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Respect the spiritual nature!

Figure 1: Ecuador, North Peru and South Colombia (Google Earth 2010)
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V Abstract

The Rio San Francisco Valley in South Ecuador is a headwater catchment of the Amazon
basin and located in the Andean depression between the semi-arid Andean highland and the
Amazonian lowland rainforests. The prevailing easterly trade winds lead to orographic
triggered rainfalls in the upper San Francisco Valley, resulting in a per-humid climate
throughout the year. In the drier months of the year, north-westerly arid air masses
occasionally invade the drainage basin and increase insolation and evapotranspiration.
Generally, the steep slopes and the rapid near-surface lateral flowpaths together with the
circular drainage basin shape favour the frequent occurrence of major floods. Soil properties
and vegetation characteristics also contribute to the fast stream response to high intensity
rainfall events. On the 11™ October 2008, convergent air masses from the Amazonian lowland
rainforests and the Pacific Ocean triggered a rainstorm of short duration and high rainfall
intensity, which was largely confined to the N-S striking ‘El Tiro” watershed. The resulting
destructive debris flow flood wave reached the Estacién Cientifica San Francisco only one
hour after the rainstorm. Water samples were taken to study the water chemistry during and
after the flood event. The samples show that the ecosystem responded to the nutrient losses
due to leaching processes with the uptake of several nutrients in the following weeks. One
year after the flood 40 cross-sections were taken to study the geomorphic effects of the flood.
15 cross-sections were used to calculate peak discharge and the velocity of the flood with the
slope-area method and with the one-dimensional hydraulic model HEC-RAS. The estimated
peak discharge was 500 - 600 m®/s at a flow velocity of 10 m/s. The highly erosive flood that
transported the largest boulders in the main channel changed the shape of the river channel
remarkably, leaving a long-term fingerprint in the river channel, especially due to the
accumulation of huge terraces. The development of one eddy with a diameter of at least 50 m
in an upstream direction and several others with diameters of more than 30 m in a
downstream direction intensified the gradients of step-pool structures. 19 of 28 identified
eddies with a diameter of more than 5 m were located in the lower study reach and increased
scour and thus triggered landslides at the opposite side of the eddies’ location. Because large
eddies were located in the widest and deepest pool locations, they can lead to a severe
overestimation of discharge. In contrast, a long-lasting dry period in October and November
2009 resulted in low flow conditions in the Rio San Francisco that were significantly enforced
by the outtake of water by the hydroelectric power plant in the drainage basin. In the dry
period, water chemistry was different to the streamflow composition during and after the
extreme flood that was characterized by low pH and conductivity values as well as by high
sediment concentrations. In the dry period, pH and conductivity were high and sediment
concentrations low. The extreme flood was characterized by a high event water contribution,
as indicated by low nutrient concentrations, while the dry period was characterized by a high
pre-event water contribution, as indicated by high pH values in response to low intensity
rainfall events. All in all, the well-explored tropical mountain forest ecosystem nearby
Estacion Cientifica San Francisco provides the ideal location to investigate major floods, both
in respect to water chemistry and geomorphic effects of floods.

Keywords:  tropical mountain forest, flood, debris flow, slope-area method, hydraulic
modeling, erosion, deposition, climate, water chemistry, nutrient loss
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VI Zusammenfassung

Das Rio San Francisco Tal ist ein Einzugsgebiet des Amazonas und befindet sich in der
Anden-Depression von Sud-Ecuador zwischen dem semi-ariden Hochland und dem immer
feuchten Tieflandregenwald. Der Ostliche Passatwind dominiert das immer feuchte Klima
insbesondere durch orographischen Niederschlag an der 0Ostlichen Andenkette. In den
trockeneren Monaten des Jahres dringen gelegentlich trockene nord-west Winde von der
Kiste in das Rio San Francisco Tal ein und erhéhen die Sonneneinstrahlung und damit auch
die Verdunstung von Oberflachen und Pflanzen durch trockene Fallwinde. Die Entstehung
groRBer Hochwasser im Untersuchungsgebiet wird durch die steilen Hange, durch die
schnellen oberflachennahen FlieBwege und die runde Form des Einzugsgebietes beglnstigt.
Die schnelle Reaktion des Abflusses wird zudem von Bodeneigenschaften und der
hohenbedingten Vegetationsverteilung beeinflusst. Die klimatische Situation am 11. Oktober
2008 fihrte zu konvergierenden Luftmassen aus Amazonien und vom Pazifischen Ozean. Die
kollidierenden und aufsteigenden Luftmassen fiihrten zu einem heftigen kurzen und rdumlich
begrenzten Regenschauer Uber der Wasserscheide des ‘El Tiro Kammes. Die durch
Niederschlag und Hangrutsche erzeugte zerstorerische Gerdllflutwelle erreichte die
Forschungsstation Estacion Cientifica San Francisco nach nur einer Stunde. Wahrend und
nach dem Hochwasser wurden Wasserproben genommen um Einblicke in die Wasserchemie
zu gewinnen. Das Okosystem des tropischen Bergnebelregenwaldes reagierte auf den
Néahrstoffverlust durch Auswaschungsprozesse mit dem Ruickhalt einiger wichtiger
Pflanzennéhrstoffe in den folgenden Wochen. Im darauffolgenden Jahr wurden 40
Querschnittprofile vermessen um die geomorphologischen Auswirkungen des Hochwassers
zu dokumentieren. Um den Abfluss und die FlieBgeschwindigkeit des Hochwassers mit der
Gradientenmethode und dem ein-dimensionalen hydraulischen Model HEC-RAS zu
bestimmen, wurden 15 Querschnittprofile verwendet. Der geschatzte Abfluss betrug 500 - 600
m>/s bei einer FlieRgeschwindigkeit von 10 m/s. Die zerstérerische Flutwelle transportierte
die grolten Felsbrocken im Flussbett und fuhrte zur Ablagerung méachtiger Terrassen.
Wasserwirbel, die sich bevorzugt in den tiefsten und weitesten Orten des Flussbettes
entwickelten, verstérkten das lokale Gefélle zwischen Stufen und zugehérigen Becken. 19 von
28 Wasserwirbel bildeten sich im unteren Bereich des 800 m langen untersuchten
Flussabschnitts. Die Wasserwirbel beeinflussten die Hydraulik und fuhrten zu erhohter
Erosion an den gegeniiberliegenden Hangen. Die Trockenperiode 2009 fiihrte zu einem sehr
geringen Abfluss im Rio San Francisco, der durch die Wasserentnahme des
Wasserkraftwerkes ‘Planta’ entscheidend verscharft wurde. Die Wasserzusammensetzung der
Trockenperiode unterschied sich entscheidend von der Hochwasserperiode, die durch niedrige
pH und Leitfahigkeitswerte, sowie durch hohe Sedimentkonzentrationen gekennzeichnet war.
Die Trockenperiode wurde von hohen pH und Leitfahigkeitswerten und geringen
Sedimentkonzentrationen bestimmt und fuhrte dem Hauptfluss bevorzugt VVorereigniswasser
zu, wéhrend die Hochwasserperiode durch Zufluss von Ereigniswasser dominiert wurde. Der
gut erforschte tropische Bergnebelregenwald Siid-Ecuadors und die Estacion Cientifica San
Francisco bieten ideale VVoraussetzungen fir Hochwasserstudien.

Schlisselworter: tropischer Bergnebelregenwald, Hochwasser, Erosion, Deposition,
Gradientenmethode, hydraulische Modellierung, Nahrstoffverlust
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1 Introduction

There is a close relationship between the source of all life and natural rivers. Streams provide
drinking water, food, water for irrigation, land drainage, waste disposal, a source of power
and a transport medium to the ocean. Because of the widespread use of flat and fertile alluvial
land for agriculture and construction, floods frequently affect people and require investigation
(Allan & Castillo 2007). Rivers are dynamic components of the landscape. As streamflow
contains solid and dissolved substances, energy, mass and nutrients are transported from one
location in the landscape to another. High intensity rainfalls that result in floods can produce
rapid hydrologic and geomorphic responses that may affect large areas. Geomorphic
transformation takes place within a short time and depends on the size of the river as well as
on terrain and climatic features (Baker et al. 1988). Streams may shift course and change size,
sediment loads may fluctuate, floods scour and deposit, banks collapse, huge boulders may
move and thick layers of sediment may be deposited or eroded. Secondary flows, such as
eddies can have a significant influence on hydraulic features during major floods and thus on
erosion and deposition of organic and inorganic matter (Gordon et al. 2004). Studies on the
geomorphic effects of floods are an efficient way to understand past, present and future earth
surface processes. Major rainfall events and extreme floods often occur in inaccessible
locations like in steep headwater catchments where natural metamorphosis of geomorphic
flood effects, such as sedimentary features and high-water marks may be eroded or changed
by following floods within a short time (Baker et al. 1988).

The hydrology and geomorphology of a river and its valley are closely linked to the shape of
the river channel (Allan & Castillo 2007). For that reason, geomorphic effects of force,
resistance, erosion, transportation and deposition can be best analysed in river channels.
Geomorphologic and hydrologic studies after rare flood events provide insight into drainage
basin processes (Baker et al. 1988). Rainfall, fog and snow that fall within a drainage basin
reach the stream via numerous flowpaths. Overland flow and near-subsurface stormflow,
following a rainstorm, reach the streams quickly and can produce flashy floods. In contrast,
groundwater reaches the stream delayed, due to the longer and slower flowpaths through the
soil matrix. Subsurface flow is more likely to take on the chemical signature of the underlying
geology by dissolving more minerals. In natural ecosystems, drainage basin characteristics,
such as geology, topography and vegetation, as well as climatic features influence these
flowpaths (Allan & Castillo 2007).

Studies of the ecology and hydrology of streams depend on information on water chemistry
and on the size and distribution of organic and inorganic particles, whether in motion or
forming part of the river beds, banks and slopes. Streamwater chemistry reflects the nature of
actual ongoing processes within a drainage basin at a certain time and place. Changes in the
chemical composition thus contain information about the origin and the flowpaths of the
constituents. In this context, the influence of a flood on the nutrient cycle of a ecosystem can
be studied both in respect of the nutrient losses due to leaching processes and mass movement
events, as well as in respect to the response of the catchment to flood associated features
(Gordon et al. 2004).
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In October 2008 | made a lab on the Estacion Cientifica San Francisco in South Ecuador in
the tropical mountain forest ecosystem nearby the Reserve Podocarpus. At the end of my
training, a major flood event occurred in the upper Rio San Francisco Valley. | decided to
sample streamwater for one month to study the effects of the flood on the ecosystem. |
decided to return to Ecuador to document the geomorphic effects of the flood in the Rio San
Francisco headwater catchment of the mighty Amazon. When | arrived at the scientific station
the driest period in Ecuador since 45 years affected the ecosystem. Therefore, | again took
water samples for a complete month while I made the planned cross-sectional measurements.

The objective of this study is to determine major climatic and geomorphic factors that
influenced and favoured the extreme flood of 11™ October 2008 in the Rio San Francisco
Valley in South Ecuador. As water samples were taken for the complete month after the flood
event and analysed for anions, cations, sediment concentrations and isotopes, the major focus
will be on the response of the ecosystem to the nutrient losses caused by the rainstorm, as well
as on the general response of the drainage basin to rainfall events. The chemical hydrographs
should reflect that different flowpaths are involved in runoff generation. In respect of
geomorphology, the aim of the study will be on the description of the hydraulics and
associated erosional and depositional features. In respect of hydrology, the focus will be on
the determination of peak discharge and flow velocity through the slope-area method and the
one-dimensional hydraulic model HEC-RAS. Another aim is to study the characteristics of
large eddies. For these objectives, 40 cross-sections were measured in a reach of 800 m in
length to analyse the impact of large eddies on the channel shape and on associated erosional
and depositional features. The main focus, regarding climatic processes will be on
meteorologic and climatologic configurations that triggered the rainstorm at the ‘El Tiro’
watershed in the ‘Cordillera Real’, the east Andean mountain range.
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2 Basics

2.1 Definition of the Tropes and Climate Graph of Quito, Ecuador

The tropes can be limited in three different ways: through the astronomic borderlines of the
northern tropic of Cancer and the southern tropic of Capricorn. The space in between the
tropics from 23.5° N to 23.5° S forms a belt of more than 5000 km width (Bllthgen 1966);
through the determination of frost-free zones throughout the year. This kind of boundary is
generally less precise, because in tropical highlands frost can occur throughout the year but
for tropical lowlands, it is a good criterion; through the definition of the tropes by the regions,
where the average daily variations of temperature are higher than the average annual
variations of temperature (Bliithgen & Weischet 1980).

As a consequence of the latter described fact, the isopleths of temperature of tropical
meteorologic stations show a horizontal course. The most important parameter for
temperature in the tropics is the altitude, whereas precipitation, cloudiness and wind influence
temperature as well. Seasons in tropical latitudes, except for permanent moist regions, are
similarly sharp established than in temperate latitudes. However, unlike the temperate
latitudes, which are dominated by the annual variation of temperature, the tropes are
dominated by the annual variation of rainfall (Weischet 1996). As a consequence, rainy
seasons can be identified in the diurnal and annual variations of temperature, as shown in the
metric Climate Graph of Quito, given in Figure 2.

