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AGRICULTURAL USES OF OCCULT PRECIPITATION

CHAPTER 1

INTRODUCTION

The aim of this book is to facilitate the transfer of knowledge and
experience about a natural resource that is not much used but is of
potential importance in some of the least-endowed regions of the
world: the supply of water through occult precipitation. Its
definition is:
OCCULT PRECIPITATION IS THE SUPPLY OF WATER TO SOIL OR TO
VEGETATION THAT IS NOT BY WAY OF STRAIGHTFORWARD RAIN AND SO IS NOT
MEASURED BY CONVENTIONAL RAINGAUGES.
The purpose of this transfer of knowledge is to help farmers, who
so far do not have information on the methods needed to obtain
water for subsistence farming, in an environment in which they must
consider all processes that may yield the water required. The
intermediaries in this process are the agricultural extension
workers and the technicians of the international and the nongovernmental organizations (NGO) involved in technical cooperation
programmes.
In this book special attention is being paid to the deserts in the
coastal regions of Chili and Peru, the Cape Verde Islands and
Namibia, where the finances for the use of these natural resources
are often lacking. Other places with climatic conditions that are
appropriate for the exploitation of occult precipitation (Fig. 1)
can be found in Oman, Yemen, Mexico and Hawai.
Much reference is made to the Canary Islands, Spain, because of the
long tradition of the exploitation of occult precipitation and the
importance of the work already done on this subject. These islands
could be the "school" through which farmers and technicians could
accelerate the learning process (Acosta Baladon, 1971, 1973), even
though not all aspects of the use of occult precipitation are
covered exhaustively in the Canary Islands.
If the Canary Islands can be considered a 11 school 11 for the
agricultural use of occult precipitation and for the construction
of 11 water capturing galleries", Chili can be the equivalent for the
exploitation of occult precipitation by small farming communities
in desert areas. Research and experiments were started there by
German Saa, an Uruguayan priest, and Carlos Espinosa, a physical
scientist at the University del Norte, Antagofasta, Chili, from the
date of foundation of the University in 1957.
3
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Fig. 1. Map of the world which shows areas where arid zones are
often covered by low clouds (pages 130 and 131 of El Mundo
Cientifico).
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There is currently an increased awareness of the problems of the
environment and of the risk of desertification. This book may also
be of use because it elucidates one of the ways by which the
advance of some deserts can be limited.
All movement has a cause. The advance of the desert may, to a
greater or smaller extent, occur because of human activities. One
of the ways has been the indiscriminate cutting of forests in
regions with a fragile ecological equilibrium, such as the Atacama
Desert in Chili, where the forest of the "Pampa del Tamarugal" was
cut to make way for a mining operation in the end of the last
century (Photo 1).
Another way is the non-sustainable use of the soil. This yields an
immediate profit, but does not consider the use that future
generations will have to make of this soil. There are many
examples.
1. During the years that the author worked in the desert regions,
he observed that some nomads burned their pastures when they left
their camping grounds, saying that by doing so they would improve
the pastures in the next year. But often this starts the movement
of the dune formations, because the only mechanism to fix the soil,
the vegetation,
has been destroyed.
Moreover,
future reestablishment is imperiled because the scarce rain is less easily
retained by the soil.
2. The irrigation of areas in the desert with fossil water,
discovered at a depth of 500-800 m below the surface in parts of
the Sahara, has not always been sufficiently well controlled. This
leads to important losses of scarce water. Moreover, the irrigation
techniques used, e.g. sprinkling water during the daytime when
relative humidities were as low as 5-20% and temperatures as high
as 40-50QC, lead to large evaporative and wind-drift losses. The
transfer of these spectacular techniques (black and white photos 1
and 2), even though well adapted to conditions at latitudes around
45QN, is not appropriate for latitudes of 20-25QN.
This book has been written in layman's language and contains many
figures and photos to illustrate the concepts. It gives the reader
a basis for further study through a bibliography of all relevant
documents known to the author as of december 1993. It is only in
the last six years that the use of occult precipitation has been
considered of importance and of interest in the search for new
techniques that can provide results that have been long awaited.
All photographs
differently.

were

taken

by
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CHAPTER 2

2.1

OCCULT PRECIPITATION

INTRODUCTION

Man has long searched to explain the presence of vegetation in
places where rainfall was scarce or even absent. The islands of
Lanzarote and Fuerteventura in the Canary Islands, Spain, the
islands of Maio, Boavista and Sal in the Cape Verde Islands, the
Kalahari desert in Namibia, the Atacama desert in Chili-Peru,
regions of Saudi Arabia, and other places where the mean annual
rainfall varies from about 0 to 150 mm per year all bear vegetation
in parts corresponding to the vegetation of an area receiving 5002000 mm per year. Examples are the forest of Fray Jorge in the
canary Islands, the Pampa del Tamarugal, the forests of Las Lamas
and Lachay in Chili-Peru, and the Monte Velha in the Cape Verde
Islands.
The first description of the capture of occult precipitation gives
perhaps the best introduction to the theme. Fray Bartolome de las
Casas (1927) reporting on the journey of Christophe Colombus to
America in 1524, passing at the Island of Hierro in the Canary
islands, presents the following description of the phenomenon:
.•.... "This island (of Hierro) has neither water from rivers, nor
from sources or wells, nor rainfall from which man or beast can
live, but by cause of an admirable secret of Nature, or better yet
a miracle, because it seems to have no natural cause, it provides
all through the year a very good (quality) water that sustains man
and beast abundantly. There is always a small cloud above and upon
a tree. When it is very close to the tree, it appears that it is
slightly higher than the tree; when they separate the tree seems
totally surrounded by cloud. The tree is as thick as three men
together, it has many branches, some very thick, and widely spread.
The leaves are like those of a laurel or orange tree. Its shadow
covers a circumference of one hundred or one hundred and fifty
steps (about 3200m2 ) . It does not resemble any tree in Spain. From
each branch or twig of the tree runs an aerial root to a small
puddle or reservoir which feeds into a pool made by man centrally
around the tree. The small cloud causes all branches and leaves to
give off water, dripping down, day and night, more in the early
morning and the evening, somewhat less around midday, when the sun
has risen. From time to time it rains on this island, and to catch
this rainwater, those living there have made small dams in many
parts of the island, and there the rain collects, so that man and
beast can drink for the major part of the year; and when the supply
of rainwater comes to an end, they rely on the small pools of water
that have dripped from the tree. These small pools hold more than
one thousand barrels, or twentyfive to thirty thousand large
pitchers of water (400-500m 3 ) . The water dripping from the tree
(Fig. 2) is very sweet".
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Fig. 2. Picture of the

"Garo~",

Island of Hierro.

According to various accounts, this tree existed until 1610, when
it was uprooted by a hurricane. By order of the city council dated
12 June 1612, the removal of the wood of the fallen tree and the
cleaning of the soil from the tanks was arranged. Further studies
have indicated that the tree was of the family of the Lauracea
(Ocotea foetens (Ait) Bent and Hook).
8

2.2

HISTORICAL REVIEW

Even though attention to the interception of occult precipitation
has been increasing recently, history provides several accounts
from which one can draw inspiration. The Bible has references to
facts that may be construed as the use of occult precipitation.
small heaps of stones have been found in Israel that served to
promote condensation of dew for the collection of water (Reis
Cunha, 1964).

+
mountain area
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Fig. 3. Location of the city of Theodosia.
The Crimean suffered from severe drought towards the end of the
last century which led the government to undertake the construction
of a water conduit. The work, including the reforestation of
hundreds of hectares, was entrusted to an engineer called Zibold.
The aim was to transport 500m3 per day from a spring in the AguerMikh mountain to Theodosia (Fig. 3), a city founded about 600 A.D.,
about 30km away. The existence of a network of earthenware pipes
was discovered while the work was being undertaken. The pipes of 50
to 70mm in diameter were arranged to supply the 114 watering
points, now dry, of Theodosia. Zibold found that the network
collected water from the heights of the surrounding mountains at
altitudes of 300-320m but did not find any trace of aquifers in
this area. Instead, he found remains of calcareous stones that were
arranged in cones that measured 30m by 25m and were 10m high. Their
bases were laid 50 to 100mm into the ground. These structures
supplied water to points 13 of which were as far as 3km away from
the cones.
9

Zibold assumed that the water vapour from the atmosphere entered
between the stones, and condensed on the cool stones at the centre
of the structures from where it ran to the collection network.
Based on the capacity of the pipes and the duration of operation of
the system, he calculated that each structure could produce about
55m3 per day, and that the tanks around the wells could receive as
much as 720m 3 per day. The occurrence of frequent clouds blowing
landinwards from the sea is no surprise, given the proximity of the
Black Sea and the Taurus mountains, and the altitude,
In 1904 and 1907, Marloth compared the amounts of water collected
in South Africa in a normal raingauge with that collected from a
raingauge in which a bundle of grass had been placed (Reis Cunha,
1964).
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Fig. 4. Schematic drawing of the "condenser" of Chaptal (1928).
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At about the same time, the meteorologists at the observatory in
Izana, Tenerife, Canary Islands, suspected that the rainfall and
snowfall measured by conventional methods did not correspond to the
amount of water that was in reality available to the vegetation,
and that the interception of occult precipitation contributed a
substantial amount to this supply of water. As a test, Don Pio
Pita, at the time chief of the service, placed a small branch of
broom in the raingauge, showing that the observed amount of
rainfall increased by up to 15 or 20 times as much as from the
normal raingauge (Font Tullot, 1983).
In 1931, Dieckman used, for the first time, a metallic gauze. He
constructed a cylinder with a diameter of 2/3 of the opening of the
raingauge and verified that the rainfall measured was greater than
that in a normal raingauge (Reis Cunha, 1964).
On the basis of earlier experience with dew and the capture of
water vapour on the soil, Chaptal (1928) constructed in France a
"condensor" similar to the one in the Crimea (Fig. 4). He took the
similarity of the climatic situation in the Crimea and Montpellier
into account. During the hot season, from April to September 1930,
the device collected 87.8 litre. According to Chaptal, the
dimension of the "condensor" was too small to evaluate properly the
amount of water that could be captured with a bigger device.
In the same period, having studied the maximal water yields of
different captors, Knapen constructed in Trans-en-Provence, France,
a condensor (Fig. 5, Fig. 6) that he called an "aerial well". The
construction looked like a masonry bell of 12m diameter at its base
and 12m height. The limestone walls were 0.25m thick, without
plastering. The wall had in its lower and upper parts several rows
of openings that established a possibility for communication
between the exterior and the interior. Knaben gave the following
reasoning: ... "during the night cool air enters into a central
metallic tube. The air rises through an annular space that
surrounds this tube, flows along the external mass of cement and
flows outward through the lower openings. During the day, the air
enters through the uppermost openings of the outside structure,
enters into contact with the slate and the internal mass that have
a relatively lower temperature, cools down, deposits part of the
water vapour and flows out through the openings lower down in the
structure. The water drops that have formed in the interior of the
condensor fall down and are collected in a subterranean basin".
The description is clearly insufficient; the thickness of the wall
on the drawing is given as 2. 50m, while in reality it is only
0.25m. However, the form in which Knaben thought the construction
would function is given as an example of his philosophy.
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Fig. 5. View of the "aerial well" of Knapen.
Gioda, ORSTOM, Montpellier.
nocturnal
entry of

Photograph Alain
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to the basin
Fig. 6. Drawing of the "aerial well" of Knapen. From: La Nature,
Paris, 1933, p.300. See also Masson, (1948).
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At the meteorological observatory in Hohen Peissemberg, Germany,
Grunow
(1952),
who had studied the phenomenon of occult
precipitation for many years, constructed an instrument to measure
this precipitation, later called the Grunow raingauge. It consisted
of a wire mesh cylinder, O.lOm diameter and 0.20m high, that was
fixed in the opening of a raingauge with a 200cm2 area. In this way
he tried to make the vertical area identical to the horizontal one.
The wire mesh was 1.6mm thick and the supporting wire 0.25mm. In
the instrument 29% of the area is covered by metallic parts and 71%
is open space. It is meant to be installed always besides a normal
raingauge of the same dimensions so that comparisons can be made
(cover photograph).
This instrument, officially accepted by the World Meteorological
Organization (WMO), has made the comparison of measures much
easier. Grunow and Nagel made and published studies on its
behaviour (Nagel, 1956, 1962).
From 1951, Ceballos and Ortuno (1952), foresters in the island of
Tenerife, and Nogales, in the island of Gran canaria, studied the
presence of trees that needed a fair water supply, like the
Laurisilva of the laurel family. Specimen were observed in areas
where, in normal years, rainfall did not exceed 700mm. They located
pairs of raingauges in relatively open areas at different
altitudes, one under a tree and another one in the open. They
observed up to about a threefold higher rainfall in the gauges
located under the trees. The ratios were smaller in the gauges
placed at levels lower than the levels of condensation (e.g. the
station of Puerto de la Cruz at sea level) and those placed above
the normal level of the tops of the stratus clouds (the observatory
of Izana at 2467m).
Trees were planted in Hokkaida, Japan, in the 1950's to dissipate
the frequent clouds, often present for a long time, occurring when
the cold currents of Oyashio and the warm current of Kurushio meet
(Reis Cunha, 1964).
From 1 March 1954 to 28 February 1955, Nagel (1956) did one of the
first experiments with the Grunow raingauge, on Table Mountain,
South Africa. The results were 1940mm measured with the normal
raingauge and 3294mm with the Grunow gauge, a ratio of 1.7 to 1.
From 13 to 21 February 1956, a similar experiment was done in
Australia with a flat vertical cloth, 2m wide and o. 91m high
(1.8m2 ) stretched above the opening of a raingauge. During the
experiment the area was virtually permanently covered with clouds.
The rainfall measured was more than ten times that measured in a
normal raingauge (Reis cunha, 1964).
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Legends of the photographs in black and white

Photograph 1. Circular sprinkle
extends for 565m. Libya, 1975.

irrigation.

Each

radial

pipe

Photograph 2. View of the circular irrigated fields, with a
diameter of about 1km, in the Sahara desert, on which alfalfa
(Medicago sativa) is being cultivated. Libya, 1975.

Photograph 3. Experiments in "El mirador", Antofagasta, Chili,
1973. German Saa used the water collected, to irrigate the cypres
tree which he planted in 1963 in this area.

Photograph 4. Installation by G. Saa and c. Espinosa of the first
experiments to intercept occult precipitation. with the use of nylon
meshes. Atacama desert, Antofagasta, Chili.
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Photograph 5. Experiments to determine the optimal length and
separation of the gauzes for interception of occult precipitation.
German Saa and Miguel Valdez, Miramar, Antofagasta, Chili, 1962.

Photograph 6. Experiments to determine the optimal diameter of the
nylon threads in the gauze used for the interception of occult
precipitation. German Saa and Miguel Valdez, Universidad del Norte,
Antofagasta, Chili, 1962.

Photograph 7. "Pimiento"
Rozas Elgueta, Director
Vallenar, Atacama desert,
trees survived using the

trees (Schinus molle) planted by Eduardo
of the Technical School, La Serena, El
and irrigated for 60 days. Thereafter the
water captured by their leaves. 1973.

Photograph 8. View of an "interceptor" of 20m width with a "Rachel"
gauze, in Lomas de Lachay, Peru. Cristobal Pinche, Universidad de
la Molina, Peru, 1986.
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At the time of the foundation of the Universidad catolica del Norte
in Antofagasta, Chili, Espinosa and Saa ( Saa & Valdez, 1963)
started a series of experiments on the optimal shape of equipment
to supply water through the interception of occult precipitation to
those living in the Atacama desert (photographs in black and white
3 and 4). Initially, "fields" of nylon threads, looking like
enormous harps, some up to 20m tall, were suspended from nylon
cables, in low passages between two hills (German Saa in photograph
4). They yielded each up to 2 litres per day.
In 1962 saa and Valdez (1963) consolidated norms on the dimensions
and characteristics that collectors should have and published the
results obtained with the different types of equipment. This
publication became a source of inspiration for the use of
collectors (black and white photographs 5 and 6).
Experiments at the station at Miramar, Cerro de los Morros, near
Antofagasta, employed a flat "interceptor", of the same harplike
type, supported by a lattice window, 0. 31m wide and of variable
hight. The results showed that the optimal size of the collector
should be 1. 20m tall with threads of 1mm diameter spaced at 8
threads per 25mm width for a lattice 0.31m wide. With these water
was collected at the rate of 1.1lm3 per m2 of lattice per year.
Following these experiments, a long search for the best ways to
intercept occult precipitation was started. Several scientists of
the team of Saa and Espinosa continued the research. They used
three different types of interceptors in various locations and
periods, in the north of Chili from 1963 to 1968 (Munoz), from 1968
to 1972 (Burgos) and from 1971 to 1972 (Zuleta). The results are
given in Munoz (1967) and in Tapia & Zuleta (1980).
The early aspirations of saa and Espinosa became reality in 1991,
when the water supply to the village of Chugungo in the Atacama
desert, which has about 400 inhabitants, was installed with the
support of the government of Canada.
In 1959 Hurst carried out experiments to intercept occult
precipitation in the straits of Gibraltar with the aim of
alleviating the problems of water supply for the local population
(Reis Cunha, 1964). In the same year, Garcia Prieto (1962a, 1962b),
chief of the meteorological service at the Observatory of Izana,
Tenerife, Canary Islands, tried to intercept occult precipitation
from clouds that rose to the altitude of the observatory (2467m) to
supply water to his installations. He used wire mesh of different
densities fixed on metal frameworks.
new development occurred in 1961, when Reis Cunha, who had
earlier done some laboratory experiments on these subjects, moved
to the Cape Verde Islands and decided, in view of the continuous
difficulties that the population had to obtain domestic and
agricultural water, to do all possible to solve the problem. He

A
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installed interceptors using mosquito nets made of different
material, made measurements with the Grunow raingauge and
constructed stone walls, based on the philosophy of the heaps of
stones found in Israel and described in the Crimea. These
experiments were made in different islands of the Cape verde
archipel: Sant Antao, San Vicente, Brava and Santiago. Reis Cunha
(1964) published an exhaustive bibliography of existing information
on the theme. This has provided extraordinary help for those since
that have wished to continue these studies (Fig. 7, 8, 9, 10, and
11).

Fig. 7. Installation to produce artificial clouds and thence to
intercept water droplets, used by Reis Cunha during his tests of
different types of mesh in the Cape Verde Islands.
Kummerov (1966) published the measurements he made from 1962 to
1965 with the Grunow raingauge in the forest of Fray Jorge in Chili
(Fig. 12). This was the same place where, in 1947, Munoz and Pisano
studied the presence of clouds that could be intercepted.
In 1967, for a totally different purpose, the Department of
Transport in New Jersey (USA) tried to find ways to dissipate the
clouds that formed regularly near the city. Aluminium frames of a
size of 0.75m x 0.12m with vertical nylon threads were used. Driven
by a small motor, the frame turned at 86 rpm, which allowed the
mesh to intercept the small cloud droplets of static clouds or
other clouds at times when there was only little turbulence, or to
increase the size of the droplets so that they would ultimately
drip down. The motors were set into movement when a sensor detected
the presence of clouds ( Martinez Molina, 1967).
17

Fig. 8. Tests of different
metallic meshes in Serra
Malagueta, Santiago, Cape Verde

Fig. 9. Interception tests using
stone walls, Cape Verde

Fig. 10. Interception of cloud
droplets by a palmtree, San
Vicente

Fig. 11. Fabric at Campo das
Fontes, Brava, Cape Verde. The
area behind is impermeable.

From 1968 to 1972, a team of scientists and students of the
Uni versidad del Norte started a programme of measurements to
evaluate the potential of the "Camanchaca*" as a source of supply
of water. This "Camanchaca project", financed in part by the
Chilean CORFO and CONICYT programmes, collected measurements of
intercepted water made at 38 sites in the coastal part of the
Atacama desert, from Iquique in the north, to Taltal in the south,
a distance of about 700km (Fig. 13}.
*Note: Camanchaca is an indian language word meaning: "area with
low clouds moving over the land".
18
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Fig. 12. Depth (mm) of rain and occult precipitation in the forest
of Fray Jorge, Chili, 1962 to 1965, (Kummerov, 1966).
In 1969 and 1970 a serie of trials was conducted in the Sierra
Madre oriental of East Mexico. This is an area that is influenced
by the north-easterly winds that become humid during their transit
over the Gulf of Mexico. Twelve stations, loca·ted along the northsouth oriented mountain chain, at different altitudes, were
selected (fig. 15). Some of these were influenced by cloud cover,
others were located away from it. The main purpose was to determine
the limits of the growth of different forms of vegetation as a
function of the distribution of rainfall. It was an ecological
study. Some raingauges had meshes placed in them so that a
comparison could be made between rainfall and water intercepted
from the clouds (Department of Botany, University of Verll\ont,
Burlington, 1973).
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From 1970 to 1972 Acosta Baladon and Font Tullot (1983) installed
two experiments to study occult precipitation in the Orotava valley
in the Canary Islands: one of these with the Grunow raingauge, the
other with a series of frames with nylon gauze of different
diameter
(Photo 2 and Fig.
14).
The results showed the
possibilities of obtaining water from occult precipitation on the
island of Tenerife, defined areas where this could be practiced,
and gave drawings of the equipment to be employed. They were sent
to the FAO, the UNESCO, and the WMO, by the Meteorological Service
of Spain.
In 1975 Leland Fallon carried out a series of experiments in the
Sultanate of Oman with meshes made locally ( Sul tanat of Oman
Planning Committee, 1990). In 1985 Whitcombe continued this
research in collaboration with the Forest Section of the Ministry
of Agriculture and Fisheries and with the Department of Meteorology
of the Ministry of Communications. During the monsoon season,
amounts of water of up to 50 litres per m2 per day were obtained.
In the light of these positive results, the experiments were
continued in 1986, 1987 and 1988.
In view of the good results obtained by Whitcombe in the 1985 to
1988 experiments in the Sultanate of Oman, an agreement was signed
in 1989 between the Planning Committee for Development and
Environment in the Southern Region and UNDP and WMO for the
continuation of studies and in particular the possible application
of the results obtained in Chili.
New techniques, including the use of a fog analysis computer
programme, were used by McKnight and Juvilc ( 197 5) of the water
Resources Research Center of the University of Hawai, Honolulu, in
the forest of Mauna Loa, Hawai, to determine the importance of
cloud-borne water supply.
Tapia and Zuleta (1980) published a synthesis of their work in
regions in Chili where interception of occult precipitation
occurred. This exhaustive account also introduced a new concept
that makes a comparison of the results obtained in different parts
of the world easier, called the 11 maximal theoretical interception",
with which one can establish and compare the relative merit, in
terms of efficiency of interception and specific productivity, of
each type of equipment and each place of experimentation.
In 1980 Acosta Baladon carried out further experiments in Serra
Malagueta, Santiago, Cape Verde (see cover photograph) and together
with Sabino improved the quantity of water captured by an
installation made in 1962 by Reis cunha, by reducing the density of
the mesh (Acosta Baladon and Gioda, 1991).
In the years 1981 and 1982 hydrologists of ORSTOM did further
experiments using equipment conceived by Colombani (Servat, 1986;
Mahjoub, 1988; Olivry, 1989).
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Fig. 14. Arrangement with different frames with nylon threads,
Forest House, Aguamansa, La Orotava, Tenerife.

