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RESUMEN

Se presenta un estudio sobre la variabilidad espacial del clima en la Ciudad de México, en el cual se aplica-
ron métodos de analisis multivariado a promedios de 30 afios de datos meteoroldgicos provenientes de 37
estaciones del Servicio Meteorologico Nacional distribuidas dentro del territorio de la ciudad. A pesar de su
pequeia extension territorial, la ciudad presenta una gran heterogeneidad climatica debida principalmente
a los grandes contrastes en altitud y uso de suelo. Los métodos multivariados utilizados en este trabajo
permiten reducir la dimensionalidad de las variables reportadas por las estaciones meteorologicas, definir
indices climaticos capaces de representar en forma compacta los principales rasgos del clima de la Ciudad
de México, asi como identificar zonas geograficas con caracteristicas climaticas similares. Los resultados
de este estudio aportan evidencia adicional sobre la importante influencia de la orografia y la urbanizacion
en el clima de la ciudad. En este trabajo se identificaron dos grandes regiones y cuatro subregiones con ca-
racteristicas climaticas similares: baja altitud con elementos suburbanos, baja altitud altamente urbanizada,
pie de montafa con urbanizacion y zonas de mayor altitud y presencia de bosques. Paralelamente, se definen
tres indices climaticos relacionados con temperatura y precipitacion, dias con niebla y dias con tormenta
eléctrica y, dias con granizo y temperatura minima. Los resultados de este estudio sugieren que los analisis
multivariados pueden constituir una herramienta util aplicable en planeacion urbana y para el seguimiento
de impactos en el microclima, generados por factores antropicos.

ABSTRACT

Spatial variability in the climate of México City was studied using multivariate methods to analyze 30 years
of meteorological data from 37 stations (from the Servicio Meteoroldgico Nacional) located within the city.
Although it covers relatively small area, México City encompasses considerable climatic heterogeneity,
due mainly to the contrasts in elevation and land use within its territory. Multivariate methods were used in
this study to reduce the dimensionality of the variables reported by the weather stations, to define climate
indexes for representing the main features of México City’s climate more compactly, as well as to identify
geographic zones with similar climatic characteristics. The results of the study contribute additional evi-
dence of the important influence of orography and urbanization on climates in cities. Two large regions and
four subregions with similar climatic characteristics were identified in this study: low altitude suburban,
low altitude highly urbanized, urbanized mountain base, and higher elevation with forests. Three climate
indices were also defined. The three indexes are related to temperature and precipitation, to days with fog
and with electrical storms, and to days with hail and low temperatures. The results of this study suggest that
multivariate analysis can be a useful tool for urban planning and for tracking the impact of anthropogenic
factors on microclimate.
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1. Introduction

One of the characteristics of cities is the thermal contrast between downtown areas with higher
temperatures and rural or suburban areas with lower temperatures. This is known as the urban heat
island (UHI) and is related to the way energy received from the sun is dissipated. For México City
the role of land use in the surface-atmosphere energy budget was reviewed by Tejeda-Martinez
and Jauregui-Ostos (2005).

In other words, in cities, natural surfaces are substituted by denser materials, giving the streets
and buildings higher thermal capacity and conductivity, and forming urban canyons. These, in turn,
impede the loss of heat accumulated during the day and restrict wind circulation. The magnitude of
this thermal contrast depends both on geographical characteristics and on the type of urbanization
processes present in the city (Oke, 1973).

There are many natural and anthropogenic factors that contribute to a city’s climate, and evento a
diversity of microclimates within the city. Natural factors, like latitude, topography, vegetative cover
and water bodies, are determinant for defining the climate conditions. Nevertheless, anthropogenic
factors, such as density and characteristics of construction, air pollution and changes in land use,
play a central role in differentiating climatic zones.

Urban climatological studies have shown that urbanization and deforestation exert significant
effects on local climate, causing higher temperatures and a dryer climate (Jones et al., 1990; Ishi
et al., 1991; Jauregui, 1991).

An analysis of the behavior of meteorological variables recorded simultaneously throughout
the city during a sufficiently long period of time can help identifying geographic zones within the
city with similar climate characteristics. Numerous studies on the univariate behavior of different
climate variables in México City have enabled the city’s climate to be described geographically and
regions to be distinguished. Univariate analyses, do not, however, allow the relative importance
of the variables to be quantified, nor their interactions to be distinguished so as to determine the
dominant modes of climate for each zone of the city. Previous studies have used multivariate
analysis for defining climate zones in large areas (Mazzoleni et al.,1992; Fovell and Fovell, 1993;
Degaetano, 1996). México City’s geographical heterogeneity and level of urbanization provide an
interesting application of multivariate techniques for describing and analyzing its climate. To the
best knowledge of the authors, this has not been done before.

