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Fog precipitation on the lsland

Abstract An important aspect of the Madeira
Island's climate is its persistent nebulous covering
mainly of orographic origin, which normally exists
between the 600-800- to 1,600-m altitude. The object
of this study is to quantify the amount of water that
can be gathered by direct interception from clouds.
The first results at the end of 2 years were higher
than expected. The daily rates of the 'standard fog
collectoi' ranged between 6.0 to 21.3 llm2 of vertical
collecting surface. The water collected by the rain
gauges beneath Erica arborea L,. ranged between
JJ.l to 56.4 mm of waler per day (l/m' per day).
Depending on wind direction and speed, which is
normally nortl-east, the highest fog water produc-
tion can be 250 mm/day. Fog drip under the yege-

tation was three and a half times greater than the
annual precipitation.
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lntroduction

v4adeira is in the eastern region of the Atlantic Ocean, bet-
veen the meridians 16"39' and 17'16'W and the parallels
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32"38' and32'52'N. The island rises above avast underwater
plain in the midst of the African Plate, forming a volcanic
massif about 5.5 km high, ofwhich only a third is above
water.
Madeira's volcanic activity took place before the late
Miocene, the oldest rock is 5.2 Ma (Prada and Serralheiro
2000), and continued into the Holocene with the last
eruption occuuing 6,000 7,000 years B.p. (Geldmacher
and others 2000). The island grew through the accumu-
lation of explosive and effusive volcanic materials. Ma-
deira has an area of 737 km2, and is 58 km long and
23 km wide. It has a maximum altitude of 1,861 m,
consisting of an enormous east west-oriented mass that
is cut by deep valleys. The relief is the result of different
local climates because of its perpendicular position in
relation to predominant winds, which results in different
temperatures and precipitation rates on the different
slopes (Prada 2000).
Madeira's climate is influenced by the subtropical anticy-
clone from the Azores. The predominant winds are north-
east (trade winds; Ferreira 1955). Precipitation increases
with altitude, and is higher on the northern slopes than on
the southern slopes at the same altitude. The highest rates
of precipitation are at Bica da Cana, at an altitude of
1,560 m, with a maximum of 2,966,5 mm/year, which
decreases above this altitude,
The isiand fogs are almost exclusively of orographic origin,
and normally remain between 600-800 and 1,600 m alti-
tude, in certain areas, during 234.8 dayslyear.
The phenomenon to be quantified has been variously
called occult precipitation, horizontal precipitation, fog
drip, fog precipitation, fog-water and precipitation by di
rect interception of cloud water. The latter best expresses
the process, for it suggests that without interception there
is no significant deposition.
Fog droplets have diameters from about I to 40 pm, and
fail velocities from less than I to -5 cm/s. These fall
speeds are so low that, even in very light winds, the drops
will travel almost horizontally. This means that the aP-
propriate collector for fog droplets is a vertical, or near
vertical surface (Schemenauer and Cereceda 1994a). Trees
can be good fog collectors because of the continuous
movement of leaves and branches by the action of the
wind, with the consequent decrease in turbulence around
them (Cunha 1964). Fog drip is the coalescence of fog
droplets on foliage from blowing fog, which produces large
drops that rain to the ground. The amount of fog drip that
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can be produced is related to the duration of fog, to the
tl?e, density and cross sectional area of the collecting
vegetation, and to the prevalence of wind (Ingraham and
Matthews 1988).

Selection of the experimental site

The choice of the experimental site of Bica da Cana in the
Massif of Paul da Serra to install the equipment for the
measurement of the fog precipitation was made according
to the analysis of the existing atmospheric conditions and
the proximity of the meteorological stations (Prada and
Silva 1998). Equipment was installed at Chao das Feiteiras,
which did not offer as good conditions as at Bica da Cana.

Bi(a da Cana station
Bica da Cana is near the northeast edge of the plateau of
Paul da Serra, at 32"45'N and l7'03'W, 1,560 m altirude. It
is on a plain with gentle slopes SW, (Nascimento 1990),
marked by the presence of a partially destroyed volcanic
neck. The fields are carpeted by low-growing gramineous
and other herbaceous species. Cover of soil is irregular,
with a more or less continuous Iayer of fern, tufts of Erlca
spp. and tree like shrubs of Erica arborea L. The area is
exposed to northeast prevailing winds, dominant
throughout the year, with an average frequency of 36%,
and an average velocity of 20 km/h. The annual precipi-
tation was 2,966,5 mm, reaching its maximum rate in
January with a total of 448.4 mm and minimum in July
with a total of 25.4 mm. The average rate of air humidity is
grater than 75olo during 10 months of the year, reaching a
maximum rate of887o in November and decreasing to 63%
during July and August.
Fogs average 234.8 days/year and the area is frequently in
a stratocumulus layer.

Chao das Feiteiras station
Ch6o das Feiteiras is in a small plain area near Ribeiro Frio
that slightly slopes north, at 32a42'N and 16"53'W, of
1,183 m altitude. The area experiences some incidence of
fogs and is exposed to north and northeast winds with
velocities of20.l and 22.4 kmlh. respectively (values reg-
istered at the nearest meteorological station, Areeiro Sta-
tion at 1,610 m altitude). The air humidity ranges between
75 and 79o/o and the annual precipitation is between 2,000
and 2,400 mm.