Fig. 15. Stations on the Sierra Madre Oriental in Mexico where
occult precipitation was measured. The hatched area indicates the
approximate extension of the cloud cover.
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In 1982 the National Forest Corporation (CONAF) in Chili continued
the experiments that had earlier been started by staff of the
Universidad del Norte in Fray Jorge and El Tofo, and increased the
amount of water collected per m2 of mesh (Fig. 16) ( Lopez and
Meneses, 1989). In 1984 CONAF derived from the experiments in El
Tofo sufficient information to take steps to supply water to the
village of Chugungo. The plan was implemented in 1987 with the help
of the ICID of Canada. Twelve captors of 48m2 and 19 captors of 96m2
were constructed. The total captor capacity of 2400m2 , which had an
approximate yield of 5 to 6 liters per m2 of mesh per day fed a
tank of 24.000 litres (Photo 3), supplying water at a cost of less
than 1 $ per m3 • Until that date Chugungo had been provided with
domestic water (of doubtful quality) by cisterns on trucks that
transported water as well as fuel, at a price of 8 to 9 $jm3 •
The Department of Biology of the Faculty of Science of the
University of the Andes, Merida, Venezuela, published the results
of experiments by cavelier and Goldstein (1989), giving the
measurements of the water captured using the method published by
Dieckman (1931) by arboreal vegetation along the Caribean coast of
Venezuela and Colombia. One of the aims of the study was to assess
the difference in water captured from clouds at different altitudes
by trees growing in relatively dry areas.

Fig. 16. Experiments by the National Forest Corporation, CONAF, in
El Tofo, Chili, 1982.
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In 1993 the College of Villa Caritas in Peru was provided with
water from 2500m2 of panels that provided a mean daily volume of
10.00 litres, in an operation similar to that in Chugunga, Chili,
implemented with the help of the government of France. At the time
of writing, in July 1994, work was reported to be underway to
install 2500m2 of captors to supply domestic water to three
districts on the outskirts of Lima and of 3000m2 of captors for a
reforestation project. In another project, known as Cerro Orara, it
is proposed to install 5000m2 of captors for a daily production of
water that may vary from 40 to 200m 3 per day throughout the year to
supply water to a village with 3000 inhabitants.
In September 1994, a project with a budget of $500,000 was
inaugurated by the governments of Chili and Peru, in collaboration
with the government of France and the FAO, to implement a
reafforestation programme using the water supplied by coastal
clouds in these countries.
This historical review would be incomplete without an account of
the work done in the island of Brava, cape Verde and Hierro, canary
Islands, by two citizens who collected water with methods invented
by them on the basis of their observations made during the droughts
of 1942 and 1948 respectively. Don Hermogenes Goncalvez of Brava
observed during the 1942 drought that water dripped from the big,
groofed leaves of the Fulcroya gigantea plants (Photo 4) and he
placed a receptacle at the base of its leaves to obtain 10 to 20
litres per day. Don Zosimo Hernandez Martin, chief forester at the
island of Hierro during the 1948 drought, inspired by the account
of the "Garoe 11 by Fray Bartolome de las Casas, planted another tree
of the same species in the same place. He also found a "sabina"
tree (Juniperus phoenicea) under the crown of which he placed an
impervious layer communicating to a tank of 40m 3 that soon filled
up (Sanchez Garcia, 1980).
In addition to the publications of Saa, Espinosa, Re is Cunha, CONAF
Chili, Tapia, Zuleta and the scientists of the experimental station
of Los Vilos, Chili, there exists a series of publications by the
author, presented since 1990 at international congresses (see
bibliography). In all these, different possibilities of applying
the techniques have been described. It is gratifying to note that
the FAO has started using these techniques.
Long after the description by Fray Bartolome de las Casas of the
"miracle of Garoe", one can now draw the conclusion, based on
objective studies, that the subject is a physical phenomenon,
existing in various parts of the world where airmasses that have
acquired a high water content in tropical and subtropical climates,
move towards mountain massifs and rise and so cool, resulting in
condensation. Normally the level of condensation is between 500 and
600m above sea level and the water droplets suspended in the
airmass can than be intercepted by vegetation or by the mountain
mass itself.
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2.3

CONCLUSION

This review has shown clearly the existance of sources of water,
other than the "conventional" ones, that are within reach of a
significant number of human beings, and that are defined as occult
precipitation.
The sources of occult precipitation are clouds, dew, atmospheric
water vapour, rime and other forms of ice, though the latter may
often cause more harm than good.
Some authors use the term horizontal precipitation for the water
brought into an area by clouds. In Chili and Peru, the supposedly
aymaran word "camanchaca 11 is used to designate low clouds, at
ground level, which allow interception, and measurement, e.g. by
the Grunow raingauge. Others, among them anglo-saxon writers, have
called these clouds "dripping" clouds, because of the appearance
given by trees and other objects, when the clouds pass. Francophone
writers used the phrase "occult precipitation" because the water
supplied was from atmospheric humidity, the condensation of which
is difficult to measure except by weighing the increase of weight
of objects (Chaptal, 1928).
The supply of water to plants comes often from a combination of
sources, variable according to the stage of development of the
plants. some plants may absorb humidity directly from the
atmosphere, e.g. some cactuses, atriplex and the tobacco crop at
Lanzarote, Canary Islands, where mean annual rainfall is only
145mm. Immediately after planting tobacco, dew is the main water
supply, but once some leaves have developed, water in vapour form
is thought to be extracted from the air when it has a mean relative
humidity of at least 79% and values come close to 100% during the
night.
Occult precipitation often feeds water courses, including the
quasi-permanent ones that run deep in stony or sandy riverbeds in
valleys, even though these may not be readily observed. They may
come to the surface when erosion has laid the impermeable layers
bare (photos 17, 19, 24, 25, 27, 29, 36, and 38). In mountainous
areas, where cloud movements occur, one can observe a catchment
formed by the mountainsides exposed to the prevailing wind between
500 and 1200m altitude. In photos 8, 14, 18, 25, 27 and 29 this
phenomenon and the cloud covered mountains can be seen. The
intercepted water runs into the valley downstream, and occasionally
even comes to the surface, before it runs down to the ocean, often
without having been fully exploited.
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Photo 1. Testimony of the presence in earlier years of the forest
of the 11 Pampa del Tamarugal". A Prosopis tamarugo plant can be seen
in the background. Atacama desert, Chili.

Photo 2. Experimental site in the Orotava valley,
Tenerife, Canary islands, with the Grunow raingauge.

island

of

Photo 3. A technician of CONAF and the author observe how water
runs from a pipe linked to the captors installed at El Tofo,
supplying water to Chuchungo, a village at several km from the site
of the captors. Atacama desert, Chili, 1990.

Photo 4. A specimen of Fulcroya gigantea, ("Garrapoto"), a fairly
common plant in the Cape Verde islands, where it is used as a
natural captor by Don H. Goncalvez in the island of Brava, 1980.

Photo 5. A reserve of Prosopis tamarugo in the old "Pampa del
Tamarugal". This provides the only food for the present goat
population. Atacama desert, Chili.

Photo 6. View of the method of planting a vine so that the humidity
of the nocturnal cool air can be used optimally.
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Photo 7. Coffee plantation in the Yemen, where nocturnal humidity
is captured using methods similar to those used in the Canary
Islands (Photo 6).

Photo 8. View of the Orotava Valley, Tenerife. In the background
are the clouds that are present about 200 days per year and that
supply the water to the existing wells and galleries.

Photo 9. Tobacco in volcanic sand that completes its growing cycle
relying on dew and atmospheric humidity, Island of Lanzarote. The
total annual precipitation is 145mm.

Photo 10. Non-commercial fruit trees, vines, quinces.
Lanzarote. The total annual precipitation is 145mm.

Island of

Photo 11. Sweet potatoes in volcanic sand, that receive no rain
during their growing cycle. The soil profile is wetted by dew and
atmospheric humidity. Island of Lanzarote. The total annual
precipitation is 145mm.

Photo 12. Sandy soils used for different crops. In the background
plantations of fruit trees and vines. Island of Lanzarote.
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CHAPTER 3. DEW

3.1. INTRODUCTION
Dew is one of the forms of occult precipitation which was mentioned
earlier. Its importance is not always beneficial.
This difference is due to the fact that its effect is different in
different (micro-)climatic situations, cold and wet, temperate, or
dry and hot.
The factors that cause the deposit of dew at any one place are
complex and may interact: temperature, relative humidity (sometimes
related to the distance to the sea or major bodies of water),
sunshine intensity and duration, micro-relief, soil colour and
vegetative cover. Also, there are many different ways to measure
dew.
In considering its use in agriculture, some preliminary remarks and
the results of earlier research should be considered. For example,
plants may use water in its vapour form, when the relative humidity
of the air is great (Castillo, 1973; Slatyer 1967; Stone et al.,
1950). some plants thus may obtain water through aerial parts,
rather than through the conventional organs like the roots and
water-absorbing hairs. Other plants can derive water from the air
at lower relative humidities, such as cactaceae and chenopodiaceae,
and other plants in the Sahara, Atacama and Kalahari deserts.
Plants need water, like all other living organisms, so wherever
there is vegetation, there must be or have been water present. This
is true, whether they capture this water through their stomata, by
absorption, by adsorption, through hygroscopic processes or by the
interception and subsequent conduction of the water to their
rooting system, like Prosopis tamarugo in the desert of Pampa del
Tamarugal, where the mean annual rainfall varies between 1 and
15mm. These trees are shallow-rooting. Crowns can intercept fog and
thence water drips down on the soil where the roots are. This was
shown by Fusa Sudzuki, a plant physiologist from Chili, as depicted
in photos 1 and 5 (Sudzuki, 1969; Sudzuki et al., 1973; Sudzuki,
1985).
Masson ( 1948) has also described this phenomenon for Polycarpa
nivea (Webb), in Mauritania. This plant has two rooting systems, a
normal one that penetrates into the soil down to about 1m and a
second one consisting of elements that occupy a space of only a few
millimetres under the soil surface, over an area with a radius of
up to ten metres. This second system can thus extend over an area
of 200 to 300m2 , which forms a "drainage" zone that captures
surface water and dew, penetrating only very slightly into the
soil.
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Some Chenopodiaceae (Arvidsson,
1957) use water through a
hygroscopic process. This may be at the origin of an old forest of
Tamarix trees, of which the author found traces in the Sahara, near
Hassi Messaoud (Algeria) where the mean annual rainfall does not
exceed 100mm.
One can always try to determine the source of the water that
permits plants to grow in a certain place. When the author and his
collegues made a feasibility study for the irrigation of 50000ha in
the Sahara desert in Algeria, they found during the study of the
soil profiles, dead roots with their roothairs oriented upwards,
contrary to what would be expected. It was concluded that at times
there must have been dew in that area.
A few kilometres away,
at the airport of Irara,
at an
agrometeorological observation site of the SONATRAC, data had been
collected during numerous years. They showed that on various
occasions in the period from October to February, dew had been
observed for several days at the time. on other occasions, even
when there was no dew, the relative humidity of the air was often
near 90%.
A further observation lends credibility to this suggestion. At
700km south of this location, near Djanet, Algeria, the author has
studied a wadi (a non-permanent cours of water in semi-arid
regions) that was thought capable to irrigate about 10000ha of
land. During the period of the study, there was virtually no
vegetation, even though there were many traces of dead roots. A
year later, the author happened to visit the area again, and was
surprised to see a quite luxuriant vegetation, the roots of which
went down to 1m depth or even more. The plants whose roots normally
did not go very deep, had "followed" the water down, as it
infiltrated the soil, to assure their survival. Mean annual
precipitation in this area is about 50mm. In that particular
December, 16mm had fallen, thus causing the transformation of the
rooting system.
Many persons that have worked in similar semi-arid or desert
conditions can cite similar cases; those mentioned are sufficient
to show that plants can explore all the different sources of water
that they can use in these inhospitable regions.
Measurements of dew have rarely exceeded 40 to 50mm per year. Some
believe that dew is not important in regions where annual rainfall
can amount to up to 1000mm, and thus dew represents only 4 or 5% of
the total. However, where annual rainfall is somewhere between 1
and 50mm, the appreciation of dew is different, because it can
represent a large part of total water resources. In many places,
such as the Atacama desert, dew is the only source of water.
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Along the coasts of Chili and Israel, wheat can be grown where
rainfall is well below the value of annual evapotranspiration.
Along th~ coasts of southern California, tomatoes, beans, sweet
peppers and other vegetables are grown during the summer months.
Dew and "calima", a type of fog, have a major influence on the
wheat production in the central provinces of India, where the crop
is very important.
orev ( 1987) suggests in his "Practical manual for desert range
improvement" that shrubs should be planted along the roads,
especially if they are recently made. Precisely at these places,
water runs off the slightly convex surfaces and at nighttime the
air above the roads cools by radiant cooling, often giving rise to
dew deposition.
One of the most surprising uses of occult precipitation in
agriculture can be found when examining the crops grown for more
than two hundred years in the Canary Islands, especially in
Lanzarote, where their cultivation has become an activity practised
by many (Photo 6) (Acosta Baladon, 1973). In this region mean
annual rainfall is only 145mm. Moreover, there is no rain during
the growing season of many vegetable crops.
In Yemen, the same concept is used for cultivating crops: occult
precipitation is used to complement scarce rainfall, notably for
the coffee crop (Photo 7).
Chaptal (1928), who worked in vineyards in the Languedoc region in
France, estimated that evapotranspiration was 269mm. During the
summertime the crops received only 54mm of rain. At that time,
Chaptal did not mention the influence of dew as an important factor
and suggested that the difference of 215mm was made up from inside
the soil. He measured water contents from experiments using
gravimetric methods. This led him to distinguish the different
amounts of water contributed by dew, by fog, by 11 condensation
within the soil 11 and "other sources". He gave the combined sources
the name of "secondary soil water resources".
Durand Claye, Moissenet, de Gasparin and others (see Chaptal, 1928)
have shown that several rivers have flows that seem greater than
would normally result from rainfall in the catchment area.
It seems opportune to end this section on dew with an explanation
of the different ways to report the amount of water vapour in the
atmosphere (Pettersen, 1968; De Fina & Ravello, 1973).
First, one should recall that the capacity of a volume of air to
retain water vapour increases with temperature. An example is:
Temperature
Maximum retention of water vapour
14 2 C
12 gramsjm3
2
20 C
17 gramsjm3
2
40 C
51 gramsjm3
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The meteorological bulletins that are transmitted every day often
provide information about the humidity of the air in terms of
relative humidity. The information shows that the relative water
content of the air varies continuously. It is expressed as the
actual number of grams of water vapour in the air at the time of
observation relative to the maximum number of grams that the volume
of air could contain at the temperature. The ratio is given as a
percentage.
For example, at 14 2 C the maximum amount of water that the air can
contain is 12 gram/m3 • If, at the moment of observation the
temperature was 14 2 C and the actual water vapour content was 6
gramsjm3 , the actual value of the relative humidity would be: 6/12
X 100

=

50%.

If more water vapour was added to this mass of air, held as if in
a transparent chamber, it would eventually condense and water
droplets would form on the walls of the chamber. At that moment,
the amount of water vapour in the air would be 12 gramsjm3 • The air
would be saturated, and at that temperature no more water vapour
could be added to the air.
3.2

DEFINITION

After a sunny day, with little or no wind, and an evening with a
clear sky, even though humid, the next morning might show the grass
fields, trees and other vegetation or objects exposed to the sky
covered with small water droplets of various sizes.
This phenomenon
formation.

of

the

formation
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water

droplets
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dew

DEW IS THE DEPOSIT OF WATER DROPLETS ON OBJECTS THE SURFACE OF
WHICH IS SUFFICIENTLY COOLED, GENERALLY BY NOCTURNAL RADIATION, TO
BRING ABOUT THE DIRECT CONDENSATION OF THE WATER VAPOUR FROM THE
SURROUNDING AIR.
Whenever the air temperature around different objects, such as
leaves, flowers, grass, windows or other exposed object falls below
the dewpoint temperature, water droplets of various size will form
on their surface.
3.3

DEW FORMATION PROCESSES - TYPES OF DEW

Dew is deposited because the air near a surface is cooled. To
understand the factors that determine dew formation, one must
analyse the factors that favour or inhibit the cooling of such
surfaces.
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1. Clear skies
During the night all surfaces loose heat by radiation to the
atmosphere, especially if the sky is clear. This may cause the
temperature of the radiating bodies to be as much as 2, 3, 4, or
even 5QC less than that of the surrounding air.
Experience shows that there is rarely or never dew when the sky is
cloudy. Cloud height may have an influence. Under high clouds
surfaces may cool by radiation, but not as much as under clear
skies. Clouds act as a cover that prevents heat loss by radiation
of surfaces underneath. such surfaces will mostly have the same
temperature as the surrounding air.
2. Degree of exposure of radiating surfaces

An isolated object loosing heat by radiation during the night, may
do so more easily and more quickly than a collection of objects
which may mutually intercept some radiation emitted by nearby
objects. This can be observed readily by looking at the amount of
dew deposited on grass surfaces in open areas and in protected
areas.
3. Low winds

When there is no or very little wind, the air mass around objects
is stagnant. It will therefore reach the same temperature as these
objects and water will condense if the temperature descends to the
dew point.
Under low wind speeds, less than 3mjs, dew deposit may increase. At
these wind speeds, the air in contact with objects is being renewed
by air from similar levels of height. This causes the formation of
dew to be continuous and abundant. When wind speeds become greater
than 5 or 6m/s, no dew is formed because the air is changed
rapidly. Then some evaporation may take place and the temperatures
of the surfaces in contact with the air may not become as low as
the dewpoint temperature.
4. The role of the greater density of cool air

It can be observed on some mornings that, in orchards, the tops of
the trees are dry or almost dry while the soil between the trees
may be covered in dew. Cooler air has a greater density and
descends between trees, as dew forms. The upper parts of the trees
are more exposed to radiation losses and cool more rapidly. As a
result the density of the surrounding air, cooling when in contact
with the leaves, increases and the air descends between the tress.
The air near the tops of the trees is replaced by slightly warmer
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air and the process continues. Thus the cooling of the upper leaves
and the deposition of dew on them is retarded or prevented. On the
soil, however, the process is different. Because the air can not
flow away, the surface of the soil continues to cool by radiation
and dew is formed abundantly.
In rolling country, dew is formed in the lowest lying areas. It can
often be observed that dew is formed in the valley bottom, while
there is little or none on the slopes. This phenomenon has the same
causes as the example of the orchards. When the air over the slopes
cools, it becomes heavier, descends to the valley floors and
continues to cool by radiation, eventually giving rise to dew
formation.
Knowledge of these characteristics may help to define processes to
use dew more efficiently for plant growth (see photo 6) or to help
devise frost protection measures.
5. Heat conduction
It can be observed that little dew is formed if an object with high
emissivity is placed on another object with good heat conductivity.
However, if it is placed on an object with poor heat conductivity,
dew may be deposited easily, because the surface with high
emissivity cools more rapidly. Crops fall into the second category.
They may cool even more rapidly when nocturnal evapotranspiration
takes place.
6. The emissivity of objects
The higher the emissi ve capacity of objects, the
nocturnal radiation loss, cooling and dew formation.

higher

the

TYPES OF DEW
condensation of water vapour can take place through different
processes. When the sun appears after rain has fallen, the soil
will heat up, water in the soil will evaporate and some will rise
to the soil surface. Another part will diffuse downwards and
condense when in contact with cooler soil at greater depth.
After a sunny day, the soil surface will cool during the night and
water vapour will rise from the lower, warmer soil layers to the
higher, cooler layers. Placing a plastic or metallic sheet on the
ground in the evening, one can observe water droplets on the lower
surface of this sheet the next morning.
These forms of water deposit are called "mounting dew" and,
strictly speaking, they are not a form of occult precipitation,
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because, instead of supplying water to the crop or the soil, they
are in reality a loss. Nevertheless, this process is important in
agricult~re, because certain agricultural operations are aimed at
increasing water retention in the soil by diminishing their
importance.
Real DEW is the water deposed on plants and objects in the open air
every time that the temperature of the air with which they are in
contact drops below its dewpoint. The most important form of dew in
agriculture is that deposed on leaves and on the soil.
3.4

METEOROLOGICAL CONDITIONS FAVOURING DEW DEPOSITS

It appears useful to summarize here the meteorological conditions
that favour the deposition of dew:
- a relative humidity at sunset of at least 75%,
- wind speeds less than 3mjs,
- clear skies.
In many temperate regions dew is relatively frequent in spring and
autumn.
3.5

MEASUREMENT OF DEW

Estimating the formation and measuring the quantity of dew is not
easy. The reasons are not only the microclimatic character of dew
and the influence of microrelief, but also the colour of the
vegetative cover, the crop density and other factors. Comparison of
measurements is difficult, also because measuring instruments are
very diverse in concept and performance.
In 1953, WMO adopted as a standard the dew gauge developed by the
israeli scientist DUVDEVANI (1947). The subsequent installation of
this instrument has made the comparison of observations easier.
The difficulty in distinguishing between dew and water absorption
by plants has already been mentioned. Often dew formation is
accompanied by other types of water deposits. Among these is the
phenomenon of guttation, a physiological process of exudation of
water from the leaves, dependent on atmospheric conditions in a
different manner.
In the following historical review of different methods of
measuring dew (see also Masson, 1948}, the importance of examining
comparative attempts is stressed, before conclusions about methods
are drawn. Another criterion is the choice of a method that is not
only precise but also practicable. The latter aspect may be judged
in part from the description of the instruments and methods that
follows. This overview will mention some of the principles on which
the different methods are based.
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BOUSSIGNAULT (1844) used sponges to absorb dew, weighed them before
and after exposure and obtained the weight of dew deposited. This
method did not have a very high precision.
WOLLNY (189.2) used plants grown in pots whose external surface had
been varnished. He covered some of the plants as control and left
the others exposed so that dew could be deposited on them. He
proceeded to weigh both sets of pots to deduce the quantity of dew
deposited. HOUDAILLES (1893) used the fact that glass has a higher
emissivity than metal, almost similar to that of a black surface,
like the leaves of plants. He used plates of .25 cm2 of polished
glass to capture the dew, exposed all night, and protected the next
morning against evaporation.

i

3JO
;>. 00

4co

'/ /--:,(/ n ./,./ ., /"'/

~

.r

F

I

.r

I/

7/T

6GI

~ I

L
Fig. 17. Drosometer by Kerner, modified by Adrianoff.
Zeitschr., 19.27, p. 4.26-429).
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KERNER (189.2) made a more complex dewgauge (called a drosometer).
This instrument consisted of a graduated tube, 0.30m long, with an
aluminium disk at the top end and a copper drum at the lower end.
This part floated in a cylindrical container o.aom high, the drum
and part of the tube being immersed. The graduations on the tube
indicated on one side the weight of dew in grams, on the other the
equivalent height of water. To measure the amount of dew deposited
a sponge was placed on the aluminum disk at the top. Observations
were made between 5 and 6 am., after drying the lower face of the
aluminium disk, if dew had also been deposited there. ADRIANOFF
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(1927) modified this instrument. He attached the stem to a small
horizontal rod of aluminium 3mm in diameter. In the latter, he
drilled two small holes guiding two threads. At the end he attached
an ink pen, writing on a recording drum, activated by a watch
movement (Fig. 17).
PARCHINGER (1918), in Austria, measured dew by placing, early in
the morning, a piece of blotting paper of 400cm2 on the grass until
it had absorbed all the dew. He measured the amount of rime frost
in a similar way. Water deposited on leaves below the upper surface
may go unmeasured.