In the present study, multivariate analysis was used to identify climate zones, to reduce the
dimensionality of the weather station variables, and to define climate indexes which represent
the main features of México City’s climates in compact form.

2. Study area and descriptive statistics

Meéxico City is located in an endorheic lake basin surrounded by mountain chains, and covers an
area of 1485 km? (CONAPO, 2002). The city is bounded by the coordinates 19°03to 19° 36°N and
98° 57’ t0 99° 22°W. Its location in an interior valley at 2240 masl, with elevation increasing from
north to south, gives it a tropical climate tempered by altitude (Jauregui, 2000). The northeast of
the city tends to be dryer, with 400 to 500 mm annual precipitation (dry steppe; BS in the K&ppen
classification), while the center and south, especially at the base of the mountains, receive 700 to
1200 mm precipitation annually (Jauregui, 2000).
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Land use is divided into two main categories. The central-northern part (45%) is urbanized, while
the south and west (55%) are rural. The rural area includes the remnant of the Sierra Guadalupe
and Sierra de Santa Catarina mountains, and is considered to be the ecological reserve of the city.
The main industries in this zone are forest products and agriculture.

For this study, 30 years (1961-1990) of annual averages from 37 weather stations were used for
statistical analysis. Figure 1 shows the locations of the weather stations where the data in this study
were gathered. Table I shows the Sistema Meteoroldgico Nacional name, identification number
and detailed position of each station.

Stations were included in the study if they had records of all the following variables: minimum,
maximum and mean temperature; precipitation; number of days with appreciable precipitation;
days with electrical storms; days with hail; days with fog. Evaporation was not included, as it is
not reported by most stations.

North latitude
19°5° 19°10" 19°15° 19°20" 19°25° 19°30" 19°35"

19°

99°25° 99°20° 99°15° 99°10° 99°5° ° 98°30° 98°55" 98°45°

West longitude

Fig. 1. Location of weather stations considered for the study. Map shows municipal boundary lines.

The descriptive statistics of the data used in the analysis are shown in Table II. During the
recorded period, the mean annual temperature in México City was 15.7 °C with a standard
deviation of 2.1 C°. The difference between the minimum and maximum temperatures was 14.5
°C. Average annual precipitation was 827 mm, with a standard deviation of 213. Maximum annual
precipitation was 1329 and minimum was 513 mm. The other variables included in the analysis
refer to the number of days in a year in which specific phenomena were present, i.e., precipitation,
thunderstorms, hail and fog. It is interesting to note the high kurtosis in these variables, indicating
the presence of values far from the mean, which confirms the presence of high heterogeneity
between some stations and average conditions in the city.
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Table I. Name, identification number and position of the weather stations considered for the study.

ID number Name Latitude (°N)  Longitude (°W)  Altitude (masl)
1 Ajusco, Tlalpan 19.2167 99.2000 2839
2 Aquiles Serdan 46 (Azcapotzalco) 19.4500 99.1833 2251
3 Tacuba 7 (Centro) 19.4358 99.1389 2243
4 Cincel 42 (Col. Sevilla) 19.4167 99.1167 2236
5 Col. Agricola Oriental 19.4000 99.0833 2233
6 Col. América 19.4125 99.2017 2271
7 Col. Escandon 19.4167 99.1667 2245
8 Col. Moctezuma (SMN) 19.4333 99.1000 2233
9 Col. Santa Ursula Coapa 19.3189 99.1456 2256