Climate Graph of Quito, Ecuader (2.811 m a.s.l.)
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Figure 2: Metric Climate Graph of Quito, Ecuador (www.climatetemp.info)

The average annual temperature in Ecuador is 14.8 °C. The highest monthly average
maximum temperature occurs in August and September with 23 °C, while the lowest monthly
average minimum temperature occurs is in July, August and September with 7 °C. The
average annual rainfall is 1234 mm with an average of 181 days per year with a daily rainfall
of more than 0.1 mm. The driest month is July, with an average of 19 mm precipitation, while
the wettest month is April with an average of 179 mm precipitation. The average annual
relative humidity is 76.6 %. Monthly average relative humidity ranges from 65 % in August
to 82 % in March and April. The average daily sunlight hours range from 4.3 hours per day in
March to 7.1 hours per day in July, with an average of 5.6 hours of sunlight per day. On an
annual average, there are fifteen days with frost (www.climatemp.info).
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2.2 Plate Tectonics and VVolcanoes in Ecuador

About 60 % of the earth’s volcanoes spread around the Pacific Ocean in the circum-pacific
‘Ring of fire’. This volcanic belt extends from the region of the east-Asiatic island bows, over
the Aleutian Islands and south-Alaska along the west-coast of north- and middle-America to
the Chilean Andes. Including the bow of volcanoes that extends from the Indonesian islands
to New Zealand, volcanic activity nearly encompasses the whole Pacific plate. 18 of 55
volcanoes in Ecuador are considered to be active or at least potential active, which means that
they showed signs of activity in the last 10.000 years (Feser 2007). The intense Andean
volcanism is caused by continental drift, whereby in case of Ecuador, the heavy oceanic
Nazca plate (Fig.3), offshore the Ecuadorian coast, drifts towards the east with an average
velocity of about 9 cm per year. The Nazca plate collides with the lighter continental South
American plate and is being subducted to depths of the lower mantle of the earth, where
melting of the Nazca plate takes place and fluid magma is enriched (Press & Siever 2003).
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Figure 3: Plates of the Earth (Press & Siever 2003)

Earthquakes with hypocenters located in depths of 320 - 720 km below the sea surface are
typical for such subduction zones. As a consequence, zones of weakness in the lithosphere
develop and magma is being vented and drained, so that vertical movement of high energy
magma streams give birth to volcanoes. On the frontier in between the two plates, deep ocean
trenches, like the Atacama trench (-8065 m) and the Peru trench (-6369 m) develop, while at
the same time the South American continent is being uplifted. Generally, the Andes are the
result of steady lifting, lowering and upfolding that originate from plate tectonics in the ‘Ring
of fire’, giving rise to mountains of high relief energy (Press & Siever 2003).

The continental drift of the Nazca plate has slowed about 30 % in the last 10 million years.
The major reason might be the increasing weight of the highland plateaus in the Andes, such
as the Altiplano in Bolivia with an average altitude of 3800 m, resulting in a higher friction
between the two colliding plates and thus lowering the continental drift. Computer
simulations showed that the massive Andes can exert sufficient force to the earths’ crust to
considerably slow down the motion of the Nazca plate (Scienceticker 2006).
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The two major mountain ranges in South America, the eastern- and western cordillera of the
Andes, form the inner-Andean basin that was named after Alexander von Humboldt the
‘Street of the volcanoes’ (Sauer 1971). In Ecuador, the western cordillera of the Andes, the
‘Cordillera Occidental’ embodies the volcanoes Chimborazo (6267 m), Iliniza Sur (5263 m),
lliniza Norte (5116 m), Carihuairazo (5018 m), Cotachachi (4.944 m), Corazon (4790 m),
Guagua Pichincha (4784 m, eruption in 2004), Chiles (4756 m, eruption in 1936), Atacazo
(4455 m), Quilotoa (3914 m, eruption in 1797), amongst others. Except for Guagua
Pichincha, all these volcanoes are extinct, but in case of an outbreak, large amounts of
pyroclastic basalt and andesite materials as well as ashes can be thrown out of the crater,
resulting in ash falls and steep slopes of the caldera that can be filled with rainwater (Fig.4).

Figure 4: Quilotoa lagoon in Ecuador

The eastern cordillera of the Andes, the *Cordillera Central” embodies the volcanoes Cotopaxi
(5897 m, eruption in 1940), Cayambe (5790 m), Antisana (5753 m), El Altar (5405 m),
Sangay (5188 m, eruption in 2007), Tungurahua (5023 m, eruption in 2008), Sincholagua
(4919 m), amongst others. Cotopaxi, Antisana, Sangay and Tungurahua are active volcanoes,
whereas Sangay is one of the few volcanoes in the world that is permanently active. The
outbreaks of the volcanoes of the eastern cordillera of the Andes are less explosive, because
the water content of the magma is lower than in the western cordillera of the Andes. The
inner-Andean basin, the ‘Interandino’ embodies the volcanoes, Rumifiahui (4721 m),
Imbabura (4557 m), Pasochoa (4199 m) and Sagoatoa (3933 m), amongst others. Generally
the volcanoes of the inner-Andean basin have lower altitudes than the volcanoes of the
cordilleras and originate from diagonal stretching tectonic faults, which are extinct
connections between the volcanoes of the eastern- and western Cordillera of the Andes. In the
‘Oriente’ of Ecuador, the isolated volcanoes, Sumaco (3990 m, eruption in 1933), Soche
(3955 m), Reventador (3562 m, eruption in 2009) and Pan de Azucar (3482 m), amongst
others can be found with emergent lava originating from much greater depth than all other
Ecuadorian volcanoes. Thus, they seem to relate to a much greater zone of folding. The rich
agriculture of Ecuador originates from these volcanic processes, because magma contains
most of the basic plant nutrients, like S, P, Ca?* and Mg?*, and acts as a persistent reservoir
permanently providing nutrient supply to the ecosystems. Additionally, although outbreak
associated ash falls at first destroy the harvest they have an immense fertilizing effect in the
following years. Erupted materials can be used in the construction of roads and houses (Sauer
1971; Feser 2007). Volcanoes heights and eruption data derive from www.wikipedia.de.
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2.3 Altitudinal Levels of the South American Andes

One of the most important factors for the development of the characteristics of different
altitudinal steps in the tropical Andes is the decrease of temperature with increasing altitude.
The average annual temperature decreases about 0.5 - 0.6 K per 100 m. In reality every region
is shaped by its individual characteristic environment, so that these values vary, depending on
season, geographical latitude, regional differences and special features. Another important
factor is the individual vertical distribution of precipitation in the Andes. Unlike in humid
mountain regions of the moderate latitudes, such as the Alps in Europe, where the amount of
rainfall relative constantly increases with increasing altitude, in the tropical Andes there is an
altitudinal belt of maximum precipitation established in an altitude between 900 - 1500 m.
Immediately above this boundary, the 1% level of water vapour condensation is located, with a
subsequent 2™ level of water vapour condensation above 2700 m (Lauer & Erlenbach 1987).

The altitudinal steps of the tropical Andes were named according to their characteristic air
temperature. Following descriptions have primary been developed by Alexander von
Humboldt and encompass mountain ecosystems of the tropical Andes of South America, in
which the whole complexity of climate, characteristics of the vegetation, agricultural use, and
the shaping of the cultural landscape flow in (Lauer & Erlenbach 1987).

In the 1% altitudinal level, the hot land or ‘tierra caliente’, reaching up to 1100 m, the average
annual temperature is about 19 - 27 °C. The region is hot and widely characterized by tropical
evergreen lowland rainforests, e.g. in the Amazon basin, including the lower east-Andean
slopes of the ‘Cordillera Real’, where the Ecuadorian ‘Oriente’ and Zamora is located.

In the 2" altitudinal level, the temperate land or ‘tierra templada’, reaching up to 2500 m, the
average annual temperature values about 12 - 15 °C at the upper limits. The region is
moderate and characterized by tropical mountain forests, e.g. the Rio San Francisco Valley in
the study area, located between “El Oriente’ and the Andean highland, e.g ECSF and Loja.

In the 3" altitudinal level, the cold land or ‘tierra fria’, reaching up to 3800 m, the average
annual temperature values about 5 - 8 °C. The region is cold and characterized by very good
conditions to grow European field crops. Below the lower boundary of this altitudinal level,
the absolute frost line is located, e.g. ‘El Tiro” watershed on the crest of the ‘Cordillera Real’
at 2750 m up to the highest mountain ‘Antennas’ in the study area at 3200 m.

In the 4™ altitudinal level, the frost land or “tierra helada’, reaching up to 4800 m as far as the
forelands of the glaciers, the average annual temperature values about O - 6 °C. The region is
icy and characterized by steppe, e.g. Ecuadorian volcanoes like Tungurahua and Rumifiahui.

In the 5™ altitudinal level, the ‘tierra nevada’ or ‘tierra glacial’, the average annual
temperature is below 0 °C. This region of everlasting snow and ice is characterized by
isolated occurring lower plants (Geiger 1992), e.g. the volcanoes Cotopaxi and Chimborazo.

This type of classification of the near equatorial tropes in South America is well-tried. The
vertical distribution of temperature and precipitation in the tropical Andes are the major
reasons for the unique biodiversity of the flora at small space. The extreme biodiversity can
only be estimated, as permanently new species are discovered (Lauer & Erlenbach 1987).
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Vegetation of the South American Andes:

The evergreen tropical rainforest of the lowlands, located within the ‘tierra caliente’, is
characterized by a very high net primary production with a three-layer-structure, consisting of
herbal layer, shrub layer and tree canopy. Another characteristic is tropical gigantism,
meaning that plants in the tropes are considerably larger in size than in other regions. Victoria
Amazonica is the largest water lily world-wide, having leaf diameters up to 1.5 m.

The evergreen tropical mountain forest is located within the “tierra templada’, where the level
of condensation gives rise to dense cloudiness, which results in a relative cool climate.
Characteristic plants of the tropical mountain forest are diverse species of orchids, tree ferns,
bamboos, palm trees and Epiphytes, particularly Bromeliads, which grow on huge trees in
large numbers and show a very rich diversity. The tropical mountain forest has a two-layer-
structure, consisting of ground vegetation layer and tree canopy. Trees can reach heights up to
30 m, but generally are smaller than in tropical lowland rainforests. The mountain forest is
poor in species, but rich in shrubs, compared to the rainforest of the lowlands.

The cloud forest, known as ‘Ceja de la montafia’, is located within the ‘tierra fria’. With
increasing altitude, fog becomes extremely dense and forms a belt of frequent cloudiness, as a
consequence of the upper level of condensation. The cloud forest is characterized by largely
dense deciduous forests with compact growth and spherical crowns. The physiognomy of the
cloud forest is very special, because fine distributed levitating water drops provide optimal
living conditions for fog-combing plants, such as lichens, mosses and several Epiphytes.
Generally, the cloud forest is relatively poor in species, compared to forests in deeper warmer
altitudes. A special feature is Podocarpus, the only coniferous tree species in the cloud forest,
forming whole forests in high altitudes (Lauer & Erlenbach 1987).

The Paramo is located within the ‘tierra helada’. Its plants are adapted to the severe
conditions, characterized by intense ultraviolet radiation, oligothermy at low temperatures,
nearly permanent cloudiness, as well as frequent fog and blowing winds. As contradiction to
the predominating humid living conditions, the plants have developed xeromorphic features,
which usually are more characteristic for arid conditions. These adaptations are due to the
predominating low temperatures that increase the viscosity of the plants’ plasma. As a
consequence, water absorption becomes more difficult. The plants show an extreme slow
growth, short internodes and large numbers of small leaves, with wax layers to lessen the
stress of ultraviolet radiation and water loss. Germination, growth, flower and maturation
have to take place at temperatures near the freezing-point (Troll 1975). There are five groups
of plants in the Paramo: (a) Grasses, mostly Mat- or Bunch-grasses; (b) Rosette plants; (c)
Cushion plants, characterized by a semi-spherical shape, due to extreme shortened internodes
in wide branched sprouts, and small rough leaves (Schwarzenbach 1999); (d) Frailejones,
perennial sub-shrubs of the species Espeletia, which are abundant to semi-humid climate,
stem-forming and cotton-leaved plants, reaching heights up to 2.5 m (Troll 1959); (e)
Polylepis is one of the tree and shrub species that grow in altitudes up to 4600 m. Due to their
paper-like bark, they are known as “‘arbol de papel’. These trees reach heights up to 6 m and
exclusively grow in sheltered regions of the Paramo, where they can exceed the actual timber
line. The Paramo in Ecuador is characterized by Grass- and Cushion-Paramo with islands of
Polylepis-forests (Schwarzenbach 1999; Lauer et al. 2003).
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Agricultural use and principle of verticality in the South American Andes:

The tropical altitudinal levels allow the cultivation of various comestible foods in a small
area, resulting in a high diversity of primary agricultural products. A first overview of some
characteristic products in the different altitudinal levels of the Andes compared to the Alps is
given in Figure 5 (www.diercke.de/bilder/omeda/).
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Figure 5: Comparison between the Andes and the Alps in respect to altitudinal levels, type of
forest and cultivated goods (translated and modified after westermann)

In the ‘tierra caliente’, tropical rain forests are often cleared to provide space for the
cultivation of tropical fruits like banana, pineapple, mango, passion fruit, papaya, guayaba,
cherimoya, guanabana and avocado that dominate this altitudinal level. Additionally, many
vegetables such as tomatoes, beans, rice, corn, batata, plantain and manioc are cultivated.
Other important goods are tobacco, palm oil, Brazil nut, medical plants and spice plants such
as pepper and cinnamon. Many of these tropical goods can also be found in higher regions,
but the optimum of cultivation is located within the “tierra caliente’.