Fig. 18. Drosometer by Raymond; cp = the counterweight sliding on
a vertical axis (La Meteorologie, 1927, 141-142).
RAYMOND (1927) produced a "drosograph", one of the most used at
that time. It was a small light raft with a surface of 10cm2 ,
covered with stems of grass, placed on one of the scales of a
Roberval balance. The movements of the balance were recorded on a
revolving drum (Fig. 18).
VISSER (1930) placed two pieces of filterpaper, with an area of
1300 cm2 , on the soil. The two were separated by a glass plate. The
lower piece absorbed the water condensating because of water vapour
rising from the soil, the upper piece absorbed dew. Visser (1934)
later modified the method and measured dew by placing a small
bundle of grass on a balance.
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HILTNER (1930) made measurements with various objects, such as
hairs, glass, pig hairs, and strings of violins. ZATTLER (1932)
used a plaid of horses' hair, in the form of a square with sides of
10cm in a study of the effect of dew on the growth of hops. KELLER
(1933) developed another method using two sheets of filterpaper
clamped lightly together by four small pegs.
LEICK (1932) used plates of 10 x 10cm and 1cm thick made up of 2
parts of silica, 4 parts of gypsum and 8 parts of distilled water,
or 50 grams of silicious soil, 100 grams of gypsum and 200 grams of
distilled water. These plates were exposed to the atmosphere in a
coverless tin box. This method was relatively widely used at the
time.

c

Fig. 19. Drosograph by Delcambre (La Meteorologie, 1934, 452-454).
E = funnel; B = drop counter; c = cylinder; o = axis of the lever;
D = supporting point; P = vertical plate; K = zero-set button; F =
system to adjust the instrument; G = transparent protective cover.

DELCAMBRE (1934) devised a "dripping drosograph" (Fig. 19). Dew
accumulates in a container, and forms drops. Every time a drop
forms, the fact is recorded, using a system of small rods, on a
recording drum. This instrument provides both the hour when each
drop of dew is deposited and so its rate of deposition.
Unfortunately, this instrument records only fairly heavy dewfalls.
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BUJOREAN (1935) invented a volumetric method. The receptacle was a
round glass plate of 200cm2 , inclined at 5Q from the horizontal.
Excess d~w flowed from the plate towards a graduated tube, in which
the volume was measured. The plate was 50cm from the box with the
recording instrument, to reduce possible radiation interference. At
sunrise a watch-based mechanism switched on a system to prevent
possible evaporation, which was thought to commence at that moment.

Fig. 20. Drawing of the balance of Lehman and Schanderl ( 1942).
Profile and groundplan.
LEHMANN and SCHANDERL (1942) perfected a method using a balance
with a span 1.60m long and with a maximum load of 250 kg, accurate
to 1 gram (Fig. 20). Dew would deposit on soil placed in a
cylindrical container 0.50m high and with an area of 1220cm2 • This
method permitted a precision of measurement corresponding to an
equivalent of rainfall of o.0082mm.
Among the methods and instruments approved and adopted by the WMO
is the DUVDEVANI (1947) dewgauge. The instrument is a piece of
wood, 32 x 5 x 2.5cm, covered with several layers of paint which
cause the dew drops to have characteristic forms. During the
afternoon this instrument is placed at a height of 1m. The next
morning at sunrise the observations a~e made by comparing the form
of the droplets on the instrument with those in photographs. There
are 16 photographs depicting 8 different levels of dew intensity,
because a certain value of dewfall can have more than one
appearance. It also allows the observer to distinguish dew from
rain. The sensitivity of the instrument permits observations within
the range 0.01 to 0.45mm.
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There is also a drosograph by KESSLER ( 1939), made of a very
sensitive balance linked to a plastic saucer of known dimensions,
on which dew falls. The weight of the saucer is continuously
recorded on a rotating drum. Thus data on the beginning of dewfall,
its evolution and total quantity are recorded. This instrument is
liable to give incorrect data on days with strong winds and when
dust blows.
The methods can be classified.
a. gravimetric methods
These are the oldest ones. They are based on the weighing of dew.
The most frequently used are those of Raymond, Macetas, Leick and
Kessler. Using ordinary balances, Harold and Dreibelbis (1951) in
Ohio measured quantities of 2mm per night and 250mm per year.
b.optical methods
The best known of the optical methods is the·· one developed by
Duvdevani. Not only is it one of t.he few that are globally
accepted, but also it has, after a series of controlled tests, a
certain consistency and reliability relative to other methods. The
instrument is not expensive and is simple to use. It is used in
many countries and in regions with very different climatic
conditions.
c. calorimetric

metho~

Calorimetric methods were tested in Pretoria (Nagel, 1956) against
other methods. The principle is based on the use of a strip of
filterpaper, specially prepared to change colour as a function of
humidity.
d. volumetric methods
These methods aim at mesuring the volume of dew that may have been
deposited on an object. Among these is the method of Bujorean and
the methods based on recovering the water deposited on a plastic
sheet of known dimensions.
e. thermoelectric methods
These methods are used at the surfaces of plant leaves.
f. other methods
Among the other methods are those that are based on the absorption
of water by leaves. These are a function of the variation in the
degree that different plants show their hygroscopic character.
Chenopodiaceae, followed by certain Solanaceae are the most
efficient ones, especially Chenopodium betula albus, Chenopodium
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murale, Beta vulgaris var. pilosa and Beta vulgaris, the sugar
beet. Others are some species of Tamarix and the potato, Solanum
tuberosurp.. Measurements made on living tissue, such as plant
leaves, do not facilitate the distinction between dew and absorbed
water vapour, especially at low leaf turgidity (Slatyer, 1967 and
other authors).

There is, thus, a great number and variety of instruments to
measure dew. Given the great diversity of microclimatic conditions
encountered, it is difficult to make a systematic judgement on
their value. It may be desirable to develop standards for such
instruments, like those for evaporation, so that data would be more
readily comparable.
3.6

THE IMPORTANCE OF DEW AND ITS USE IN AGRICULTURE

Like other forms of occult precipitation, such as fog and from
atmospheric humidity, dew can play a major role in the lifecycle of
crops and forests. Its importance varies with the climatic regions
considered. In tropical and subtropical regions with low rainfall,
but close to seas, rivers or lakes, the high daytime temperatures
cause high evaporation, and water vapour will remain in the ambient
air. During the night, when temperatures decrease, condensation may
occur, covering crops with dew or fog.
Many regions of the world have an annual rainfall total of 100 to
300mm. Where they are near an area of open water, one can find
vegetation, crops or forests that would normally be found in areas
with higher rainfall. There are even some occasions where dew and
condensation of atmospheric humidity are the only source of water
for desert plants.
In regions with high annual rainfall totals, dew does not supply an
important proportion of the water. Annual totals of dew are rarely
more than 50mm. The effects of dew in these cases depends very much
on species. Some use it more efficiently than others. The lower
species of plants, such as algae and fungi, can use these sources
of water very efficiently. Certains higher species of epiphytic
plants such as orchids and Bromeliaceae, are well adapted and have
a morphology that allows them to make good use of dew. Other higher
species of plants are also well adapted, such as Prosopis tamarugo
in the Atacama desert and Schinus molle. The latter, which can be
found in the Atacama desert and the Sahara, resists not only water
stress but also hot temperatures and, moreover, has resistance to
the very cold temperatures that can occur at night. Furthermore,
there are species of eucalypts, acacias, tamarix and casuarina that
grow in the coastal deserts.
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Crops like cereals, tomatoes, sweet peppers, watermelons, potatoes,
sweet potatoes, tabacco and grapevine often make use of different
forms of occult precipitation for their development, if they grow
in regions where annual rainfall may be only 20 to 250mm (photos 6,
9, 10, 11 and 32).
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Fig. 21. A specimen of Prosopis tamarugo, 2 or 3 years old, from
the village of Refresco, and the percentages of soil humidity
observed at different depths, in m, (Sudzuki, 1985).
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From 1960 Sudzuki (1969) studied the physiology of Prosopis
tamarugo. She showed that under some conditions the roots can
transport water towards the soil,
so that the soil may,
momentarily, have a water content somewhat higher than the field
capacity. Research on Prosopis tamarugo was taken up again by
Pastenes (1972). In one experiment he wetted the leaves of plants
that had a water deficit. These plants developed new sprouts and
leaves to accelerate the process of absorption, exudation and
transport towards the roots and soil. The results of this research
corresponded with those of Sudzuki (1969). The soil water content
at different depths in the soil under Prosopis tamarugo of 2 or 3
years old, shown in Fig. 21, confirms some of the information
presented above.
It is opportune also to mention some of the disadvantages of dew
for certain agricultural crops. Early in the growth cycle of a
crop, dew may favour the development of bacteries and fungi, some
parasitic, if the temperature at that moment is favourable. This
may gives rise to crop diseases, such as a mildew on grapevines,
mosaic disease in tobacco and a mildew in potatoes.
When ruminant animals eat green fodder, such as alfalfa, after it
has been wetted by dew, they may develop a disease called
tympanism. The cure includes evacuation of the gasses developed in
the stomach through a puncture. It is therefore important to make
sure that the alfalfa is dry when it is given as fodder. on the
other hand, alfalfa used for silage should be neither too wet,
because it might develop mould, nor too dry, because it would break
to a powdery form, unsuitable for sileaging.
There is another form of occult precipitation. It occurs several
hours before dew would occur and consists of the absorption of
water vapour by the plants or the soil. This occurs very often,
almost daily, while dew and fog usually occur only occasionally.
Some quantitative information on the amounts of annual rainfall and
evapotranspiration in the regions where occult precipitation is
used as a source of water in agriculture may be useful (Acosta
Baladon & Gioda, 1991). The amounts of rainfall are:
Cape Verde Islands, Mayo island
canary Islands, Lanzarote
USA, Southern California
Chili, Mont Temblador, Los Vilos

100mmjyr
145mmjyr
250mmjyr
75-200mmjyr.

These amounts can be compared with estimates of the amount of
evapotranspiration ( Blaney & Criddle) for the duration of the
growing cycle of some crops at Lanzarote, canary Islands:
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778mm
640mm
579mm
351mm
539mm
658mm.

Tobacco
onions
Grapevine
Potatoes
Tomatoes
Watermelons

The total amount of rainfall on the island of Lanzarote for the
period May 1960 to December 1961 (20 months) was only 50.4mm.
Nevertheless, most crops had reasonable yields. In 1979 only 60mm
of rain fell during the watermelon season on the island of Mayo,
Cape Verde. Nevertheless there was a reasonable harvest. The photos
1, 5, 6, 9, 11 and 32 show crops on these islands that had not
received a single drop of rain during their growth cycle.
For more than two hundred years, a system of agriculture based on
the use of dew has been perfected on the island of Lanzarote. This
can be seen for grapevines in photos 6 and 10. The plants are grown
on natural or artificial hollows so that when the air cools, it
drains into these hollows and deposits water when it cools below
the dewpoint. The dew rarely penetrates more than 1.5cm into the
soil, but the air in the top 20cm of the soil is often totally
replaced in about one hour. Photo 11 shows the upper part of the
soil profile in a potato field in Lanzarote. It is almost totally
moist, even though there had been virtually no rain during the
growing season. Moreover, the soil is sandy, providing good
drainage.
In the upper part of a cultivated silty soil, the soil pores that
contain water and air normally represent about 50% of the total
volume. Under good growing conditions, water and air are about
equally represented, though these percentages vary with the climate
and the agricultural operations (Lyttleton & Buchman, 1952). The
penetration of dew and water vapour into the soil depends on soil
texture (granulometric composition, clay, silt, organic matter) and
the state of the surface of the soil (normal, compacted or worked
for better soil porosity). This also affects evaporation losses
through capillary action, especially in clay or compacted soils.
•ro reduce evaporation from a moist soil and to favour the supply of
water through condensation or dew through a better circulation of
air in the soil, the tillage should promote the structure of the
soil and reduce capillarity. Climatic conditions that cause the
soil to dry also activate the circulation of the air. Lebedeff (in
Lyttleton & Buchman, 1952) , who worked this subject in Odessa,
where annual rainfall varies between 400 and 450mm, has shown that
the upper layers of the soil absorbed relatively important
quantities of atmospheric condensation when the temperature of the
air in the soil pores was lower than that of the outside air. He
estimated that the amount so absorbed was equivalent to an annual
rainfall of 135mm.
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In the past it was thought that capillary water could rise, under
the influence of surface evaporation, from as deep as 3 or 4m. It
is now thought that no water rises from more than 60cm and that
little comes from more than 30cm depth.
The
author
observed
the
work
of
a
farmer
near
the
agrometeorological station near Bamako, Mali. When the end of the
rainy season approached, the farmer cultivated the soil surface
lightly, increasing the aeration of the soil and improving its
structure. This was different from the practices on nearby fields.
When asked, the farmer said he did the work "to give freshness to
the plants". The farmer had judged correctly, because during the
daytime the soil surface heated up considerably, while it cooled at
night. There was thus a gradient of water vapour from depth towards
the surface, which condensed in the top layers and became available
for the surface root system.
The farmer's labour thus had two effects, reducing evaporation
during the day and providing water to the superficial root system
by the creation of conditions favouring absorption of atmospheric
water vapour, especially in the two hours before sunrise. This
phenomenon can take place on almost all days. Moreover, the labour
eliminated the weeds from the field, thus providing an additional
economy in use of the available water.
The same effects can be obtained by the use of mulch, made of dry
leaves etc., or by covering the soil with a thin (8 to 12cm) layer
of sand of 1 to 3mm diameter. The latter operation presents the
advantage of avoiding the development of a soil crust, reducing
capillarity and promoting the circulation of air in the soil and
the possible absorption of water (photos 9, 12 and 13).
This technique, used succesfully for two hundred years in the
Canary Islands (especially in Lanzarote), has also been introduced
since 1920 into south-east Spain (Granada, Almeria) (Acosta
Baladon, 1973). In Lanzarote a volcanic gravel, "lapilli", is used.
It is in abundant supply and its black colour increases nocturnal
long wave radiation loss. It is a porous material that favours the
circulation of air and offers a greater surface area for
condensation. On the island of Sal, Cape Verde, a similar material
can be found. On the islands of Tenerife and Grand Canary this
material is yellowish in colour.
Some fodder crops, such as some chenopodiaceae, grow well using
mainly dew and atmospheric water vapour, as observed in the Sahara,
Atacama and Australian deserts. These crops are being developed in
the Negev, Israel, where varieties from Chili and Australia have
been imported and improved.
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3.7

DEW FORECASTING AND ITS USE IN AGRICULTURE

The temperature and the humidity of the air near the soil have a
very important effect on the development of plants and microorganisms.
Short-wave solar radiation is absorbed by the soil and re-radiated
as long-wave radiation. This has a major influence on the heat
regime of the air. The relative water vapour content of the air
varies with temperature. Under the effect of solar radiation, humid
air heats up faster than dry air.
Because humidity and warmth are major meteorological factors
influencing vi tal processes, a quantitative knowledge of these
factors is indispensable. There are different ways to express
humidity, often interlinked and a function of temperature. This
study is most concerned by the dew point. A few definitions are
given:
The ABSOLUTE HUMIDITY is the mass of water contained in a unit
volume of moist air.
The VAPOUR PRESSURE is the pressure exerted by a vapour in a
confined space. The symbol used is "e'"· The unit of measurement is
the millibar, mb.
The SATURATION VAPOUR PRESSURE is the maximum possible partial
pressure of water vapour in the air at a specific temperature and
pressure. The symbol used is "e'w"· The unit of measurement is the
millibar, mb.
Air is called saturated when it can not contain any further water
vapour.
The SATURATION DEFICIT is the difference between the actual vapour
pressure and the saturation vapour pressure of a parcel of air at
a specific temperature and pressure. It is designated by the
symbols "e'w- e'"· The unit of measurement is the millibar, mb.
The DEW POINT is the temperature to which a volume of air must be
cooled at constant pressure and constant moisture in order to reach
saturation; any further cooling causes condensation. The symbol
used is "Td" •
White frost is deposited in stead of dew when the temperature falls
below 0 2 C.
The RELATIVE HUMIDITY is the ratio of the mole fraction of the
water vapour in the air to the corresponding mole fraction if the
air were saturated with respect to water at the particular pressure
and temperature. The symbol used is "Uw"· The unit of measurement
is the percentage, %. It is the ratio between the water vapour
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pressure at the temperature of the air and the saturation vapour
pressure of that air. The fraction is multiplied by 100 to yield a
percentage. Therefore, relative humidity varies always between 0%
(totally dry) and 100% (totally saturated).
For each temperature there is a maximum vapour presssure. If more
water vapour could be added to that mass of air, condensation would
result. Normally, the amount of water vapour in the air is less
than the maximum, and the water vapour is not visible. In saturated
air, the excess water becomes visible in the form of cloud
droplets, fog, or dew droplets on exposed surfaces.
3.8

THE DETERMINATION OF THE DEW POINT

Dew formation depends greatly on certain microclimatic factors that
influence frequency of occurrence and intensity. The dew point is
an important determinant. It can be estimated empirically or
measured using different instruments.
1. An empirical method
This method is based on experience, knowing at what time of the
year dew occurs most frequently, the places where it occurs and the
corresponding stages of development of the plants. Using this
experience, one evaluates the approximate relative humidity, the
state of the cloud cover, the temperature, the wind and the changes
of these variables at sunset. Farmers' forecasts of dew are rarely
mistaken.
2. The psychrometer
The psychrometer is composed of two thermometers and a tube filled
with water that serves to keep one of the two thermometers
continuously moistened during the observations (Fig.22). It has
been used by meteorological services for many years. The instrument
serves to determine dew point, relative humidity and water vapour
pressure. These are calculated from the observed temperatures using
psychrometric tables.
The instrument has to be installed in a well-ventilated place,
shaded from direct sunlight and at a height of 1. 50m above the
ground. The two thermometers must be identical. One is the dry-bulb
thermometer, and serves simply to measure the air temperature. The
other is the wet-bulb thermometer; its bulb is covered by a wick
which hangs in a container filled with distilled or rain water.
The water in the wick around the wet-bulb evaporates. This process
requires energy which is taken as heat from the bulb of the
thermometer, which cools and indicates a lower temperature than the
bulb of the dry thermometer. The evaporated water is constantly
replaced by water from the reservoir which rises along the mesh of
the wick. A steady state of water flow and loss develops as a
function of the rate of evaporation.
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The rate of evaporation, and therefore the reduction in the
temperature of the wet-bulb thermometer, is a function of the
relative humidity of the air. When the air is dry, the rate of
evaporation will be high. When the air is saturated, the rate of
evaporation becomes nil. At any relative humidity and air
temperature, a steady state develops, resulting in a steady
difference between the wet-bulb and dry-bulb temperature. The
psychrometric tables give the relative humidity, the vapour
pressure or the dew point, as a function of this difference and the
air temperature. For practical reasons, the wet-bulb temperature is
sometimes used in the tables in stead of the dry-bulb temperature.
The value can be read at the intersection of the column and the row
indicating
the
wet-bulb
depression
and
the
temperature
respectively.
A psychrometer can be installed easily, but some care must be
taken. A different shape of water reservoir can be used, provided
that there is sufficient distance between the mass of the water and
the wick around the bulb of the thermometer, but the wick must be
properly wetted. The wick must always be clean. It must be cleaned
when a crust of dust or salt develops, as is often the case in
coastal or dry areas. If the mass of water is too close to the
bulb, or the mesh too thick, or the wick too wet, the bulb measures
the water temperature and not the correct value of the reduction in
48

temperature caused by the evaporation. The relative humidity values
will appear higher than true. A psychrometer never shows values of
relative humidity that are too low. Low values can always be
assumed to be correct. However, if values appear higher than
probable, then the functioning of the instrument should be checked.
The DEW POINT is a function of the actual water vapour pressure
only. The following figures indicate the variation of the humidity
of the air with temperature:
Temperature
llC

-

20

- 10
0

10
20

30

Absolute humidity
gjm3

1.1
2.4
4.8
9.4
17.3
30.4

Saturation vapour
pressure, mb
1.25
2.86
6.11
12.27
23.37
42.43

3. The polymeter
The polymeter (Garcia de Pedraza & Garcia, 1978) is an instrument
that measures many meteorological parameters, such as relative
humidity, temperatures, dew point and vapour pressure. The
instrument (Fig. 23) is made up of two components. The first is
essentially a hair hygrometer. The hairs (if possible from a blonde
person with straight hair) vary in length with changes in
atmospheric humidity. The variation in length is transmitted to a
needle, indicating on concentric scales the relative humidity in
percent and the "degree-numbers", graduated from o to 30.
The second component is a thermometer with two scales, one in 2 C,
from -30 2 C to +50 2 C, and the other in saturation vapour pressure in
mb or millimetres mercury.
The polymeter should normally be installed in a meteorological
screen, and never be exposed to direct sunlight. It is mounted on
wood for thermal isolation. To reconstitute the proper functioning
of the hair, especially in hot seasons, one should cover the
instrument with a moist cloth for 30 minutes or until the needle
indicates 95%. If this value is not shown, the instrument should be
adjusted.
The dew point is determined with the help of the tri-dented tip of
the needle and the scale of 11 degree-numbers 11 • When the temperature
is between 0 2 and 10 2 C, the right-hand point indicates the degreenumbers to be used; when the temperature is greater than 10 2 C, the
left-hand point is used. At temperatures below 0 2 C the figure is
obtained by extrapolation, subtracting from the temperature read
the number of "degree-numbers". The corresponding value of the
vapour pressure can be read on the right-hand scale of the
thermometer.
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Fig. 23. Polymeter. Z = tridented needle; 0 = axis; K = unit to
connect the hairs to the needle; g = counterweight; H = bundle of
hair; f = spring; r = knob for adjustment.

An example is given using the following data:
indicated relative humidity:
65%
17QC
indicated air temperature:
indicated vapour pressure:
14.6mm or 19.4mb
The dew point can be calculated by either of two methods. When the
needle indicates 65% relative humidity, the corresponding value on
the scale of degree-numbers is 6. 7, read against the left-hand
point of the trident (the temperature being 17QC). If this value is
substracted from the temperature, the value given for the dew point
is 10.3QC. However, the actual vapour pressure also can be obtained
by multiplying the value of the maximum vapour pressure, read
against the temperature, by the value of the relative humidity. on
the thermometer scale one can read the dew point temperature
directly opposite the actual vapour pressure. In this case: 14.6mm
x 65% = 9.5mm, or the value opposite 10.3 2 C. The two methods can be
used as a mutual verification procedure.
Knowledge about relative humidity and dew point can be used in
several subject areas.
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Pest and disease assessment and control
The effects of certain combinations of temperature and humidity,
such as warm temperatures and persistent dew or fog in the
springtime, can greatly influence pest and disease development.
Knowledge of the criteria for specific diseases and crops, such as
mildew on grapevines (T = 22 2 C, r.h. = 70%), Cercospora on sugar
beet (T = 28 2 C, r.h. = 90%) and rust in wheat (T = 20 2 C, r.h. =
95%) , and the actual meteorological conditions, can make crop
protection measures more easy to schedule. They can also help to
indicate the probability of occurrence of pests and diseases.
Efficiency of crop protection measures
The use of chemical products (fungicides, herbicides, insecticides,
fertilizers) has become of great importance in agriculture. The
methods of appplication and the choice of equipment are closely
associated with the atmospheric factors, especially the relative
humidity, the temperature and the presence or absence of dew.
Harvesting practises
These also depend on the atmospheric conditions and especially on
humidity. Examples are the harvest of cotton, wheat, and alfalfa.
Frost forecasts
The subject of frost will be treated in another chapter. The
process of formation has several contributing factors that are
similar to those considered in the case of dew. Nights with frost
occur more often when the humidity is low. Frost forecasts are
always based in part on considerations of humidity and temperature.
If the temperature at sunset is low, say 3 2 C, and the dew point is
-4 2 C, there may almost certainly be frost damage to plants. The dew
point is likely to be very close to the minimum temperature
recorded the next morning.