10 Edificio C.F.E. Rédano 14 19.4333 99.1667 2244
11 Cuajimalpa 19.3500 99.3000 2283
12 Cuautepec Barrio Bajo 19.1833 99.1375 2810
13 Desierto de los Leones 19.3000 99.3000 2220
14 Desv. Alta al Pedregal 19.2969 99.1822 2287
15 Egipto 7 (Azcapotzalco) 19.4667 99.1833 2245
16 Km. 39.5 a Cuernavaca 19.1344 99.1731 2990
17 Gpe. Inn (Alvaro Obregdn) 19.3514 99.1861 2293
18 Hda. Pefia Pobre (Tlalpan) 19.3000 99.1833 2293
19 Hda. La Patera (G. A. Madero) 19.5167 99.1500 2245
20 Morelos 77 (Ixtapalapa) 19.3667 99.0833 2236
21 Km. 6 + 250 Gran Canal 19.4767 99.0914 2239
22 La Venta, Cuajimalpa (SMN) 19.3333 99.3000 2850
23 Milpa Alta 19.1906 99.0219 2420
24 Moyoguarda (Xochimilco) 19.2500 99.1000 2245
25 Presa Anzaldo, Contreras 19.3167 99.2167 2395
26 Presa Mixcoac, Mixcoac 19.3667 99.2667 2240
27 Presa Tacubaya, Tacubaya 19.3833 99.2167 2328
28 San Fco. Tlalnepantla (Xochimilco) 19.1967 99.1286 2628
29 San Gregorio Atlapulco (Xochimilco) 19.2167 99.0833 2259
30 Col. San Juan de Aragoén 19.4653 99.0792 2240
31 Col. Santa Fe, Sta. Fe (SMN) 19.3833 99.2333 2264
32 Col. Tacuba, Tacuba 19.4500 99.1833 2251
33 Tarango (Villa Obregon) 19.3667 99.2833 2259
34 Lomas de Chapultepec 19.4333 99.2167 2292
35 Tlahuac (Xochimilco) 19.2628 99.0036 2240
36 Vertedor Milpa Alta 19.1833 99.0167 2455
37 Puente La Llave 19.4292 99.0519 2233

The results of the Jarque-Bera test (Jarque and Bera, 1980) show that the null hypothesis of a
normal distribution can be rejected for the majority of the variables (the exceptions being minimum
temperature, precipitation, and days with precipitation). This indicates that the variables days with
fog, days with hail and days with electrical storms, and minimum and maximum temperature do
not follow a normal distribution over México City’s territory and that there are stations where
these phenomena behave differently. This also could be due to the potential presence of outliers.
In addition, it can be observed that most of the variables are not comparable in magnitude, and
that variability is much higher in the precipitation variables.
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Table II. Descriptive statistics of maximum temperature (MAXT), minimum temperature (MINT), mean temperature
(MEANT), precipitation (PCP), number of days with precipitation (DPCP), number of days with thunderstorms (DTS),
number of days with hail (DHAIL) and number of days with fog (DFOQG).

MAXT (°C)  MINT (°C) MEANT (°C)  PCP (mm) DPCP DTS DHAIL DFOG

Mean 22.95 8.41 15.68 827.22 92.05  20.00 2.30 22.43
Median 24.00 8.40 16.20 787.00 89.70 9.23 1.62 14.91
Max 26.30 11.60 18.30 1328.60 129.60 141.19 14.10 78.01
Min 15.40 3.80 9.60 512.70 62.50 0.21 0.04 0.43
Standard 2.77 1.90 2.14 213.31 15.68 27.17 2.78 21.51
deviation

Asymmetry -1.37 —-0.40 -1.32 0.82 0.81 2.68 2.47 1.24
Kurtosis 3.84 2.71 4.08 3.00 3.31 11.82  10.13 3.50
Jarque-Bera 12.81 1.12 12.58 421 421 164.70 116.12 9.93
Probability 0.00 0.57 0.00 0.12 0.12 0.00 0.00 0.01

In Table III, a sizeable difference can be observed between the different stations in terms of
normal climate variables. In the case of precipitation and temperature variables, zones which are
more urbanized tend to show higher temperatures and lower precipitation, while forested zones
show the opposite. The common feature of the latter zones is higher elevation. The considerable
variability within city is also notable, for an entity which covers a relatively small area. Mean
temperature shows a difference of nearly 9°C between station 16 with the lowest temperature and
station 8 with the highest mean temperature; the difference between the minimum temperature
(station 16) and the maximum temperature (station 8) is equal to 22.5° C. The difference in
precipitation between stations 37 and 13 with the lowest and highest precipitation respectively, is
800 mm. At station 9, hardly any electrical storms were recorded, while they occurred on nearly
40% of the days of the year at station 12.

Figure 2 is a star diagram showing all climate variables (scaled) for each of the 37 stations.
The stars portray, counterclockwise from right, maximum, minimum, and mean temperatures,
precipitation, and days with precipitation, electrical storms, hail and fog. It can be observed that a
significant proportion of the stations are dry with high temperatures, little precipitation, and lower
electrical activity, hail or fog. Most of these stations are located in the central and northern part of
the city at lower elevations (stations 2, 4 and 5, for example). Other stations are wetter with lower
temperatures and higher precipitation, corresponding to zones with more vegetative cover and
higher elevation (1, 13, 16 and 22, among others), and some stations are notable for their higher
proportion of electrical activity, hail and fog (11, 12 and 32).

