei. Introduced species: LI, Ligustrum lucidum; Ec, Eucalyptus camaldulensis.

11 Numbers in bold indicate the results from the model.

Table 3. Statistical performance of the simple phenomenological model at the half-hourly timescale. Fluxes are determined for hours at net radiation >0.

Variablet n Slope Intercept$ & RMSE
Q, 130 0.9528 11.5225 0.9785 33.37
Qure 168 0.9416 5.2736 0.8499 28.92
Q,, Fraxinus uhdei 42 0.9825 6.5020 0.8571 11.32
Q,, Liquidambar styraciflua 42 1.0221 —0.6002 0.8825 9.58
Q,, Ligustrum lucidum 42 0.8327 8.8061 0.9442 8.48
Q,, Eucalyptus camaldulensis 42 0.9274 5.8852 0.5963 10.29
T 130 0.8705 2.7982 0.8891 1.38

A

t Q, latent heat flux; Q,,,, added flux due to tree transpiration; Q,, net radiation; T,

¥ Intercept and RMSE units are in W m~ for the energy fluxes and °C for T,.

air temperature.
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Fig. 7. (A) Scatterplots of half-hourly measured versus modeled net
radiation (W m~2) and (B) tree transpiration (W m-2) and (C) calculated
versus modeled air temperature (°C). Transpiration (W m2) is shown
for Fraxinus uhdei (open circles), Liquidambar styraciflua (closed
circles), Ligustrum lucidum (closed triangles), and Eucalyptus camal-
dulensis (open triangles). Statistics for goodness of fit are reported in
Table 3.

According to the measurements, Q, registered 693.5 W m™ at
noon, and Q. was 290 W m™ (40%). Averaged Q, was 449.0
W m™?, whereas Q, was 224.0 W m™> when Q> 0 (50% of Q,
on average). However, taking into account Eq. [3], Q, values
increase to as high as 390 W m™ (53% of Q,); these findings
are similar to Sao Paulo, Brazil, where Q is 51% of Q, (Ferreira
et al, 2013). Although the constitution of studied arcas in

extratropical cities in North America are different from Mexico
City, it is possible that high urbanization affects energy stor-
age. For example, in Vancouver, Canada, this ratio is 48% but
ranges from 17 to 31% in cities with 24 to 49% of vegetation
(Grimmond and Oke, 1999b). However, energy storage is not
comparable to latent heat flux, although heat flux “dissipates”
large amounts of energy. This mechanism (Q,) just redistributes
the energy, taking large amounts from early morning until the
irradiance maximum is reached, and after that it is reirradiated
as heat to the surroundings in the afternoon and night. A major
problem with this mechanism is that Q, may change due to alter-
ations in building materials and urban fabric distribution and
therefore could modify the coefficients of Eq. [3].

The Bowen ratio can be used as an urbanization index and as
an indicator of the presence or absence of vegetation in Mexico
City, and possibly in other parts of the world, because its value
is high in well-urbanized areas with a lack of vegetation, such as
Palacio de Minerfa (3 = 8.8, near MER [Fig. 2]; 1% vegetation)
in the historic city center (Oke et al.,, 1999), and lower in districts
with less urbanization, such as the Escandon district (3 = 2.92,
near PLA [Fig. 2]; 6% vegetation) and Pedregal de San Angel
(B = 1.92, near PED [Fig. 2]; 50% vegetation), a suburban area
(Barradas et al., 1999) similar to the university campus in Sdo
Paulo, Brazil (3 = 1.57; 30% vegetation) (Ferreira et al., 2013).
In general, Bowen ratios in extratropical cities are higher than in
Mexico City, ranging from 1.24 to 2.87, taking into account that
green areas extensions are bigger (24-49%) (Grimmond and
Oke, 1999b). Vancouver showed a similar value to Escandon (3
= 2.87), with a 5.5-fold greener area. This is probably due to the
low transpiration rates of urban vegetation in that latitude.