3.9

USE OF DEW IN COASTAL REGIONS

In coastal areas the possibilities for the use of occult
precipitation, including dew, are most varied and greatest. Close
to the sea, the higher atmospheric humidity promotes frequent and
relatively heavy dew formation. There are frequent interactions
between dew, fog and absorption of atmospheric humidity by plants.
When the temperature near the ground descends below the dew point,
condensation occurs on the soil and other objects but water vapour
can also be directly absorbed by the plants.
HORTICULTURE
Tomatoes, sweet peppers and onions are often sown on seedbeds to
gain time and facilitate crop protection. Watermelons are often
sown directly in the field. In an area and season when rain is
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expected, one can wait until 5 or 10mm has fallen before sowing. In
dry regions a small amount of water, 200cl, may be given to promote
germination.
It is useful to sow or transplant plants at a somewhat greater
spacing than usual. The nocturnal cooling of the stem and leaves,
and the resultant interception of water vapour, is greater when
plants are isolated. There will also be less competition for any
water available in the soil. To reduce the evapotranspiration,
small hedges, protecting the plants frorn the wind, can be planted,
even if only 20 to 25 cm high. Fertiliser should, if possible, be
applied individually to each plant just before rain falls.
In coastal regions, temperatures are often moderate, and plants can
even be grown on sandy dunes, as shown in photos 1, 6, 10 and 11.
Crops may be much more productive, if one can surround them with a
mixture of coarse sand (1 to 3mm) and dung (Acosta Baladon, 1973).
The procedure is:
1. Level and clean the soil.
2. Cover the soil with a layer of dung, 2cm thick if possible, less
if not.
3. Cover the dung with a 8 to 10 cm layer of coarse sand (photos 12
and 13). Some crops, like strawberries, prefer a thinner layer
(2cm).
4. When planting or sowing, the depth should be such that the young
roots should be in the layer of dung. The planting hole should be
filled progressively and with care (photo 12).

This way, nocturnal cooling of the ground will be greater and the
circulation of air that transports the water vapour that may
condensate on the cool surfaces will be enhanced, resulting in
earlier crops.
The system avoids or reduces the effect of climatic constraints for
crops like potatoes, green beans, onions, peas, chick peas, lentils
and garlic.
VINEYARDS AND FRUIT CROPS
Grapevines should be planted in hollows, 1.5 to 2m deep and 3 to 4m
in diameter so that cool air can drain into the hollow and water
deposits are favoured. Small stone walls can be constructed to
prevent the sides from caving in. Roots will grow directly into the
soil. For wind protection, walls can be constructed around pear and
apple orchards (photo 10).
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FORESTATION AND REAFFORESTATION
In the coastal areas of Lebanon, Marocco, the Cape Verde Islands
and the canary Islands and in regions where fog is rare, one can
encounter species like eucalyptus and acacia. The secret of their
continued growth lies in the way they are planted and the care they
receive until such time as they can survive in their own right.
Among these are:
1. selection of the varieties that are best adapted to the climatic
conditions in the region concerned;
2. choice of the optimum planting time, either:
a. when rain occurs, so that they establish themselves well
after planting;
b. when there is no rain.
In the first of these latter two cases, seedlings should be
established in seedbeds and transplanted just after a rain. In arid
zones, about 10 litres of water should be given in the planting
hole at planting, and they should then be watched carefully during
the next two months, being watered only in case of real need.
In the second case, a bucket of water should be poured into the
planting hole at planting, to make sure that the soil in contact
with the roots is moist, and from then on water should be given
systematically until such time as the plant can develop with the
aid of the occult precipitation that occurs in the region. Such a
period rarely exceeds 60 days. No excess of water should be given;
it is better to water frequently and lightly, so that initially the
rooting system is near the soil surface to exploit better the
possible occult precipitation (black and white photograph 7).
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CHAPTER 4. FROSTS

Frosts (Burgos, 1963) are one of the forms of hydrometeorological
deposits that can cause great damage in agriculture. To the extent
that they contribute water to the soil or the plants, they form
part of the "occult precipitation". This is, in particular, the
case of radiation frost, when it is present as white frost.
From the agronomic point of view, different authors suggest
different manners in which frost causes damage to vegetation. Some
compare the tissue of the plants to a system that distributes
water, because of the presence of capillary tubes and intercellular
spaces. They situate the damage at the moment when the water
freezes, because its expansion within the tissues ruptures them, so
that they die.
Other authors attribute the damage to a lack of equilibrium in the
plant
physiological
processes.
When
temperature
decreases
sufficiently, water freezes. There is insufficient absorption of
liquid water because the soil cools more rapidly than the moisture
in the plant and that in turn more rapidly than the outside air.
Thus a disequilibrium in the transpiration and absorption processes
is created within the plant tissue; the water that leaves the cells
is not replaced. In fact, the plant dries out and wilts.
4.1

DEFINITION

A few remarks may be required before a definition is given.
The first concerns the agricultural aspect of frost.
In
agriculture, one speaks of frost when the air temperature descends
sufficiently to cause the death of plant tissues. This concept can
not be applied in general. There can be differences in the
mortality of tissues and plants that are very near to each other;
plant health can be different; some plants are more resistant,
because better provided with nutrients or water; or because of the
density of the plant stand. Furthermore, there are differences
between plant species. Depending on their stage of development
(germination, first leaves, flowering, early fruiting) some are
more tolerant than others and show quite different symptoms.
Finally, there is an effect of microclimate, the exposure to
radiation, crop colour, soil water content and other factors.
The strictly meteorological definition of frost is: "FROST OCCURS
WHEN THE AIR TEMPERATURE IS EQUAL TO OR LESS THAN THE FREEZING
POINT OF WATER ( o QC) 11 • This is measured in the meteorological
screen (1.5m above the soil surface).
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In agriculture, temperatures near the soil can be from 1 to 4 9 C
lower than those in the screen. For the assessment of the effect on
crops, observations at lOcm above the grass are indispensable.
Unfortunately, such observations are rare and a frost-climatology
does therefore have to be based on screen observations.
A distinction can be made between radiation frost (white frost) and
advection frost.

4.2

RADIATION FROST OR WHITE FROST

Whenever there is a high pressure area with cold and dry air, the
sky is generally clear, the wind calm and at night the surface of
the earth is subject to radiative cooling. Under such conditions a
stratification develops in the lower layers of the atmosphere, with
the coolest layers near the surface and an increase in temperature
with height. At night the soil surface cools even more. Normally
under such conditions the higher levels are warmer. Therefore the
radiatively cooled layer is called the thermal inversion layer.
This inversion layer plays a fundamental role in the occurrence of
frosts, because it forms a barrier to heat exchange with the layers
above. The lower, very cool and often transparent air stagnates.
As was the case with dew, cloud cover is important because it
prevents loss of heat from the soil to the atmosphere and limits
the occurrence of extreme temperature variations. Under clear skies
the heat loss, and thus the risk of frost is greater. Wind also
affects the occurrence of radiative frosts. When the air is calm,
it tends to stratify and favours low temperatures in the layers
near the soil. But when there is wind, the layers of air mix easily
and temperatures near the soil do not fall as much. Finally, the
humidity of the air is an important factor. When temperatures
decrease, condensation may occur, which liberates heat. This
phenomenon is also used to reduce frost damage to crops, notably
through sprinkling or surface irrigation.
4.3

ADVECTIVE FROST OR BLACK FROST

Strictly speaking, the discussion of this type of frost does not
belong in this book, because advecti ve frost is not a form of
occult precipitation. It does not supply water. Mention is only
made here in the context of the discussion of frosts. This type of
frost is called black frost, because the leaves and branches of the
vegetation turn black when it occurs.
Advective frost is a frost caused by an incursion of a cold and
usually dry, airmass, often of polar or arctic origin, reducing the
temperature below 0 9 C. Because of its dry nature, no white frost
forms, a reason why farmers make the distinction.
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4.4

DAMAGE CAUSED BY FROST

Frosts
-

can be characterised according to certain criteria, such as:
the season in which they occur
their intensity
their duration
their origin.

A distinction can be made between spring and autumn frost, winter
frosts and summer frosts, and their effect is different. Often
spring and autumn frosts are more damaging because of their moment
of occurrence rather than their intensity. Temperatures below 0 2 C
may or may not cause damage depending on the stage of development
of the crop. A frost can "surprise" the crop depending on its
sensitivity to frost in different stages.
The effect is very different if frosts occur in the winter time,
when certain plants in a resting stage can survive temperatures as
low as -30 2 C, or if they occur when fruit trees are in full bloom,
when fruits start to set, or is ripening. In the latter cases even
temperatures of only -3 2 C can cause the total loss or malformation
of the major part of the fruits.
The following table shows the temperatures, in 2 C, at which damage
is caused to some fruit trees at different stages of development
(De Fina & Ravello, 1973):
Name of
tree
citrus
orange
grape
peach
pear
cherry
apple
prune

Dormancy

Buds
still
closed

-1

-3

-7
-17
-26
-29
-29
-34
-34

Flowering Small
green
fruits

-1
-4
-4
-2
-4
-3

-0.6
-3
-2
-2
-2
-2

Ripe
fruits

-1
-2
-0.6

-2

-1
-1
-1
-2

-1

The majority of cereals, vegetable crops and fruit trees do
experience some damage when temperatures descend below 0 2 C, others,
such as cacao and rubber do not at all withstand low temperatures,
even well above 0 2 C.
In any agroclimatic study the intensity of possible frosts should
be examined, because that knowledge can help in selecting the most
appropriate varieties. Among the citrus fruits, for example, the
lemon tree may die at temperatures below -3 2 C, while the orange
tree does not die until temperatures reach -7QC.
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The duration of frost also is important. A short spell of low
temperatures can cause partial damage to a plant, from which it can
recover, while a longer spell can be lethal.
Again, the damage depends on the stage of development of the crop.
The following damage would be caused to apple trees of the variety
Jonathan by an exposure of one hour to a temperature of -4QC:
stage of development:

Damage caused:

Small fruits, just developing
Flowering
Buds closed, but already coloured
Buds closed, not yet coloured
In rest during winter

Total loss
Reduced production
Insignificant damage
No damage
No damage

4.5

FROST CONTROL

The best method of frost control is prevention. It is best to sow
only when there is no frost or when the risk of frost is very
nearly nil.
Application of preventive measures requires knowledge of the
development stages when crops are sensitive to frost:
a. for fruit trees, the period from coloration of the buds
until fruit maturity;
b. in horticulture, the period of early growth and flowering;
c. for cereal crops, the flowering phase.
Farmers describe spring and autumn frosts with the words "early"
and "late". They are caracterized rather by their date than by
their intensity. The impact of the damage caused is determined by
the stage of growth of the crop. In the case of winter frosts, the
intensity is more important than the date of occurrence. Most crops
being in a resting phase, often there is no damage.
Frost-free periods
Analysis of climatic data shows that in certain regions near the
equator, during 50 years or more, temperatures of less than OQC
never occurred. on the contrary, at some places near the polar
circle, they occur on all days. In the first case the frost-free
period is 365 days per year, in the second it is 0 days. Between
these two extremes, all possible variations occur.
Calculations of the frost-free period are not difficult. For a
series of years one should note the date of the last spring frost
and the date of the first autumn frost. With these data, and using
a statistical method such as INSTAT, the probability of frost-free
periods of a certain duration can easily be obtained.
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Methods of frost control
The methods of frost control that are chosen should be adap·ted to
the nature of the location, the type of agriculture practised and
the financial resources available. Intensity and duration of the
frosts are important. Different methods may be required in the case
of a radiation frost with temperatures of -2 or -3 2 C that last two
hours or of an advective frost with temperatures of -3 to -7 2 C that
last much longer.
Radiation frosts are associated with layers of stratified air, with
different temperatures at successive levels, while advective frosts
mqy be accompanied by wind moving cool airmasses, more or less
homogeneous in temperature.
Within the calm air associated with radiation frosts one can cause
movement of air between levels with different temperatures, to
modify the temperature at the level of the crops.
According to some scientists, the thickness of the inversion layer
in temperate zones can be as great as 100 to 500m. The thickness
should be known before a choice of methods of frost control is
made. For most agricultural frost control measures, the thickness
of the layer to modify is about 10m, a layer in which all cereals,
horticultural, fruit or forest crops grow.
Based on these principles, guidelines for establishment of crops in
situations where they are best protected against frost damage, can
be formulated. Crops should be selected for the specific
agroclimatic conditions of the site. The choice of variety and
sowing date will help to avoid adverse climatic conditions.
Sensitive crops can better be grown on slopes than in valleys. If
grown on slopes, downward, non-cultivated "corridors" can be
planned to allow the flow of cooler, heavier air towards lower
lying areas. such crops are best grown half-way up the slopes. In
orchards with fruit trees downward sloping ditches can be dug.
At a height of 1.5m, i.e. at the height of the instruments in a
meteorological screen, temperature can be 1 to 3 2 C higher than at
the level just above the soil. It is therefore useful to arrange
crops in such a way that the most frost-sensitive organs are as far
from the soil as possible. An example is the way that grapevines
may be pruned (fig. 24).
If cool air flows down from surrounding hills, it may be useful to
establish wind-breaks or trees that guide the air around the crops.
A delay in flowering can be obtained by white-washing buds and
young branches. The white-wash reduces the quantity of solar
radiation absorbed.

59

.I

11

Fig. 24. Different ways of growing crops and providing protection
against frosts. A: fan-trained, for better frost-resistance; B:
growing near the soil, and more sensitive to frost; (Burgos, 1963).
A delay in pruning fruit trees is also an effective way to help
avoid damage from late frosts. It delays the development of young
sprouts. Pruning aimed at increasing somewhat the height of active
growth promotes growth of frost-sensitive organs further away from
levels where frost is most intense.
During winter many wine-growers cover the lower stem and branches
of grapevines with straw to protect them from frost. In
the spring they bury the tendrils in small furrows of 20 to 25cm
depth and Bern width.
Some crops in mountainous regions are subject to the inflow of cold
air from higher up. The effect can be diminished through the
installation of heat sources, burners, or sprinklers, for as long
as the frost lasts.
Working the soil may improve the day-time heat storage in the soil
to compensate nocturnal losses. Weeding may improve the diffusion
of soil heat.
The creation of small bodies of surface water can constitute a zone
of protection against frosts. They facilitate night-time heat
release because of the greater heat capacity and conductivity of
water.
During cool nights, there is a constant process of convection in
the water. Upon cooling, the water at the surface sinks and is
replaced by warmer water from deeper down. Cool air flowing over
the water surface receives heat from a more or less permanent and
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relatively important source. The heated air rises and establishes
in its turn a convective movement that breaks or reduces the
thermal inversion.
Certain authors estimate that a water depth of at least 1m is
required to obtain and maintain this process. The beneficial
effects may extend to an area 10 times that of the area of water.
The water surface needs to be cleaned regularly of waterweeds and
other obstructions.
The methods of covering crops commonly used by farmers are
generally effective for protection against radiation frosts. They
prevent or reduce heat-loss at night. The beneficial effect depends
on the stage of development of the crops. Often covering young
twigs with straw or cardboard is useful. Plastic gives better
results, but is more expensive.
Burning crop residues is a well-established technique to combat
frost-damage. There has been much discussion on the relative role
of the heat and the smoke. At present, the role of heat is accepted
as important and a great variety of burners and fuels is used, all
aiming to obtain the most complete combustion, for efficiency, and
to avoid pollution.
Another, very old, method was the incomplete burning of green
fodder, rubber or sawdust, reputed to "perturb 11 the cold air. This
created a more or less permanent "cover" over the zone to be
protected, reduced nocturnal cooling, rather in the way that
cloudiness prevents the deposition of dew.
In the case of radiation frost, many types of ventilation
instruments are used to mix the warmer air of the upper layers with
the cooler air below.
Movement of air sometimes has a further effect in the release of
condensation heat caused after the burning of various products.
This can be achieved through burning of agricultural residues or
chemical products such as petrol-based ones, coal or peat or
through the creation of (artificial) fog, given that the air is
near saturation, when frost occurrence is imminent. By incomplete
burning, e.g. of white phosphor, ammonium cloride or zinc, many
condensation nuclei are supplied.
A further method to reduce frost damage is by sprinkling, or
inundation. The latter uses the water as a layer of high specific
heat, which allow it to release a great quantity of heat without a
major change in temperature. This is only effective if the crop
supports
flooding.
Furrow
irrigation
changes
the
thermal
characteristics of the soil. It is used especially in regions where
damage is caused mostly by radiation frost.
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Sprinkling is used to help avoid the freezing of vegetative tissue.
By its nature it contributes its latent heat of fusion, i.e. 2500
joules per gram of water frozen.
Burgos (1963) has provided an important bibliography on frosts and
methods to limit damage to agriculture, which interested readers
may consult for further information.
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CHAPTER 5. FOG

5.1

FOG

Many uses for the water carried in fog can be found in agriculture,
in possibilities for the creation of new villages, in the
improvement of living conditions in semi-arid zones and perhaps
even in industry.
It has been known for a long time that the exploitation of nontraditional resources requires non-traditional methods. Such
methods have long been neglected because of the lack of financial
and other resources and for lack of economic interest.
The need for economic development, the increasing need for food,
and the reduction in agricultural land, caused by the destruction
of forests and the subsequent advance of the desert, have made
necessary efforts to recover the lost lands. To stop the losses and
to repair the damage done, the full potential of nature and man
must be mobilized. Among the resources that nature put at the
disposal of man is occult precipitation. Among these, fog is the
easiest to harness.
Fog forms in different ways.
The original people of Chili, Bolivia, Peru, and Equator, the
Quechuas and Aymaras, called fog the "camanchacas", meaning low
clouds or clouds at soil level. This definition has been retained
not only by these people, but also, until a very recent date, by
meteorologists.
The WMO glossary defines fog as the "SUSPENSION OF VERY SMALL,
USUALLY MICROSCOPIC WATER DROPLETS IN THE AIR, GENERALLY REDUCING
THE HORIZONTAL VISIBILITY AT THE EARTH'S SURFACE TO LESS THAN lKM".
This definition is not very precise; it gives importance to the
visibility, which depends on the structure of the fog, and, in
particular, on the number and distribution of the droplets of
different size in a unit volume. This structure is to a great
extent determined by the condensation nuclei around which the
droplets form, by the process through which the fog is formed and
by its duration. Therefore the structure can vary greatly in space
and time.
In practice, two names are used to express the degree of horizontal
visibility. Fog is when horizontal visibility is less than 1km and
haze is when horizontal visibility is between 1 and 5km (Jansa
Guardiola, 1969).
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5.2

RADIATION FOG

Dew and its formation were discussed in chapter 3. Radiation fog
develops in a manner similar to that of dew. The lower layers of
the atmosphere need to be cooled to the value of the dewpoint.
The following conditions may provoke fog:
- important heating during the day;
clear skies or very light, high cloud at night;
no or very light wind, less than 3mjs;
a thermal inversion at moderate height;
a sufficiently high atmospheric humidity.
Fog usually forms during the night. Formation can go on during the
very first few hours of the day. Fog forms much more frequently
over land than over water. As already mentioned when discussing
dew, when air cools it becomes more dense and heavy and flows to
lower-lying places. Fog forms in these places with a thickness of
a few metres to a few hundreds of metres , according to the
intensity of cooling and the water vapour content of the air.
5.3

ADVECTION FOG

When a hot and humid airmass flows over a relatively cold surface,
advection fog may form. This happens often over the sea. Classical
examples are the place where the Gulf Stream encounters the cold
waters of the Labrador current, near New Foundland, or where the
Kuro Shivo encounters the Oya Shivo, near the Japanese Islands.
Often combinations of the advection and radiation processes occur:
when a mass of humid, relatively warm marine air cools and
condensation takes place when it flows over cooler land.
5.4

OROGRAPHIC FOG

These fogs are characterized by the adiabatic cooling of the air
when it moves upward over a slope, which leads to condensation.
Such fog can be observed in mountainous regions of the Canary
Islands, the Cape Verde Islands, the Sultanate of Oman, Yemen,
Peru, Chili and Namibia (photo 14 and 18). After passing over the
mountain, the fog disappears quickly when the airmass descends on
the other side of the mountain (the fohn effect).