In the ‘tierra templada’, batatas or sweet potatoes are often replaced by table potatoes.
Furthermore, coffee and citrus, especially oranges, show a wide spread in the northern Andes
and Ecuador. The upper limit of the ‘tierra templada’ coincides with the annual 18 °C
isotherm and marks the agricultural border of coffee cultivation and other tropical products.

In the “tierra fria” the variety of products is remarkably lower. Cultivated agricultural products
and the basis of many traditional dishes of the Andean population are potatoes, barley, wheat
and corn. In addition, animal breeding and pastoral farming with sheep, cattle and llama are of
great importance. Furthermore, cherries, raspberries, peaches, strawberries, cabbage,
cauliflower, carrots and cucumber are cultivated. The upper limit of the ‘tierra fria’ in an
altitude of about 3800 m forms the agricultural border. In the ‘tierra helada’ only farming on
meager pastures can be practiced (Sick 1963, Ellenberg & Grambow 2008).
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It is remarkable, that the Amazonian lowland rainforest was able to give birth to such a rich
biodiversity, although soils on the east-slopes of the Andes are poor in nutrients. As a
consequence, the indigenous people have adapted their subsistence strategy. Their traditional
agricultural fields, in Quechua are called ‘chacras’, have dimensions up to one ha. Chacras
allow the cultivation of a large variety of fruits and vegetables. Traditionally, plants and trees
are cultivated in combination due to their variable growing stages, so that there are always
certain ripe products that can be harvested. The most important cultivated plant is manioc,
followed by corn, plantain, beans, fruits, vegetables, spice plants and medical plants. The
cultivation of a chacra takes place in three phases: deforestation, cultivation and fallow. As a
chacra can only be cultivated for a few years, due to the exhaustion of the nutrient poor soils,
familiar groups have to move and cultivate new chacras in the nearby surroundings. When a
chacra is established, trees have to be cleared and shrubs to be burnt. The ashes then provide
fertilizer for the nutrient-poor soil. The trees, which remain lying on the ground and their
respective stubs, reduce soil erosion and can be used for firewood or new structures. The
fallow is necessary for the recovery of the nutrient-poor soils and lasts for 10 - 15 years.
Abandoned chacras remain family property and are visited once in a while, to gather wild
growing fruits (Gippelhauser & Mader 1990).

Major settlement areas in South America are located in coastal and mountainous regions of
the tropical and sub-topical Andes. Nature with its basic physical conditions given climate,
bedrock, soil and biological resources, were important selection factors for the early
beginnings of human civilisations, originating in high tropical mountains. According to Lauer
(1987) pronounced favourable factors for human settlement in the Andes are richness in water
and volcanic materials from inner-Andean volcanism, providing not only rich mineral
deposits such as S, silver and gold, but also fertile soils. The contrast between the thick
nutrient-rich black earths of the highlands such as Kastanozeme and the tropical nutrient-poor
red earths of the lowlands such as Acrisole, Laterite und Oxisole is remarkable (Zech 2002).
Soil fertility is the basic for the development of enduring agrarian shaped settlements in the
Andes. The gain in power of early civilisations is a consequence of overproduction of
agricultural goods in the high valleys, sophisticated vertical and horizontal cropping- and
trading systems as well as cultural adaption to the three-dimensional differentiation of the
unique conditions in the Andes.

Archaeological corpus of funds show that already in paleo-Indian time, a system of stable and
wide-ranging trade relations developed within the Andes, extending from the Pacific coast up
to the Andean highlands and further to the tropical rainforests of the Amazonian lowland.
Beside long-distance trade also spheres of interaction have been developed in correlation with
a high geo-ecological biodiversity. Already early cultures of the Andes used the principle of
verticality or ecological complementarity, meaning that agrarian products that can be
cultivated in a given region, depending on prevailing thermal- and hygric conditions of the
different altitudinal levels. The use of these growing areas has created a unique form of
settlement and cultivation within families and clans in Andean regions. Generally, traditional
trade relations between communities take place through the exchange of goods on markets.
Trade contacts today are realised over greater distances due to modern roads that earlier had
to take place through the transport of goods via caravans of Ilama or by foot over the wide-
spread net of the Inca-streets of the central Andes (Ellenberg & Grambow 2008).
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2.4 Deforestation and other Problems in Ecuador

Several scientists estimate that more than 90 % or 25 million ha of Ecuador’s land area had
primarily been covered by forests (Cabarle et al. 1989; Wunder 2000). Today, Ecuador suffers
the highest rate of deforestation within South America. The average forest cover rate of
Ecuador in 2005 was 39 % or 10.8 million ha. The average forest cover rate whole of South
America at the same time was 48 % (FAO 2006).

The historical decline of forests in Ecuador can be divided into two major deforestation
phases. The persistent deforestation of areas above 1200 m in the ‘Sierra’ during the pre-
Columbian era marks the first phase. The second phase was the rapid deforestation of the
‘Costa’ region during the past century. In between these two phases, the dramatic decrease of
the indigenous population during the Spanish colonial rule led to a forest expansion. But, the
conquest was followed by an intense population pressure on the forests, until the declaration
of independence of Ecuador in 1822. From that time on, until the early twentieth century,
Ecuador’s forest cover was largely preserved. However, the coastal lowland forests were
cleared for agricultural crops during the cocoa boom from 1900 to the end of the 1920s and
intensified during the banana boom after the Second World War, with the main period from
1950 to 1965. During the oil boom of the 1970s, roads were built into Ecuador’s Amazon
region, the “‘Oriente’, which attracted agricultural colonization and timber extraction (Wunder
2000). Cabarle et al. (1989) estimated the extent of forest in 1958 to be 63 % or 17.4 million
ha that dropped remarkably to 45 % or 12.4 million ha in 1987 (FAO 1994). The decline of
forests continued from 43 % or 11.9 million ha forest cover in 1990 to 39 % or 10.8 million
ha in 2005 (FAO 1994, 2006). In recent years, the area of primary forests remained
unchanged, probably due to the protection of many primary forests. 21 % of all forests in
Ecuador were protected (UNEP 2002; FAO 2006). Thus, main deforestation today must take
place in secondary forests. Current deforestation rates of secondary forests in Ecuador value
-1.7 % or a deforested area of 198.000 ha/year (FAO 2006).

These high annual losses are the result of the change in land use from secondary forest to
agricultural land. The area of pastures dramatically doubled from 2.2 million ha in 1972 to
4.4 million ha in 1985 with an increase of 244.000 ha/year, and until the end of 1989 to about
6 million ha with an increase of 182.000 ha/year. There are convincing hints that the main
forest losses take place in the ‘Sierra’, where cattle ranches are settled (Wunder 2000).
Indeed, the forest losses in the ‘Costa’, where commercial crops are cultivated, are lower than
in the ‘Sierra” (Mecham 2001). But this finding also derives from the fact that crop land in the
‘Costa’ only expanded slightly during the period from 1972 to 1989 (Wunder 2000).

While in other countries of South America the conversion of forests is lessened by high
reforestation efforts, in Ecuador no substantial areas were reforested. From 2000 to 2005, the
plantation area in Ecuador only increased by 560 ha/year (FAO 2006). According to a
prediction model of Koopowith et al. (1994), habitat conversion caused by deforestation in
Ecuador leads to species extinction rates that range up to 63 species per year.
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In 1984, Ecuador was one of 19 countries worldwide having large blocks of humid tropical
rainforests, and was grouped together with Brazil, Colombia, Indonesia and Malaysia as
places with rapid deforestation rates (Office of Technology Assessment 1984; Ledec 1985).
In the early 1980s the Ministry of Agriculture, estimated tropical deforestation to be about
183.000 ha/year. A tropical deforestation study between 1977 and 1985, which used remote
sensing techniques, estimated the loss of tropical forests to be 340.000 ha/year.

Ecuador has rainforests in the west of the Andes, but most of the rainforests and about half of
the country’s land area, are located east of the Andes in the upper reaches of the Amazon
basin. In the past, almost all deforestation was located in northern coastal plains, in eastern
Andean-slopes, mainly in the province of Morona Santiago and in the northern ‘Oriente’
(Ministerio de Agricultura y Ganaderia 1977). In the “Oriente’, oil companies triggered rapid
deforestation when they constructed roads to service their wells and pipelines by opening up
the areas around Lago Agrio. Thereafter, colonists cleared most of the forests along these
roads. The African palm plantations in the north-eastern ‘Oriente’ contributed to the clearance
of land only to a minor degree (Carrion & Cuvi 1985). Along Ecuador’s northern coast and in
the southern Oriente, timber companies played a significant role in clearing land. However,
smallholders working in corridors along the established roads have cleared most of the land,
generating similar agrarian structures in these three regions (Barral 1979).

The competition for land between colonists and indigenous peoples characterizes the local
politics of these regions (Chiriboga et al. 1989). The same pattern of smallholders’
predominance and colonist-Amerindian conflicts characterizes colonization areas in
Rondonia, Brazil and Caqueta, Colombia. In this sense land clearing in Morona Santiago in
Ecuador proceeds in a political-economic context. Rapid deforestation did not begin in the
Upano-Palora region in Ecuador until the late 1960s, when the construction of the Macas-
Puyo road favoured settlement in this region. By the mid-1980s colonists and Shuar had
claimed all of the arable land, but much of the land far from roads remained forested.

While the competition between the Shuar and the colonists for control over land explains
local variations and short-term fluctuations in deforestation rates, the long-term eastward
expansion of settlement depends mainly on activities of growth coalitions and lead
institutions, in form of colonization projects. The crucial role of growth coalitions only
becomes apparent in detailed histories of the struggles to settle particular places. The clearing
of forest remnants in the Upano-Palora Plain in the 1980s illustrates the difficulties of
trailblazing and the value of growth coalitions in overcoming obstacles in settlement. Most
Upano-Palora smallholders continued to clear land despite these obstacles, but some pushed
ahead more vigorously than others. Thus, certain areas show extensive deforestation, while
other areas do not (Rudel & Horowitz 1993).
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Analyses of a 1983 satellite image indicate both the extent of forest cover and the possible
origins of these differences, by identifying boundaries between eleven Shuar and ten colonist
communities in the southern province of the Upano-Palora plain. Figure 6 shows the extent of
deforestation in Morona Santiago (Rudel & Horowitz 1993).
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Figure 6: (right) Deforestation in Morona Santiago, (left) Shuar and Colonist land (Rudel &
Horowitz 1993)

In most places the extent of cleared land is more pronounced in Colonist regions than in Shuar
regions. The colonists, not only cleared a greater proportion of their land, but also owned
most of the land close to the roads, which reflects their acquisition strategy by purchasing
lands in the path of roads under construction or along trails that later became roads.
Therefore, ethnicity is closely related with deforestation. To understand the effect of ethnicity
on deforestation rates, colonist and Shuar families in two communities on the Upano-Palora
plain between the Upano and Palora River were interviewed. Both communities settled and
began to clear their lands at about the same time in the 1960s. The topography, soils and
climate of the two places are similar and the same network of roads crosses both
communities. Proximity to a road induces the colonists to clear more land, but it has little
effect on the land use among Shuar. Table 1 shows features of two communities (Rudel &
Horowitz 1993)

Table 1: Colonist and Shuar communities and associated deforestation in Morona Santiago
(Rudel & Horowitz 1993)

Means
Variables Colonists Shuar
Land cleared 76% 38%
Household size 6.8 5.9
Land (in hectares) 61 63
Carttle 24 7 4
Cartle/Pasture .602 .336

Households with bank loans 90% 25%
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Although the colonists and the Shuar have similar-sized tracts of land, within twenty years,
the colonists have cleared 76 %, while and the Shuar only cleared 38 % of their land. An
important factor that could account for these ethnic differences is the use of credit. While 90
% of the colonists used commercial credit, only 25 % of the Shuar did so. Large households
not only cleared a larger proportion of their land, but also tried to acquire new land more
frequently than smaller households. The organizers made it easy for the wealthy to participate
in colonization schemes, by exempting them from the work of trailblazing. As a consequence,
the Shuar and the colonists differed in the frequency in joining schemes to acquire more land.
While 57 % of the colonists and 49 % of the Shuar households wanted more land, 53 % of the
colonist households and only 9 % of the Shuar households invested their resources in efforts
to acquire new lands. To some extent this difference is reflected by the greater wealth of
colonist households. With incomes averaging only 49 % of the colonists’ incomes, most
Shuar could not afford to support their young in pioneering ventures, so that wealthier
colonist households joined these ventures more frequently than poorer households. Further,
older colonist, with modest accumulations of wealth, made financial contributions that
supported the young, establishing new claims of forested land (Rudel & Horowitz 1993).