The theoretical results applying the phenomenological
model presented here demonstrate that tree arrangements can
efficiently but differentially mitigate the UHI in Mexico City,
considering their transpiration rates, although there are some
slight discrepancies between tree densities, for instance when T° N
is reduced from 26 to 25°C with a tree density of 43.0 and 38.0
trees ha™! for L. styraciflua. This behavior could be due to the
difference between observed or measured Q. on doy 78, which is
15% lower than that observed on doy 77, although Qs higher
on doy 78 (23 W m™) than on doy 77. However, some of the
total Q, in the study site can be due water spilled on the side-
walks and streets by shops in the area, a very hard variable to con-
trol. A simple strategy to solve this problem would be to discard
measured Q) with the usual increase of tree density because it
is possible to get by using tree species with the highest transpi-
ration rates, LAL, and crown diameter (e.g., £ ubdei). It is pos-
sible to have no overlapping density with as many as 105 trees
ha™, corresponding a Q. value of 411.0 W m ™2 and reducing Q.
to almost null, and 7 N could be 15.0°C. These temperature, Q.
and tree density values are similar to a natural forest. The main
problem with this approach is that Q, parameters could change,
releasing energy in excess of Q, and Q,, because 4, in a mixed
forest is 0.11 (McCaughey, 1985) or 0.32 for short grass (Doll et
al., 1985). Nevertheless, this approximation shows a reasonable
performance of the model (Table 3), although E. camaldulensis
(and F ubdei, but the introduced error is not so large) presented
alow performance on Q- calculation. This error may be due to
the environmental conditions that were not taken into account
when g, was modeled because air pollution and/or substrate
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humidity showed different effects among species (Barradas et al.,
2004). Although these data were sufficient for L. styraciflua and
L. lucidum, they were not for the other two species. Therefore, it
is necessary to explore further these possibilities in future works.

It is necessary to continue identifying the best tree character-
istics and species to design with more precision the spatial dis-
tribution of trees to get sufficient latent heat flux to effectively
mitigate the heat island. Unfortunately, the currently urban
design could not allow the expansion of the tree arrangements
in some sites; however, old trees may be replaced by trees with
higher transpiration rates, leaf area index, and coverage, or other
types of vegetation arrangements may be designed with high
transpiration but no evaporation.

Although this paper reports just four tree transpiration rates,
it is possible to establish more than four species in tree arrange-
ments to support biodiversity. Also, a simple reforestation of
the city cannot mitigate UHI adequately; it requires choosing
the most appropriate tree species to solve this problem. Finally,
because the simple phenomenological model presented here is
easy to handle, it can be very useful to urban planners, architects,
ecologists, and decision-makers to move toward a more sustain-
able city.

Conclusions

The challenge to mitigate the UHT is huge and complex and
is a multidisciplinary problem that requires contributions from
urban developers, ecologists, architects, engineers, climatolo-
gists, geographers, sociologists, etc. The lack of information in
many parts of the world may exacerbate this problem. For exam-
ple, there may be information about transpiration rates and other
vegetation characteristics for some trees and plants but none for
key native species. Furthermore, some studies, procedures, tech-
niques, and recommendations made for other cities may not be
appropriate for a particular city.

Mexico City has about 20,116,842 inhabitants in an area
of 2046 km? and is one of the most populous cities in the
world. Its population is estimated to increase to 20.6 mil-
lion in 2025. Although it has one of the largest parks in the
Americas (Chapultepec; ~6.78 km?), the effects of the UHI
have been increasing. Furthermore, this current temperature
differences could be enhanced by global climate change (Brazel
and Quattrochi, 2005). Also, heat shocks will increase or be
enhanced by the UHI effect (Luber and McGeehin, 2008;
Basara et al., 2010), and energy consumption for air condition-
ing also will increase. That is why it is imperative to take action
in urban planning so this phenomenon would not grow and not
become a difficult problem to solve; with these improvements we
can move toward a more sustainable city.

Appendix A
SE1

cos® = [(seny-cosn)(—cosawsenx ) — senm)-(sencseny )
+ (cosp-cosm)-cos |-cosd + [cosph-(cosarseny )

+ (sentp-cos ]-send

where ¢, 1, 8, o, and X are the latitude, angular time of the
day, day of year (solar declination), azimuthal orientation, and

the slope of the surface, respectively; 0 is given by: & = —23.4
cos[360(z, + 10)/365]; and ¢, is day of year or the Julian day
(Jones, 1992).