5.5

OTHER TYPES OF FOG

Catabatic fog is formed when cold air descends along the mountain
slopes towards the valley bottom.
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Fog can be formed by water, evaporating from rivers or lakes, or by
water transpired by vegetation into cool air, which facilitates its
condensation. This can be very characteristic over rivers, yalleys,
lakes and behind dams.
Frontal fog can be formed through evaporation during a rainstorm or
through evaporation from the soil when a front passes.
Finally, there are industrial fogs. In this case hygroscopic
particles, left after combustion of coal or petrol products, that
are polluting the air, are very numerous and relative humidity must
be greater than 70%. The name "smog" is used. In London and some
big cities of the U.S.A. it has caused deaths.
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CHAPTER 6. POSSIBILITIES OF USING THE WATER RESOURCES CONTAINED IN

FOG

6.1

INTRODUCTION

we will now examine the possibilities of the use in agriculture of
the water contained in the different types of fog. In many low
rainfall regions in the world fog occurs sufficiently frequently to
merit exploitation. In the intertropical regions with low rainfall,
solar radiation usually is abundant and the use of water derived
from fog has a high potential.
Maps depicting the frequency of coastal fog show that these occur
often on the western coasts of the continents:
a. in South America the desert along the coast of Chili and
Peru is one of the driest of the world;
b. in Central and North America arid zones occur along the
coasts of the californian peninsula in Mexico and of California up
to 34gN, near Los Angelos;
c. in Africa, in addition to the Sahara, desert regions can be
found along the Atlantic coast of Namibia, and the western coasts
of the Canary Islands and of the Cape Verde Islands;
d. in Oceania the australian desert extends from the western
coast of the continent, where fog frequently forms to the mountains
of the eastern edge.
This is because of the presence, near these coasts, of cold ocean
currents. The fog in these regions is of the advecti ve type,
created by the encounter of tropical maritime air with the cold
water of the ocean currents. These advection fogs form a
characteristic stratocumulus type of cloud near the northern and
north-eastern coasts of the Canary Islands (Fig. 25) and of the
cape Verde Islands, and near the southern and south-western coasts
of Namibia, Chile and Peru.
Given the intensity of solar radiation near the Canary Islands and
the Cape Verde Islands, there is a high rate of evaporation from
the ocean water, creating convection of very humid air, subject to
adiabatic cooling. This produces the stratocumulus clouds that are
characteristic for the region. These airmasses then move towards
the intertropical convergence zone, under the influence of a high
altitude anticyclone.
Underneath these anticyclones an inversion exists which prevents
the vertical development of clouds up to levels with temperatures
that could result in the development of rain. Photo 15 was taken at
about 1400m altitude on the island of Tenerife along the road
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Fig
25
The zone on the island of Tenerife where the "sea of
clouds" forms regularly. Map by Antonio Nicolas Zalote, Fernando
Molina and the author.
o

o

leading to the Izana Observatory, which is at 2400m. The vertical
development of the tops of the cumulus clouds is prevented by the
presence of a hot, dry airmass. The tops of the clouds in this
layer, known in the Canary Islands as the "sea of clouds", can be
found at about 1000m altitude.
In Chili and Peru there is a similar phenomenon. A clear difference
in temperature exists between the airmasses and an inversion layer
is formed. The thickness of the humid layer varies throughout the
day and with the seasons; it is between 900 and 1200m in the Canary
Islands. Tables 1 and 2 show respectively the mean height of the
cloud tops and the frequency of occurrence of the "sea of clouds"
at Tenerife (Font Tullot, 1956).
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Table 1. MEAN HEIGHT (h 1 in m) OF THE CLOUD TOPS AND THEIR
FREQUENCY OF OCCURRENCE (N, number of observations in a month or a
year), AT DIFFERENT HOURS OF THE DAY

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
oct
Nov
Dec

07.00h
h
1832
2015
2166
1469
1447
1598
1111
1241
1605
2050
2029
1886

Mean

1680

N
9
15
21
24
16
15
26
14
8
14
14
19
195

13.00h
h
1838
1918
2123
1728
1579
1690
1353
1488
1883
1937
2064
1912
1790

18.00h
h
1755
1802
2137
1716
1463
1720
1387
1409
1755
2127
1945
1849

N
15
22
21
29
26
26
27
28
19
12
17
26
268

1730

N
21
23
25
20
24
29
27
29
18
12
22
28
288

mean daily
h
N
1800
45
1900
60
2140
67
1650
83
1510
66
1680
70
1280
80
1400
71
1780
45
2050
38
2010
53
1880
73
1730
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TABLE 2. FREQUENCY OF OCCURRENCE OF THE "SEA OF CLOUDS"

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
oct
Nov
Dec

frequency, ~0
sea of clouds
(a)
(b)

frequency,
fog clear
sky

29
35
41
60
71
83
90
70
60
48
30
32

25
18
29
23
16
3
0
2
10
29
33
29

58
57
58
70
80
96
93
90
83
61
53
54

16
14
12
6
3
0
0
2
10
29
33
29

~
0

altitude, m
top of clouds

cloudiness
in tenths
of the sky

1570
1600
1650
1540
1660
1400
1240
1230
1470
1590
1620
1670

4.2
3.8
3.8
4.0
5.1
4.3
3.5
3.2
3.8
3.6
3.7
4.2

(a) - average if three observations per day are made
(b) - average if only one observation per day is made
The level at which condensation starts to occur is variable and
depends also on local conditions. Most frequently these levels are
between 500 and 600m altitude.
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6.1.1. CLASSIFICATION OF FOG TO HELP CHOOSE THE METHODS OF CAPTURE

The predominant wind regime plays a major role in the selection of
the capture of fog-borne water. Therefore, types of fogs can be
grouped in two classes as either static fog or dynamic fog.

m<t.or-driven ventilator

motor

optima~.

at soo•

location

a~titude

length of each screen: 60cm

collector tubes

Fig. 26. Installations to capture "static" fog.
70

Generally, the first type includes radiation fogs. They are
difficult to exploit in agriculture, because capture of the water
droplets is very dependent on the movement of the air. Water
droplets in the second type can be captured by erecting a vertical
obstacle, perpendicular to the movement of the airmass.
In 1971 and 1972 the author made field observations in the valleys
of Oratova, Tenerife and Vallesco (Grand Canary Island) which led
to the proposal of methods (Fig. 26) to capture the water in the
"aerial rivers" or "orographic wells", the cloud layers that have
a vertical dimension of 300 to 400m, and that are present during
very many days of the year.
Similarly, farmers had tapped these resources by installing
distribution systems for drinking water captured by the trees on
the islands of Hierra and Gomera. A similar approach had been
followed by Hermogenes Gongalvez in 1942 in the Cape Verde Islands
(photo 4).
6.1.2. MEASUREMENT OF THE AMOUNTS OF WATER CAPTURED
The first scientists working on the subject, German Saa, Carlos
Espinosa and Miguel Valdez, studied the qualitative aspects of the
capture of cloud droplets. They noted the quanti ties of water
captured, but there is no record of the vertical intercepting area.
Therefore, no comparisons of the efficiency of interception of the
different instruments (black and white photographs 3, 4, 5 and 6)
is possible.
If these clouds are considered "aerial rivers",
then the
traditional formulae of operational hydrology may be used. The
quantity of water captured, Q (g/s), is than equal to the product
of the surface-area of the vertical obstacle, SVO (m2 ) , and the
windspeed, V (m/s), and the water vapour content of the air, q
(g/m3):

Q

=

SVO X V X q

When V is small, as for static fog, the amounts of water captured
by vertical obstacles is low.
Tapia and Zuleta ( 1980) have analysed the early work, and the
results obtained, in Chili and defined a series of concepts
permitting comparison. Details of the comparison are given in Table
3.

All results of amounts of water intercepted are calculated per unit
(m 2 ) of SVO, defined as the surface perpendicular to the normally
prevailing wind, whatever the spatial geometry of the instrument.
All results are presented in the traditional hydrologic units,
m3 jyear/m 2 SVO.
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Tapia and Zuleta also examined the "yield" from the different
instruments used .in different parts of Chili, and formulated a
concept of specific efficiency, which permits comparison of the
efficiency of different instruments. This definition is based on
the concept of "specific productivity", the amount of water
captured per unit svo per unit of time. This figure, qe, is
experimentally determined and corresponds to the actual amount of
water captured. It is defined by the formula:
qe

=
=
svo =
t
=

qe
qv

=

qv/(SVO)

X

t, in which

the specific productivity (m3 jyear)/m2
the total amount of water captured (m3 )
the surface-area of the vertical obstacle (m2 )
time (year)

A certain amount of water "escapes" .in all experiments done with
different instruments. This led Tapia and Zuleta to define an
"ideal interceptor", capable to capture all water droplets carried
by a cloud. They named this amount the "maximal theoretical capture
(MTC, qt)" and defined the ideal interceptor as capturing 100% of
the MTC.
Using these two concepts,
the relative efficiency of two
instruments, exposed to the same atmospheric conditions, can be
compared. The concept of efficiency (n) was defined as the ratio
between the specific productivity, qe, experimentally measured, and
the MTC, qt, established for the place of measurement.
Expressed as a percentage:

If data are available in respect of the number of foggy days per
year (200 to 230 in Chili, in the Canary Islands and in the Cape
Verde Islands), and in respect of the average duration (hours per
day) of foggy conditions, the amounts of water that can be captured
with different instruments in different regions can be calculated.
This allows an assessment of the dimensions of reservoirs, of the
irrigation programmes, and of the irrigable area, as a function of
the number of interceptors installed, or vice versa.
6.1.3. CHOICE OF THE ALTITUDE FOR THE INSTALLATION OF INTERCEPTORS
While water can be captured where-ever condensation occurs, the
amounts captured vary with altitude. In the Canary Islands and in
the Cape Verde Islands it has been observed that the optimum
altitude is between 700 and 900m. In the camanchaca project in
Chili, however, experiments done along the coast over a distance of
700km, from Iquique in the north to Taltal in the south, showed the
best altitudes to be between 800 and 1200m. In Colombia and
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Venezuela the best levels were found to be near 1000m. The number
of experiments done in Chili was far greater than that in the other
locations.
6.1.4. THE LOCATION OF THE INTERCEPTORS
Windspeed is the factor that dominates the proces of capture.
Therefore, at a similar altitude, best results are obtained when
the interceptor is installed in a relatively open area, in a
mountain pass, or a saddle, or a low spot between two hilltops,
where the wind speed increases owing to a Venturi effect. The
higher windspeed causes a greater volume of foggy air to pass at
the interceptors.
During their experiments, Tapia and Zuleta (1980) noticed that some
water droplets were not captured by the interceptors, whatever
their type. German Saa and Valdez, in 1960, and Reis cunha, in
1961, had made similar observations. Tapia and Zuleta observed the
pathway of a great number of droplets that escaped being captured,
moving sidewards with the wind before arriving at the interceptor.
They proceeded to adjust the length and the density of the threads
in the interceptors for optimal capture. Comparing the different
instruments, they concluded that the optimal length was 1.20m and
that there should be 8 threads per 25mm of width (black and white
photos 5 and 6).
In his experiments in Campos das Fontes, on the island of Brava,
Cape Verde, Re is cunha fixed an impermeable layer behind the
interceptors to catch the escaping droplets and calculate their
percentage loss (Fig. 7 to 11).
6.2

OBTAINING WATER FOR MAN AND HIS CROPS

During the great drought in the Cape Verde Islands, in 1942, a
farmer, Hermogenes Gon9alves, suffering from the lack of water,
noted that after foggy nights the stems of the Furcraea gigantea
were dripping with water (photo 4). He placed containers below the
cupped leaves to collect the water and found that they filled. At
present Hermogenes and his family have planted more than 60
Furcraea on the island of Brava, that provide between 400 and 600
liters of water per night in total, used in a vegetable garden. The
system has been the example for the developments in Campo das
Fontas on the island.
When a new chief of the Service of Forestry and Water Resources
arrived on the island of Hierro in the Canary Islands during the
severe drought of 1947-1948, and heard the story of the Garoe tree
and observed the presence of fog during his daily work in the
forests, he decided in july 1948 to plant another specimen of this
tree (Juniperus sabina). It was planted at the same place where the
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Table 3. Summary of results obtained by scientists of the Northern
University, Antofagasta, Chili, in the water capturing experiments
in the "camanchaca" area along the north coast of Chili between
1962 and 1972 (Tapia & Zuleta, 1980) and elsewhere.
Reference

Period

Place

Instruments

Saa & Valdez
(1963)

1962

Miramar

Harp with
1.11
vertical threads

Espinosa
(1989)

1962-63
mean
summer
autumn
spring
winter

El Mirador
Slope of
the Cypres

cylindrical
model 611115
1300
vertical
threads

Mufi.oz
(1967)

1964
summer
spring

Miramar

rectangular
mesh

Mufloz
(1967)

06.08.63
to 17.08.64

El Mirador

28.09.64
to 11.10.65

Andromeda
station

24.08.67
to 12.02.68
Burgos
(in: Tapia
& Zuleta,
1980)

Burgos
( op. ci t.)

1968-72

from Iquique
to Taltal

mean
Michilla
El Mirador
Miramar
M. Moreno
1968-71

1984

1.04
0.37
0.86
1.30
1.64
0.24
1.46

Harp with
0.12
vertical threads

"

0.10

11

0.22

"Typical"
paralellopipidum
1.11
0.51
0.83
1.21
1.90

Morro Moreno

"Typical"
paralellopipidum
1.90
0.54
1.24
1.80
2.47

El Tofo

Rachel
screen nQ35

mean
winter
summer
spring
autumn
CONAF
( op. cit.)

Specific
capture,
m3 /m 2 • year
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4.0

EXPERIMENTS UNDERTAKEN ELSEWHERE
Nagel
(1956)

1954-55

Table Mountain Grunow

3.3

Reis Cunha
(1964)

1962

Monte Velha
Grunow
Pero Dias
Agua das Caldeiras

1.8

1.35

Izafia
screen n 2 30
canary Islands screen n 2 18
fine screen

1.6
1.4
1.2

MoreyjGonzalez 1965
(1966)

La Cumbre
Grunow
canary Islands

0.9

Acosta Baladon 1980
& Aydemir
(pers. comm.)

Sierra Malaga Grunow
Santiago
Cape Verde Islands

4.9

Garcia Prieto
(1962b)

1960

2.8

"mythical" Garoe had been uprooted by a tropical storm in 1610. He
made a conduit to lead the water to a reservoir of 60m3 , which
filled up and stayed full, providing water to the inhabitants from
two taps. In the same period other persons, affected by the
drought, obtained water from plants of Erica arborea, a fairly
common plant in the region.
Reis cunha (1964) mentions the results from the measurements made
by Azevedo Gomes in 1956 in Portugal at different points in the
Sierra Sintra, a coastal zone often covered by fog during the dry
season. Azevedo Gomes installed raingauges in shaded and unshaded
areas. The raingauges under the trees gave about ten times the
amount of water compared with the raingauges in the open area
(300mm compared with 20 to 30mm) during the driest months.
After the development of the Grunow raingauge, experiments were
undertaken in many regions of the world. Results of experiments
with similar conditions confirm those obtained in the Canary and
Cape Verde Islands, and show a rather consistent ratio of 3: 1
between amounts of water captured in shaded and open areas.
Results obtained from many experiments since 1954 with different
methods and instruments are shown in Table 3. These data have been
obtained from studies by Tapia and Zuleta (1980) and by the author.
In 1971 Zuleta used three different instruments in Morro Moreno,
Chili, in comparative experiments, in all seasons. The results are
presented in Table 4.
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Table 4. Specific capture throughout the year with different
instruments at Morro Moreno (Tapia & Zuleta, 1980).
Season

summer
autumn
winter
spring

Bidimensional screen

Grunow

"Typical" screen

m3 /m 2 .yr

ratio

m3 jm 2 • yr

ratio

m3 jm 2 • yr

ratio

3.62
4.16
4.92
4.74

1
1.15
1.36
1.31

2.72
3.12
3.72
3.60

1
1.15
1.37
1.32

1. 23

2.3
4.6
1
3.3

2.48
0.54
1.80

Water shortage also occurs regularly in the desert regions of Saudi
Arabia. In 1981, a group of engineers conceived an enormous tent
lOkm long, 600m high and 1200m wide that had to act as an
artificial mountain range to intercept the humid air moving inward
from the sea. The air rising along the roof of the tent would cool
adiabatically and water would condense near its summit. Support for
this concept was ·the similarity in latitude with that of Tenerife
and the fact that fog was often observed at the region near the
airport of Los Rodeos, at an altitude of about 600m. The results of
this experiment are not known to the author.
F'og is often observed when the south-westerly monsoon winds blow in
the Yemen and could be intercepted. In the low-rainfall regions of
this country, near the coasts, coffee and fruit trees are grown
through the use of traditional techniques similar to those in
Lanzaro·te. Occult precipitation is used as a complementary source
of water to help the plants complete their growing cycle (photo 7).
Photo 16 shows the capture of water
and a buckthorn ( Rhammus
Salalah, Oman. The trees collected 70
the 75 days that the monsoon season
technique as that used by the people of
described by Bartholome de Las Casas.
europea)

6.3

by two olive trees (Olea
sp.) in Masroob-el-Jebel,
ooo liters of water during
lasted. This is the same
the Canary Islands in 1524,

NATURAL METHODS
1. By the soil

When fog moves up against the slope of a hill, it will leave water
on all objects on its way, more than about 10cm tall, whether
grass, soil or rocks. The author has dug many holes in the soil
surface on such slopes and observed that water infiltrates and then
runs down below the soil surface, sometimes as far as the very low
end of the hills. This can be observed in photos 17 and 29, where
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a small stream receives water from the hillsides and where the
water flows below the surface of the soil when the watercourse
reaches the lower part of the mountain.
There are many small wells along the hillsides that rarely or never
dry up. The area, Los Olivos, is situated at 800m altitude, below
Mont Temblador (857m), and rarely receives more than 100mm rainfall
annually. A number of years ago the engineer Eduardo Rozas Elgueta
used radioactive tracers to verify the origin of the water found in
the wells and springs on the mountain sides. The soils are
lithogenic and the top 10 to 20cm consists of stony material, the
result of erosion. The water was found to come from intercepted
fog.
Water can be caught simply by digging small furrows, 20cm wide and
20 to 30cm deep, down to the impermeable layer over which the water
flows. The furrows should be sufficiently inclined to carry the
water to a reservoir, that can either be built of masonry or dug
into the terrain and lined with a plastic sheet. In practice, this
work can be done by making furrows along the contour lines with a
tractor, if necessary equiped with a subsoiler.
In most cases water can be taken from the place of capture to the
reservoir with a galvanised iron pipe of about 40mm diameter
(Acosta Baladon & Gioda, 1991)~ Photo 18 shows the type of
reservoir that can be used for irrigating vegetable gardens. Photo
18 also shows the hoses used for the gravity irrigation, where the
topography permits, of the crops down slope from the reservoir.
Photo 19 and 24 show the rocky material that are readily eroded and
that permit the easy infiltration of the water captured from fog.
The depth of these wells rarely exceed 1m.
2.By the vegetation
Photo 17 shows how the vegetation is densest in the small valleys
and depressions, because water collects there more easily and also
because the speed of the foggy airmass moving around the vegetation
is higher there than elsewhere, owing to the Venturi effect. The
presence of vegetation, in its turn, enhances the capture of the
water. This photo, taken near El Tofo, Chili, in the upper reaches
of the water course, also shows two eucalyptus trees, about 50
years old, probably planted by miners, working there at that time.
The newly planted "Garo~" on the island Hierro, and the results
presented in the previous section support this point of view.
Photo 16, taken in the Sultanat of Oman, shows the water captured
by two olive trees and a buckthorn in Masroob-El-Jebel near
Salahah.
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On Hierro, in a hamlet called La Cruz de los Reyes, the water feeds
into four reservoirs of 40, 60 80 and 90 m3 respectively,
constructed
successively between
1971
and
1980,
and
all
interlinked. The water serves an inn and a village, and during the
annual celebration of the Saint's day, provides water for thousands
of pilgrims. Around the trees an area with a diameter of 8.50m is
made impermeable with cement, leaving a small free area immediately
around the trunk. The runoff is led to the 40m3 reservoir and
several taps have been installed in the village, for which this
supply is the only regular one.
Reis Cunha (1964) describes a small source fed in a similar manner,
but by a palm tree (Fig. 10), on the island of San Vincente in the
Cape Verde Islands.
About ten years ago a reforestation programme was implemented in
the region of "Lamas" in Peru, where the natural vegetation grows
essentially owing to the presence of fog (Pinche Laurre, 1986).
Casuarina trees were planted because they capture fog well, because
of their great surface area, like the pine trees in the Canary
Islands. Afterwards other species were planted that used the water
provided by the casuarinas. Photograph 8 in black and white shows
the equipment used to supply water to the casuarinas in the very
early stages of their development.
There is an example from Japan about the role of reforestation
intercepting fog. The south-eastern part of the island Hokkaido is
covered by advection fog for many days in spring and summer, when
the cold Oya Shivo and the warm Kuro Shivo currents meet. These
fogs can last for quite a long time, sometimes more than six hours,
and have detrimental effects on human health and on agriculture in
the plains, because of the persistence of cold temperatures and the
salt carried by the fog. The reforestation programme aims to
diminish these effects.
Suarez and Torres (1982) describe how reforestation was used to
improve visibility on a mountainous section in the Panamerican
Highway at Pasamayo which was often dangerously covered by coastal
fogs.
The descriptions and photographs presented in this section will
help the potential users of the techniques described in this book
to identify places in the regions that they know, where the
techniques could be usefully applied to obtain water. They will
also show how to store the water, make low-cost impermeable inner
walls in the reservoirs , even using compacted clay whenever this
is available, and how to distribute it.

78

6.4

ARTIFICIAL METHODS

The first artificial installations can be found from ancient times,
as shown by the mounds of stones found in Israel, and the walls
found in the Crimea for the supply of water to the city of
Theodosia.
Among the techniques used in this century, those employed by
Hermogenes Gongalvez in the island of Brava, Cape Verde, and the
plantation of the "new GaroA" tree in Hierro have already been
mentioned.
Using scientifically-founded knowledge, Espinosa, German Saa and
Valdez undertook research in 1957, at the time of the foundation of
the Northern catholic University at Antofagasta, with the aim of
providing water for the population and for industries (black and
white photographs 3, 4, 5 and 6). Later improvements to the earlier
techniques have made it possible to achieve the aim of the early
pioneers. As from july 1991, occult precipitation has been
succesfully intercepted to provide water for a town of 400 persons:
Chungungo, a fishing village at 7 km from El Tofo. Photo 3 and
photo 20 show part of the installations where the water is
captured. This is a "first" in modern history.
Other techniques can be envisaged, such as the use of plates made
of zinc or fibrocement, impermeable cement layers along the sides
of the mountains, construction of stone walls, storage of water
from runoff from roofs (if these are sufficiently steep and
oriented towards the prevailing winds), networks of small
reservoirs, water capture by furrows in the catchment area, and the
construction of wings, sweeps or vanes, made of panels with
threaded meshes and being turned by small engines.
Experiments have been done to induce the formation and deposit of
water droplets as a result of the seeding of stratocumulus layers
with condensation nuclei (Rivero, 1984). In most experiments the
few drops that fell evaporated rapidly. The most convincing case
was presented when cloudseeding tended to promote the continuation
of rainfall, once it had started. In Australia this phenomen is
known as "the pasture rains 11 • The increase in rainfall usually was
between 10 and 20mm.

6.5 THE USE OF MESHES (CANARY ISLANDS, CAPE VERDE. CHILI, PERU.
OMAN)
CANARY ISLANDS
Experiments with meshes were undertaken in the Canary Islands in
1951, simultaneously by Ceballos and ortufio (1952) in Tenerife and
by Nogales in Grand canary Island.
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Photo 13. Cropping system on soils with vulcanic gravel in
Tenerife. The depth of the gravel is about 30cm, while it is 10 to
20cm in Lanzarote.

Photo 14.
Chili.

Orographic fog near Mount Temblador,

Atacama desert,

Photo 15. View of the top of the "sea of clouds", taken £rom the
Izana Observatory, Tenerife, at 2465m altitude.

Photo 16. Two olive trees and a buckthorn, used as natural captors,
providing up to 70m 3 of water during a monsoon season of 75 days.
Masroob-El-Jebel, Sultanat of Oman.

Photo 17. Depression in the landscape with denser vegetation than
on the land around and a small water course. Near El Tofo, Atacama
desert, Chili.

Photo 18. Part of a vegetable garden where water is conducted
through a hose stuck into a crack in a rocky wall that collects
water from fog. The hills limiting the catchment are shown in the
background. Mont Temblador, Atacama desert, Chili.
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Photo 19. Cracked rocky material that facilitates the flow of water
captured from fog by the mountains. Near Buenos Aires, north of La
Serena, Chili.

Photo 20. Part of the installations and the conduits transporting
the water to the reservoir that supplies water to Chungungo. El
Tofo, Atacama desert, Chili.

Photo 21. A cypres tree, planted in 1962 by German Saa and
irrigated for the first two years of its lifecycle by the
installations shown in the black and white photograph 3. In the
hills of Mirador, Atacama, Antofagasta, Chili, 1973. Also present
are Prof. Carlos Espinosa and scientists from the Northern
University, Antofagasta.

Photo 22. A gallery made in the valley of Orotava, Tenerife, Canary
Islands. Photo 8 shows the catchment area supplying water to this
galery.

Photo 23. Part of the pipe line that conducts water obtained by the
gallery shown in photo 22. Orotava, Tenerife, Canary Islands.