Generally, two types of tropical deforestation occur in places with large blocks of rain forest.
In the first type, the widely accepted immiserization argument, growth coalitions and lead
institutions start the destruction of large forests by building a penetration road into the forest,
and thus opening up regions for the development of logging operations, mining and oil
companies or cattle ranches. Population growth, proletarianism and rising agricultural
commodity prices continue the destruction in the now smaller and more fragmented forests.
Free riding groups and individuals take advantage of the increased access, stake out claims to
land, and begin to clear it. The immiserization model asserts that rich and poor work
separately to deforest the tropics. In the second type, the growth coalition-lead institution
argument, peasants, investors and government officials pool their resources to convert
rainforest into cultivation area. Generally, the leader of a coalition provides the infrastructure
while the peasants, with help from investors, occupy and clear the land. The growth coalition-
lead institutions model asserts that rich and poor work together to clear land. They interact in
such a way that the rich take the lead and the poor smallholders follow, expanding their fields
at the expense of the rainforests (Rudel & Horowitz 1993). The goals of growth coalitions in
both developed countries and developing countries are to unite people as a part of their
economic strategy. In developed countries the coalitions unite members of the local business
elite, while in developing countries the coalitions incorporate both poor peasants and
individuals with substantial resources (Molotch 1976).

The problems of the Andean region of Ecuador differ from the problems in the Amazonian
lowland. The Ecuadorian ‘Sierra’ is faced with a significant degradation of natural resources.
The decreasing plant coverage, together with the steep slopes and intensive rainfalls, increases
soil erosion. Additionally, the rainforest is threatened by different anthropogenic influences,
such as deforestation, overgrazing, slash and burn agriculture and extension of the
infrastructure, most notably the roads constructed by or for mining and oil companies (GTZ
2007). In rural and isolated areas, the water supply for the population is difficult. The
efficiency of the irrigation systems is bad, likewise the quality of water and its availability. In
dry season, the irrigation of agricultural fields is not always assured. Furthermore, local elite
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groups often claim the water, so that a fair distribution of the available water is often not
given (Waldick 2003). This demonstrates the absence and lack of functioning governmental
institutions to avoid such social conflicts and enable a just division of water. The rural
population furthermore increasingly suffers from shortage in land, due to land purchases and
the banishment of small families from fertile land. In the latter case, only steep and difficult to
cultivate slopes remain for these families, typically only having an area of 1 - 2 ha per family.
Local problems in remote regions also occur due to the absence of infrastructure and a
resulting deficient supply of the population (GTZ 2007).

In the Ecuadorian “Oriente’, the foundation of new colonies, due to governmental resettlement
projects, results in an ever increasing population density. The opening up of sensitive
Amazonian rainforest regions, due to the construction of streets and cities, is often
accompanied by the invasion of oil- and timber companies as well as agribusinesses
appearing out of the nowhere, causing serious environmental destructions, once virgin
ecosystems become accessible. Leakages of oil pipelines result in large-scale contaminations
of soils and the groundwater. Further, the sensitive soils of the Amazonian lowland are long-
lasting disturbed, due to clearance, cattle breeding and the cultivation of cash crop plantations.
As a consequence of the increasing population density, pollution, exploitation and cultural
differences, conflicts between the indigenous population of the ‘Oriente’ and the new settlers
from the highlands come into existence. Often such conflicts arise from unclear circumstances
of land rights. However, occasionally controversies also arise within indigenous communities.
For example, whole ethnic groups split, as some want to participate in oil business, while the
others prefer to continue the traditional way of life. New dependency on economic companies
and new wants and needs for goods usually come into existence under westerly influence. The
money needed for these goods, partly originates from illegal clearing and selling of tropical
wood. Deforestation not only reduces the habitat of animals and plants, but also enables an
easier access to the hunting grounds. Thus, a temporal auxiliary income is the vending of
meat and fur of wild prey, resulting in over-hunted areas. All in all, the ongoing changes lead
to a declining biodiversity and irreversible damages to natural ecosystems and indigenous
communities with a traditional way of life (Gippelhauser & Mader 1990).

Many ecosystems within Amazonian rainforest are natural reserves, but international
environmental standards, traditional rights of the indigenous people and laws on nature
conservations are often not respected, due to weak governmental institutions and a high
degree of corruption. Thus, protected natural reserves potentially become cleared, exploited
and polluted due to the expansion of infrastructure, deforestation, agribusinesses, mining and
contamination through oil companies. In many places, the natural resources of the indigenous
people are threatened by such external stressors. In recent years, growing numbers of
consolidations of indigenous organisations gained more and more importance on a local,
national and international level. However, yet there is no concept for a sustainable
development in the Amazonian rainforest. Politics continues the economic way through the
promotion of agriculture, infrastructural projects and exploitation of resources, while the
protection of the unique biodiversity and culture suffers (Hoffmann 2005).
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Oil companies:

Concession-areas of oil companies often are situated within protected areas and territories of
indigenous people. For example, the oil company EnCana owns the rights for oil production
nearby the reserve Cuyabeno inhabiting the worlds highest biodiversity with 473 tree species
per ha. The Cuyabeno reserve further provides the livelihood for 449 bush species, 92 liana
species, 96 herb species and 22 palm species per ha. Additionally, 335 inhabitants of the
Siona life in the Cuyabeno reserve, between Rio Cuyabeno and Rio Aguarico. Since 1998
Cuyabeno belongs to the protection class ‘untouchable’, but EnCana continues to explore the
soil for deposits of oil (Schmidt-Hauer 2007). Exploration is done by the means of
probationary detonations, followed by probationary borings. Heavy machineries, explosions
and boring activities increase soil erosion and socio-cultural stress. The contamination of the
soil and groundwater result in a declining biodiversity, due to the toxic drilling waters. As
soon as a borehole promises success, the environmental damages in the region increase,
because water has to be pumped into the soil in the search for oil. The unearthed oil and the
water, which is now enriched with salts from the soil, have to be divided with the aid of nitric
acid (HNOg3). The remaining toxic and corrosive solutions usually are pumped into open
retention basins that can overflow in case of rainfall (Schmidt-Hauer 2007).

Since the beginning of the 90s, several organisations such as CONAIE (Confederation of
Indigenous Nationalities of Ecuador) have been founded to represent the interests of
indigenous people on provincial, regional and national level. CONAIE gained more and more
importance in the past ten years, particularly after the foundation of the Pachakutik party.
Since then, indigenous people can decide over exploration and exploitation of national oil
reserves on the territory of indigenous coalitions. CONAIE was able to resist against a treaty
of EnCana and PetroEcuador that have bought land of the Siona for 340.000 US-$ without the
participation of two villages that were against the sell-out. However, after further
proceedings, the Siona received cheques over 1350 US-$ per person and a new treaty was
signed. EnCana now pumps oil, while the Siona, which were not engaged in the lucrative
profits of the business, are faced with severe environmental pollution. Another example
typical for Ecuador is a lawsuit, going on since years, between 30.000 inhabitants of the
province Sucumbios and Chevron Texaco. In this case the oil company is accused to remove
the left environmental damages of estimated six billion US-$. Chevron Texaco has left 200
retention basins within Ecuador’s rainforests. Generally polluters like Chevron Texaco can
only hardly be brought to justice, as there is still a considerable gap between legal conditions
and the realisation of spoken rights. At present the annual debt service of Ecuador alone
gorges nearly half of the national income, which is more than the incomes from oil
businesses. In addition, due to the additional receipts through the OCP since 2003, 70 - 80 %
of the incomes from oil businesses a priori have to be spent for the annual debt service. This
exploitation is one of the reasons, why the average percentage of social spending of the gross
domestic product in Ecuador only valued 4.7 % in the past ten years, the lowest percentage in
South America (Europdische Union 2007). Nevertheless, the International Monetary Fund
urges Ecuador for the payment of its debts. The proposal of President Alberto Acosta, to get
money from industrial countries and leave the oil in the ground, will demonstrate the grown
economical dependency on oil. Most probably, the oil and rainforests won’t be left
‘untouched’ (Schmidt-H&auer 2007).
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2.5 Mangroves and Coral Reefs

Until the 1970s, large areas coastal mangroves have been cleared mainly for firewood and
touristic purposes. The effects of the clearing of more than 70 % of Ecuador’s costal
mangroves are devastating (Mecham 2001). Not until the end of the 20" century, the
importance of the mangroves as a valuable ecosystem within the tropical evergreen rainforest
becomes clear (Lewis 2001). Mangroves are either up to 20 m high trees or shrubs and belong
to the Halophytes, which are plants that live in salty environmental conditions. Mangroves
grow in coastal habitats within the tidal range of estuaries and bays so that they were flooded
two times a day. Reef-mangroves settle on dead coral reefs off the coast and have to cope
with the powerful surge of the ocean. Many mangroves have holocrine glands within their
leaves that can excrete surplus of salt. In addition, all species have thick wax layers on their
leaves to protect the plants from heating and from the influence of the salty seawater.
Mangroves not only provide coastal protection, but also serve as a hatchery for about 70 % of
marine organisms of tropical coasts such as crabs, mussels and fishes. The wide spread
rhizosphere provides for egg deposition, as substrate for mussels and other sessile organisms,
as well as shelter and nutriment for pups. The rich nutrient supply of the mangroves is not
only a consequence of the permanent tidal flooding, but also of the high primary production
of mangrove trees. Leaves fall into the water and are decomposed by bacteria that in turn are
fodder for plankton organisms. Therefore, larvae and fish pups find a rich menu of potential
prey. Additionally, the dense mangrove canopy provides shelter from visual predators such as
fishes and birds (Lugo & Snedaker 1974; Raven et al. 2006).

A special adaption to the sandy-clayey silt soils of coastal regions are respiratory roots,
known as pneumatophores that grow vertically out of the soil and provide oxygen supply at
low tide. They can be found in the species of Avicennia geminans, the black mangrove and
Laguncularia racemosa, the white mangrove. The respiratory roots of the widest spread
species Rhizophora mangle, the red mangrove, not only provide for oxygen supply, but also
serve as backup and therefore are called stilt- or prop roots (Fig.7). Generally a water-to-land
graduation of different mangrove species exists, whereas Rhizophora with its strong roots
mainly settles in deeper waters than Avicennia with its shallow roots. Laguncularia can be
found in shallow waters and even tends to settle outside the water. Within the estuaries of the
Gulf of Guayaquil in South Ecuador only Rhizophora mangle can be found, which
experiences the largest expansions where high inputs of sediment provide for nutrient supply
and flat protected bays allow settlement (Chapman 1977; Terchunian & Klemas 1986).
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Figure 7: (left) Mangrove tree and pneumatophores, (middle) kind of roots, (right) stilt roots
(Ellenberg & Grambow 2008)
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Mangroves are able to cope with extreme living conditions and therefore occur in almost all
tropical coastal regions around the world and even in sub-tropical coastal regions like in
Florida and New Zealand. However, mangroves are abundant to flat coastal regions, high
nutrient inputs as well as constant average air- and water-temperatures above 18 °C with
maximum diurnal variations of £ 5 °C. Further, an annual precipitation of 2000 - 5000 mm
with a minimum of 100 mm per month is essential (Frey & Losch 2004). Figure 8 shows the
geographic range of about 17 million ha of worldwide existing mangroves (FAO 2003).
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Figure 8: Geographic range of mangroves (modified after Ellenberg & Grambow 2008)

There is a strong negative correlation between the occurrence of cold sea currents and the
geographic range of mangrove areas. This climatic dependence can be observed in the west-
coast of South America, where the cold Humboldt stream prohibits a further southward
extension of mangroves along the Peruvian coast. The same effect can be observed in South-
West Africa, where the influence of the cold Bengal stream prohibits a further southward
extension of the mangroves at the latitude of Angola (Terchunian & Klemas 1986).

Generally, mangroves considerably slow down flow velocity due to their dense rhizosphere,
so that sediments and nutrients accumulate within the tidal range of estuaries and deltas.
Therefore, nutrients and fine substrates can’t reach the ocean, where coral reefs are situated,
like in the case of the Great Barrier Reef in Australia. It has to be mentioned, that coral reefs
exclusively can exist in oligotroph, which means nutrient-poor, water. Indeed, most of the
rivers in estuaries provide for rich nutrient supply and large amounts of sediments.