SE2

The atmosphere emissivity can be estimated by:
g, = 0.179¢"7 exp(350/T,)

where ¢ is the actual vapor pressure (kPa) = ¢, RH and ¢, =
0.6108exp[(17.27T,)/(T', + 237.3)], where T, is in °C and RH
isOto 1.
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Transpiration rates and stomatal and canopy conductances were monitored in Eucalyptus camaldulensis, Fraxinus uhdei,
Liquidambar styraciflua and Ligustrum lucidum in México City, to explore the potential of trees to reduce the urban heat
load. The experiment was carried out over a 2-week period between 11 and 27 April 2013. Four trees of each species were
used. Total conductance was obtained from daily measurements of transpiration and vapor pressure deficit between 22

and 27 April, and canopy conductance from stomatal conductance and leaf area index measurements. L. styraciflua reg-
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Urban vegetation

istered the highest average (4.35 L dﬁl) transpiration rate, whereas F. uhdei registered the minima (3.64 L d ). Averaged
canopy conductance registered values between 40 mm s | (E. camaldulensis) and 50 mm s~' (L. lucidum). These results
show that transpiration was strongly dominated by vapor pressure deficit (VPD) and controlled by stomatal conductance.
According to the envelope function model, stomata was more sensitive to VPD than irradiance or air temperature. Finally,
the presented transpiration rates are capable to reduce up to 20% of net radiation in Mexico City. With these results, it is
possible to build tree arrangements to dissipate the greatest possible amount of heat produced in the city.

© 2016 Published by Elsevier Ltd.

1. Introduction

The urban heat island (UHI) is one of the most common forms of
thermal pollution, since air temperature increases in urban area com-
pared to surrounding rural, vegetated areas (e.g. Lee, 1991; Oke, 1995;
Kuttler, 1998; Unger, 1999). Because the urban surface is impervious,
evapotranspiration (latent heat flux) is reduced drastically and sensi-
ble heat flux increases UHI intensity. This contamination increases
the human heat load, and people experience thermal discomfort (heat
stress) which can affect human productivity mainly in the spring-sum-
mer period in temperate and subtropical regions. At present, air condi-
tioning systems are used to mitigate this heat load, increasing energy
consumption (mainly electricity). However, these air conditioner sys-
tems have a very low efficiency and “take” the heat from the inside
and “put” it in the outside of the buildings, producing a probable feed-
back that could enhance UHI and therefore thermal pollution with a
possible increase in energy consumption.

This urban heat island phenomenon is very noticeable in Mexico
City (Jauregui, 1997). Average minimum temperature differences be-
tween the historical center and the rural area (Ty;_z) can reach up to
6 °C (Jauregui and Luyando, 1998), and has remained relatively con-
stant. However, to date UHI is also established during the daytime,
with maximum temperature differences up to 10 °C (Tyr) (Ballinas,
2011).

Mitigating UHI is important not only because increased urban
temperatures differences can affect human health and productivity

* Corresponding author.
Email address: vbarrada@ecologia.unam.mx (V.L. Barradas)

http://dx.doi.org/10.1016/j.ufug.2016.08.004
1618-8667/© 2016 Published by Elsevier Ltd.

and increase energy consumption. The total sale of electricity in Mex-
ico City in 1996 was 121.579 GW h™" of which 28.4 GW h™' (23.4%)
was consumed by the domestic sector, 5.69 GW h! was required to
refresh the space inside buildings (air conditioning, evaporative cool-
ing, fans) (Ramos, 1998), and 8.52 GW h™' in commercial buildings
and services in the metropolitan area.

Nevertheless, with proper implementation of urban vegetation, it is
possible to mitigate the UHI due to the cooling potential from shading
and transpiration (Barradas, 1991, 2000; Susca et al., 2011).

Release of water vapor to the atmosphere by transpiring plants in-
creases air humidity and decreases air temperature by converting sen-
sible to latent heat. Typical rates of heat loss by evaporation in arid
environments with good irrigation range from 24.5 t0 29.5 MJ m > d "
whereas in humid temperate climates, rates range from <0.7 (win-
ter) to 74 MJIm >d ! (summer) (Jones, 1983). The volume of wa-
ter vapor corresponding to these heat loss values ranges from 0.28 to
12Lm>d™"

However, in proposing the release of water vapor as a mechanism
to mitigate the UHL, it is necessary to understand that water vapor ex-
change rate between the vegetated surface and the atmosphere is a key
component of the energy exchange process at the air-land interface
(Kumagai et al., 2004). Understanding how urban transpiration is af-
fected by radiation and controlled by stomatal opening and closing is
vital to selecting vegetation to mitigate the UHI. In particularly, mi-
croclimate and tree structural characteristics may affect tree conduc-
tance to water vapor that regulates transpiration

Conductance has two components, canopy conductances that de-
pends on physiological behaviors, in series with aerodynamic con-
ductance that defines coupling of stomata to the atmosphere (Herbst,
1995; Magnani et al., 1998). A decoupling coefficient represents the
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relative contribution of canopy and aerodynamic conductance in con-
trolling rates of canopy transpiration (Jarvis and McNaughton, 1986).
Meanwhile, canopy conductance strongly depends on variable stom-
atal responses to environment factors as vapor pressure deficit, air
temperature (Schulze and Hall 1981; Schulze 1986; Maroco et al.,
1997; Meinzer et al., 1997; Barradas et al., 2004) and irradiance
(Pitman 1996; Gao et al., 2002; Zweifel et al., 2009). All these factors
are responsible for canopy transpiration as a whole (Jones, 1992), and
their effects must be studied before establishing tree systems to miti-
gate UHI.