A clear positive correlation among the temperature variables, and a negative correlation between
these and precipitation and the number of precipitation days can be observed in the dispersion
matrix (Fig. 3). That is, zones with higher temperatures tend to have less precipitation and fewer
days with precipitation. These, as the star diagram shows, generally coincide with more urbanized
zones, which may point to the urban heat island effect. The relationship with the number of days
with fog, hail or electrical storms is not as clear, and the potential presence of an outlier can be
seen in the days with hail and days with electrical storms variables. The graphs of these variables
(Fig. 4) show that the atypical observations are from the stations Cuajimalpa (11) and Cuautepec
Barrio Bajo (12). The presence of these outlying observations could affect the tests for normality
and obscure relationships between the variables. Tests of normality were therefore performed with



180

F. Estrada et al.

Table III. Selection of the five stations with highest/lowest mean values for each of the reported variables.

Highest maximum
temperatures (°C)

Highest mean
temperatures (°C)

Lowest minimum
temperatures (°C)

Lowest mean
temperatures (°C)

Col. Moctezuma 26.3  Col. Moctezuma 18.3 Km. 39.5 3.8 Km. 395 9.6
(SMN) (8) (SMN) (8) a Cuernavaca (16) a Cuernavaca (16)
Cincel 42 25.3  Col. Escandon (7) 18.1 Desierto de los Leones 4.5 Desierto de los Leones 10.7
(Col. Sevilla) (4) (13) (13)
Aquiles 25.1 Egipto7 18.1 La Venta, Cuajimalpa 5.5 Ajusco, Tlalpan (1) 11.3
Serdan 46 (2) (Azcapotzalco) (15) (SMN) (22)
Col. Agricola 25.1  Cincel 42 17.7 San Fco. Tlalnepantla 5.6 La Venta, Cuajimalpa 11.3
Oriental (5) (Col. Sevilla) (4) (Xochimilco) (28) (SMN) (22)
Km. 6+250 25.1  Col. Tacuba, 17.7  Ajusco, 5.9 San Francisco Tlalne. 12.9
Gran Canal (21) Tacuba (32) Tlalpan (1) (Xochimilco) (28)
Highest Lowest Less number of days with More number of
precipitation (mm) precipitation (mm) precipitation days with precipitation
Desierto de los 1328.6  Puente 512.7 Cuautepec, Barrio 62.5 Desierto de los 129.6
Leones (13) La Llave (37) Bajo (12) Leones (13)
La Venta, Cuajimalpa 13204  Col. Agricola 550.1 Col. Agricola 72.5 Km.39.5a 126.5
(SMN) (22) Oriental (5) Oriental (5) Cuernavaca (16)
Km39.5a 1250.6  Km 6 + 250 Gran 583.3 Tacuba 7 72.7 La Venta, Cuajimalpa 123.6
Cuernavaca (16) Canal (21) (Centro) (3) (SMN) (22)
Cuajimalpa, 1193.3  Col. San Juan de 597.3  Puente 74.2  Ajusco, Tlalpan (1) 123.1
Cuajimalpa (11) Aragoén (30) La Llave (37)
Ajusco, Talapan (1) 11432 Morelos 77 598.1 Cincel 42 77.7 Cuajimalpa, 116.1
(Ixtapalapa) (20) (Col. Sevilla) (4) Cuajimalpa (11)
Less number of days More number of days
with thunderstorms with thunderstorms
Col. Santa 0.21 Cuautepec Barrio 141.2
Ursula Coapa (9) Bajo (12)
Presa Mixcoac, 0.4  Col. Tacuba, 67.96
Mixcoac (26) Tacuba (32)
Col. Escandon (7) 0.41 Hda. Pefia Pobre 52.61
(Tlalpan) (18)
Tarango (Villa 0.49 Tlahuac 50.23
Obregon) (33) (Xochimilco) (35)
Morelos 77 1.28 Col.Santa Fe, 49.39
(Ixtapalapa) (20) Sta. Fe (SMN) (31)
Less number of More number
days with hail of days with hail
Moyoguarda 0.04 Cuajimalpa, 14.1
(Xochimilco) (24) Cuajmalpa (11)
Tarango (Villa 0.05 Desierto de los 8.22
Obregon) (33) Leones (13)
Presa Anzaldo, 0.08 La Venta, Cuajimalpa  6.85
Contreras (25) (SMN) (22)
Tacuba 7 (Centro) (3) 0.15 Cincel 42 4.87
(Col. Sevilla) (4)
Hda. La Patera 0.18 Col. Santa Fe, 4.84
(G. A. Madero) (19) Sta. Fe (SMN) (31)
Less number of More number
days with fog of days with fog
Tacuba 7 (Centro) (3) 0.43 Hda. Pefa Pobre 78.01
(Tlalpan) (18)
Tarango (Villa Obregén) 0.49 Col. Santa Fe, 69.7
(33) Sta. Fe (SMN) (31)
Vertedor Milpa Alta (36) 0.56 Col. Tacuba, 67.18
Tacuba (32)
Col. Escandén (7) 1.58 Col. San Juan 65.15
de Aragon (30)
Puente La Llave (37) 3.04 La Venta, Cuajimalpa 62.03

