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Abstract

This paper is a contribution to the understanding of the topoclimatic and environmental geography of the basin where
Santiago * one of the most polluted Latin American city } is located. In the "rst part, land-use change is analysed
looking at the climatic transformation caused by the rapid transit from natural semiarid surface to urban areas. In the
second part, seasonal weather and daily cycles of slope winds and the available ventilation are described trying to relate
those patterns with the spatial distribution of air pollution. A combination of meteorological, geographical and cultural
factors explain extreme air pollution events: meteorologically, Santiago is under permanent subsidence inversion layers.
Geographically, the city is located in a closed basin surrounded by mountains. Culturally, the urban area has the highest
population concentration (40% of the national total), industries (near 70% of the total) and vehicles, which are the main
sources of smog. The urban and suburban transport system is based on a large number of buses (diesel) and private cars,
both experiencing a rapid growth from the past few years. The city and specially the transport system generates high
emissions of pollutant, but the natural semiarid deforested soils and slopes are also important sources. The local wind
system can explain the di!erential spatial distribution on the concentration of air pollutants in the city and its periphery.
In winter (rain season) concentrations of particulate matter are higher at the centre and the SW part of the city. The
andean piedmont area (E part of the city) shows minimum values, suggesting major ventilation e!ects of slope and valley
winds. Ozone exceeds air quality standards in summer (dry season) at all sites in the centre and periphery. However, the
O

3
-concentrations are higher on preferred residential areas located at the piedmont area (E part of the city), suggesting

air pollution transport e!ects. Currently, there is no consideration of these local climatic features in the process of urban
planning. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Santiago, the capital city of Chile, is experiencing seri-
ous climatic hazards and air pollution due to its location
on very sensitive landscapes: an inland closed basin,
surrounded by the Coastal and Andes mountain ranges
more than 2000 m in height (Fig. 1), under permanent
subsidence and thermal inversion layers, caused by the
South Paci"c subtropical anticyclone. In addition, the
extraordinary concentration of people (near six million

inhabitants, 40% of the national population), number of
vehicles (800,000 cars and buses) and industries (70% of
the total), constitute the most important air pollution
emission sources. On the other hand, the urban area is
showing a very rapid growth, concentrating most of the
new services, housing and industries compared to the rest
of the country. The city of Santiago has increased num-
ber of cars (10%) and the city extends its surface in more
than 2000 ha each year (Bertrand and Romero, 1993;
Romero et al., 1994, 1995; Escudero, 1996; CONAMA,
1997). The absence of land use and environmental plann-
ing and the lack of urban climatic information and con-
sideration of them in the decision-making process mean
that } in spite of the programs to reduce industrial and
vehicle pollutant emissions } increases can be observed in
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Fig. 1. Study area.

Fig. 2. Changes of NDVI between 1984 and 1994. Black indicates very important reduction, grey no change and white increase of
vegetation cover (approx. scale 1 : 400 000).
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Fig. 3. Urban growth to the Andean piedmont area between 1962 and 1991. Black indicates urban and grey rural areas, respectively
(approx. scale 1 : 400 000).

the pollution episodes (particulate matter and photo-
chemical smog) related to negative urban e!ects like heat
islands, humidity and ventilation.

2. Methodology

A GIS has been used to integrate a Digital Terrain
Model together with satellite imagery at small, medium
and large scales and air photographs in order to analyse
the sequence of land-use changes from rural to urban
classes and to identify the urban heat islands on the basin
(Ihl and Romero, 1991; Romero et al., 1996). Comparing
visible and infrared satellite bands, the normalised di!er-
ence vegetation index (NDVI) of LANDSAT-MSS (1986)
and LANDSAT-TM imagery (1994) has been used to
estimate land-use changes (1986}1994) in terms of veg-
etation cover and their impacts on environmental and
climatic indicators such as runo! coe$cients (Romero et
al., 1995). These urban changes are then related to me-

teorological and a 2-year air pollution database (1994,
1995), and thermal data (20 NOAA/AVHRR satellite
imageries from 1987 to 1994). Meteorological data was
obtained from 12 "xed and four temporal stations and
mobile measurements (wind and temperature) and the air
pollution data was provided by "ve automatic stations
from the National Environmental Commission (CON-
AMA). Using 10 selected NOAA/AVHRR summer im-
ageries (7 h local time), a frequency map (%) of surface
temperatures over 193C has been prepared to identify the
urban heat island on the basin. Using 10 selected
NOAA/AVHRR winter imageries (7 h local time) a fre-
quency map (%) of surface temperatures lower than 13C
has been prepared to identify cold air accumulation
zones.