Photo 24. Wells dug in the desert at the foot of the slopes of the
mountains on which fog is intercepted. Atacama desert, Chili.
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Fig. 27. Monthly distribution of the amounts of water captured by
a raingauge in an open area and when placed under the trees in the
pinegrove of Tamadaba, Grand Canary, at 1125m altitude. Data
collected by Nogales between 1950 and 1964.
1. Water collected in the gauge placed under the trees minus the
water collected in the gauge placed in the open area, when this
difference is negative; there must be interception by the trees.
2. water collected under the trees when that collected in the open
area is nil; it is the amount of intercepted fog.
3. Water collected in the open area: that is rainfall only.
4. Water collected under the trees minus the water collected in the
open area when the difference is positive; that is fog captured on
rainy days.
5. Water collected under the trees minus the water collected in the
open area: total amount of fog captured.
In curves 4 and 5 the data for the occasions when the figure was
negative have not been included.
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In 1964 a series of experiments with various objectives was started
in Grand Canary Island and in Lanzarote. These studies concerned
specific aspects of the agriculture in the Canary Islands: the use
by crops of non-traditional water resources, like dew and fog, crop
cultivation on sand, and their efficiency in capturing atmospheric
water or irrigation water. The experiments were made with the
Grunow raingauge (cover photograph). One raingauge is of the normal
type, in the other is placed a wire mesh cylinder of lOcm diameter
and with a surface-area of the vertical obstacle (SVO) of 200cm2 •
One set was placed in an open area and another in the experimental
area.
Nogales continued this experiment for many years. It was thus
possible to study the variation throughout the year of the amounts
of water captured under a pine tree cover and in open terrain, in
the pine groves of Tamadaba at 1125m altitude in Grand Canary
Island (Fig. 27) (Morey & Gonzalez, 1966).
Morey and Gonazalez ran these experiments also at other places. The
results are presented in Table 5. The amounts captured show great
differences: at La Cumbre, during the months the study lasted,
1248.5mm with the Grunow raingauge, compared with 434.9mm with a
normal raingauge, a ratio of 3:1, similar to some other results
already mentioned.
The table also shows results for the island of Lanzarote, where the
altitudes of observation did not reach the height of the layer of
condensation ( 500-600m) and where the differences between the
amounts captured in different raingauges are very small.
At Lanzarote and Fuerteventura, the important forms of occult
precipitation are dew and direct absorption of atmospheric water
vapour by plants.
Grunow himself reported the data of Hohenpeissemberg in Germany
after four years of observation, in an area with much higher
rainfall as 4032mm compared with 3227mm, a ratio of 1.2:1.
At the Observatory of Izana, situated at 2467m altitude at the
island of Tenerife, Garcia Prieto (1962) compared, in 1959, the
amounts of water captured by metallic meshes with a different mesh
density. He placed these perpendicularly to the wind flow above the
openings of normal raingauges whenever the 11 sea of clouds" (photo
15) rose above the level of altitude of the observatory.
The meshes used by Garcia Prieto, leaving out those that never
produced results during the first sets of trials, had densities
that can be grouped as follows:
a. mesh n 2 18, low density, letting pass a fairly great mass of
air and not capturing a significant amount of the droplets;
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Table 5. Quantities of water captured (mm per month) by a normal
raingauge (P) and by a Grunow raingauge (P9 ) at La cumbre, Grand
canary, and in several locations on Lanzarote (Morey & Gonzalez,
1966). Columns 4 and 5 present totals of P 9 and (P 9 - P) on days
when P=O and P9 ~0 or ~o.
1
month

2

3

4

p

pg

Pg

5
( P 9 -P)

if

if

P=O

P=O

6

7

(P 9 -P)

(P9 -P)

if

(P9 -P) <0

La cumbre, Grand Canary, 1600m altitude
52.1
52.1
67.8
0
April
15.7
65.3
65.3
22.7
88.0
0
May
0
0
0
0
0
June
0
0
0
July
0
0
0
0
0
August
0
0
45.7
September
0
45.7
45.7
0
143.4
171.2
October
167.7
338.9
27.8
78.5
119.6
132.3
November
210.8
12.7
December 150.3
497.3
21.0
326.0
347.0

0
0
0
0
0
0
0
0
0

Haria, Lanzarote, 280m altitude
0
0.4
0.4
0
0.3
0.3
0
0
0
0
0
0
5.2
5.2
0
0
83.4
93.1
0
12.1
85.5
78.6
0
0.5

0
0
0
0
12.1
0.5

0
0
0
0
-2.4
-7.4

Macher, Lanzarote, 170m altitude
June
0.1
0.1
0.1
0
July
0
0
0
0
August
0
0.1
0.1
0
September
0.5
0.5
0
0
October
116.3
119.7
0
3.4
November
43.6
44.8
0
1.1

0.1
0
0.1
0
3.4
1.1

-0.1
0
0.1
0
0
-0.1

Lanzarote, 325m altitude
1.0
0
1.0
0.2
0.7
0.9
0.3
0
0.3
0
0.1
0.1
0
22.0
22.0
0.1
5.5
5.6

-1.9
0
0
-0.1
-5.1
-6.2

June
July
August
September
October
November

Barranco del ObiSQ0 1
June
1.9
1.0
July
0.8
1.7
August
0
0.3
September
1.3
1.4
October
110.6
127.5
November
63.7
63.1
June
July
August
September
October

San Bartolome, Lanzarote, 270m altitude
2.8
2.6
0.3
0.2
0.4
2.5
0
2.1
0
0
0
0
0
0
0
0
96.1
96.2
0
4.7
84

0.5
2.1
0
0
4.7

-0.7
0
0
0
-1.6

b. mesh n 2 30, a denser mesh, intercepting more droplets and
producing more water. It also had a higher resistance to the
passing air masses, and therefore did not capture all water that
the clouds contained;
c. a very fine mesh, acting almost like a barrier, letting
pass only a very small fraction of the airmass.
The results from 56 observations in 1960 are:
normal raingauge
raingauge with nQ30 mesh
raingauge with n 2 18 mesh
raingauge with very fine mesh

266.9mm
1630.2mm
1443.2mm
1208.2mm.

Observations in the dry season gave the following results:
normal raingauge
raingauge with nQ30 mesh
raingauge with n 2 18 mesh
raingauge with very fine mesh

O.Omm
103.8mm
90.0mm
66.7mm.

During a period of three years the following totals were measured:
normal raingauge
raingauge with n 2 30 mesh
raingauge with nQ18 mesh
raingauge with very fine mesh

448.5mm
3407.7mm
2177.2mm
2763.9mm.

It should be noted that the presence of this sea of clouds is often
associated with the influx of polar air, so that the air
temperature at this altitude may reach freezing point. As a
consequence, white frost may be deposited on the vegetation, which
later, when melting, provides a supply of water to the soil at a
moderate rate of intensity.
During 1971-1972 the author installed an experimental capture
system (Fig. 26) , using the Grunow raingauge, in the valley of
Orotava (photo 2), with nylon meshes of different density, having
had acces to the results of the experiments of the Northern
University in Chili. Unfortunately, no quantitative data were
available for analysis at the time of his departure. In the same
years Kammer (1974) installed 25 observation sites with Grunow
raingauges in the pine forests of the high mountains at Tenerife.
Even though the aim of the work was in first instance an ecological
study, his documents show interesting results, confirming the
interest of the capture of fog.
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Fig. 28. Two-dimensional and three dimensional fog collectors.
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I

CHILl
The research efforts in Chili have been among the most organised
and succesful ones, in particular for the people in the Atacama
desert. This research was started at the time of the creation of
the Northern University in 1957 by an international group of
scientists, among whom Carlos Espinosa, H. Fuenzalida, German Saa
and Miguel Valdez.
As from the 1960's, other, younger, scientists joined this group
among them Ricardo Zuleta, who is the only one still involved in
this work at the University.
Initial studies were mostly
qualitative, but from 1961 German Saa initiated quantitative
studies, using long threads of nylon between neighbouring hills.
Later, Saa constructed collectors in the shape of great harps, 20m
high, where the vertical nylon threads fed into a reservoir (black
and white photographs 3, 4, 5 and 6).
Saa also planted, in 1961, a cypress (Cupressus) tree on a slope
near the Andromeda experimental station between the hills of El
Mirador (photo 21). This tree was supplied with water from a
collector for two years. Thereafter the tree survived by capturing
water from fog with its leaves (the mean annual rainfall being only
lmm). The tree died in 1987 or 1988. It seems that the
characteristics of the soil, composed almost only of rocks, had
prevented it from rooting deeply. Given the violent winds that blow
in the area, the tree was uprooted by a hurricane after 25 years.
For a long time this tree was considered a symbol, and the place is
still known as the "Slope of the cypress".
Carlos Espinosa (1989) used an instrument, invented and patented by
him under the name of "fog collector 611115 11 (fig. 28), and tested
at the Slope of the cypres, between 14 december 1961 and 29
december 1963. He collected an average of 4 liters per day during
these years. Table 6 shows the seasonal distribution of the amounts
collected.
Table 6. Means of "horizontal" precipitation collected.
season

1/day

m3 jyr

ratio

svo

m3 jm2 .yr

summer
autumn
spring
winter

1.4
3.3
5.0
6.3

0.51
1.20
1.83
2.30

1.0

1.4
1.4
1.4
1.4

0.37
0.86
1.30
1.64

mean

4.0

1. 46

1.4

1.04

2,35
3.56
4.5

Later on, Espinosa used a collector of the type "El Mirador" (fig.
29).
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Between 2 september 1963 and 31 december 1964, Raul Munoz Espinosa
(1967), interested in the "camanchaca" phenomenon, used a raingauge
with a hi-dimensional harp-type captor (fig. 28) consisting of a
metal frame, 34 by 62cm, on which were fixed, vertically, 130 nylon
threads of 1mm diameter. The frame was placed perpendicular to the
most frequent wind direction. He drew the following conclusions
from his observations:
1. the greatest quantity of water was captured in spring, the
least in summer;
2. the mean monthly amounts captured in autumn and winter were
virtually constant;
3. most fog formed between 01 and 07hrs; some at around 20hrs;
4. between 09 and 15hrs the amounts captured were virtually
always nil;

Fig. 29. Fog captor invented by Carlos Espinosa, installed at El
Mirador, Slope of the Cypres, Antofagasta, Chili.
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5.
instantaneous
rates
of
capture
of
"horizontal"
precipitation did occasionally go up to 5cm3 jmin, equivalent to
12.5m3 jm2 .yr. The mean peak rate was 1cm3 jmin, or 2.5m3 /m 2 .yr. These
rates were measured only during the actual time of occurrence of
the phenomenon.
Raul Mufioz also installed small fog collectors, using meshes, in
different mines located on hills near the coast, to determine the
possibilities to provide water to small villages that did not
receive water by traditional methods.
In 1965 Raul Mufloz obtained the following results (Table 7,
weighted averages for the whole period) working at the Andromeda
station with rectangular mesh-frames rather than with vertical
threads.
Table 7. Seasonal distribution of water captures at Andromeda, with
two-dimensional rectangular meshes (Fig 28) (Mufloz, 1967).
Season

ljm2 .day

summer
spring

0.66
4.0

0.24
1.46

Mufloz (1967) also published the results of observations made during
three other periods at the Andromeda station, Portezuelo del
Mirador, using the same bi-dimensionnal instrumentation. The
periods were: - from 6 august 1963 to 17 august 1964
- from 28 september 1964 to 11 october 1965
- from 24 august 1967 to 12 february 1968.
The mean amounts captured are given in Table 8.
Table 8 Mean of the amounts of water captured at Andromeda station
period

cm3 /Wk

m3 jyr

svo

m3 jm2 .yr

first
second
third

500
400
900

0.026
0.021
0.047

0.21
0.21
0.21

0.12
0.10
0.22

These results were subjected to extensive statistical analysis. The
conclusions were:
- the mean frequency of presence of fog during the periods was
1 day in 4;
-the mean duration was 3.1 to 3.5 hours for each occasion of
fog, with a variability of 60%.
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The curve of the hourly distribution of the water captured from fog
shows maximal values at dawn (03 to 07hrs), a secondary maximum at
nightfall (18 to 22hrs) and a minimum at midday (11 to 15hrs).
The study confirms results obtained by other scientists: fog is
most common in spring and than in decreasing order in winter,
autumn and summer.
The observations collected in the "camanchaca" project, covering 38
sites, along the whole coastal zone of the Atacama desert, between
Iquique in the north and Taltal in the south, a distance of about
700km, lead to the conclusion that the optimal altitude for
capturing water from fog there is between 800 and 1200m above sea
level. An exception is formed by the site of Morro Moreno, because
it is situated at the height of the layer of stratus clouds.
A "Transfer of Technology" group of Los Vilos, supported by the
experimental sub-station of the National Institute of Agricultural
Research, had signaled its interest to exploit the water resources
provided by fog during a major part of the year (Lopez & Meneses,
1989). Mesh captors were installed in pasture fields to provide
drinking water for the grazing animals. The fact that these do not
need to walk far to drink, helps them to gain weight more rapidly.
The water captured also is used for some irrigation and helps to
increase forage production.
At the station at Los Vilos, 232km
studies on the capture of water from
measurements since 1971 of the number
be present in the area on 59% of the

north of Santiago, several
fog have been undertaken and
of days with fog show this to
days.

The National Forest Corporation (CONAF) of Chili has endeavoured to
exploit the water from fog for many years. In 1982 the corporation
tested several types of meshes and captors in the forests of Fray
Jorge. In the same year a test was made using a captor of 90m2 (30
x3m} in an abandoned mining area near the village of El Tofo (Fig.
16), between 600 and BOOm altitude.
By 1984 the CONAF had obtained the necessary data to make a
proposal to provide water to the fishing village of Chungungo. This
initiative made concrete the aims of Espinosa and German Saa. The
data collected by CONAF confirmed the thesis that it is always
necessary to collect data for each specific implementation project.
The frequency of the presence of fog and the quantities of water
tha·t can be made available depend on the region and the choice of
the capturing site.
Water was captured during 224 days, or 61% of the year. The most
favourable seasons were spring and summer. Periods without fog
could last up to 6 or even 9 days, but mostly were 1 to 3 days.
Mean production of water in the summer was 2.6 ljm2 per day, that
is 948 ljm2 .yr. The mean duration of presence of fog was 6.9hrsjday
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and the maximal capture was between 04 and lOhrs and between 17 and
22hrs.
Many other types of captors were tested in Chili, where the
implementation of these techniques has received great attention.
The tests of Reis Cunha in Cape Verde and of the author in the
Canary Islands and Cape Verde have been similar to those pioneered
in the 1960's in Chili.
It is useful to make a summary of the techniques that have, up to
now, given good results from a quantitative and economical point of
view. Combined with other data, this can contribute to finding
solutions that are adapted to each particular site, and to direct
research to improve techniques.
Amongst the captors are the mesh types, tested and proven and used
at Chungungo. The Experimental Station of La Platina in Santiago,
Chili, has issued a publication on the construction of fog captors
(Lopez et al., 1989). This publication for the extension service is
written in practical language and was printed in the review n 2 56 of
La Platina. It is reproduced in Annex 1, with acknowledgement to
the authors and publishers. The article contains no data on the
cost of construction 1 which the reader would have to obtain
locally.
Details on the construction of an "ecological fog captor", defined
by Tapia and Zuleta (1980), and characterised by its simplicity and
low cost, are given in Annex 2.
The third captor is the captor "Macrodiamante" proposed by Carlos
Espinosa (1989). Annex 3 reproduces further details of this captor,
also described in the publication by Tapia and Zuleta (1980).
The descriptions of the fog captors by Tapia and Zuleta and by
Espinosa do contain data on their relative performance. Results are
presented in Table 9. This table presents the main characteristics
of the two fog captors and provides several ratios and indicators
that serve to make comparisons. There are significant differences
in the costs of the captors. It would be necessary to train
personnel to install the Macrodiamant-type captor. One of the
conclusions may be that external financial aid is often required
for the implementation of these projects. This can be illustrated
by the following facts:
- the International Center for Research and Development 1
Canada, has contributed, 1n 1987, aid to construct the water
distribution system for several villages in the Atacama desert. The
help provided has permitted improvements to be made to the system
of capture, so that the actual yield of water now is 5 liter per
day per m2 of mesh;
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- the action by CONAF has allowed the village of Chungungo to
realise its 7-years old project, to have drinking water and some
spare to irrigate a vegetable garden and provide trees for shadow
during the hottest days of the year;
- UNESCO and other International Organizations have financed
certain studies that have permitted installations to exploit water
captured from fog, from 1982, through the intermediary of their
regional offices.

Table 9. Comparison of two fog captors, the Macrodiamante (MACD)
and the ecological (ECOL) types. Prices in US$.
units
maximum height

svo

MACD

ECOL

6

4.2
3.3
2.5
1.3

1.4
10.9
4.8
2.3

10
3.0

160
15.4

36
12

SVP
Ratio SVO/SVP

3

Ove.rall cost
cost of 1m2 svo

1660
46.1

Amortization time

years

10

Water produced/captor
a. Morro Moreno
b. Northern coast
Cost of 1 m3 of water
a. Morro Moreno
b. Northern coast

156
40

2

MACD/ECOL
dimensionless

5

14.3
3.67

10.9
10.9

0.35
1. 35

3.0
3.0

$ jm3
1.07
4.15

Investment required to irrigate 1 ha at the rate of 0.5 ljsec.ha
a. Morro Moreno
$jha
11.0
166
15.2
b. Northern coast
$jha
654
43.0
15.2
Note 1:

svo = surface of the vertical obstacle

SVP

=

surface of the vertical projection

Note 2: the calculations in this table are based on the mean annual
specific productivity, for the northern coast qCN = 1.11 m3 /m2 .yr.
The corresponding value for Morro Moreno can be obtained by
multiplying qCN x fZ, fZ being the Zuleta factor = 3.9 (nondimensional).
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PERU
The area along the southern pacific coast of the Republic of Peru
is geographically a continuation of the deserts of Chili. Coastal
fog is often observed from Arica, near the southern frontier with
Chili, almost as far north as Lima. Agreements for joint research
work have been made with Chili since the early 1980's.
The installation of individual fog-capturing schemes using trees is
well advanced.
Fog capturing using mesh screens has often been implemented by the
Meteorological and Hydrological Services. In collaboration with the
Chilio-canadian group, schemes to capture water from fog to supply
drinking water to several fishing villages are being planned (black
and white photograph 8) by installing a fog collector of 20m length
at the "Slope of Lachay", north of Lima. The equipment would be
similar to that used in Chili.
In the historical overview mention was already made of the captors
installed in the context of a technical cooperation project between
Peru, France and the FAO, the latter supplying mesh screens for a
reforestation programme for a total cost of $500 000.

THE SULTANAT OF OMAN
For many, many years farmers in this country have used woven fabric
cloth, several meters long 1 fixed between two trees, to obtain
water for their families and crops.
The Chilio-canadian group of scientists have initiated experiments
to capture fog water 1 employing techniques similar to those in
Chili. Photo 16 shows a nephelometer, like those installed in
Chili, used in these experiments.
However, the local conditions are very different. Daily water
captures are greater, because the monsoon blows strongly in these
regions, but fog only occurs during about three months of the year.

THE CAPE VERDE ISLANDS
The archipelago of the Cape Verde Islands is situated
600km west of the african coast and consists of 10 major
minor islands. Its origin is volcanic, like the canary
Madeira and the Agores, with which it forms the so-called
islands of Macronesia.
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Table 10. Amoun·ts of water (mm) captured throughout the year, in
1962, in the Cape Verde Islands (Reis Cunha, 1964).
Pero Dias

Curralinho
,J
F
M
A
M

J
J
A

s

0
N
D

(a)

(b)

(c)

0

6.5

1.7

0
0

0

0
0

0
0

1.2
15.2
410.1
196.2
88.0
35 •. 2
0

Totals
746.1

22.3
2.0

0

0

10.0
25.2
510.7
384.4
193.9
132.3
21.0

2.3
10.3
398 .. 3
249.1
81.2
67.4
8.0

99.2
27.0
124.0
419.8
124.6

65.8
39.3
55.3
139.0
41.4
55.3
9.9
208.4
111.0
242.0
676.3
195.3

1292.4

818.8

824.4

1839.0

3.2
5.2

0.5

5.5
0
0
0

0

18.6

3.0

0

0

12.6
3.0
3.5
0
96.6

83.6
35.7
184.0
446.6
116.7

100.8

910.8

849.3

(a)

(b)

(d')

64.5

142.3

24.7

88.5
8.0
46.6
83.3
1.5
2.6

270.8
20.0
128.7
211.9
2.0
5.2

0
0

15.7
4.5
17.5
2.5
4.0

(b)

5.9

(d)

0

(a)

0
0

(c)

32.8
181.0
388.4

Agua das Caldeiras

Monte Velha
J
F
M
A
M
J
J
A

(b)

(a)

0

8.5
62.5
0

0
0

2.2
0.6

(d")
78.1

o.a

56.2
102.4
1.8
4.4

9.3
318.1
203.0
304.0
526.7
42.6

10.8
32.6
487.7
437.0
549.5
856.4
202.4

0

0

0

111.2
92.6
83.0
312.6
83.2

159.1
144.4
216.3
380.2
219.3

100.6
178.2
392.0
529.8
531.8

113.4
169.8
341.4
563.8
349.6

Totals
1474.1

2789.7

410.1

1349.8

2371.0

1788.9

s

0
N
D

(a)
(b)
(c)
(d)
(d')
(d")

0
0

normal raingauge
Grunow raingauge
raingauge under cypress trees
raingauge under eucalyptus trees
raingauge under eucalyptus trees, central part
raingauge under eucalyptus trees, southern part
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Its climate, like that of the Canary Islands, is characterized by
the presence of the trade-winds throughout the year and there are
mountains well beyond 600m height. The climate is arid in most
parts of the archipelago, except for the mountain slopes exposed to
the north-east. Mean annual rainfall on the islands varies between
100 and 120mm. In the Cape Verde Islands the airmass with the
stratocumulus clouds usually is situated at an altitude between 400
and 1000m. It often is about 600m thick.
There is a great similarity between the geological composition and
the climate of the Cape Verde Islands and the Canary Islands. There
are three relatively low islands in Cape Verde (Sal, Boa Vista and
Maio) similar to the islands of Lanzarote and Fuerteventura in the
Canary Islands.
On the other, mountainous, islands, the. sub-humid north-easterly
slopes are covered with a dense vegetation from 500m upward. The
south-westerly slopes are subject to the fohn effect, are desertlike and the temperatures are 3 to 4 2 C higher than on the northeast.
Early studies on the possibility of obtaining water for the
population were undertaken in 1961 by Reis Cunha (1964). In the
context of these studies, Reis Cunha compiled an inventory of all
work on the subject undertaken up to that date, all over the world.
Reis Cunha installed different types of equipment, especially in
those islands that offered the best chances for the capture of
water because of the height of their mountains: Santo Antao,
Santiago, Fogo, Brava and San Vicente. These experiments with mesh
captors included the installation of raingauges and Grunow
raingauges. He also used frames, 2 x 1m, with metallic and with
nylon meshes, to investigate whether there would be differences in
water yield. He chose the density of the meshes after having
studied different types in airflow tunnels in Portugal (fig. 7 to
11).
The trials with raingauges at open and tree-covered sites gave
about the same results as those in the Canary Islands and
elsewhere, that is to say a ratio of about 3:1, in favour of the
gauges under the trees.
Reis Cunha placed raingauges and Grunow gauges in tree-covered
zones and also, in the region of Aguas das Caldeiras, under two
different species of trees: Eucalyptus and Cupressus, whose leaves
have quite different surfaces. He located his experiments in sites
that corresponded normally, from the point of exposure and
altitude, to those of maximal precipitation, with the exception of
the site of Curralinho on Santiago. The results are presented in
Table 10.
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The location of the stations is as follows:
Station

Lat. N

Long.

Curralinho
Monte Velha
Pero Dias
Aguas das Caldeiras

15 2
15!l
17 2
17 9

23!l
24 2
25 2
25Q

02 1
00 1
06 1
07 1

w

38'
22'
02'
04'

Approximative
altitude (m)
950
1300
1100
1430.