(SMN) (22)
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Fig. 2. Star diagram of the 37 weather stations selected for the study. The stars portray,
counterclockwise from right, maximum, minimum, and mean temperatures,
precipitation, and days with precipitation, electrical storms, hail and fog.

Fig. 3. Dispersion matrix of maximum temperature (MAXT), minimum temperature (MINT), mean
temperature (MEANT), precipitation (PCP), number of days with precipitation (DPCP), number of days
with thunderstorms (DTS), number of days with hail (DHAIL) and number of days with fog (DFOGQG).
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Fig. 4. Stations’ mean annual values for the variables maximum temperature (MAXT), minimum temperature
(MINT), mean temperature (MEANT), precipitation (PCP), number of days with precipitation (DPCP),
number of days with thunderstorms (DTS), number of days with hail (DHAIL) and number of days with
fog (DFOQG).

these observations omitted, and the dispersion and correlation matrices with and without these
observations were compared. Neither the tests of normality nor the matrices showed significant changes.

3. Multivariate analysis methods

3.1 Cluster analysis

This analysis enables the structure of the “natural” grouping of weather stations to be found (Johnson
and Wichern, 2007). The method used in this case was agglomerative hierarchical clustering, which

begins by considering each observation as an individual cluster. Then, using some similarity measure
(euclidean distance was chosen in this case), and a “linkage” method, first the closest objects are
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grouped together, then the next closest objects are added, and so on until all the subgroups are
grouped into a single cluster. Two linkage methods were used for this analysis, closest neighbor
(single linkage) and farthest neighbor (complete linkage). The two methods give different results,
the farthest-neighbor method producing clearer and more differentiated clusters in this case.

3.2 Principal components

This method seeks to explain the variance-covariance structure of a set of p variables through linear
combinations of the variables of the form YJ =a ]X, in order to reduce the number of dimensions
and enable interpretation of the data.

Principal components are non-correlated linear combinations Y, Y5, . . ., ¥Y» whose variances are
as large as possible. The first principal component is the linear combination (a’, X) which maximizes
var(a’; X) subjectto a’; a; = 1. The theorem on maximizing quadratic forms on the unit sphere shows
that the maximum is achieved when a,= e,. In other words, this is attained when the vector of constants
is the first eigenvector of the variance-covariance (or correlation) matrix and the variance is the first
eigenvalue (in order from largest to smallest). The succeeding principal components are those linear
combinations (a’; X) which maximize var(a’; X) subject to the restriction a’;a;= 1 and which are not
correlated with each other, that is, cov(a’; X, a’; X') = 0 for all j # k. These restrictions are met when
the corresponding eigenvectors are chosen to be the respective vectors of constants.

For this study, the matrix of correlations was chosen for calculating the eigenvalues and
eigenvectors due to the differences in magnitudes in the variables, and to avoid the variables with
the largest magnitudes dominating the principal components.

4. Results and discussion
4.1 Cluster analysis

It can be seen in Figure 5 that with a linkage distance of 500, the stations divide into two large
groups. In group 1 (left side) the stations join together in a cluster at a much small distance than
those in group 2 (right side), indicating that the stations in group 1 are more similar to each other

900

800

700

600

500

Fig. 5. Tree diagram of cluster
analysis for 37 weather stations
300 in México City.

I E m?ﬁ%;
0
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400
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than those in group 2. Upon reducing the distance, we see that the first group to split is group 2 (in
which the stations are less similar to each other). At a distance of 300, the cluster we had defined as
group 2 divides into two subgroups, and at a distance of 200, group 1 also divides in two, forming
a total of four clusters.