The objective of the work described here was to examine whole
tree transpiration, and canopy conductance for four tree predominant
urban tree species (Fraxinus uhdei, Ligustrum lucidum, Eucaliptus
camaldulensis and Liquidambar styraciflua) in the urban environment
in the dry season in Mexico City to examine the cooling potential of
the UHI of each species.

2. Materials and methods
2.1. Sudy site

Measurements were made in Mexico City (19°19'N, 99°11'W,
2230 m asl). The mean annual rainfall (mean of 40 years) is 748 mm,
and nearly 94% occurs during the rainy season (June—November).
Winds are light and predominantly from the Northeast. Extreme tem-
peratures occur in April (26 °C) and January (5.3 °C) (SARH, 1982),
with a marked heat island effect in the urban areas (Jauregui, 1971),
not only at night but also during daytime, with differences of up to
10 °C (Tyr) compared to surrounding areas (Ballinas, 2011). Mea-
surements were made in the dry season in the month of April, the
warmest and one of the driest months of the year. During measure-
ments, maximum average temperature was 28 °C and precipitation
was registered only the last six days of March with 10.2 mm.

2.1.1. Plant material

Measurements were made on four individuals of four dominant
species to Mexico City: Fraxinus uhdei (Wenz.) Lingelsh. (Oleaceae),
Ligustrum lucidum W.T. Aiton (Oleaceae), Eucaliptus camaldulen-
sis Dehnh. (Myrtaceae) and Liquidambar styraciflua L. (Hamameli-
daceae). F. uhdel and L. styraciflua are deciduous trees and native to
Mexico, whereas L. lucidum and E. camaldulensis are evergreen and
introduced species. Trees were located in a suburban area in the south
of the city in the National University campus around the football sta-
dium. The trees were located along a street sidewalk forming a single
row of planted trees completely surrounded (around a radius of 300 m)
by paved areas of asphalt and cement, in an area with no buildings
around, and a water collection area (bare soil) around the trunks of the
trees of 0.25 m? (square of 0.5 m). Trees were planted intermixed in
north-south rows spaced 6 m apart with no overlapping of their crowns
and they were randomly selected. Tree species structural parameters
are shown in Table 1. Urban vegetation in public areas is administered
by the municipality.

2.1.2. Measurements

Transpiration was estimated from sap flow measurements made in
the trunk using steady-state xylem water mass-flow metering systems
similar to those described by Cermack et al. (1984) and Schulze et
al. (1985) with one instrumental set per tree. Sap flow (F) was cal-
culated from F = (Pg — P)k/(CyAT), where Ps is input power to the
heater, Cyy is the heat capacity of water, k is the dimensionless rela-
tion of measured segment length to total tree circumference, AT is the
temperature difference across the heater which is maintained constant

Tablel

Leaf area indices (LAI, m’ mfz), diameter at breast height (DBH, cm), crown diameter
(CD, m) and leaf size (LS, long (1, cm), wide (w, cm)) for the studied species. LAI was
estimated with a canopy analyzer (LAI-2000, LI-COR Ltd., Lincoln, Nebraska, USA)
(n =4 for LAI) and (n = 40 for LS).

Species LAl DBH H CD  Leaf Size (Lw)

F. uhdei 45 210 150 11.0 8.02(1.57),3.50 (1.16)
L. lucidum 4.0 14.8 13.0 8.10 6.13(1.14), 3.02 (0.86)
E. camaldulensis 4.1 15.1 140 72 11.63 (2.42), 3.15 (0.81)
L. styraciflua 45 265 140 145 6.25(1.17),5.95 (1.38)

and P, reflects heat loss due to conduction and convection which is
determined during nights when sap flow is absent. During steady-state
the applied power does not normally exceed 2 W (with a potential
maximum of 20 W). During the measuring period, 5 electrodes per
system of the size 60 X 15 X 1 mm were inserted up to 50 mm into
the trunk while depth of insertion of thermocouples was 25 mm ac-
cording to the measured sapwood depth (3—4.5 cm) obtained by taking
samples with a Pressler drill. The measuring point was insulated with
a polyurethane and aluminized mylar jacket from outside by protect-
ing against weathering and to minimize external effects on AT. Wa-
ter mass-flowmeters were connected to a data logger (21XL, Camp-
bell Scientific, Logan, Utah, USA); voltage and gauge signals were
scanned every 20 s and averages were logged every 30 min. Heat stor-
age in the stem segment during each 30 min interval was estimated by
measuring the changes in stem temperature during the first and the last
minutes of each interval.