The results of the experiments done by Aydemir and the author in
Serra Malagueta, Santiago, in 1979-1980, at an altitude of 900m,
are presented in Table 11.
Table 11. Amounts of water captured in Serra Malagueta, mmjmonth,
in the period november 1979 to october 1980.
Normal
raingauge

Grunow
raingauge

Difference

November
December
January
February
March
April
May
June
July
August
September
October

3.5
0
0
4.1
0.5
0
0
0
17.5
477.4
179.2
16.3

159.1
139.6
63.9
107.6
228.8
146.4
448.5
423.3
395.1
1333.0
936.8
492.8

155.6
139.6
63.9
103.5
228.3
146.4
448.5
423.3
377.6
855.6
757.6
476.5

Totals

698.5

4874.9

4176.4

It can be seen that in March, April, May and June, when rainfall
was essentially nil, the Grunow gauge measured 228.8, 146.4, 448.5
and 423.3mm respectively.
Analysis of daily data, not reported here, show that on 17
September, 4, 27, 28, 29 and 30 August and on 9, 10 and 23 June,
days when rainfall was nil, water captured from fog was 37.4, 47.5,
38.5, 39.4, 40.3, 35.5, 39.5, 37.8 and 48.1mm respectively. In
other words, daily water supply during these days was between 35
and 48mm.
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The magnitude of these results is certainly in part due to the fact
that the instruments were installed in a depression in the terrain,
as shown on the cover photograph. At this altitude of 900 m,
between the mountain tops nearby, the windspeed is relatively great
and the water droplets have a tendency to be greater also.
The quantities measured here are even greater than those obtained
by Nagel (1956) in a similar experiment on the Table Mountain in
South Africa at 1067m in 1954 and 1955. Nagel captured 3294mm,
still one of the best results obtained anywhere in the world.
Given the observations made in the other islands of Cape Verde,
Santo Antao, Fogo, San Nicolao and Brava, it can be concluded that
there are many places where water yields can be obtained that are
similar to those measured by Nagel. Cape Verde does possess a
considerable potential resource to ease the water shortage
experienced by its people. Investigations, taking local conditions
into account, are now required to define .the techniques for the
exploitation of this resource (Acosta Baladon, 1980).
Reis Cunha (1964) undertook comparative tests of the water that can
be captured with frames with metallic and nylon meshes respectively
at Serra Malagueta in 1963 and 1964 (Table 12).
Following this work, the author, in collaboration with the Cape
Verdian engineer Sabino, has replaced the captors installed in San
Antao with others that had a lesser density of nylon wires. The
increase in the amount of air that was able to pass through the
frames resulted in an increase in water yield.
6.6

GALLERIES

For many years water in the Canary Islands has also been captured
by galleries. In earlier years the system had provoked the
curiosity of scientists who wondered from where water came, that
could not be accounted for by rainfall. Moreover, the flow did not
diminish during the drought periods but was regular throughout the
year.
This resource still provides water for the population and to some
of the banana groves on the islands with high mountains, such as
Grand Canary, Tenerife and La Palma.
The technique involves the digging of shallow excavations into
which galleries are built. The water caught in the ditches then
infiltrates slowly into the soil. Conditions for making galleries
in Cape Verde and the Canary Islands are particularly good. Because
of the volcanic origin, the soil material is friable and porous,
which makes the infiltration of water and the construction of
galeries easy.
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Photo 8 shows part of the catchment area in the Orotava Valley in
Tenerife, where fog is present during many days of the year. Day
after day, water droplets are deposited. Photos 22 and 23 show the
place where a gallery has been dug, its exit from the mountain, the
material dug out and the pipe conducting the water away.
The fact that these techniques are used to irrigate banana grqves
proves that the yield is relatively high, because bananas require
much water for their growth.
In the Cape Verde islands a gallery exists in San Antao, though it
may be the only one in the archipelago. In his end-of-mission
report, the author (Acosta Baladon, 1980) suggested that Cape
Verdian technicians should be given a chance to acquire, in the
Canary Islands~ the necessary skills to undertake the installation
of galleries in Cape Verde. The reason for this suggestion is that
there are many places in Cape Verde where conditions are
appropriate for these techniques. One can often, at altitude,
observe water, that originates from shallow soil layers, running in
slightly eroded terrain (photo 29).
The water shortage problem is particularly important in the area
around San Vicente, one of the most densely populated areas of the
archipel. Would it be impossible to formulate a solution, given the
fact that at lOkm distance, the island San Antao possesses an
enormous water potential, that might be exploited by galeries in
its north-eastern region?
Obviously, the best places to build galleries are the mountain
slopes most frequently covered by fog.
6.7

SHALLOW WELLS ON SLOPES COVERED BY FOG

In the mountains, most often there is sandy or rocky material in
the valley bottoms, the result of the different erosion processes
that have occurred in the course of time. These materials can be
exploited with advantage, because they are very porous and, in
fact,
ideal aquifers. There is often water, in reasonable
quanti ties, at one, two or three meters depth if the site is
situated on the slopes where fog is found frequently. The presence
of trees or shrubs, and the way they are grouped, often indicates
where to look for water.
If wells are made to exploit this resource, the water supply is
likely to be fairly constant, even during droughts. Flow usually
increases as the frequency of (radiation) fog increases.
During field work in several of the Cape Verde islands, excavations
were made in many places with sandy material in the valley bottom.
Water was often found at about lm depth. People nearby confirmed
that these sources of water did not dry up, even during droughts.
99

The older people of Queimada, on the island of San Nicolao,
confirmed that a well of about am depth provided water for the
whole village, throughout the year and even during droughts, until
a few years ago. There are many such examples in Cape Verde.
If wells already exist in a region earmarked for development, an
inventory and a plot of their position on a map may help to locate
the distribution of the water that runs under the surface but above
the impermeable layers that prevent it from being lost at depth.
Photo 19 and 24 show some of these shallow wells.
This method to exploit underground water has been little studied.
If not used, this water may run underground, and unused, into the
sea, as was shown on satellite photographs of Tenerife in the
Canary Islands. ·

6.8 SHALLOW WATER RESERVOIRS ON FOG-COVERED SLOPES IN CAPE VERDE
AND IN THE CANARY ISLANDS
It is almost impossible to construct dams in Cape Verde and the
Canary Islands because of the friable and porous nature of the soil
which is volcanic. Water losses would be enormous, unless one makes
impermeable the bottom and sides of the reservoir. The cheapest and
easiest material to use for this purpose is plastic sheeting. The
method has already been used for swimming pools and cattle watering
points.
The fog is normally formed when the humidity in the air, when it
rises to 500 or 600m when moving upslope against the mountains,
starts to condense (condensation through adiabatic cooling). Part
of this water remains suspended and part may be deposited on the
obstacle encountered by the air. One observes:
a. the water is deposited very slowly and can therefore be
retained easily by the vegetation and the soil;
b. because of the relatively steep mountain slopes, the water
does not go to great depth, even though the soil is porous, but
runs down by gravity along impervious layers.
However, the relatively slow deposition and infiltration allow the
trees and cactusses, with their extensive rooting systems, that
grow in these areas, to capture the water.
An example is provided by the broom shrubs that are continuously
dripping water in the highest parts of the Canary Isiands, around
the Izana Observatory (2467m) where fog occurs, on average, on 70
days per year, about 20 of which show white rime, formed by water
deposited on the branches at temperatures below the freezing point.
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Photo 27 gives a good idea of a catchment area and its surrounding
mountains, in which water flows underground, unseen. But on photo
29, taken about lOOm downstream, the water comes to the surface,
because the soil is less deep, owing to erosion. Still further
downstream, photo 31, the accumulated water has been canalized by
a small dam just upstream. These photographs have been taken in the
"Ribeira Flamenco" on Santiago, Cape Verde.
This small river receives its water from the eroded mountain slopes
at its sides, on which the soil may be only 20 or 30cm deep. Water
captured in these mountains very often flows at such small depths
below the soil, down to very low altitudes. Similar images can be
seen on photographs taken in Chili.
One can wonder in how many similar situations water flows unused in
other places in Cape Verde, Chili and elsewhere. There may be a
case for the creation of an operational hydrology, using nontraditional methods to exploit occult precipitation.
In the desert north-east of Recife in Brasil, which overlies basalt
rock formations, and where rain only falls every other month,
people have detected the faults in the terrain and constructed
subsurface dams that help bring the water to the surface so that it
can be used for irrigation during six month of every year.
Obviously, such a situation does not exist in Cape Verde and in the
Canary Islands, where the terrain is permeable, while in Brazil the
rock is solid and inpermeable. It is necessary to make a specific
study for each case, but the fact remains that these resources can
be exploited.
6.9

STONE WALLS

Hitier (1925) described the principle of the functioning and of the
construction of stone walls, as found during the excavations at
Theodosia and as mentioned also in Israeli texts about stone walls
erected to capture water.**
Theodosia is located near the Black Sea The presence of the eastwest oriented Taurica mountain chain, the peaks of which rise to
1500m, and the presence of humid warm winds coming from the southsouth-west and forced up against the mountains are conditions for
the occurrence of fog, in a manner similar as in the Sultanat of
Oman.
** Dr Alain Gioda, a hydrologist working at ORSTOM, France, has
visited Theodosia and suggested, for the first time, that these
stones may be ancient graves. None of the many documents studied in
the past questions the function of the walls, whose existence and
use have been rationally explained.
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Photo 25. In the background, the fog that provides water for the
wells, visible at the foot of the mountain, from which drainage
channels, themselves also collecting water, lead to the reservoirs.
Atacama desert, Chili.

Photo 26. Water appearing at the surface in the region of the
"canchones", where vegetable crops are grown under a salty crust,
Pampa del Tamarugal, Atacama desert, Chili, 1973.

Photo 27. In the background the catchment area of the "Ribeira
Flamenco", where water flows underground, not visible at the
surface. Santiago, Cape Verde, 1980.

Photo 28. The crust of salt at the edge of the water. Pampa del
Tamarugal, Atacama desert, Chili. 1973

Photo 29• Water captured in the catchment area shown in photo 27,
coming to the surface about lOOm downstream from the location where
that photograph was taken. "Ribeira Flamenco", Santiago, Cape
Verde, 1980.

Photo 30. The Corporation for the Development of Chili (Corporaci6n
Fomento de Chile) has reforested 2000ha by percing the crusts of
salt and planting specimen of Prosopis tamarugo in the soil above
the aquifer. Once established, and when the water in the aquifer
dried up, the trees have continued to extract water by capturing it
with their foliage.
Photo 31. Dam retaining some of the water captured from fog, at the
downstream end of the catchment area described in photos 27 and 29.
At the left one can see a field of sugar cane irrigated with the
water so collected. "Ribeira Flamenco", Santiago, Cap Verde, 1980.

Photo 32. A plantation of Prosopis tamaruga, supplied with water as
shown in photographs 26, 28 and 30. Atacama desert, Chili.
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Photo 3 3. A plantation with individual mesh captors to provide
sufficient water to allow the young plants to grow and develop the
foliage required to capture, themselves, water from fog. In the
background the frame that remains of the installation used by
German Saa in 1962. Atacama desert, Antofagasta, Chili, 1990.

Photo 34. Herd of sheep whose food supply consists exclusively of
the leaves of Parkinsonia aculeata, shown in photograph 37. Maio,
Cape Verde, 1980. The mean annual rainfall is 100mm.

Photo 35. Plantation of trees and individual captors providing
water to young plants to help them survive the early stages of
their existance. Atacama desert, Antofagasta, Chili, 1990.

Photo 36. Cypress (Cupressus) in the forest of Fray Jorge, Chili,
on the banks of a permanent water course, El Mineral, fed by water
captured from fog. Mean annual rainfall is 370mm.

Photo 37. Parkinsonia aculeata, the only fodder for the sheep in
photograph 34. Maio, Cape Verde, 1980. The mean annual rainfall is
100mm.

Photo 38. Cupressus, Eucalyptus and other species of trees along
the small water course El Mineral, fed by water captured from fog
by the foliage of the trees. Fray Jorge, Chili.
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When Knapen (Gioda & Acosta Baladon, 1991) constructed, in 1931, an
installation for the condensation of atmospheric humidity, which he
called an "aerial well", he did indeed capture water, but not as
much as he expected. He did not have access to "the indispensable
hygroscopic materials to make a succes of the system".
The following two criteria must always be considered in the
processes of capturing water from fog: condensation of water vapour
after cooling or absorption by hygroscopic material. Moreover,
capturing water from fog is highly dependent on the windspeed.
This point is borne out by the photograph of the installation of
Reis cunha (1964) (Fig. 9), where it can be seen that the wall is
very thick and compact. It does not permit the air to pass as
necessary.
stone walls should act somewhat like the mesh screens, letting the
air pass to capture the water. In Cape Verde, this practical and
cheap solution can be practised now. The walls should be erected in
the depressions of the terrain, where the wind speed is relatively
high, perpendicular to the dominant flow of the air, that is to say
in a north-north-easterly direction.
The foundation on which the walls are constructed should be made
impermeable, with sturdy plastic or a layer of compacted clay at
least 10cm thick. A good foundation should be made under the
structure, that should have the form of a truncated pyramid, to
make the wall stable. When making the wall, the central part should
be constructed first, made of big stones between which the air
circulates freely. Next the front and rear surfaces should be
covered by smaller stones, still leaving ample space for the air to
pass. stability can be added by supporting the structure with old
fishing nets or even iron wire netting, galvanised to resist
corrosion. It may be possible to add ducts to increase the
ventilation through the wall.
In summary, the wall should have the following characteristics:
1. the first vertical layer of stones should let the greatest
possible volume of air pass;
2. the central part of the wall should consist of big stones,
between which are large spaces, so that airflow is facilitated,
even though there should be plenty of points of contact during its
passage. All air should flow along curved pathways.
A stable configuration, providing sufficient water for a whole
family, should be constructed on a base of about 2m;· it should be
4m long and about 50cm wide. But this general description leaves
great liberty to each user to adapt the construction to the region
in which he lives. Experience will help to determine which
construction captures most water.
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6.10 CONSTRUCTION OF CONCRETE FLOORS ON MOUNTAINS SLOPES ABOVE THE
CONDENSATION LEVEL
Earlier in this book, two types of fog were distinguished, static
and dynamic. The interception of the water from the latter, usually
advection or orographic fog, does not present major problems. The
water yield depends on the water vapour content and the windspeed.
static fog usually is caused by radiative heat loss from the air.
Capturing the water from this type of fog is more difficult. But
field observation shows that roofs and walls can collect the water
that has condensed on them.
In La Serena, Chili, water droplets have been observed in the early
morning, at 7hrs, wetting abundantly the soil near the walls, as
when dew is deposited. This leads to the suggestion that water from
such fog may be collected when fairly steep roofs are oriented
perpendicular to the wind, even if its speed is low.
During an ICONA workshop in the 1970's, in the Canary Islands, a
crop and cattle farmer from the village of San Andres, Mr Tadeo
Casafios, explained that, whenever there was a drought, he placed
galvanised iron plates perpendicular to the air flow and collected
several liters of water.
These types of fog form as and when the air cools, becomes denser
and heavier and flows to lower parts, over the slopes towards the
bottom of the valleys. At the moment, the best technique for
collecting the water is to expose smooth surfaces on which water
droplets are deposited as long as the fog lasts.
If dynamic
interceptors
practicable,
sheeting for
interest.

fog occurs in these regions, the use of mesh
will be more efficient and less costly. If this is not
impermeabilisation, with relatively cheap plastic
example, of slopes above 400m altitude may be of

Radiation fog usually gives highest condensation below 400m
altitude, dependent on the degree of cooling and the water content
of the air. Site-specific observations are needed to choose the
best places for installation.

6 .11 FORESTATION AND REAFFORESTATION OF CERTAIN DESERT REGIONS:
CANARY ISLANDS, CAPE VERDE. CHILI, PERU
6.11.1

INTRODUCTION

Forestation and reafforestation of deserts that use a potential
renewable natural resource as important as fog-borne water, that in
some places can exceed the mean global annual rainfall (900mm), are
one of the major challenges for those working in this discipline.
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such a transformation takes into account that many of these desert
soils normally possess a great natural fertility.
If such forestation takes place in regions with abundant fog, the
trees can act as "colonisers". They provide water for their own
use, but also for other plants that can be grown between them and
in their shadow. Moreover, they may supply water so that the water
table may rise and that subsurface and permanent water courses may
come into existence.
In the Canary Islands the engineers of the Water and Forest
Services have exploited this knowledge for many years. The
reafforestation programmes are associated with programmes of water
development. In the Canary Islands almost all water courses
originate in forested regions. The engineers of ICONA have shown
that 70% of the water resources of the Island of Gomera have water
captured by trees as their source. "Moreover, the persistence of an
important network of water courses circulating in the forests is an
almost unique phenomenon in the Canary Islands, where most surface
water has disappeared owing to its interception and intense
exploitation" (Santana Perez, 1990).
A further example: Casuarinas, trees with a leaf structure that
provides good water capture capability, were planted in Peru a few
years ago. The water dripping from their leaves permits other plant
species to grow, even though these themselves, when still young,
are not able to capture water from fog. The casuarinas provide a
natural drip irrigation, at the lowest possible cost.
on this basis, a reafforestation programme was started in Serra
Malagueta,
Santiago,
Cape
Verde
( Aydemir,
1980,
personal
communication) at a location where one of the highest water yields
was measured with the Grunow raingauge. The hypothesis was that in
this location plants would be able to continue to grow without
external help, once they had the first set of roots, even though no
rain fell. rrhe experiment, initiated and pursued by Mr Aydemir, was
succesful and several thousand of hectares have thus been
reforested in Cape Verde (Acosta Baladon & Gioda, 1991).
The various photographs taken in Cape Verde, the Canary Islands and
Oman show that in certain cases, trees can provide an important
amount of water to the soil and for use by man.
In other countries also, reafforestation is underway. In Chili, the
National Water and Forest Corporation ( CONAF) exploits a subsurface
water resource in the Atacama desert, hidden under a 'salt crust of
a few centimeters thickness. This source is located in the Pampa
del Tamarugo, where, in the previous century, a forest was
destroyed during mining operations. Annual rainfall at this site
varies between 1 and 15mm, but the place is often covered by fog
that continues to provide the vegetation with water. Photos 1 and
5 show this reserve of Prosopis tamarugo, the only source of food
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(leaves and fruits) for the sheep in the area. In photos 26, 28, 30
and 32 the water of the "Canchones" and the resulting plantations
are shown, including the establishment of young trees (photo 30) by
CONAF. Two thousand hectares have been planted in the region, being
a partial redress of the destruction caused in the last century.
Somewhat south of this location, Elgueta (personal communication)
used radioactive tracers to establish the origin of the water in
the fog-covered zones of Mount Temblador. He tried to grow trees,
resistant to very cold and very hot weather, such as Schinus molle,
in the desert, at "mile 15" near Vallenar. As shown on black and
white photograph 7, he provided water for these trees for 30 to 60
days. Thereafter they were left with the water they could extract
from the fog as their only supply. Eighteen years later, these
trees have changed the look of the desert, as was the case in Cape
Verde.
The following conclusions, to be kept in mind when formulating
reforestation programmes, can be drawn:
1. the choice of species and variety of trees to be used and
their climatic requirements is important;
2. some species adapt quickly (3 or 4 months) to difficult
conditions, others require care for a longer period (up to a year)
but many finally manage to survive on their own. Of course, some
species are not adapted and will never survive.
6.11.2

WATER

In some regions the subsurface water supply may be at only 20 or
30cm depth. Trees planted there can develop without external help,
if the species has been chosen correctly. But other species do not
tolerate excess water. When the author visited the famous cypress
of El Mirador in the Atacama desert in 1973 (photo 21), that had
been initially irrigated with the help of the captor shown in black
and white photograph 3, he noted that some other trees had died
because of excess water, right in the desert!
In other areas there is rto shallow watertable. In these zones trees
are entirely dependent on water supplied by fog.
Two scenarios are possible. Once planted and irrigated for a
limited time, to allow the development of the rooting system, some
trees will continue to grow without further help, while others need
a prolonged period of assistance before they can subsist with only
the water from fog captured by their leaves. The length of the
period depends on the species and the intensity and frequency of
the fog. In the case of Schinus molle (black and white photo 7) and
the climatic conditions at mile 15 in Vallenar, the period was 60
days.
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The help given to the young plants can be in the form of irrigation
or in the form of small mesh screens, such as shown in photos 33
and 35. These photographs were take at the Andromeda station, El
Mirador, Antofagasta, Chili at 900m altitude. The species were
Schinus molle, Acacia cianifilia, Prosopis tamarugo and some
Eucalyptus.
6.11.3

SOILS

In some regions, like the north of Chili, reforestation can succeed
because fog is frequent. But at some places the characteristics of
the terrain do not favour the development of the vegetation,
because the soil is salty or too shallow (lithosoils or lithogenic
soils). If there is enough water, the soil salinity problem may or
may not be resolved, depending on whether the salt can be leached.
Sometimes the salt level can be reduced sufficiently to allow roots
to grow, if irrigation schedules are adapted. Examples have been
given in Almeria, Spain, and Israel (Acosta Baladon, 1973).
In other cases, when the soil is sufficently friable, a bigger than
usual planting hole can be made, which can be filled with "normal"
soil brought in from elsewhere. This operation can help the plant
to grow succesfully. When its roots start to encounter difficult
conditions, it will already have acquired a certain strength, and
developed a major part of its rooting system in the "normal" soil;
it will expand its rooting system as the salinity in the
surrounding soil decreases. As it grows, it captures water and
helps with the leaching of the soil. An example is given by
Prosopis tamarugo which has a very superficial rooting system.
6.11.4

THE PLANTING OF ISOLATED TREES

rt is easier to support trees planted in isolation than trees in
reforestation schemes. They may be planted on slopes, next to an
existing "natural" captor, such as a rocky outcrop, an existing
bush or a cactus. To judge whether the captor is efficient, one can
look for mosses or lichens. Cacti can adapt themselves to other
sources of humidity and their presence does not always indicate the
availability of water from fog.
CANARY ISLANDS
Following the work of Ceballos and Ortuflo (1952) and of Nog-ales,
all refores.tation programmes in the Canary Islands are based on the
use of fog-borne water. These scientists confirmed that almost all
water courses in the Canary Islands had their origin in forested
regions covered by fog. Over the years the hydrological importance
of these forests caused the professions of forestry and water
development to work closely together.
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on the island of Hierro the development. of forests has been
undertaken since 1948 to help provide drinking water to certain
villages.
Even though the Canary Islands have ample financial resources owing
to the great importance of tourism (doubling in many years the
sedentary population), permitting the use of expensive methods to
obtain water, such as desalinisation of sea water, one can still
take inspiration in the construction of galleries and the
exploitation of occult precipitation in many parts of the
archipelago.
CAPE VERDE ISLANDS
There are many common traits, climatic, orographic and geological,
between the Cape Verde and Canary Islands.

Interception

Plastic sheet

Collector

container

Fig. 30. A model proposed in Cape Verde to capture fog-borne water
intercepted by trees (personal communication, Servat, 1986, ORSTOM,
Paris).
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Water shortage has hindered development in many parts of the Cape
Verde Islands. Exploitation of fog-borne water can help solve this
problem in Santiago, Fogo, Brava, San Nicolao and Santo Antao.
At San Vicente the possibilities of capturing fog-borne water are
less, because there are no high mountains. The island of Santa
Antao, nearby, has the greatest resources, both as rain and occult
precipitation.
According to Servat (1986) the Ministry of Rural Development has
installed a model of a system (Fig. 30) to capture water from fog
in Sao Nicolao.
Colombani (personal communication, 1986) mentioned that a farmer
in Sao Nicolao had created a system that delivered about 200 liters
of water per day, by planting 20 trees in line and placing a
plastic sheet under their crowns (Fig. 31). This system resembles
that of Hermogenes Gon<;alves in the island of Brava, who collected
400 to 600 liters per day with his "network" of "garrapatos"
(Furcraea gigantea).
The erosion in Cape Verde is in part created by the type and
intensfty, of rainfall and in part by the presence of a large goat
populatiOn, that is a major component of the food supply of the
peo.pl~, ..