North latitude
19°5° 19°10" 19°15° 19°20" 19°25° 19°30" 19°35"

19°

99°30" 99°25° 99°20° 99°15° 99°10° 99°5° 99° 98°30°  98°55° 98°45"
West longitude

Fig. 6. Geographical representation of cluster analysis (two clusters).
The first cluster is represented by circles and the second by squares.

North latitude
19°10° 19°15"  19°20" 19°25" 19°30°  19°35"

9°5°

19°

99°30° 99°25°  99°20° 99°15° 99°10° 99°5° 99° 98°30°  98°55° 98°45°
West longitude

Fig. 7. Geographical representation of cluster analysis (four clusters). The circles, squares,
triangles and stars represent the first, second, third and fourth clusters, respectively.
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The cluster analysis thus provides evidence that México City contains two large geographic
climatic regions defined by topography (Fig. 6). When four clusters are distinguished instead of
two, associations between stations in the north and the south are seen to be more longitudinally
than latitudinally defined (Fig. 7). The first cluster is located in the eastern part of the city, the
lowest region, with suburban characteristics, farmland and lake zones. The second cluster comprises
stations located in more urbanized zones and in the lower central fringe. The third contains stations
located at piedmont, with urban development, and the fourth cluster is made up of stations located
in forested areas at higher elevations.

4.2 Principal components

It can be seen in Table IV that the first principal component explains 54.73% of the variability
in climate reported by weather stations in México City; the second explains 19.11% (cumulative
total 73.84%) and the third 11.23% (cumulative total 85.07%). The scree plot (Fig. 8) shows the
values of the eigenvalues and how much each principal component contributes to explaining
the variance. According to this figure, the most important principal components are the first
two. Nevertheless, although the third eigenvalue is smaller than one, it was decided to include
the third component, since its interpretation may contribute important information on climate
variability in the city.

Table I'V. Summary of the principal component analysis of 37 weather stations.
Comp 1 Comp 2 Comp 3

Eigenvalue 4.378 1.529 0.899
Variance prop. 0.547 0.191 0.112
Cumulative prop. 0.547 0.738 0.851
Eigenvectors

Variable Vector 1 Vector 2 Vector 3
MAXT —-0.440 0.078 0.081
MINT —-0.386 0.069 0.428
MEANT —-0.456 0.083 0.244
PCP 0.438 —-0.023 0.215
DPCP 0.438 —-0.097 0.128
DTS 0.051 0.680 —0.253
DHAIL 0.236 0.277 0.780
DFOG 0.078 0.658 —0.127

According to the absolute values of the elements of the first eigenvector, the most important
variables in the first component are mean temperature, maximum temperature, minimum
temperature, precipitation, and days with precipitation. It can be seen in Table V that these are also
the variables most correlated with the first principal component. It is important to note that the
coefficients associated to the temperature variables have negative signs and that those associated
to the precipitation variables have positive signs in this component. This means that high values
of the first principal component correspond to low temperatures and/or high precipitation. The first
component can therefore be interpreted as a measure (index) of how wet or dry the location is. In
this respect, Figure 9 shows how the climate of México City increases in moisture from northeast
to southwest (cooler temperatures and/or greater precipitation towards the southwest and higher
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Fig. 8. Scree plot of eigenvalues and the number of eigenvalue.

temperatures and/or less precipitation towards the northeast). This figure shows 54.73% of the
variability reported by the weather stations. As mentioned above, dryer climates are associated
with greater urbanization (heat island effect) and moister climates with regions that have more
vegetation and that are located at higher altitudes.

The second principal component explains 19.11% of the variance, and the absolute values of
the elements of the second eigenvector show that the most important variables of this component
are the number of days with electrical storms and the number of days with fog, which are also
the variables most correlated with the second principal component (Table V). In this component,
the coefficients associated to both variables have positive signs, meaning that larger values
correspond to zones with more electrical activity and/or more fog. Literature on fog dynamics
has shown that the UHI produces a significant fog frequency gradient along the urban outskirts
(Sachweh and Koepke, 1997). Furthermore, recent studies distinguish the effect of different
stages of urban development over the number of days with fog: old urban developments show