Stomatal conductance (gg) was measured in the same individuals
as used for sap flow measurements of each species on at least five to-
tal including sunlit and shaded expanded leaves per plant in the mid
level of the tree, with a steady-state diffusion porometer (LI-1600,
LI-COR, Lincoln, Nebraska, USA); air temperature (T,), relative hu-
midity (RH) and photosynthetically active radiation (PAR) were also
measured with the mounted sensors in the porometer. Concomitantly,
irradiance, air temperature and humidity, wind speed and direction
were measured with a pyranometer (Eppley PSP, Campbell-Scientific,
USA), a temperature-humidity probe (HMP35C, Campbell-Scientific,
USA), and an anemometer and vane set (03001, RM Young, USA), re-
spectively. Irradiance, wind sensors and temperature-humidity probe
were installed 3 m above the highest tree canopy in a telescopic tube,
that is to say these sensors were installed 18 m above the floor sur-
face. The outputs from all sensors were connected to a data logger
(21x, Campbell Scientific, USA) and scanned every 30 s and 30 min
averages logged. Sensors above the canopy were calibrated before the
study and cleaned every week during the study period. Measurements
were made during 16 days in April in Mexico City from 07:00 to 20:00
LST, and stomatal conductance and related measurements were made
at 0.5-1 h intervals during four days (104, 106, 110 and 114). It did
not rain either before, during or after measurements.

2.1.3. Total conductance and decoupling coefficient

Total tree conductance (gp, m s 1) was estimated from every
30 min averaged transpiration (TRP, kg m s~ ') and mean vapor pres-
sure deficit (VPD, Pa) as:

_ Ay TRP
peC, VPD )

&r

where y (Pa °C™") is the psychrometric constant, A (J kg ') is the la-
tent heat of evaporation of water, p (kg m_3) is the air density, € is
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the mole fraction of water in air (0.622 kg water per kg air) and Cp is
the specific heat of dry air at constant pressure (J kg ' °C”"). Although
leaf-air VPD is the actual driver, air VPD is a reasonable proxy be-
cause it was independent of the g5 measurements. Air VPD was calcu-
lated every 30 min.

Total conductance is the sum of canopy (gc) in series with aero-
dynamic (g,) conductance (g7 - gc + ga) Canopy conductance (m sfl)
was approximated as the product of mean stomatal conductance
(ms ') and leaf area index (LAl, m* m % Jc = gsLAl) (Jones, 1992).
Aerodynamic conductance (m s '), calculated as the inverse of aero-
dynamic resistance (g, = 1/r,), was estimated from the difference of
total resistance (I = 1/gy) and canopy resistance (rc = 1/gc) as:

84 8r 8 (@)

A dimensionless decoupling coefficient (Q) was calculated to an-
alyze the dependence of canopy transpiration on physical or physio-
logical factors. A formula to express the relative sensitivity of canopy
transpiration to a marginal change in stomatal conductance was intro-
duced by Jarvis and McNaughton (1986):

I
(1+[5]) tervec) 3)

where S(Pa °C™") is the rate of change of saturation water vapor pres-
sure with temperature (°C).

Q=

2.1.4. Somatal conductance model

The model used for analyzing and predicting stomatal conductance
(gs= 1/rg) from the driving variables has been previously described
by Jarvis (1976) and modified by Dolman (1993) and Wright et al.
(1996). The model is based on the hypothesis that steady-state stom-
atal conductance depends on environmental variables (Stewart 1988;
Roberts et al., 1990; Barradas et al., 2004). This method consists in
selecting the data of the likely upper limit of the function (envelope
function) represented by a cloud of points in each of the diagrams
produced by plotting stomatal conductance versus any environmental
variable. The envelope function method has three assumptions: (1) the
envelope function represents the optimal stomatal response to a se-
lected climate variable (e.g. irradiance); (2) the points below the se-
lected function are the result of a change in any of the other vari-
ables (e.g. vapor pressure deficit, air temperature), and (3) there are
no synergistic interactions (Jarvis, 1976; Fanjul and Barradas, 1985;
Barradas et al., 2004). The model takes the form:

L s = goumg (D g (T,) g (VPD)
rs @

where ggyax 1S the maximum value of the measured stomatal con-
ductance, and g(l), g(T,), g(VPD), are the normalized boundary-line
functions (0—1 values) that incorporate the effects of irradiance I, air
temperature T,, air vapor pressure deficit (VPD).