Therefore, when existing mangroves are cleared, large amounts of sediments can be
accumulated on coral reefs. Similarly a surplus of nutrients can increase the growth of algae,
which compete with the symbiotic community of the coral reef for sunlight. As a consequence
of both processes, the whole coral reef could die, because of the lack of sunlight that is
needed for photosynthesis. According to this, there is a tight connection between the
ecosystems of coral reefs and mangroves that provide essential filtering processes for the
existence of coral reefs (Baran & Hambrey 1998).
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Generally, the high population density of coastal regions comes along with the deforestation
of the surrounding areas. The destruction of the coastal vegetation results in an increased
coastal erosion and intensified storm damages. This fact has largely been suppressed by the
world, until December 2004, when a catastrophic submarine earthquake in the Indian Ocean
led to an unforeseen Tsunami that killed about 300.000 people Danielsen et al. (2005)
reported that only 30 trees per 100 m? are able to decrease the destructive force of a Tsunami
by 90 %. Thus, most probably, many people could have been passively rescued through the
natural flood protection of coastal vegetation. This disaster highlights the need to counteract
the increasing destruction of mangrove regions.

Many people in slums of growing cities in developing countries have no waste collection
available. As a consequence garbage has to be burnt or to be thrown into the river. Most of the
garbage is then transported to the coast, where it imposes pressure upon the ecosystem, which
Is characterized by an increasing accumulation of chemicals within the sediment, and further
eutrophication of the water, due to increasing amounts of nutrients like nitrate and phosphate.
An even greater problem is the demand for space, which is required for the growth of large
cities like Guayaquil, situated in the coast of South Ecuador, with more than two million
inhabitants. The limits of Guayaquil extend deep into the mangroves and permanently new
drainages and clearings of mangrove areas are necessary to provide new living space for the
fast growing population. However, until today, large rivers like the Rio Guayas (Fig.9) act as
natural borders for further extensions of the city, but over the years, further mangrove islands
will have to be cleared for new building grounds (Terchunian et al. 1986). Another problem,
at least from an ecological point of view are the numerous shrimp and crab farms form a
dense belt along the Bay of Guayaquil. Note that the dark and bright blue areas along the
Ecuadorian coast in Figure 9 all are shrimp and crab farms.
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For crab production, mangrove area has to be cleared and large pools have be excavated. One
great disadvantage of these pools is the high evaporation, due to the large exposed water
surface, resulting in basin salinization. Despite the regular input of freshwater, the basins have
to be abandoned after about eight years of cultivation. The exploited pools leave bare, infertile
and salt-crusted plains. Reforestation purposes are relatively expensive, ranging from simple
reforestation with mangrove seedlings, which costs 225 US-$ per ha, to a complete
hydrological restoration, which costs 216.000 US-$ per ha. Affected countries can profit of
the reforestation of destroyed mangrove areas, due to increasing crab- and fish populations
offshore, and thus compensate the costs of reforestation within about ten years (Lewis 2001).

Until the 1990s, the ‘export hit” or “white gold’ of Ecuador has been crabs and shrimps, which
are mainly exported to Europe and Asia. The annual sales in 1999 of the Ecuadorian crab
production was 900 million US-$. The crab boom was abruptly terminated by the viral
infection ‘“Mancha Blanca’, known as the ‘white spot syndrome’, which almost disrupted the
whole crab production so that many crab-breeders failed. In 2006, the Ecuadorian crab export
reached the same amounts as 7 years before, but annual sales decreased to about 600 million
US-$. Until today, both the demand for crabs and the countries that want to take part in this
lucrative business, still rises around the world, leading to an increasing competition on the
global market and to a further decline in the price of crab products. The annual economic
values of mangroves, estimated by the cost of the products and services they provide, ranges
between 200.000 — 900.000 US-$ (UNEP 2006).

There are many reasons for the indigenous population of South America to resist against crab-
breeders and great land owners. Both, the loss of land and the grown dependency on the
mangroves in the past millennia play an important role for them. Many properties of daily life
that are essential for survival originate from the mangroves. In all times, crabs, mussels, and
fishes have been fundamental elements of the natives’ daily menu. The mangroves further
provide wood for cabins, tannins for leather tanning and several ingredients for traditional
medicines. The responsible handling of nature and the deep rooted social structures of the
indigenous population prevented greed of gain in Ecuador until the 20™ century. In 1998,
twenty Ecuadorean environmental- and human rights organisations united in C-Condemn, in
which all four coastal provinces: Esmeraldas, Manabi, Guayas and EI Oro are represented. C-
Condemn stand up for preservation and reforestation of the mangroves. In 1987 the former
government of Ecuador declared 362.000 ha of national mangrove area as protected forest and
prohibited deforestation as well as the establishment of crab breeding-basins in the
mangroves. In 1999, the indigenous population received 19.000 ha mangroves for sustainable
use from the government. In 2004 the Ecuadorian institute of remote sensing or CLIRSEN
reported that only 30 % or 108.000 ha of the primary protected mangroves in Ecuador have
been left. The Ecuadorian administration of agriculture in 2002 reported that more than two-
thirds, which are about 176.000 ha of the crab pools in Ecuador were illegal and indigenous
populations were often expelled from their land under the threat of violence. It has to be
mentioned that illegal breeding-farms despite prohibition have partly been legalised
afterwards. However, at last crab consumers in Europe and Asia have to be conscious that
they are responsible for the reality of crab-breeding in developing countries like Ecuador. The
destruction of mangroves results both in decreasing biodiversity and decreasing fish
populations (www.ccondem.org.ec).
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2.6 Flood Climate

The atmosphere is the primary reservoir of floodwater. The water stored on the land as snow
and ice is the secondary reservoir of floodwater. The potential for flooding depends on the
content of these reservoirs and on the rate and duration of discharge. Geographic variations in
available water can be described through the total water content, which is the depth of water
that would result if the water content of a column of the atmosphere would be condensed to
liquid. In polar continental regions the total water content in winter may only be 5 mm,
whereas in tropical maritime areas, water contents around 50 mm are common throughout the
year. On a global average basis, there is only about 23 mm of water in the air, whereas global
precipitation averages about 1000 mm/a. Evaporation effectively replenishes the total
atmospheric water amount about 40 times a year. The total annual evaporation amount is
similar to the water volume that resides in lakes and streams at any time. As evaporation is a
temperature-dependent process, the primary areas of atmospheric recharge are located in
lower latitudes. More than 60 % of the global evaporation takes place between 30° N and 30°
S, particularly over the oceans (Lamb 1972).

Most of the water in the atmosphere is contained within the troposphere, where processes of
precipitation take place. In tropical latitudes, the troposphere extends to an altitude of about
17 km, whereas in polar latitudes, the troposphere only reaches up to about 11 km. As the
actual volume of the atmospheric reservoir and the average temperatures of the troposphere
decline with increasing latitude, the capacity of the atmosphere to hold water vapour also
declines. This is due to the fact, that the saturation vapour pressure of air increases with air
temperature, which means that warm air can hold more moisture than cold air. The global
atmospheric circulation reduces these equator-to-pole and ocean-to-land contrasts in total
water content without eliminating them (Lamb 1972).

The troposphere can be divided into the baroclinic atmosphere of middle- and high-latitudes
and the barotropic atmosphere of tropical low-latitudes, whereas vertical motions give rise to
precipitation in form of upward growing or moving clouds in both types of atmosphere. In a
baroclinic atmosphere pressure is not constant on surfaces of constant density. Accordingly,
horizontal thermal contrasts are sharp established and wind speeds increase with altitude in
proportion to the strength of the horizontal thermal gradient. Therefore, intersections of
temperature- and pressure surfaces give rise to solenoid circulations in form of horizontal
flows. Convergences in the horizontal circulation in turn give rise to vertical motions, cooling,
condensation and precipitation. Rainfall rates of the baroclinic atmosphere are only modest
compared to those of the barotropic atmosphere, but duration of rainfall is longer, due to the
contrasting air masses of baroclinic weather systems. In the barotropic atmosphere, horizontal
temperature- and pressure gradients are nearly parallel, so that baroclinic circulations are only
poorly developed. In a barotropic atmosphere, pressure is constant on surfaces of constant
density. Therefore, tropical warm and moist air masses tend to be unstable. Further, changes
in wind shear with increasing altitude are largely absent. Once upward motions are initiated
due to surface heating, airstream convergence or orographic effects, it is the release of latent
heat that gives rise to further vertical motions, cooling, condensation and precipitation.
Additionally, rising air masses become lighter and more buoyant than its surrounding air
masses, supporting further upward motions (Baker et al. 1988).
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This auto-convective process sustains vertical motions in the surface layer that can give rise to
gigantic cumulonimbus clouds. These convective clouds, which represent the basic
rainmaking elements in the barotropic atmosphere, can grow as great and nearly vertical
chimneys, as they were not sheared off by strong winds aloft. Horizontal convergence and
heating in the surface layer of the barotropic atmosphere gives rise to the vertical motions
needed to support condensation and precipitation. As a consequence, convection through a
deep layer of the atmosphere is possible, high rainfall rates of short duration can be generated.
Thus discharges originating from the atmospheric reservoir differ remarkably between the
barotropic- and baroclinic atmosphere. However, sufficient rainfall amounts to cause flooding
depend on advection, convergence and upward motions of moisture (Lamb 1972).

The dominant rain-producing organized weather systems of the barotropic low latitudes are:
the Inter-tropical Convergence Zone (ITCZ), cyclonic motions and curvatures of the pressure
field, such as tropical storms and easterly waves, and orographic uplift processes.

The ITCZ is a circum-equatorial band of cloudiness that originates from the convergence of
the trade wind streams of the Northern and Southern hemisphere, and is sometimes referred to
as the ‘meteorological equator’, ‘belt of equatorial calms’ or the ‘doldrums’. This belt of
convergence underlies a regular annual north-south excursion that is in its most northward
position during Northern Hemisphere summer and in its most southward position during
Southern Hemisphere summer. Figure 10 shows the position of the ITCZ and the 25 mm
atmospheric water content contours in January and July (Lamb 1972).

Figure 10: Position of the ITCZ (lower dotted line) in January and (upper dotted line) in July,
after Atkinson & Sadler (1970); 25-mm atmospheric water content contours (dashed lines) in
January, mean winter and (solid lines) in July, mean summer, after Lamb (1972).

The 25-mm contours of the total atmospheric water content in January and July mark the
transition zone between barotropic low-latitude and baroclinic high-latitude atmospheres. The
lines follow that of Lamb (1972), except for the adjusted contour in the area of North Africa,
where the atmospheric water content is below 25 mm. Therefore the air in North and East
Africa, the Outback of Australia, the southern coast of the Arabian Peninsula and the
Rajasthan desert of northwest India is moist enough to support considerable rainfall, although
rainfall is often not realized, as the strength of convergence is too weak to initiate, support and
sustain vertical motions, so that only slight rainfall results and the regions tend to be arid.
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Where highlands are present in these regions, uplift is enhanced by orographic processes,
resulting in great rainfall amounts. For example, most of the rainfall amounts that give rise to
Nile flooding originates from the Ethiopian highlands as the ITCZ passes northward during
the Northern Hemisphere summer. In years when the convergence fails to penetrate that far
north, droughts, such as the drought and famine from 1981 to 1985 occur in the region.

As a consequence of the latitudinal movement of the ITCZ, a pronounced seasonality in
rainfall results over much of the tropical regions. The 25-mm contour in July clearly indicates
the monsoon invasion of moist air in eastern Asia, and the midsummer penetration of
maritime tropical air into the high plains of North America. The common term monsoon is
often associated to summer rainy seasons, while the specific term Monsoon is reserved for the
pronounced Asian monsoon. In Cerrapunji, India, the record of 26.461 mm annual rainfall in
1860/61, as well as the record of 9300 mm monthly rainfall in July 1861 was dated. In
another Monsoon, rainfall volume was 2500 mm in 100 hours. Off the west coast of South
America the normal seasonal excursions of the ITCZ encompass only a few degrees of
latitude and are largely confined to Colombia and Ecuador. In years of EI Nifio, warm tropical
sea water extends southward along the coast, resulting in heavy convective rainfalls and
flooding in the arid Peruvian and Ecuadorian coasts (Baker et al. 1988).

The 25-mm contours delimit regions with modest rainfall rates of long duration from regions
with high rainfall rates of short duration. The boundary between the baroclinic- and barotropic
atmosphere is approximately the northern limit of tropical air masses and varies on both
seasonal and synoptic time scales. Three broad zones can be defined: The perennial baroclinic
zone of the high latitudes, where water content is generally less than 25 mm throughout the
year; The perennial barotropic zone of the low latitudes, where the water content exceeds 25
mm all year; The barotropic and baroclinic zone of the middle latitudes, which conditions
alternate depending on season and synoptic time scales (Baker et al. 1988).

Thunderstorms are fully matured convective systems and commonly occur in perennial and
seasonal barotropic conditions. Populations of thunderstorms are often organized into larger
scale assemblages of convective weather elements. Figure 11 shows the global distribution
and frequency of annual thunderstorms (Lamb 1972).