Table V. Correlation matrix of principal components and the variables reported by the weather stations.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PCS8
TMAX —-0.922 0.096 0.077 —0.114 0.280 -0.199 0.069 0.007
TMIN —-0.808 0.085 0.406 —-0.028 —0.412 0.010 -0.072 0.005
TMEAN —0.956 0.103 0.231 —-0.089 —0.004 —0.126 0.012 —0.011
PCP 0.917 —-0.028 0.204 —0.067 —-0.228 —0.145 0.197 0.000
DPCP 0.917 —-0.120 0.122 —-0.208 0.029 —-0.235 -0.175 0.000
DTS 0.106 0.841 —-0.240 0.447 -0.075 —0.134 —0.026 0.000
DHAIL 0.494 0.343 0.740 0.165 0.230 0.105 —0.004 0.000

DFOG 0.163 0.814 —-0.120 —-0.537 -0.012 0.093 0.007 0.000
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Fig. 9. Geographical representation of the first principal component (wetness/dryness index).
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Fig. 10. Geographical representation of the second principal component (thunderstorms/fog index).
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significant reduction of days with fog, while new urban developments tend to show more days
with fog, mainly because in new urbanizations the abundance of hygroscopic aerosols acting as
condensation nuclei promote fog formation (Shi ez al., 2008). All these factors are present in areas
where the index thunderstorms/fog shows high values. The effects of urbanization over thunderstorm
occurrence have been shown to be positive and significant and the maximums observed in Figure
10 could be also due to urban piedmont conditions as described in Changon (2001).

The third component explains 11.24% of the variance. The most important variable in this
component, and with which it is most correlated, is the number of days with hail, and to a lesser
extent, minimum temperature. The coefficients associated to both variables have positive signs in this
component, meaning that higher values correspond to zones with more days with hail and/or zones
with higher minimum temperatures. It is interesting to observe (Fig. 11) that the zones with higher
values of this component are located in the central-north part of the city, which is the most urbanized.
According to urban climatology studies (Jauregui, 2000), one of the effects of urbanization can be an
increase in the number of days with hail and an increase in minimum temperatures (heat island).

19°25° 19°30° 19°35"

North latitude
19°20"

19°10" 19°15°

9°5°

19°

99°30° 99°25" 99°20° 99°15° 99°10° 99°5° 99° 98°30° 98°55° 98°45°
West longitude

Fig. 11. Geographical representation of the third principal component (hail/minimum temperature index).

To examine the relationship between weather stations, biplots of the principal components
were constructed (Figs. 12, 13 and 14). It can be seen in Figure 12 that the majority of stations had
similar values, but that a few others had very divergent values. The largest number of stations are
concentrated around quadrant III (negative values of the first principal component and negative
values of the second component), which represents dryer climates (higher temperatures and/or less
precipitation) but with lower electrical activity and/or fog. All of these stations are located in high
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Fig. 12. Biplot of the first and second principal components. Literals I, II, III and IV
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Fig. 14. Biplot of the first and third principal components. Literals I, II, IIl and IV
refer to the first, second, third and fourth quadrants, respectively.

to medium urbanized, piedmont areas. Quadrant I is notable because it contains only four stations
(three in Cuajimalpa [22 and 11] and Santa Fe [31], and one in Tlalpan [18]) and corresponds to
humid zones (abundant precipitation and/or low temperatures) and high electrical activity and/or
fog, associated with piedmont and medium altitude semi-urban areas. Some studies have suggested
that electrical activity could increase in piedmont areas due to the intensification of convective
activity produced by the heat island effect of nearby urbanized areas (Changnon, 2001). Quadrant
II represents wetter climates with more precipitation and/or lower temperatures and relatively lower
electrical activity and/or fog. The quadrant contains a highly concentrated group of stations and
three stations (Ajusco [1], Desierto de los Leones [13] and Km. 39.5 on the highway to Cuernavaca
[16]) with very high values in the first component. These stations are located in piedmont and
high altitude forested zones that are farther from the most highly urbanized area. The remaining
observations in this quadrant also have forest remnants or significant vegetation, as is the case of
Pedregal (14), Xochimilco (28), Lomas de Chapultepec (34) and Contreras (25) but are closer to
the most highly urbanized area. Quadrant I'V represents dryer climates with more electrical activity
and/or fog, characteristic of more urbanized zones (Jauregui and Romales, 1996; Changnon, 2001;
Ntelekos et al. 2007 ). In fact, all stations in this quadrant belong to the group which had been
found by means of cluster analysis and which corresponded to the zone characterized by greater
urbanization.