First, direct measurement by placing rain gauges under
trees at higher altitudes was carried out. The vegetation at
these altitudes (1,200-1,600 m) is mainly composed of
Erica arborea, Erica scoparia and Vaccinium padifolium
(Polysticho falcinxelli-Ericetum arboreae, Capelo and
others 1999). Below 1,400 m, Laurisilva is a completely
developed forest, with all the vegetation layers being pre-
sent (Valente and Silva 1990). The tree layer is impressive
and includes Laurus azorica, Clethra qrborea, Ocotea foe-
tens, Picconia excelsa, Persea indica, Ardisia excelseq and
Ap ollonias b ar b uj ana (Clethr o arb or eae-Oc ot e e tum fo c

tentis and Semele arulrogynae-Apollonietum barbujanae;
Capelo and others 1999) as the main species. Some species
have become rare, almost extinct, such as Pittosporum
coriaceum, Juniperus cedrus and Taxus baccata. Under the
top of these great trees shrubs are abund,ant, Erica arborea,
Vaccinium padifolium, Erica scoparia, IIex perado, IIex
canariensis, Teline maderiensis, koplexk sceptrum, Echi
um candicans, Sonchus fruticosus and, Argyranthemum
pinnatifdum. On the soil the vegetation is luxuriant,
incLuding a continuous thick and wet cloak of hepatics,
fungus and bryophites, chiefly in places with permanent
water supply. Many endemic species to Madeira can be
found here,
The existence of constant fogs from the northern coast
during much of the year has a decisive influence on the
existence and development of this humid subtropical
forest, whjch covers mainly the i"land's northern slope and
now has a tolal area o[over ]50 km', of which 120 kmtr are
above 400 m (Neves and others 1996).
The occurrence of vegetation in strong condensation rate
areas plays an important role in fog interception, allowing
for extra water gain. Because of the slow and frequent way
it reaches the ground this water is an important source of
groundwater recharge.
This study began by measuring fog precipitation in the
giant heathers, Erica arborea L., which are a constant
presence in all of the island's northern slope, and is more
ftequent at higher altitudes. These heatlers possess
thousands ofkilometres of needlelike leaves, a shape ideal
for collection of fog water droplets (Went 1955).
A second measurement was the use of a man-made col-
lector to intercept fog droplets. Our choice was a structure
by Schemenauer and Cerceda (1994a), called a standard
fog collector (SFC). It is simple, easy to construct and
inexpensive and is a widely known and successful piece of
equipment that allows comparative analysis between the
data collected in Madeira and in other parts of the world
(Fig.2).
The SFC consists of a square metal frame (galvanised) that

Fog drip of Madeira's t)?ical vegetation was measured to
determine its contribution to the groundwater supply and
to evaluate the potential of this water resource as an
available complement to traditional sources of water
supply in the island. Several qpes of measurements were
made.

measures lxl m on the inside and I cm in diameter
EqUipment and methOdOlOgy USed covered with a pollpropylene mesh and ptaced 2 m above

the ground. The material chosen for use was a double layer
polypropylene mesh. The fibre is about I mm wide and the
mesh is woven in a triangular pattern with a 1.3-cm
spacing between the horizontal lines.
The double layer of mesh covers about 60% of the surface
area of the collector, which leaves 407o of the area open for
the wind to pass through. Below the frame is a collection
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trough, measuring 1.04 m long and 15 cm wide, square in
cross section. The depth of the trough is t0 cm and it is
placed asymmetricaily, 2 cm in the same direction as the
predominant winds and 12 cm behind the ftame to collect
any drops carried by strong winds. The amount of water
collected by the trough is led through a tube to a rain
gauge placed in a closed shelter so as to prevent the direct
entrance of rain water, thus registering only the fog and
the rain water collected by the panel, Its major limitation is
that it is a lixed structure and, therefore, does not follow
the variation of wind direction. Although it is fixed per-
pendicular to the direction of the predominant winds,
rvhen they change their course there is a lower collection
rate.
The Bica da Cana Station is composed of the following
equipmenti

i. A rain gauge installed in an open area to measure only
rain water.

2. Two rain gauges installed under two Erice arborea L.,
about 3 m high, placed in different positions in relation
to the prevailing winds so as to register the amount of
water collected by that type of vegetation (Fig. t).

3. The SFC placed perpendicularly to the direction of the
prevailing winds (NE), to measure the amount of water
collected by a square metre of vertical area (Fig. 2).

The Chdo das leiteiras Station consists of only one rain
gauge installed in an open space to measure the rain
precipitation and a SFC placed perpendicularly to the
direction of the prevailing winds.

Results

Measurement of Madeira's fog precipitation began in
September 1996 and continued until luly 1998. Because of
the high rates of air humidity registered, especially at Bica
da Cana, the rain gauges had severe malf[nctions, thus
provoking some failures in observation.