Figure 11: Frequency of annual thunderstorms: (black) regions with 100 or more thunder-
storms per year, (dotted lines) encompass regions with more than 50 thunderstorms per year,
(dashed-dotted lines) encompass regions with at least 20 thunderstorms per year (Lamb 1972)
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Thunderstorms become organized at the scale of the easterly wave and may give rise to
intense prolonged periods of rainfall. Easterly waves, which are wavelike or sinusoid
deformations in the trade wind flow are the most common barotropic weather system of the
lower perennially latitudes. These easterly waves tend to move from east to west within the
trade wind zone. The greatest rainfalls occur when the easterly wave passes over islands or
continental margins. Here the heated land surfaces and the roughness of the landscape
enhance upward motions. The resulting convective processes are very intense.

The most important type of cyclonic motion in the barotropic atmosphere is the tropical
cyclone. Tropical cyclones frequently arise from the organized system of convective elements
of an easterly wave. Tropical cyclones that reach wind speeds of 116 km/h or greater are
known as hurricanes. This is the same name generally applied to great intensity tropical
storms in North America. Over most of the Pacific Ocean basin, they are referred to as
typhoons, while in the Indian Ocean area they are called cyclones. Generally these storms do
not form adjacent to the equator, as the Coriolis force is too small to initiate a closed
circulation systems. The genesis of tropical storms requires an immense supply of latent
energy and therefore is restricted to subtropical oceans where Sea Surface Temperatures
exceed 27 °C and the atmosphere is largely free of vertical wind shear. Figure 12 shows the
distribution of tropical storm zones, indicated by the arrows (Baker et al. 1988).

Figure 12: Zones of easterly wave and trade wind disturbance: (thin arrows) direction of trade
winds (after Crowe 1949), (large arrows) hurricane tracks (after Simpson & Riehl 1981)

On the one hand, there are regions, which due to the high frequency of tropical cyclones, may
experience the most intense tropical storms and are prone to frequent hurricane flooding. On
the other hand, there are regions, which only rarely experience tropical storms, but when a
storm track occasionally enters the region, major flooding occurs. In the barotropic
atmosphere, upward motions and strong convective activity are often directly coupled to the
terrain over which the air must flow. Orographic uplift is accompanied by condensation and
the release of latent heat, thereby labialising the atmosphere. Rising air becomes less dense
than the surrounding air, so that further upward motions follow. This auto-convective process
is enhanced over highlands as solar heating of the land and, in turn, the air further increases
the upward motions and the chances of rainfall. Orographic rainfall often has a strong diurnal
component, with rainfall maxima following the period of strongest solar heating. Orographic
rainfalls are regionally organized where north-south land masses, mountain chains and
archipelagos intersect the persistent east-to-west trade winds of the subtropical latitudes
(Baker et al. 1988).
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The classification of flood climate regions is based on potential available floodwater from the
atmosphere and from snow and ice on land. Further, weather systems and meteorological
mechanisms that result in flooding are considered. The latitudinal and longitudinal symmetry
of the distribution of the flood climate regions is complicated due to the presence of mountain
ranges that orographically enhance precipitation and tend to have winter storage of snow. The
separated regions reflect the potential for flooding and the presence or absence of weather
systems and their movement, according to the global circulation. In respect to climate
variability, influencing the realization of flooding, the regions should be considered as mean
boundary positions and as a valuable addition to the commonly used charts of global climate,
vegetation, soils and fluvial geomorphology, that all vary in space and time. The 16
delineated flood climate regions, given in Figure 13, are similar in moisture availability, kind
of flood-generating event and other aspects of water resources (Baker et al. 1988).
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Figure 13: Flood climate regions of the world (Baker et al. 1988)

Black areas indicate major mountainous regions. The solid and dashed lines indicate the
poleward limits of barotropic conditions in summer and winter, respectively. The dash-dotted
lines are the January and July positions of the ITCZ. The dotted line marks the equator-ward
limit of winter snow cover durations of 10 days or more. The double solid line indicates
regions with more than 50 days of seasonal snow cover and more than 50 cm of snow. The
cross-hatched solid line marks the equator-ward limit of frontal cyclones in the North
American sector. The figure caption gives the definitions of the boundaries between regions,
and the legends on the map are keys to the symbolic nomenclature. The primary reservoir
may be characterized either by atmospheric barotropy (T) or baroclinicity (C), which may be
present in all seasons, which is perennial (p) or only seasonal (s). When barotropic conditions
are present, discharge from the reservoir may be due to the inter-tropical convergence zone
(z), organized convective activity at the synoptic scale (0) or unorganized convective activity
(u), like in the case of individual thunderstorms. These systems may be present (p) or for only
part of the year (s).
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In high altitudes of the baroclinic atmosphere, where rainfall intensity and totals are modest,
the accumulation of snow on the surface (S) is the main trigger mechanism of flooding. When
snow accumulates over the winter and melts in the spring, the subscript (s) is used and
indicates seasonal snowmelt and flooding. When the accumulated snow is discharged within
the winter season on a periodic basis, the subscript (e) is used and indicates the ephemeral
nature of the snow cover in this reservoir. The potential for flooding at the end of the winter
snow accumulation season is dependent on the depth of snow cover. Areas with sufficient
snow cover of 50 cm or more are indicated by double asterisks (**) and areas with less than
50 cm snow cover by single asterisk (*).

Tpo regions are barotropic all year, situated within the trade wind zone pole-ward of the
seasonal limits of the ITCZ and encompass many islands. Organized systems of convective
elements, such as easterly waves in the trade wind streams and tropical storms give rise to
rainfalls in these regions. Orography and heated land surfaces are important forcing process in
the initiation of precipitation, resulting in flooding. Tpo regions tend to have a strong diurnal
cycle in rainfall where rainfalls are most common in the late afternoon and just after sunset.

Tpu regions, such as Ecuador, are barotropic perennial all year and both easterly waves and
tropical storms are uncommon or absent. Therefore, convective elements usually are discrete
and/or individual thunderstorms. Generally these regions are semi-arid to arid and accordingly
streams frequently ephemeral. However, where mountains occur in these regions, orography
is an important factor for the initiation of precipitation and unusual atmospheric conditions
may produce flooding. Along the coast of Peru, periods without sufficient rainfall to cause
flooding can last for decades. However, as the ITCZ moves unusually far to the south, which
is common in years of El Nifio, when warm water extends southward along the Peruvian
coast, heavy flooding occurs as the landscape is not adjusted to such rainfall events.

Tpz regions are perennially barotropic, situated nearby the equator and the ITCZ that provides
the upward motions needed to initiate precipitation. Usually, a rainy season and a drier season
are established due to the north-south movement of the ITCZ. The exception to this
seasonality occurs along the west coast of South America in Colombia, where the north-south
excursions of the ITCZ are small and it is rainy throughout the year. While the zone is
circum-global, there are strong longitudinal variations in the amount of precipitation realized
as the ITCZ is not equally active at all longitudes (Baker et al. 1988).

These flood climate regions bear considerable similarity to charts of vegetation cover classes
based on climatic relationships (Emanuel et al. 1985) as well as to standard classifications of
vegetation cover (Udvardy 1975). This is due to the fact that vegetation cover is a function of
rainfall, temperature, snow cover, and the seasonality of these parameters. Furthermore,
similarities with traditional climate classifications of Képpen (1936) and Trewartha (1968), in
which temperature plays a major role, are obvious. This is due to the fact that barotropic and
baroclinic conditions of the atmosphere act as a substitute of temperature. Similarities to the
classification of the climate of the ocean by Dietrich (1963), the classification of coastal and
marine regions of the world by Hayden et al. (1984) and the classification of North American
climates based on air masses and streamlines by Bryson (1996) are especially encouraging.
All mentioned classifications had the destiny of a classification based on atmospheric
dynamics (Baker et al. 1988).
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2.7 Spatial and Temporal Scales of Hydroclimatic Activity

Flood-producing atmospheric circulation patterns operate within a space-time domain that at
times is quite different from the domain of hydrologic activity within a drainage basin. Figure
14 shows the characteristic spatial and temporal scales of meteorologic, climatologic and
hydrologic phenomena. The spatial domain represents the typical areal scale extent of
influence of each phenomenon, while the temporal domain represents the typical duration of
each type of event (Baker et al. 1988).
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Figure 14: Meteorologic, climatologic and hydrologic space-time domain (Baker et al. 1988)

A typical thunderstorm with a diameter of 10 km covers an area of about 100 km? and has a
life span of several minutes to over an hour, while a mature tropical cyclone with a diameter
of 1000 km affects an area of at least 10° km? during its typical life span of three to six days.
In the upper atmosphere, long wave ridges and troughs with dimensions of 10° km? or greater
continuously migrate around the globe. Such large-scale climatic phenomena can transport
one storm after another along the same track into an area, creating a climatic pattern that may
persist for a whole season or even longer. The variety of scales over which climatic activity
can generate flooding, ranges from small downpours to global-scale circulation anomalies.
This wide range of interactions between the atmosphere and hydrosphere illustrates the
concept of proximate versus ultimate causes for flooding. The proximate climatic causes of
flooding can be observed at a small-scale in the short-duration relationship between rainfall
and runoff. Climatic activity operating at much larger spatial scales and longer temporal
scales is less often considered as a source of flooding, but the configuration of atmospheric
conditions at these larger and longer scales provides the ultimate framework from which
immediate causes of flooding are generated (Baker et al. 1988).
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This persistence of certain upper-air pattern has been linked to anomalous pools of warm and
cool Sea Surface Temperatures that may extend over areas as large as 10° km? and persist for
several months to over a year (Namias 1974; Namias & Cayan 1981). At the global scale the
meandering pattern of the circumpolar vortex of upper-arid winds is reflected in hemispheric
wide climatic features. These include the position of the polar front, the jet stream, and the
tendency toward zonality or meridionality in the long wave pattern.

The spatial domain of flooding, unlike that of climate, is confined by the areal dimension of a
drainage basin. The upper spatial limit of the flooding domain in Figure 14 reflects the areal
dimension of the Mississippi River basin in North-America of about 10° km? The temporal
domain for flooding is related to either, the length of time specific flood-generating
atmospheric phenomena, which are positioned over a basin, or the interval of time during
which a series of flood-producing events affects a basin. The lag time between an atmospheric
input and the corresponding hydrologic output depends on factors internal to a drainage basin
system such as basin area and shape, channel form and roughness, drainage density,
vegetative cover, permeability of the substrate, and land use. Generally, the duration of
flooding will nearly always exceed the duration of the atmospheric input that generated the
flood. This is depicted in Figure 14 by the shift in the domain of flooding toward longer
durations than those of atmospheric phenomena at the same spatial scale (Baker et al. 1988).

The cross-disciplines hydrometeorology and hydroclimatology are essential for understanding
the interactions between the atmosphere and the hydrosphere. In respect to the terms climate
and weather, Fairbridge (1967) presented the following definitions: “Climatology is that
branch of atmospheric science which deals with the climate, i.e., the statistically synthesis of
all weather events taking place in a given area in a long interval of time. It is customary to
describe the climate by the seasonal variation of various meteorological elements and their
characteristic combinations”. Weather is defined as: “a state or condition of the atmosphere at
any particular place and time. Weather is specifically distinguished from climate, which
represents a regional or global synthesis of weather extended through time on the scales of
years, rather than minutes or hours.”

The cross-discipline of hydrometeorology, which Bruce & Clark (1980) defined as “an
approach through meteorology to the solution of hydrologic problems”, is used to analyze the
relatively short-term interactions between the atmosphere and hydrosphere at micro-, meso-
and synoptic spatial scales of influence. These scales are very effective for a variety of flood
climate studies, including predicting and analyzing flash-flood events (Maddox et al. 1979,
1980), developing real-time river forecast models for specific drainage basins (Georgakakos
& Hudlow 1984) and identifying and compiling characteristic synoptic features that generate
flooding in selected areas (Hansen & Schwarz, 1981).

Larger meso-scale features such as big thunderstorms, multiple squall lines, very moist und
unstable atmospheric conditions and shortwave troughs have the ability to produce major
rainfall events of great intensity and over large areas and thus have been responsible for many
catastrophic flash floods. However, in addition to flash flooding, synoptic-scale events also
have the ability to produce long-duration, widespread flooding throughout a large drainage
basin or in several basins of a given region.
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Micro- and small meso-scale atmospheric activity such as convectional showers, small
thunderstorms and squall line disturbances tend to have a limited regional areal extent of
influence of ca. 1 - 1000 km? and a storm life of a few minutes to two hours. Such events are
most likely to produce local flash floods, like the one given in Figure 15 (Baker et al. 1988).
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Figure 15: Rainstorm event in the Walnut Gulch catchment (Osborn & Renard 1969)

The isohyetal maps, in inches for 10-min intervals show the movement of a thunderstorm
across the Walnut Gulch watershed near Tombstone, Arizona. The drainage basin has an area
extent of 93 km® Several localized cells of high-intensity rainfall developed and dissipated
during the course of the storm, which lasted a little over an hour. Over 80 % of the total
annual runoff was generated by this thunderstorm. The hydrographs of four sub-watersheds
within the Walnut Gulch catchment, in the lower right position in Figure 15 show the rapid
response of the drainage basin to the rainstorm (Osborn & Renard 1969).