3. Results
3.1. Transpiration and canopy conductance

The environmental conditions during the experimental period are
shown in Fig. 1. VPD average was 1.28 kPa fluctuating between
3.27 (maximum) and 0.087 kPa (minimum). of 0.0871 (night time)
(Fig. 1A). Irradiance increased rapidly from early in the morning
to around midday, reaching the maxima values between 850 and
1050 Jm 2 s ! with an average value for all the measurement period
of 4457 Jm *s! (Fig. 1B). Changes in the total amount of transpi-
ration per day (TRP) were observed during the experiment for the
four species (Fig. 1C). TRP differed among species during the ex-
periment. In general Liquidambar styraciflua reached the highest val-
ues as high of 5.43 L on day 116 whereas Eucaliptus camaldulensis
registered as low as 2.69 L on day 102. Over the measuring period
(days 101-116), average TRP values for species were 4.35, 4.09, 3.90
and 3.64 L d"' (0.028, 0.023, 0.025, 0.027 mm d ") for Liquidambar
styraciflua, Fraxinus uhdei, Eucaliptus camaldulensis and Ligustrum
lucidum, respectively. These transpiration rates represent a gross en-
ergy consumption of 10.6, 10.0, 9.5 and 8.9 MJ d ' per species, equiv-
alent to 37, 35, 33 and 31% of the average incoming short-wave radi-
ation, respectively.

Fig. 2 shows transpiration rates of the four species on day 114, one
of the days when stomatal conductance measurements were carried
out. Transpiration throughout the day showed generally a uni-modal
pattern with some slight changes, increasing with irradiance to reach
its maximum value around midday. The day pattern of TRP showed
that transpiration before 8:00 and after 17:00 LST was negligible.
The highest daily transpiration was registered by L. styraciflua
(936 gm 2d™") and the lowest by L. lucidum (755 gm > d") with
maxima hourly rates of 0.043 and 0.034 gm >s !, respectively, be-
tween 12 and 14:00 LST. Maximum diurnal transpiration rates rep-
resent an energy consumption of 77, 80, 105 and 92 J m 2s! for E.
camaldulensis, F. uhdei, L. styraciflua and L. lucidum, respectively.

The diurnal course of total conductance (gr) was similar to transpi-
ration in the four species showing a maximum value between 12 and
16:00 LST. However, g; was lower than those values corresponding
to gc after midday for L. styraciflua and L. lucidum, and around 16:00
LST for E. camaldulensis and F. uhdei (Fig. 3). Aerodynamic conduc-
tance (g, ) patterns were similar in the four species with two peaks, one
from midnight to early morning (24:00-06:00 local time) and the other
from late in the morning until the evening (10:00-20:00 L h) with
values as high as 111.41 mms ' at noon (L. lucidum). During day-
time, g in average registered values between 39.8 (E. camaldulensis)
and 49.7 mm s ' (L. lucidum) and 21.8 (15:00 LST) and 33.7 (13:30
LST) mm s respectively. Aerodynamic conductance was from three
to five times higher than canopy conductance (Fig. 3).

In general, - values were low, averaging from 0.086 (L. lucidum)
to 0.125 (F. udhei) with maximum values between 0.67 (F. uhdei)
and 0.56 (L. lucidum) and minimum from 0.0003 (L. lucidum) and
0.0007 (L. styraciflua) (Data not shown). The highest Q. values were
recorded around sunrise and/or sunset and the lowest from 12:00 to
18:00 local time, showing a similar pattern for L. styraciflua, L. lu-
cidumand F. uhdei. High values are consistent with low g, values in
the four species.
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3.2. The stomatal conductance model

The plotted data of individual measurements of normalized gg plot-
ted against irradiance (Fig. 4) during the experiment, showed a sig-
nificant scatter, but the probable envelope function of the data was
described by a hyperbolic relationship of the form: g(I) = Al/(B + I),
where A is the maximum value of the gg or Ogyax and B is the stomata
sensitivity to |, with coefficients of determination between 0.90 and
0.98. The relationships and parameter values for the four species are
given in Fig. 4. The values of B for L. Lucidum and F. udhel were
consistently lower this is that L. styraciflua and E. camaldulensis have
higher light saturation points and so less shade tolerant.