Figure 13 shows the biplot of the second and third principal components. A concentrated group
of stations can be observed around negative values of the second component (more electrical storms
and/or fog) and a more diffuse group towards positive values of the component. The interpretation
of this pattern is not entirely clear, although it does enable outliers to be identified in stations 11
and 31, which have few days with electrical storms and/or fog and more days with hail; and 12,
32 and 18 with few days with electrical storms and/or fog and few days with hail.
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The biplot between the first and third principal components (Fig. 14) shows a fairly compact
cloud of stations and 5 atypical observations. As in the case of the biplot shown in Figure 12,
these five stations are located in semi-urban areas with wetter climates (lower temperatures and/or
more precipitation), and are divided between stations with more hail days and/or higher minimum
temperatures (Cuajimalpa[11,22] and Desierto de los Leones [13]) and stations with fewer hail days
and/or lower minimum temperatures (Ajusco [1] and Km. 39.5 on the highway to Cuernavaca [16]).
Stations in quadrant IV are located in the most highly urbanized area (north-center), describing a
dryer climate with higher minimum temperatures and/or more frequent hail. These characteristics
have been commonly associated to the urban heat island (Jauregui and Romales 1996). More humid
conditions and with lower minimum temperatures and/or less frequent hail are present at piedmont
stations (quadrant II). Quadrant I is composed of stations located at the high altitude western part of
Meéxico City, showing that conditions are more humid and hail tends to be more frequent. Quadrant
111, representing dryer with less frequent hail and/or lower minimum temperatures, corresponds to
the eastern, lower altitude part of the city, boarding the most urbanized area.

Although principal components analysis does not require the assumption of normality, if the
observations are sampled from multivariate normally distributed populations, inferences can be
made and ellipsoids of constant probability density constructed. To test for normality, Q-Q plots
were constructed comparing the theoretical quantiles of the normal distribution with the observed
quantiles of the principal components. For multivariate normality, all principal components must be
normally distributed. For reasons of space, the Q-Q plots are not presented here, but are available
upon request. These graphs show that there are significant deviations from the normal distribution
in the case of the first and second principal components, while the hypothesis of normality can
be accepted for the third component. Three tests of normality (Anderson-Darling, Jarque-Bera
and Cramer-von Mises) were performed to confirm these results. As seen in Table VI, the null
hypothesis of normality can be rejected for principal components one and two, and accepted for
the third. Since multivariate normality is rejected, inferences can not be made on the principal
components, nor can confidence intervals for the eigenvalues (explained variance) or ellipsoids of
constant probability density be constructed.

Table VI. Normality tests p-values.

Tests/Component PC1 PC2 PC3

Jarque-Bera 0.0005 0.0062 0.0672
Anderson-Darling 0.0000 0.0001 0.3385
Cramer-von Mises 0.0000 0.0003 0.3204

5. Conclusions

Multivariate statistical methods were used to identify areas with similar climatic conditions and to
define climate indices for México City. Results show that the three main climate indexes produced
by principal component analysis are able to represent almost all climate conditions of the city,
being of particular importance the first principal component which represents about 55% of the
climate variability. These three indexes are wetness/dryness, thunderstorms/fog and hail/minimum
temperature. The mapping and analysis of these indexes and their biplots provides additional
evidence of the effects of the urban heat island in the microclimates of México City, as has been
previously shown by Jauregui and Luyando (1998) and Jauregui (2000). Such studies indicate that
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urbanization produces a heat island effect that contributes to making climates dryer, with higher
temperatures and less precipitation, and may also contribute to increased frequency of hail and
fog as well as more intense storms in some areas.

In this paper two climate regions and four climate subregions were identified for México City,
suggesting that local climate variability is defined by two main factors which are topography and
land use. The four subregions are: low altitude suburban, low altitude highly urbanized, urbanized
mountain base, and higher elevation with forests. Results show that while natural factors such as
topography play a large role in the variation in meteorological variables, there are also clearly
anthropogenic influences that have and continue to modulate spatial climate variability in the
city.

The works of Jauregui (1988, 1991), Martinez-Arroyo and Jauregui (2000) and Jazcilevich et
al. (2000) in México City, and studies in other cities, such as those by the World Meteorological
Organization (1996) and Ishi ez al. (1991) have found that certain changes in land use can modulate
urban microclimates. These provide an opportunity for better urban management, for example
introducing green areas and water bodies

The application of simple tools, such as multivariate analysis, to a meteorological network data
base enables the various microclimates of the city to be tracked at different times; for example
before and after urbanization projects such as construction of arterial roads or large residential
zones, or deforestation processes.
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