The cross-discipline of hydroclimatology encompasses larger scale interactions between the
atmosphere and the hydrosphere and has been defined as the ‘modeling of long-term climatic
fluctuations in water resources systems analysis’ (Kilmartin 1980). In a hydroclimatic
approach to flood analysis, the hydrologic events recorded in a flood series are viewed as real
world physical events, occurring within the context of its variation in magnitude, frequency
and seasonality, over a long period of time and in the spatial framework of the regional and
global networks of changing combinations of meteorologic elements such as precipitation,
storm tracks, air masses, and other components of the broad-scale atmospheric circulation
patterns. Therefore, flood hydroclimatology, has its foundation in the detailed focus of
hydrometeorologic-scale atmospheric activity, while at the same time seeking to place this
activity within a broader spatial and temporal scale climatic perspective (Baker et al. 1988).

Macro-scale features such as major fronts, tropical storms and extratropical cyclones affect
large areas and have life spans of several hours to days. Precipitation generated by macroscale
climatic pattern produces changing periods of high and low rainfall intensity. These features
at times are associated with flash flooding when they provide the necessary synoptic situation
for locally intense meso-scale activity to develop (Maddox et al. 1979, 1980; Huff 1978).
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The widespread nature of these storms, coupled with their complex intensity-duration
properties generally produce slow rising flood hydrographs, characterized by relatively long
lasting flood water level. However, large scale and longer duration climatic events, such as
snow-melting processes, anomalous configurations in the upper-level circulation, sea surface
temperature anomalies and decadal-scale circulation episodes can also influence flood events.
More detailed knowledge about the relationship between floods and climatic activity at larger
scales is needed to identify widespread flood-generating hydrometeorologic activity being
likely to develop floods. Large-scale anomaly patterns, global-scale controls and long-term
trends might be overlooked in the analysis of floods limited to the hydrometeorologic space-
time domain, whereas these same patterns, controls and relationships can be detected at the
broader hydroclimatic domains of analysis (Baker et al. 1988).

In many cases floods result from excessive amounts of precipitation or snowmelt or from
typical hydrometeorologic circulation mechanism, such as fronts, squall lines, mesoscale
convective complexes or synoptic-scale cyclones, but floods can also be associated with
atypical atmospheric circulation patterns. These anomalies can be in the form of an unusual
combination of several common mechanisms occurring together, an unusual location or
unseasonal occurrence of an otherwise typical circulation mechanism, the unusual persistence
of a specific circulation pattern, or a rare configuration in the upper-air pattern itself.

According to Namias (1973), the anomaly that led to the June 1972 circulation anomaly
associated with hurricane Agnes, began to establish as early as February or March, partly due
to abnormally warm Sea Surface Temperature in the Atlantic, influencing the interaction
between the ocean and the atmosphere. Such air-sea interactions form the basis for many
long-range forecasting techniques and are argument for possible long-term, large-scale
hydroclimatic controls on major flooding around the world. El Nifio, the anomalous warming
of Sea Surface Temperature from coastal Peru westward along the equator, and the Southern
Oscillation, a related atmospheric pressure shift in the western South Pacific ocean, are the
most frequently cited large-scale Sea Surface Temperature factors to be linked to flood events
in regions such as Peru, Bolivia and Ecuador in South America, the Pacific coast of North
America and coastal areas of the Gulf of Mexico (Quiroz 1983; Rasmusson 1985). However,
in other parts of the world, the EI Nifio has been associated with the occurrence of droughts.

Episodic tendencies in the overall pattern of the circumpolar upper-air waves constitute the
largest spatial and longest temporal scales to have a potential hydroclimatic impact on
flooding. Although the ridges and troughs that form the upper-air wave pattern may adjust
into high- and low-amplitude patterns on a daily, weekly, monthly or seasonal basis, over the
last 100 years extended intervals of time characterized by more zonal circulation patterns have
alternated with periods characterized by more meridional patterns. Theses circulation episodes
often persist over several decades and have been documented in a variety of ways by
researchers who have used both subjective and objective means to classify large-scale patterns
and adjustments in the atmosphere over time. Circulation adjustments at these decadal scales
have their greatest hydroclimatic impact in generating trends and variations in flood series
over time (Dzerdzeevskii 1963, 1969; Kutzbach 1970; Kalnicky 1974; Knox et al. 1975;
Lamb 1977; Barry & Perry 1973). The complete spectrum of atmospheric activity depicted in
Figure 14 has the potential to generate floods, either directly or indirectly (Baker et al. 1988).
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2.8 Drainage Basin Morphometry

Drainage basins are the fundamental physical units of the fluvial landscape. The relationship
between basin morphometry, geomorphic processes and hydrologic response is complex.
Research has mainly focused on geometric characteristics, including the topology of the
stream networks, and the quantitative description of drainage texture, pattern, shape and relief
(Abrahams 1984). The analysis of basin morphometry extended to include the relationships
between network characteristics and resulting volume of water and sediment yields produced
by erosion (Hadley & Schumm 1961). Research concentrated to define the hydrophysical
significance of drainage basins characteristics to develop models that predict stream runoff
(Maxwell 1960; Morisawa 1962; Patton & Baker 1976). The first studies of Horton provided
the theoretical base for the hydrogeomorphic approach to predict surface runoff of drainage
basins. Horton suggested that certain drainage basin characteristics such as drainage net
morphometry, geology, soils and vegetation, affecting erosion, infiltration and retention, need
to be considered (Horton 1932, 1945). Horton’s pioneering work in infiltration and overland
flow generation led to the analysis of drainage network composition and its hydrophysical
significance. Once drainage composition was quantified, drainage network evolution could be
explained through a conceptual model based on the physical processes of overland flow
(Horton 1945). His quantification method of drainage networks and the formulation of the
laws of drainage composition spawned a generation of studies concerning the recognition and
interdependence of drainage network elements as well as the first attempts to correlate these
new parameters to hydrologic phenomena (Miller 1953; Chorley 1957, Schumm 1956,
Melton 1957, Maxwell 1960, Morisawa 1962, Strahler 1952, 1964; Smart 1969, 1972 and
Abrahams 1984). Strahler (1964) modified Horton’s drainage network ordering scheme as
shown in Figure 16, which also gives some important definitions for other morphometric
variables (Baker et al. 1988).
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Figure 16: Strahler ordering system of a drainage network and definition of morphometric
parameters for Ricks Creek, Bountiful, Utah (Baker et al. 1988)

The high correlation of Strahler stream order with discharge is related to the high correlation
between drainage area and stream order for basins in similar climatic and geologic settings
(Leopold & Miller 1956, Stall & Fok 1967; Blyth & Rodda 1973; Patton & Baker 1976).
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Steep slopes, characterized by a high basin relief and high stream gradients, decrease the time
of runoff concentration and thus increase a floods’ peakedness (Sherman 1932; Horton 1945;
Strahler 1964). In a comparison of morphometric basin parameters, two significant
dimensionless variables of relief were identified (Patton & Baker 1976), the relief ratio
(Schumm 1956) and the ruggedness number (Melton 1957). The definitions of both measures
are given in Figure 16. Shreve (1966) argued that basins of different topology can exist for a
given Strahler order, showing different hydrograph responses. Based on Strahler’s ordering
scheme, Shreve (1967) proposed another method of stream ordering. Indeed, for a variety of
physiographic different regions, Shreve Magnitude, the number of first-order streams, has
been found to better describe the relationship between the network form and streamflow of a
given catchment. The reason for this is the importance of the number of first-order streams to
the total number and length of streams in a given basin during high flow conditions
(Morisawa 1962; Patton & Baker 1976). Blyth & Rodda (1973) showed that the number and
total length of flowing first-order streams in dry periods was lower than during high flow
conditions, suggesting a maximum extent of the drainage network during large flood events.

One of the most important morphometric variables invented by Horton was drainage density
which is a measure of dissection that reflects the effectiveness of overland flow and
infiltration (Horton 1945; Dingman 1978). Horton reasoned that basins of low drainage
density were the product of runoff processes dominated by infiltration and subsurface flow,
whereas basins of high drainage density were the product of erosion and dissection by
overland flow. For basins of comparable relief, the hydrologic response of a stream network
should be directly related to drainage density, as with increasing drainage density the path
length of overland flow decreases while hillslope angle increases (Schumm 1956). It was
shown that drainage density is negatively correlated with base flow, reflecting the importance
of infiltration in low drainage density basins (Carlston 1963; Trainer 1963). In contrast, it was
shown that the intensity of flood runoff (Melton 1957) and the mean annual flood (Carlston
1963) are positively correlated with drainage density, reflecting the increasing drainage
network efficiency and the rapid hydrograph response patterns in high drainage density
basins. Drainage density has also been correlated with the Thornthwaites precipitation
effectiveness index (Melton 1957; Madduma Bandara 1974), given in Figure 17.
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Figure 17: Correlation between drainage density and Thornthwaites precipitation
effectiveness index (modified from data of Madduma Bandara 1974)
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The combined data on precipitation effectiveness and drainage density indicate a peak in
drainage density in dry climates, increasing from arid to semi-arid regions. The lowest
drainage density occurs in humid temperate regions and a high drainage density in wet
tropical regions, characterized by extreme rainfall totals and extensive channel cutting
(Melton 1957; Madduma Bandara 1974; Gregory & Gardiner 1975). Respective sediment
yield curves show a high sediment production in both high drainage density semi-arid regions
and very wet tropical areas (Langbein & Schumm 1958). Strahler (1964) proposed that round
basins with low bifurcation ratios (Ry,) and similar flow path lengths produce sharp
hydrograph peaks, whereas elongate basins with high bifurcation ratios and different flow
path lengths produce lower and longer hydrograph peaks (Fig. 18).
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Figure 18: Hypothetical runoff hydrographs as a function of basin shape and bifurcation ratio
(modified after Strahler 1964)

Furthermore, the lag time to the hydrograph peak should be shorter within elongate basins,
because of the short travel time of stream segments close to the basin outlet. Strahler’s general
ideas about hydrograph shape and basin morphometry combined with data derived from unit
hydrograph studies provided insight into the nature of these relationships (Baker et al. 1988).
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A hydrograph is a continuous record of discharge plotted against time and has a number of
characteristics that reflect the pathways and rapidity with which precipitation inputs reach the
stream or river. Figure 19 shows such a hydrograph (Allan & Castillo 2007).
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Figure 19: Streamflow hydrograph resulting from a rainstorm (after Dunne & Leopold 1978)

Base flow represents the groundwater input into a stream. Rainstorms result in increasing
discharges above base flow, called stormflow. The rising limb of a hydrograph is steep when
overland and shallow subsurface flows predominate, and more gradual when water reaches
the stream through deeper pathways. The lag time to peak is a measure of the time between
the centroid of rainfall distribution and peak runoff. The recession limb describes the return to
base flow conditions. Substantial overland flow causes a rapid and pronounced rising limb to
the hydrograph and can result in significant sediment erosion from the land surface. Because
flow is slower in subsurface pathways, the resulting hydrograph should have a less
pronounced rising limb. Furthermore, the likelihood of sediment transport from the landscape
is reduced, while the transport of dissolved materials is enhanced (Allan & Castillo 2007).

The instantaneous unit hydrograph is the hydrograph generated by a specific volume of
effective rainfall, usually one mm, uniformly distributed over a drainage basin during a
specified unit of time. Thus, unit hydrographs of a similar time interval from different
drainage basins have a constant hydrologic input, allowing the investigation of physical
geomorphic controls on the hydrograph shape by means of lag time of the basin and
magnitude of the hydrograph peak (Sherman 1932). Basin characteristics, such as basin shape
and area, drainage basin hypsometry, mainstream slope and channel length, have been found
to be important controls on unit hydrograph parameters and resulting hydrograph shapes
(Sherman 1932; Taylor & Schwartz 1952; Heerdegen & Reich 1974; Harlin 1984).
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Parker (1977) was able to measure unit hydrographs for different geomorphic stages of a
highly erosive basin in a model study of stream network development. The results indicated
that relative peak discharges increased with increasing drainage basin ruggedness number. At
the same time, basin lag time shortened as drainage density increased, reflecting the shorter
path length of overland flow. Lag time also decreased as rainfall intensity increased (Fig.20).
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Figure 20: Changes in lag time as a function of rainfall intensity (from data in Parker 1977).

Drainage densities for the studied networks are given within the graph in m/m?. The degree of
nonlinearity in the hydrograph response increases with increasing slope of the regression
lines, and is greatest for the basins of lowest drainage density. This indicates that there is a
nonlinear relationship between basin lag time and rainfall intensity and that this nonlinear
response increases with increasing distance of overland flow. Therefore, in basins of low
drainage density, the assumption of a linear unit hydrograph response for storms of varying
intensity is not valid (Baker et al. 1988).