The vertical sounding data (two summer months) pro-
vided by QUINTERO (DireccioH n MeteoroloH gica de
Chile) located at the coast, was used to estimate the
frequency, deep and high of inversion layers between
0 and 1.500 m a.s.l.
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Fig. 4. Frequency of surface radiant temperatures of NOAA/AVHRR over 193C in summer. Black indicates 75% or more, white 0% (no
occurrence), approx. 7 h local time.

3. Results

The rapid urban growth has produced signi"cant
transformation from rural to urban climatic features in
Santiago, Chile. According to Fig. 2, the city and its
periphery (marginal agricultural and seasonal grass-
lands) show medium to low values of NDVI. A very
important reduction of NDVI can be observed in all
directions where the city has expanded. The typical pro-
cess of urban planning and urban design of Latin Ameri-
can cities is a contradiction with the environmental basis:

the expansion of the city has changed } and continues to
change } dramatically the environment leading to condi-
tions which favour increasing air pollution.

The piedmont area (E part of the city) has received
one of the maximum urban growth. Fig. 3 shows the
change of land surface cover in the piedmont area in 30
years, between 1962 and 1991. The urban surface in the
piedmont area grew from 7058 to 19 794 ha. Conversely,
suburban and agricultural areas diminished from 1800 to
804 ha and from 15 176 to 5111 ha, respectively.
The surfaces occupied by river and stream beds have
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Fig. 5. Frequency of surface radiant temperatures of NOAA/AVHRR lower than 13C in winter. Grey indicates 75% or more, white 0%
(no occurrence), approx. 7 h local time.

Fig. 6. Frequency of inversion layers in QUINTERO at 12 UTC (morning). Shadows indicate the depth of the inversion layers.
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Fig. 7. Frequency of inversion layers in QUINTERO at 00
UTC (night). Shadows indicate the depth of the inversion layers.

decreased from 545 to 370 ha. Maximum land-use
change corresponds to the "rst period: from 1962 to 1974,
7544 ha passed from agricultural to urban land-use. The
other 2000 ha lost their rural characteristics between
1974 and 1991. Such rapid land-use changes on the
slopes of the Andean mountains has caused an important
increment in the runo! coe$cients. Those areas with
relatively lower runo! (30}40%) have decreased from
12 367 to 5691 ha, while those with higher runo! coe$-
cients (40}50%) increased from 2353 to 11 228 ha. This
reduction in the interception and in"ltration capacity of
the vegetated surfaces is caused by the rapid urban
growth. Aggravating the environmental and climatic im-
pact of the recent urbanisation 12 821 ha of the most
suitable agricultural lands have been occupied with
buildings, roads and dwellers. Another 1076 ha of urban-
isation correspond to soil, water and natural conserva-
tion areas. Downstream, the main e!ect is the increment
on frequency, intensity and velocity of #oods, such as
the one in 1993 that killed nearly a 100 people. As
a result, most of the geoecological functions of the
Andean piedmont area have been reduced (increased
runo! and decreased in"ltration and interception of rain-
fall, and decreased "ltering, recycling and dilution of air
pollutants, etc.). The rapid urban growth also a!ects the
enhancement and intensi"cation of the heat island and
air pollution e!ects, causing a reduction of evapotran-
spiration and air humidity (Goldreich, 1995; Jauregui,
1993).

In order to identify the urban heat island on the basin,
a frequency map (%) of surface temperatures over 193C
(in summer time) was analysed. Fig. 4 indicates four
speci"c thermal features: (1) the centre and W part of the
city has a frequency of more than 50% (heat island), (2)
the urban parks and the piedmont area show 25% (cool
islands), (3) the main river valleys (cold air corridors) and
the Andean range and slopes over 2000 m a.s.l. present
0% (cold air sources) and (4) a mosaic of fragmented
rural areas in the periphery show thermal contrast due to
di!erent land-use types, terrain and slopes. The fre-
quency map (%) of surface temperatures lower than 13C
(in wintertime) was also analysed (Fig. 5): (1) most of the
city centre shows 10}25% (the urban heat island is more
apparent), (2) some urban areas at the N and SW part of
the city (periphery) present 50% (stagnation and accu-
mulation of cold air in lower terrain and depressions).
The central depression shows the development of cold
pools of air specially at foothills, (3) the piedmont area
between 800 and 1000 m (with slopes #ows) and the main
river which cross the central depression (valley winds and
air corridors created by orographic canyons) are warmer
zones, (4) cold air zones are: slope and heights over
1500 m on the coastal, and over 1700 m a.s.l. on the
Andes range, respectively.