Results of the standard fog collectol
The SFC installed at Bica da Cana in September 1996 fell
twice because of the force of the winds, especially from the
SW, perpendicular to the structure, which can blow to
speeds of 86 km/h. The values registered are represented
in l-i9.3.
When it rains the SFC collects log water and rain. To /t -
determine the fog water collected we chose to sublracr )
the total amount of rain fiom the total rate registered by td
the SFC rain gauge, which corresponds both to the fog and
the rain water. This way, we believe that we can obtain a
value that safely corresponds to the rate offog precipitation

Eig. 2

Standard Fog Collector'protected by a metallic fence at Bica da Cana
Fig. 1

Rain gauge placed under an Erira arborea L. at Bica da Cana
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Variation of fog collection rates at Bica da Cana
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Table 1

Fog water production and length
of fog season at four sites.
(Schemenauer and Cereceda
1994b)-

Average production
(l m-2 year ')

Annual oroduction
(Lm'year')

Days per year

Chile-
Peru'
Oman'
Madeira

(Bica da Cana)

1,095
1,890
2,250
s,00r

3.0
9.0

30.0
21.3

365.0
210.0

75.0
234.8

Chio das Feiteiras
120

100

480
e60

40

20

0

I Fog water (l/m2ld) - - - -'Avemge

Fig. 4
Variation of foe colleclion rates at Chio da9 Feite;ra5

JV
'because *re water captured by fhe vertical mesh is always

. inferior to or equal to the water that falls inside the rain
gauge destined to measure the rain water. As was pre-

Ldicted, the values registered by the SFC at Bica da Cana
were substantially greater than the ones registered with a
similar device at Cheo das Feiteiras.
At Bica da Cana, average values of 21.3 l/m2 of vertical
collecting surface per day were registered; moreover, a

value of 118 l/m2 was obtained in only one day. This value
exceeds the theoretical maximum, which was set at
104 l/m2 per day calculated for a verlical collecling surlace
of I m' (only 60% of the surlace is able to intercept the
droplets), crossed by NE winds at an average speed of
8 m/s and carrying fog'ior 24 h with a liquid water content
of 0.25 glm3 (Frisch and others 1994). These values can be
explained by higher wind velocities than those determined
by Spenk (1990).
By comparing the rates obtained with the SFC at Bica da
Cana with those obtained in other locations using the same

fnvironmental Geology (2001) 41384-389 387
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-Fogwater(mm/d)Fiq.5
Fog water collected by heather 1 at Bica da Cana

100

IFogwater(mm/d)
Fig. 6

Fog water collected by heather 2 at Bica da Cana

device it can be concluded that the annual fog water
production at Bica da Cana can surpass 5,000 mm/year
because of eleyated daily production values and a higher
rate of foggy days per year (Table 1).
At Chao das Feiteiras, the SFC was installed in May 1997 and
the values registered are represenled in Fig. 4. The average
rates per day did not exceed 6 l/m? ofvertical col)ecting
surface. The highest value was 25 li day. Although lower
than the rates registered at Bica da Cana, these values are
close to the ones obtained in Chile and Oman bv Schem-

Environmental Geoloqy (2001) 4l:384-389
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enauer and Cereceda ( I9q4a). which vary from I ro l0 I/m2
per day and, in special cases, reach J0 to 40 I m t day".

Results obtained from the vegetation
The measurement of fog precipitation from the vegetation
was started with heathers (Erica arborea L.) because of
their great number in the area and their leaf characteris-
tics, which are favourable for the collection of fog droplets.
The tree heath located windward of the prevailing NW
winds was heather 1. Heather 2 is to the leeward. The
values obtained are represented in Figs. 5 and 6.
It was concluded that heather I was more productive than
heather 2 with average values of about 56.4 and 33.3, re-
spectively, with the different exposures to the prevailing

Heather 1

Heather 2

388



winds. Heather l, located windward, registered a maxi
mum value of 250 mm/day. It was observed that when the
wind direction changed to the SE, heather 2 was more
productive, although this did not happen frequently.
These rates greatly exceed the those predicted by Silva
(1984), of 20 to 40 mm/day.
A comparison of the annual average precipitation rate at
Bica da Cana, which is about 3,000 mm, with the average
fog precipitation rate, shows that the latter is three-and-a-
half times greater.

Conclusions

In spite of the difliculty with the SFC, which made it im-
possible to obtain a daily continuous record, it is believed
that a sufficient number of observations were made to
determine, with some accuracy, the daily average rate of
fog precipitation by a vertical unit of area during the
2 years the equipment was installed.
The daily average fog precipitation was -21lm2, which is
similar to results obtained at other locations using the
same device. The annual fog precipitation in Madeira,
however, was greater because fog at high altitude is very
frequent (235 days/year).
Fog precipitation rates, measured with the SFC
(5,001 I m 2 year t) and under vegetation (three,and-a-
half times more than the annual average precipitation
rate in the area) illustrates the importance of this kind of
precipitation at high altitudes as a complement to
traditional supply sources or as a source of groundwater
recharge.
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