100m

sheet
Collection of the water
Fig. 31. Display of 20 trees under the crowns of which a farmer in
Sart Nicolao, Cape Verde, placed a plastic sheet, to collect 200
liters of water per day whenever the day was foggy (personal
communication, Colombani, ORSTOM, Paris).
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It would be interesting to Jcnow whether certain species of acacia,
such as Parkinsonia aculeata and Prosopis tamarugo grow as well in
the islands where fog occurs, as in the islands without mountains,
that have other sources of occult precipitation, such as Maio. If
this was the case, one could substitute sheep, that feed very well
on this vegetation, as seen in the Pampa del Tamarugal, Chili
(photos 34 and 37), for part of the goat population, still
supplying the necessary milk and meat.
CHILI - PERU
Desert zones are located along the coast of these countries, in
particular the Atacama desert, one of the driest in the world.
However, parts of these deserts are frequently covered by fog,
mainly caused by the presence of the cold Humboldt ocean current
and the Cordilleras des Andes, of which the altitude near the coast
varies between 600 and 1200m.
Since the 1980's the two countries have joint programmes to study
the methods in which fog-borne water can be exploited, notably for
reforestation. The trees that perform best in these programmes are,
in Chili: Prosopis tamarugo, Acacia cianofilia, Schinus molle, and
Eucalyptus globulos, viridis and espatulata. The performance of
Casuarina is also being studied.
In Peru the following trees have been used with succes: Tara
(Caesalpina spinosa, Mol), Huarango (Acacia acrocantha, Hand B),
Mito (Carica candicans, Gray), the californian pepper tree (Schinus
mol le, ( L) ) , the carouba ( Prosopis sp. ) , the Bichayo ( Capparis
cordata Rand P), Capparis avicennifolia, Capparis ovatifolia, the
mustard plant ( Brassica juncea ( L) Coss} , Brassica nigra ( ( L)
Koch), and the Palillo (Escobedia scabrifolia Rand P).
Different species of cypresses and other trees in the forest of
Fray Jorge in Chili are shown in photos 36 and 38, alongside a
small watercourse, fed by fog in a forested region.
Eucalyptus and Schinus molle of different ages can be seen at the
site of El Tofo, where CONAF had installed a fog capturing system
with mesh frames. These trees, supported in the beginning of their
growth by the water supplied by the frames, continued thereafter to
grow with the water that they themselves captured from fog.
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ANNEX 1
CONSTRUCTION OF FOG-TRAPS
This is a translation of a spanish-language article published under
that title in the review of the agricultural extension service of
IPA, Chili, La Platina, vol. 56, 1989. The authors of the article
are Juan E. Lopez M., Waldo Canto v. and Raul Meneses R.
As a complement to the document "The 'camanchacas' and animal
production", published in La Platina vol. 54, practical advice and
suggestions are given for the construction of one or more fog-traps
or "captors of the camanchaca". The article presents some important
principles for the construction and installation of these traps:
1. The traps should be placed where the "camanchaca" (low
clouds or fog) occur most frequently and where they are most dense:
that is to say at an altitude of 600 to 1000m, and where wind is
strongest, especially where a Venturi effect exists;
2. The traps should be placed perpendicular to the dominant
wind direction of the fog-laden airmasses;
3. Flat and simple traps are usually the most efficient ones.
Cylindrical, hexagonal, V- and U-shaped or even more complicated
forms are less efficient. Traps with 2 or 4 frames can capture more
water, but are more expensive and complicated to build;
4. While square frames are easiest and cheapest to construct,
and therefore often most efficient, rectangular forms of 12m x 4m
have also been found very convenient in practice;
5. The most appropriate mesh to use on the frames has been
found to be the mesh Rachel, 35% opaque, double cover, as shown in
fig. 1 of this annex.
Then follows a description pf the elements required for
construction of a fog-trap. For a double trap, double the material
is required, except the posts. The length of life of a trap, and
its amortization, have been indicated by the National Corporation
of Water Management and Forestry of Chili (CONAF). There are at
this moment no other data that can be used for this assessment.
COMPONENTS OF THE FOG-TRAP
Two impregnated posts, 6m long and 20cm diameter should be placed
at a distance of 12m from each other and solidly anchored (with
concrete) (fig. 2). Their lifetime is estimated at 30 years. As can
be seen in fig. 3, the posts should be supported by cables that are
properly anchored. In areas with great windspeeds, as many as 8
anchoring points may be useful.
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Mesh of the "Rachel" type, 35% opaque, double mesh.

A system of cables and tensioners provides appropriate stability to
the trap and to the system conducting the water away, so that they
can function optimally for the longest possible time. All cables
and tensioners should be made from inox steel or otherwise treated
against corrosion.
Other components:
- 30kg of 5.2mm diameter cable, galvanised iron with PVC covering.
These cables, fixed inside the Rachel mesh, sustain and position
the mesh and help to keep the posts in place (fig. 2 and 4). The
amount of cable required can vary according to the number and
spacing of the anchoring points.
- 10kg of 2.1mm diameter cable, galvanised iron with PVC covering,
for the cables that prevent the mesh to move with the wind, which
would make the water drip outside the capturing tube (fig. 5).
- 16 tensioners of inox steel. Each of the cables that support the
mesh carries a tensioner at each end. The cables that anchor the
posts each carry one tensioner (fig. 6). This number may be adapted
to the local situation.
- 24m of mesh of 4m wide (96m2 ) of the Rachel type (as manufactured
in Chili), 35% opaque (fig. 1). Its life-time is estimated at 6
years, and determines the interval before the trap needs to be
reconstructed.
- 4 wooden boards, 8cm x 4cm x 4m long to fix the mesh to the posts
and prevent it from being torn.
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Fig. 3. The system to anchor the posts.

Fig. 4. Cable at the lower side of the mesh ont which the mesh and
the drip-tube are fixed.
- 2 hexagonal bolts of 5/8 11 with nuts for the pulleys (fig. 8).
- 2 pulleys of 1/2"
- 2 squares
- 4 hexagonal bolts of 3/8 11 with nuts.
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- 12m of PVC tube of 11cm diameter. This tube should be cut open
over 25% of its circumference (Fig. 4, fig. 9). The tube is
attached at the lower side of the mesh to catch the water that
drips off the mesh. The tube is attached to the lower cable,
holding the mesh, with a PVC covered wire of 2.1mm diameter.
- 1 PVC reducer (110 to 25mm) to link the tube to the collection
system (fig. 10).
- material to mix the concrete for the posts and anchoring points:
cement, sand etc. The metal bars to which the cables are fixed
should have a diameter of 3/4" (fig. 11).
- a reservoir to hold the water collected. Its capacity depends on
the number of traps, their water yield per m2 and the number of
days on which no water is being captured. If one does not have
site-specific data, the CONAF data can be used: 2.6 literjm2 .day,
equivalent to 124 literjm2 .day for a trap of 48m2 •
If the water is used for animal drinking water, the drinking basin
should be relatively small, 1000liters, because the animals might
drink excessively if it was greater. For other uses, such as
irrigation, a reservoir of say 3000 liters might be constructed, to
last a fortnight. At El Tofo, CONAF has used 2400m 2 of captors and
australian type reservoirs totalling 24000 liters.
SUGGESTIONS AND RECOMMENDATIONS
Some practical details for the construction and installation of
fog-traps are given here, arising from the experience acquired by
CONAF during the implementation of the "Camanchaca project".
Even though the fog-traps are installed in isolated locations, once
they perform, they attract, because of the water collected, all
sorts of birds, insects and mammals. Most damage is caused by goats
and donkeys.
A first protection consists of an enclosure, if possible of wire
netting, around fog-traps, reservoirs and all other parts of the
installation. The reservoir can be protected against birds, insects
and pollution.
If there are strong winds in the region, fix two attachment points
in the concrete, rather than one, as is shown in fig. 2.
To avoid strong winds breaking the upper cable holding the fogtrap, a pulley should be used at the point where the cable flexes,
fixed by the upper bolt holding the wooden board against the post
(fig. 8). The upper cable should not rub against the bolt and the
movements imposed by the wind should be absorbed smoothly in a
lengthwise direction.
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Fig. 5. Action of the
three intermediairy
cables, that prevent
the displacement of
the trap.

Fig. 6. Tensioner for
the anchorages and the
trap.
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Fig. 8. The system with the pulleys.

It may seem superfluous to hold the fog-trap in place with three
intermediairy cables (Fig. 2) in stead of one, but this is
justified whenever there are strong winds that would form two major
bulges in the mesh (fig. 5). such a shape would yield about 15%
less water.
The tube that collects the water shown in fig. 2 and fig. 5 has
been given that form to avoid losing the water captured. If more
than 25% of the circumference was cut away, more water would be
lost during strong winds, which were frequent in the areas where
the Venturi effect occurred.
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Fig. 10. PVC reducer (110 to
transport the captured water.

25mm)

to

Fig. 9. PVC class 6
tube, 110mm diameter
cut over 25% of its
circumference.

Fig. 11. Metal bar of 3/4" diameter, fixed
into the concrete base.
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ANNEX 2
THE ECOLOGICAL, ELASTICAL FOG-TRAP
Article reproduced from
"Twenty years of Camanchacas and two years of the Mejillones
project"
N. Osvaldo Tapia and Ricardo Zuleta
Antofagasta, Chili, 1980
DESCRIPTION AND CHARACTERISTICS
The cost of and the problems encountered during the operational use
of the Macrodiamant fog-trap have led the staff of the Mejillones
project to search for other construction methods, based on the
examples given in nature. A new, elastic, structure, called the
"ecological model", because of its components and aims, is
described.
The ecological fog-trap is composed of three bamboo sticks, fixed
into the soil, forming a pyramid and tied together by a knot at
one-third of its height. A cheesecloth type cloth is fixed on the
upper two-thirds (fig. 1 and fig. 2 of Annex 2).
The resulting structure has a rigid base, solidly anchored in the
soil with three iron rods, and a fog-capturing surface that resists
the wind well, because of its elasticity (fig. 1).
The cloth has the form of three rectangular triangles, the sides of
which measure 1. 20m and 2. 75m respectively and the hypotenuses
3. oom. The three triangles are sown together at their longest
(2.75m) side and mounted, through the seams, along the hypotenuses
on the upper part of the bambou sticks. once installed, the cloth
takes the form of a star (looking down on it), with the smallest
sides upwards and the top of the triangle down (fig. 2).
In summary, the description is: a very simple elastic structure,
made with cheap natural material and a prefabricated cloth, a
system that makes its installation in the field easy.
The principal components are:
- three bamboo sticks of 4.70m length
6m of cloth of 1m width
2m of galvanised iron wire n 2 14.
3 iron rods, 12mm diameter, 33cm long
height of the joint at 1.47m
total height 4.22m
distance between the "feet" 1.36m
distance between the upper points 2.44m
vertical surface of the obstacle (VSO) 3.3m2
surface of the vertical projection (SVP) 2.5m2
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INSTALLATION
The fog-trap can be installed as follows:
1. insert the bamboo stems into the seams of the cloth;
2. put the bamboo sticks straight up and tie them together
with the iron wire; orient the "feet" towards the dominant wind;
3. extend the three "feet" sideways until the cloth is taut;
4. fix the "feet" into the soil with the iron rods.
Installation takes 5 minutes, if done by two persons. Total cost
should be based on the calculation that two persons can install 8
fog-traps per hour, so the equivalent installation time· is 15
minutes per trap.
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Fig. l. Ecological fog-trap.
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COST ESTIMATE
(Chili, 1979)
The cost estimate of an ecological fog-trap of 3.3m2 svo is:
Components

Quantity

Unit

$/unit

$

Bambou sticks (Antofagasta)
Cloth, 1m wide
Iron bars, 12mm, 33cm long

3
6
1

u
m
kg

0.50
1.00
1.00

1.50
6.00
1.00
8.50

Total
Manpower (HP =hour.person, including social charges)
sowing of the cloth
0.50 HP
Installation
0.25 HP
Total manpower

0.75 HP

Total cost of the installed fog-trap

@ $2.00/HP

=

$ 1.50
$10.00

This calculation is based on 1979 costs and dollar-values, and
should be recalculated using appropriate figures for other times
and locations.
As was done for the study of the Macrodiamant fog-trap, the same
indicators will be calculated. These are the cost of 1m2 of svo,
the cost of 1m3 of water captured and the cost required to irrigate
1 ha, at the rate of 0.5 literjsec.ha, at Morro Moreno and at other
places along the north coast.
All hypotheses are the same as those mentioned in section 6.5, with
the exception of the amortisation time which is 2 years for the
ecological fog-trap and 10 years for the Macrodiamant.
The indicators for an ecological fog-trap at Morro Moreno are:
Cost of 1m2 svo: 10/3.3
= 3.00 $jm2
Specific productivity (q):
= 4.33 m3 /m2 .year
Yield of water in 2 years: 4.33 x 2
= 8.66 m3 /m2
Cost of amortization: 3.00/8.66
= 0.35 $jm3
Total water production: 4.33 x 3.3
=14.3 m3 jyr
3
3
or 14.3 m jyr x 1000 l/m x 1/31 536 o-oo yrjsec
= 0.45/1000 ljsec
Number of fog-traps required per ha (for an irrigation rate of 0.5
ljsec.ha): 0.5/(0.45/1000)
= 1111 fog-traps
Investment to irrigate 1 ha at $ 10 per fog-trap
10 x 1111
= 11110 $/ha.
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Indicators for an ecological fog-trap at any appropriate place
along the north coast of Chili:
Cost of 1m2 SVO: 10/3.3
= 3.00 $/m2
Specific productivity (q):
= 1.11 m33 /m22 .year
Yield of water in 2 years: 1.11 x 2
= 2.2
m /m
Cost of amortization: 3.00/2.22
= 1.35 $jm3
Total water production: 1.11 x 3.3
= 3.66 m3 jyr
3
3
or 3.66 m jyr x 1000 l/m x 1/31 536 0-00 yrjsec
= 0.116/1000 ljsec
Number of fog-traps required per ha (for an irrigation rate of 0.5
ljsec.ha) 0.5/(0.116/1000)
= 4310 fog-traps
Investment to irrigate 1 ha at $ 10 per fog-trap
10 x 4310
= 43100 $/ha.

COMMENTS FROM TAPIA AND ZULETA:
1. With reference to Table 9 (section 6.5) one can conclude that
each square meter of svo of the Macrodiamant is 15.4 times as
expensive as the ecological fog-trap. However, the cost per cubic
meter of water is only three times as high.
2. In 1979, three experimental types of ecological fog traps were
made to test different systems of construction and installation.
The model that was ultimately selected has been subjected, during
more than three months, to tests on its resistance to wind and
sunshine at the Experimental Station of Rinconada. A nearby
Lambrecht anemograph recorded the wind speed throughout the trial.
The fog-trap fell down only once, when wind gusts were Bmjsec,
because one of the anchoring rods had come loose. Once reinstalled,
the structure resisted well, even with elegance, to the different
assaults of the wind. The top-ends of the bamboo, and the cloth,
bent proportionally to the force of the wind in an elastic,
harmonious movement.
3. The cloth was never damaged during the months
resistance trial.

of the wind

4. Field installation is simple and quick. If the cloth is already
sown, one does not waste time sowing the cloth, laboriously, onto
an already erected structure. Installation cost will be reduced.
The people installing the structures need little training, because
the structure is simple. They should however understand the
principles and respect these during the installation.
5. The ecological fog-trap was specifically conceived to help newly
planted trees to grow during their first two years, awaiting the
trees' capability to capture water for itself. The trap is thus
adapted for reforestation projects, but can also be used for other
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purposes. If the water captured has to be transported to another
place, the soil underneath the structure must be made impermeable.
A chemical treatment of impermeabilisation will cost about 2 $/m2 •
Given an svo of 3.3 m2 and considering that each square meter of
svo requires an equivalent area to be made
impermeable, the cost
for the work would be equivalent to 2 $/m2 x 3.3 m2 = 6.6 $.
6. Compared with metal structures, the bamboo is not subject to
corrosion by salt or humidity. on the contrary, bamboo stems
improve, and acquire elasticity when humidified. They do not need
any protection (oil, paint) on their surface.
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ANNEX 3
THE MACRODIAMANT FOG-TRAP WITH A RIGID STRUCTURE
Article reproduced from
"Twenty years of Camanchacas and two years of the Mejillones
project 11
N. Osvaldo Tapia and Ricardo Zuleta
Antofagasta, Chili, 1980

At the time of planning the Mejillones project in 1977, which
included the sub-programme "Camanchacas", Professor Carlos Espinosa
had just finished constructing in his laboratory a rigid-structure
fog-trap that he called "Macrodiamant". This was to be tested in
the field. In 1978 financing within the project was made available
to construct a fog-trap, 6m high, of 36m2 svo (surface of the
vertical obstacle), and two people were.trained in the techniques
to assemble and undo the instrument. In January 1979 the fog-trap
was installed at the summit of the Estampido, Morro Moreno, at 900m
altitude.
DESCRIPTION AND CHARACTERISTICS
As described by its inventor, the Macrodiamant is an assembly of a
certain number of basic structural modules, each made of 192 rods
and 66 attachment points, tied or bolted. The structure follows the
equation b = 3 x (n-2). In this equation b signifies the number of
rods and n the number of attachment points. It is rigid and isostatic.
It is known that, if b < 3 x (n-2), the form of the structure can
be changed, even if all rods remain intact. If b > 3 x (n-2), there
are too many rods and the structure becomes rigid and hyper-static.
All rods have the same length and are flattened and drilled at the
ends, to make attachment with bolts and nuts possible. The
flattened ends are bent axially 30Q and with an angle of 70Q31'44",
but not all in the same way: some are bent to the right, others to
the left. The 192 rods thus consist of 96 "neutral" ones, 48 bent
to the right, and 48 to the left.
As shown by Espinosa, the cosine of the angle of 70Q31'44" is
exactly 1/3 and is the characteristic of a regular tetrapodium, as
it appears in the cristalline geometry of the diamond (carbon), of
silicium and of boron nitrite, the hardest and most rigid materials
on earth.
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The Macrodiamant installed at Morro Moreno is made of 336 tubular
rods of 99cm length each, with an external diameter of 16mm and 1mm
wall thickness, fixed together by 100 bolts of 8mm diameter. This
structure is covered with mesh or cheesecloth to act as fog-trap.
In the case of Morro Moreno the material used is burlap.
INSTALLATION
Particular measures were required to anchor the system so that it
would not be thrown over by violent winds. Six concrete pillars
were made to attach the 6 contact points with the ground that the
structure possesses. Each concrete pillar had sides of 20cm and a
height adjusted to the slope of the terrain. The pillars were
buried for a length of 60cm in the soil and the above ground part
was, on average, also 60cm. Reinforcement rods of 10mm and 6mm were
placed in the concrete every 20cm.
All the construction material (cement, sand, gravel, iron, etc),
the tubular elements, the cloth, the personnel and their tools were
brought up the mountain from the experimental station at Rinconada
by army helicopters, as a special convention within the Mejillones
project. The aerial liaison, amounting to 10 flights of about 1
hour each, was maintained for the 15 days construction lasted in
february 1979.
It was not necessary to transport water, this being provided in
abundance by an auxilliary fog-trap installed on ·the site before
the start of the construction.
The original idea was to capture all water falling on the soil,
that had been made impermeable, conduct it along the slope of the
mountain to a small reservoir, and to measure its volume with an
ordinary domestic water meter. It would than have been used for
agricultural production. Unfortunately, the impermeabilisation of
the soil was not perfect. The water meter, even though it was
protected by a filter, was obstructed by foreign elements.
COST ESTIMATE
The details of the cost of the different elements included in the
fog-trap installed at Morro Moreno are presented in Table 1 of this
annex. The cost of the liaison by helicopter was kindly borne by
the armed forces.
On the basis of the total cost of $ 1660.-, three indicators are
calculated:
a. the cost of 1m2 SVO
b. the cost of 1m3 of water collected
c. the investment to irrigate 1 ha.
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To calculate these indicators, the following hypotheses are used:
1. The data for the maximal theoretical capture, for the efficiency
and the productivity are those indicated at the end of section 6.5.
2. The amortization period for the Macrodiamant fog-trap is 10
years.
3. The cost includes only the amortization of the capital, but not
any interest or maintenance charges.
4. The mean annual irrigation rate is 0.5 literjsec.ha.

Table 1. Cost of a Macrodiamant fog-trap of 36m2 installed at Morro
Moreno.
Components

quantity

unit $/unit

cost

iron tubing of 16mm diameter
bolts 8 x 50mm
cloth, 1m wide
anticorrosion paint
iron for concrete base
cement
gravel

200
100
150
1
40
2
1

kg
1.00
0.30
u
m
1.00
gal 45.00
kg
1.00
6.00
B
m3
7.00

200.30.150.45.40.12.7.-

Sub-total

484.-

Manufacture of 336 rods

200.-

Hours of work
Training of personnel
Concrete mixing
Making reinforcement rods
Dressing the burlap
Work on the soil and the reservoir
Total labour
Total cost of the fog-trap installed
*
**

240
56
64
112
16
488

HP*
HP
HP
HP
HP
HP @ 2 $/HP**

976.1660.-

HP = person-hour
including all charges.

Note: the cost is given in dollar values as per december 1978. It
must be re-evaluated for other times and locations.
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The data are as follows.
For a Macrodiamant fog-trap at Morro Moreno:
Cost of 1m2 SVO: 1660/36
= 46.10 $jm2
Specific productivity (q):
= 4.33 m3/m2 .year
m3/m2
Yield of water in 10 years: 4.33 X 10
= 43.3
Cost of amortization: 46.1/43.3
= 1.07 $/m3
Total water production:
4.33 x 36 x 1/31500
= 0.005 ljsec
Number of fog-traps required per ha (for an irrigation rate of 0.5
ljsec.ha): 0.5/0.005
= 100 fog-traps
Investment to irrigate 1 ha at $ 1660 per fog-trap
1660 x 100
= 166 000 $/ha.

For a Macrodiamant fog-trap at any appropriate place along the
north coast of Chili:
Cost of 1m2 svo: 1660/36
= 46.10 $/m2
Specific productivity (q):
= 1.11 m3/m2 .year
Yield of water in 10 years: 1.11 x 10
= 11.1 m3/m2
Cost of amortization: 46.1/11.1
= 4.15 $/m3
Total water production:
1.11 X 36 X 1/31500
= 1.27/1000 1/sec
Number of fog-traps required per ha (for an irrigation rate of 0.5
= 394 fog-traps
ljsec.ha): 0.5/0.00127
Investment to irrigate 1 ha at $ 1660 per fog-trap
1660 X 394
= 654 ooo $/ha.

The author wishes to thank the principal project manager, Mr Zosimo
Hernandez Martin for the information that he has kindly supplied.
The author also wishes· to acknowledge the collaboration of Mr
Rafael Novoa, agronomist, who took part in the Agricultural
Meteorology project organised in 1973 by the World Meteorological
Organization in Chili.
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