The effect of T, on gg was described by a second degree polyno-
mial of the form: gg=a+ bT,+ cT,? where @, b and ¢ are constants.
These constants and relationships are shown in Fig. 4 with coeffi-
cients of determination (r*) between 0.91 and 0.98. The optimal (To)

and extreme temperatures (T,,;, and Tyox) of stomatal function were
calculated from this polynomial relationship by computing the roots
and the first derivative for each species and season. Maximum stom-
atal conductance occurred around 28.3 2.0 °C for the four stud-
ied species, whereas extreme temperatures of gg were similar for E.
camaldulensis, F. uhdei and L. lucidum with higher temperature value
than L. styraciflua.

Stomatal conductance in the four species tended to decrease lin-
early as VPD increased. Stomatal sensitivity to VPD differed among
the four species. E. camaldulensis and L. styraciflua showed higher
sensitivity to VPD than L. lucidum and F. uhdei. Stomatal conduc-
tance of E. camaldulensis was approximately 25, 49, and 59% more
sensitive to VPD, than L. styraciflua, F. uhdei and L. lucidum, respec-
tively (Fig. 4).

Liquidambar styraciflua showed the maximum stomatal conduc-
tance (10.00 mm s '), whereas Ligustrum lucidum was intermediate
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Fig. 2. Diurnal patterns of transpiration rate (TRP) and latent heat flux (L) for Eucaliptus camaldulensis (A), Fraxinus uhdei (B), Liquidambar styraciflua (C) and Ligustrum lucidum
(D) during day of year 114. Data points represent the mean of four measurements on different trees. Bars represent the standard error.

(8.42mm s "), to F. uhdei, and E. camaldulensis with the lowest val-
ues (6.00 and 5.41 mm s respectively).

4. Discussion

Tree transpiration is a reliable mechanism to mitigate high heat
loads in Mexico City, and therefore to mitigate the urban heat island
effect, even with the relatively low transpiration rate registered by E.
camaldulensis on day 102. However, it looks like that L. styraciflua
and L. lucidumhave the greatest cooling potential to mitigate UHI, be-
cause they registered the highest transpiration rate values, as much as
105 T m s ! early in the afternoon (14:00-16:00 LST, on day 114). It
also appears, in the scope of this study, that L. styraciflua and L. lu-
cidum are better options to reduce the heat loads through evaporative
cooling, mainly in the early afternoon, when the maximum tempera-
ture is recorded. Although it is difficult to compare transpiration rates
in different places in the world because of the particular micrometeo-
rological and soil conditions, transpiration rates of the studied species
were in reasonable agreement with other results in the world. Tran-
spiration rates here appear to be low compared with other TRP val-
ues found in other species and much lower than those observed in
non-stressed Douglas fir in Vancouver (Tan et al., 1978) or beech for-
est in Maruia, New Zealand (Kelliher et al., 1992) or non stressed red
maple in South Carolina, but higher than stressed red maple (Bauerle
et al., 2002). It is necessary to point out that in Mexico City trees
are not commonly irrigated and transpiration may be lower during the
dry season due to water stress. Nevertheless, actual transpiration rates
can potentially dissipate up to 20% of net radiation at noon when it is
around 560-600 Jm *s™".

According to Leuning et al. (1991) and Roberts and Rosier (1993),
the response of stomatal conductance to vapor pressure deficit is
an important factor in estimating the amount of water used

by trees. Several authors have indicated the role of leaf conductance in
the control of water use and its relationship with the coupling between
canopy and atmosphere (Dye, 1987; Hinckley and Braatne, 1994). In
this sense, Jarvis and McNaughton (1986) introduced a dimensionless
decoupling coefficient (£2.), which approaches one as stomatal control
decreases. Conversely when £ approaches 0 stomatal control of tran-
spiration is high, such that fractional change in stomatal conductance
(proportional to canopy conductance) would lead to an equal change
in transpiration (Gu et al., 2005; Nicolas et al., 2008).