The air pollution potential of Santiago is caused by the
high frequency of days when inversion layers occurred

(Figs. 6 and 7) associated to anticyclonic weather. The
top of the inversion layer in the morning (summer) fre-
quently reaches between 600 (53%) and 1200 m a.s.l.
(27%). At night, the inversion top reaches frequently
higher altitudes (24% below 600 m, 34% below 900 m
and 21% below 1500 m a.s.l.). The development of radi-
ation inversion layers (surface inversion) are important
all year around. The daily evolution of surface inversion
layers indicates that, at 8 h, it occurred 263 days per year;
this frequency is reduced to 179 days per year at 14 h and
78 days at 20 h. The persistence of surface inversion
layers for more than six hours (at 8 and 14 h) have been
observed in summer from 21 days in February (1995), 18
days in November (1995) and 19 days in December (1995)
and in winter, 23 days in May (1995) and 20 days in June
(1994).

At the meso-scale the regional SW winds and land}sea
breezes penetrate to the basin along the main river and
stream channels, transporting fog, particulate matter and
gases, "rstly from the southern industrial and agricul-
tural lands to the city's centre (controlled by the heat
island), during the morning, and later, in the afternoon,
from the city's centre to the piedmont (E part of the
city). Fig. 8 shows the di!erent (regional and local) wind
systems dominating in summer: (a) at day and (b) at
night. The Santiago watershed basin is a genuine airshed.
Upper winds are not a!ected by orography above
3000 m, i.e. above the roughness e!ects created by the
basin. Thermal e!ects (basin and city) generate slopes
and valley winds with marked daily cycle, i.e. E winds
descending during the night and W winds ascending after
midday (Ihl et al., 1995).

Finally, the air pollution (Fig. 9) generated by high
concentrations of total particulate matter (Fig. 9a)
is higher in winter, when radiation and subsidence inver-
sion layers are stronger and coupled, and at the N and
SW part of the city where bare soils, industries and
deforested slopes are predominant. Lower values are
recorded in the E part of the city (residential areas) and in
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Fig. 8. Daily wind systems in summer: (a) day (b) night. The numbers indicate 1, sea breeze; 2, slope winds; 3, valley winds; 4, regional
wind; 5, upper wind.

the southernmost fringe (under the in#uence of rural
areas).

Micro particulate matter (diameter (2.5 lm, Fig. 9b)
is higher in winter and at the historical centre and S part

of the city related to the maximum vehicle and urban
density concentrations. NO

2
maximum values (Fig. 9c)

are higher in the historic city centre } related to the
maximum vehicle #ows } and minimum at the W part of
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Fig. 9. Monthly mean of maximum air pollution in di!erent parts of the city (centre, East}centre, North}West, South}centre and East):
(a) particulate matter (total). (b) micro-particulate matter ((2.5 lm diameter). (c) NO

2
(d) CO (e) O

3
(air pollution concentrations in

lg m~3).
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the city. CO has its greatest concentration (Fig. 9d) in
winter and at the S part of the city, probably in#uenced
by the heavy tra$c near the highway.

Ozone concentrations (Fig. 9e) exceed air quality stan-
dards (160 lg m~31 h maximum) throughout the year at
all sites. However, the maximum values are recorded in
summer and spring (December and September, respec-
tively) and at the piedmont area in the E part of the city,
suggesting the transport of primary pollutants by the
local daily winds from the centre to the upper E part of
the city and to the upper Andean valleys.

4. Conclusions

Santiago can be taken as a representative of air pollu-
tion and environmental problems that a!ect most me-
dium-size and mega-cities in Latin America. Given the
present favourable economic conditions further increase
in air pollution sources such as industries, car parks and
urban surfaces can be expected in the next few years. If
urban climatology is not considered in land-use planning
and zoning and in the urban design of these chaotic cities,
it would not be possible to improve the environmental
situation and its negative e!ects on population and
health of the ecosystems.

While synoptic or upper winds and land}sea breezes
are controlling the predominantly S and SW #ow on the
lowlands and in the central depression, the piedmont
area and Andean slopes are mainly directed by daylight
W up slopes and E down slopes #ows, explaining the
maximum values of concentration of di!erent air pollu-
tants at the centre and periphery of the city. New
measurements are needed, specially at the piedmont area
in the E part of the city, not only to estimate the air
pollution transport and deposition, but also to evaluate
the intensi"cation of the urban heat island (urban}rural
temperature di!erence).
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