The low values of the decoupling coefficient (€2-) found in this
study suggest that all the studied species were well coupled to the at-
mosphere, particularly around midday from 10:00 to 18:00 local time.
It is interesting to note that E. camaldulensis presents a different de-
coupling coefficient pattern through than that showed for the other
species. This could be due to the size of its crown (1.3—1.5 fold) and
the length of its leaves (2 fold) which are larger than the ones of the
others species. L. lucidum was slightly more coupled to the atmos-
phere than the other species as indicated by its relatively higher £
values. Nevertheless, the other three species also showed low €2 val-
ues. These results demonstrate that water vapor exchange was strongly
dominated by VPD and controlled by stomatal conductance, mainly in
between sunrise and sunset.

The results here indicated that the higher VPD, the smaller gg. The
fit of g5 versus VPD (r2 =0.91-0.97) showed a higher sensitivity of gq
to this driving variable in the four studied species. E. camaldulensis
was most sensitive compared to the other three species (Fig. 5).

On the other hand, the variation in stomatal conductance has been
attributed to VPD and T, (Schulze and Hall 1981; Schulze 1986;
Maroco et al., 1997; Meinzer et al., 1997), or to a combination of
these factors. The curve lines of gy versus T, show that the re-
sponses of gg to T are very similar between species, but L. styraciflua
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showed a slightly lower range between Ty,x and Tmin than the others
species.

Furthermore, previous studies also have demonstrated the effect of
| on gg (Pitman 1996; Meinzer et al., 1997; Gao et al., 2002; Zweifel et
al., 2009). Although the four studied species reach the maximum con-
ductance at an irradiance of 300 Jm 2s !, L. lucidum reached 80% of
the change of gg at 9 J m *s ' (the more sensitive species to |) and L.
styracifluaat 100 J m 2 s~!. These differences indicate that L. lucidum
is more shade tolerant than L. styraciflua.

Because of the different transpiration rates of the studied species,
it is possible to select the most suitable species according to the mi-
croenvironment where the species are to be planted. However, the
most suitable species for reducing urban heat island would be those
that showed the highest transpiration rates such as Liquidambar
styraciflua and Ligustrum lucidum. Nevertheless, it would be better to
build tree arrangements using the four species making a more biodi-
verse system. In this regard, it should be stressed that two of the stud-
ied species are not native, and therefore they may be objectionable be-
cause of the current preference of native species. However, the city as
a completely artificial system could benefit from introduced species
with higher transpiration rates. Most likely, the studied species may
have a higher transpiration rate if they were irrigated, so could further
reduce the urban heat load. Therefore, a recommendation could be a
controlled irrigation of the studied species during the dry season in or-
der to increase transpiration, and thereby reduce the heat load. Irriga-
tion must be carefully addressed since water supplies are scarce in the
dry season and trees would be competing with human consumption.

Results of this study show clearly that reduction of heat loads is
possible even in the dry season with no irrigation through evapora-
tive cooling from tree transpiration that utilizes soil water uptake and
transpiration, that would probably reduce surface and near-surface air
temperatures. Additionally, this reduction in temperatures could be en-
hanced from tree shading (Oliveira et al., 2011).

However, special care has to be taken when extrapolate these re-
sults to an annual variation since the measurement period was very
short and water stress can change over the year because limiting tran-
spiration (Domec and Garner, 2003) or changes in the stomatal re-
sponses and/or leaf function or a combination of both mechanisms
(Sperry et al., 1993). Even so, a good approximation could be done
using the gg and TRP models (reverse Eq. (1) and (4), respectively).
Although, it is necessary to take into account that measurements were
made in the driest and warmest month and this modeling was per-
formed when the xylem conductivity and stomatal conductance were
at their lowest with a wide ranges of the environmental variables (T,
DPV, ) to have a better appreciation of their effects on gg and TRP.

Nevertheless, to build tree arrangements to reduce urban heat loads
it is essential to essential to do it during the warmest month as it is the
case of this study since the UHI mitigation is more important in the
dry season.

In addition to reduced heat load and energy demand using trees,
mitigation of Mexico City’s heat loads could improve air quality
by removing particles from air (Al-Alawi and Mandiwana, 2007,
Guzman-Morales et al., 2011) and public health, as well as reduce the
city’s contribution to greenhouse gas emissions. However, it is rele-
vant to mention that some tree species could generate volatile organic
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ment.

compounds (VOC) which can increase air pollution (Guenther et al.,
2000; Karl et al., 2003; Yang et al., 2009).

The information presented in this study can be useful to those spe-
cialists who are involved in planning and development of the city to
estimate heat loads reduction using trees studied here to mitigate UHI.
Mitigate UHI with trees is a multidisciplinary problem which the com-
bined efforts of urban developers, ecologists, architects, engineers, cli-
matologists, geographers, sociologists, etc.
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