The geomorphic unit hydrograph approach aims at the understanding of the relationship
between rainfall-runoff processes and drainage network morphology, by combining
hydrologic water transfer concepts of flood storage and flood routing with stream network
topology and other geomorphic parameters. The interdependence of hydrology, geology and
drainage network composition provides insight into the evolution of drainage systems and the
relative geomorphic importance of hydrologic processes of differing magnitude and
frequency. An understanding of the role that large infrequent flood events play in the
formation of drainage networks is important to place predictive relationships on a more
theoretically base. Unlike the predictive relationships between basin morphometry and
hydrologic output, these studies attempt to analyze the various geomorphic processes that
ultimately produce the drainage net (Baker et al. 1988).

Boyd (1978) showed that the lag time of a basin is increasing with increasing stream order.
The resulting equation is similar to the equations of Horton (1945), relating stream length to
basin order and that of Schumm (1956), relating stream area to basin order. Thus, a constant
average basin lag ratio can be calculated, allowing the prediction of all lag times of a basin
based on the order of the basin (Baker et al. 1988).
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Boyd (1978) developed correlations of lag time with basin magnitude and basin area to create
a storage routing model. The model concept of varying lag time and storage within each
element of the drainage network can be combined with a unit hydrograph model, using the
real drainage network geometry. The geomorphic unit hydrograph then visualizes the
cumulative time history of the advance of each randomly placed drop of effective rainfall
(Rodriquez-lturbe & Valdes 1979; Hebson & Wood 1982). The model parameters of the
geomorphic unit hydrograph are: average length of first-order streams (L), basin area ratio
(Ra), bifurcation ratio (Rg) and stream length ratio (R,), with the equations Ra = A/Au1, Rs
= Nu/Nu1 and Ry = Ly/Ly1, where A = drainage area (m?), L = stream length (m) and N =
number of each stream segment of order u. Simulations of the GUH for various network
configurations of third-order drainage basins demonstrated that hydrograph shape is related to
network parameters (Boyd 1978).
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Figure 21: Simulated GUH (a) for a third-order basin with constant flow velocity but with
varying geomorphic characteristics; (b) for a third-order basin with varying flow velocity and
constant geomorphic characteristics (modified from Rodriquez-lturbe & Valdes 1979)

Generally, lag times decrease and hydrograph peaks increase as the average length of first-
order streams decrease and as the basin area ratio and bifurcation ratio increase (Boyd 1978).
Thus basins with large numbers of short, lower order streams that flow from many small
basins into a few large sub-basins will have a flashy hydrograph response, while basins with
few long lower order streams and a more conservative increase in the number and size of
basins will have a more sluggish hydrograph response. The simulations also indicate that the
GUH model is extremely sensitive to changes in waiting time that are based on estimates of
the peak flow velocity (Baker et al. 1988). The GUH considers each stream order to represent
a state of waiting time for each drop of water, while stream junctions represent changes in
state. Thus, the GUH considers topologically distinct networks within each Strahler order.
The average holding time is assumed to be the average length of each stream order divided by
the peak flow velocity. Thus, the peak flow velocity simplifies the hydrodynamics of the
rainfall-runoff process to a single term (Hebson & Wood 1982). For the purpose of the GUH,
the peak flow velocity is considered to be a constant for a stream network based on actual
measurements of travel times and flood storage based on tracer studies (Pilgrim 1976; 1977).
The output of the GUH is calculated by determining the probability that a particle of water
follows a certain path, multiplying that probability by the probability density function of the
waiting time for that path, and then summing up these products over all possible paths
(Rodriquez-lturbe & Valdes 1979; Gupta et al. 1980; Hebson & Wood 1982).
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Channel and floodplain storage are related to the size and width of a river and its valley. The
nature and history of a river is given by all past and present climatic and geophysical
experiences. The influence of channel and floodplain storage on runoff was shown by Bailey
& Bree (1981), who investigated flood wave attenuation and the transformation of flood
frequency in the lower River Tees in North-east England. The travel time of the peak
discharge was determined for 64 events with discharges ranging from 20 - 700 m%s. Figure
22 shows the relationship of travel time and wave speed to discharge.
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Figure 22: Wave speed and travel time at flood discharges (Beven & Carling 1989)

The plotted lines represent smoothed 10, 50, and 90 percentiles of grouped data. Wave speed
increased from about 1 m/s to 1.7 m/s at a discharge of 40 m*/s and 120 m*/s respectively and
declined slightly for higher discharges. Thus, a more pronounced reduction in wave speed can
be observed towards higher discharges. The equivalent minimum wave travel time was about
5.6 h, increasing to 8.7 h for the highest observed discharge. It was shown that the degree of
attenuation is highly variable over the range of discharges. Attenuation was lowest for 375
m?*/s and increased both for lower discharges and also for higher above bankfull discharges.
The effect of flood volume or peakedness on attenuation showed that the degree of
attenuation was greater for sharply peaked floods (Beven & Carling 1989).

The hydraulic behaviour of flow in flood channels is three-dimensional, unsteady and may
interact with the boundary. As flood flows are unsteady by definition, the corresponding flood
hydrographs usually show a rapid rise followed by a slow recession. Thus, when modeling
flood flows down river channels, translation, attenuation and deformation of the hydrograph
need to be considered. The unsteadiness of the flow is also important in flow gauging, since
observations of stage correlate with different discharges depending upon whether the river is
rising and falling. Hydrographs become broader and less sharp as a river gathers tributaries in
a downstream direction. In addition, a flood peak attenuates as it travels downstream owing to
friction and temporary storage. This attenuation will be greatest when a river is connected to
its floodplain and has natural bends. When a river is straightened and separated from its flood
plain, floods will pass very quickly downstream, where they may cause significant damage
(Allan & Castillo 2007).
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Velocity:

The velocity in a stream varies in space and time. Mean velocity across any section is:

Y :% [m/s] (1)

where Q = discharge (m®/s) and A = cross-sectional area (m?). Flow velocity tends to increase
as the slope increases and as bed roughness decreases (Gordon et al. 2004).

Flow in open channels can be classified in four ways: steady or unsteady, uniform or varied,
laminar or turbulent and supercritical, critical or subcritical.

The first classification of steady or unsteady depends on whether the flow depth and velocity
at a particular point change with time. In contrast, the classification of uniform or varied
depends on whether flow depth and velocity vary with respect to distance. If depth and
velocity remain constant over some length of a channel of constant cross-section and slope,
then the water surface is parallel to the streambed and flow is uniform and moving at its
‘normal depth’. The assumption of uniform flow conditions simplifies the analysis of water
movement in streams. If the flow in a stream is non-uniform or varied, the water depth and/or
velocity change over distance. Varied flow can be sub-divided further into the categories
rapidly varied and gradually varied. If the depth changes abruptly over a relatively short
distance, as at a waterfall or wave, the flow is rapidly varied, and if changes are more widely
spread, the flow is gradually varied. Uniform flow can be approximated by long, straight runs
of constant slope and cross-section. The third classification of laminar or turbulent is
irrelevant at the “‘macro-environment’ level. Although regions of laminar flow can exist near
the surfaces of rocks or organisms within the stream, the bulk flow is nearly always turbulent
except perhaps in the rare case where it flows slowly as a thin film of a few millimetres. The
fourth classification of supercritical, critical or subcritical is related to the combined patterns
of velocity and depth.

For a complete description of velocity distributions in streams, the concept of spiral, helical or
secondary flow should be mentioned. Spiral flow is a consequence of frictional resistance and
centrifugal force. When a cup of billy tea is stirred this is the reason why the leaves
congregate in the middle rather than at the edges. In a stream, water is hurled against the
outside banks at bends, causing the water surface to be ‘super-elevated’. The increase in
elevation creates a gradient causing flow movement from the outer to the inner bank. A
spiralling motion is generated along the general direction of flow (Petts & Foster 1985).
Compared to the forward, downstream currents, secondary lateral and vertical currents are
relatively small, yet they cause the mainstream current to vary from a predictable course and
contribute to energy losses and bank erosion at bends. On the outside of a bend the rotary
flow motion is downward, thereby scouring the bank. On the inside of a bend the flow is
upward and decelerating, and any material carried tends to deposit, creating point bars
(Vennard & Street 1982). Spiral flow also occurs in straight sections, where the welling of
waters near the stream’s centre can increase the local surface elevation, resulting in a curved
water surface (Leopold et al. 1964). Spiral flow is particularly pronounced where channel
boundaries are irregular. (Gordon et al. 2004).
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Due to the non-isotropic complex nature of turbulence, the distribution of velocity and
circulation pattern in a stream within open channels remains problematic (Einstein & Li 1958;
Tracy 1965; Ligget et al. 1965; Perkins 1970; Melling & Whitelaw 1976; Noat & Rodi 1982;
Chiu & Chiou 1986, Gordon et al. 2004). Figure 23 shows a typical pattern of isovels for flow
in a straight trapezoidal channel and boundary shear stress values (Beven & Carling 1989).
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Figure 23: Relationship between shear stress and velocity (Beven & Carling 1989)

The aspect ratio (b/h), which is the base width to depth ratio, was 1.52 and the flow was
supercritical with a Froude number (Fr) of 3.24 (Yuen 1987). The isovels clearly indicate the
three-dimensional nature of the flow and the influence of secondary flows. At this particular
aspect ratio there are clearly two contra-rotating secondary flow cells near each corner
between the bed and the walls, propagating high momentum fluid into each corner region.
The cell returns flow along the bed towards the centreline, at which point it meets the return
flow from the opposite corner. The secondary flow is thus directed upwards at the centreline
normally away from the bed. The isovels are thus more spaced out in this region and the local
bed shear stress correspondingly reduced. For further details of how pattern of contra-rotating
secondary flow cells affect boundary shear stress and velocity at various aspect ratios see,
Ligget et al. (1965), Tracy (1965); Nakagawa et al. (1983), Naot & Rodi (1982), Nezu &
Nakagawa (1984), Odgaard (1984) and Knight & Patel (1985a).

One practical consequence of secondary flows in straight channels, especially for those with a
rectangular cross-section, is that the filament of maximum velocity may be depressed below
the surface (Schlichting 1979; Knight et al. 1984). Additionally, changes in geometry enhance
secondary flows and distort the isovels pattern even further. As a consequence, the classical
logarithmic velocity distribution laws only apply close to the boundary. The influence of
secondary flows in rough channels will be increased, particularly for shallow depths, so that
the application of the logarithmic law is further complicated. This highlights the difficulty of
predicting the velocity field accurately in natural channels. Care should be taken before using
the logarithmic law to determine the local boundary shear stress for sediment transport
calculations. Whenever possible, checks should be made, by measuring either the vertical
distribution of Reynolds stress over a vertical (West et al. 1984) or the longitudinal energy
gradient (Wallis & Knight 1984). If accurate values are required, the spatial distribution of
primary velocity should always be measured directly (Gordon et al. 2004).
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2.9 Runoff Generation

In the past, most flood modeling involved a lumped or a spatial approach in which catchment
characteristics were described by simple parameters such as area, mainstream length and
mean channel slope. The first unit hydrograph model was developed by Sherman (1932) and
marked a major advance in rainfall-runoff modeling. Nearly at the same time, Horton (1933)
developed his classical model of hillslope hydrology. Horton’s simplistic approach assumed
that the sole source of storm runoff is excess water which is unable to infiltrate into the soil,
and that the sole source of baseflow is water which is able to infiltrate into the soil. Horton’s
ideas provided a physical basis for Sherman’s lumped empirical approach. Together, their
ideas dominated hillslope hydrology for several decades until Hewlett (1961) defined the
concept of the Variable Source Area model (Fig.24). Since then, subsurface flow was seen as
the major runoff-generating mechanism and due to its influence on saturation-excess overland
flow (Dunne & Black 1970) and important contributor to stormflow (Anderson & Burt 1978).
Despite modifications such as the concept of the Partial Area model by Betson (1964), it
became apparent that Horton’s model was inappropriate in many locations.
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Figure 24: Partial Area Model and Variable Source Area Model (Beven & Carling 1989)

In areas of permeable soils with decreasing hydraulic conductivity with depth, subsurface
stormflow can account much if not all of the water leaving a catchment and in completely
saturated soil profiles, saturation-excess overland flow occurs. Both processes may occur at
rainfall intensities below those required to produce infiltration-excess overland flow
(Zaslavsky 1970; Burt 1986) and are generated from source areas, which may be variable in
extent and different in location from the source areas for “‘Hortonian’ overland flow. However,
infiltration-excess overland flow is not necessarily as rare as proponents of subsurface
stormflow have argued. Even on apparently permeable soils, there are situations in which this
process can occur, probably due to compaction of the soil surface by overgrazing, heavy
machinery or rain splash, often being accompanied by high rates of topsoil erosion (Burt
1987). Kirkby (1978) identified the crucial role of hydraulic conductivity in relation to rainfall
intensity and recognized domains that are either dominated by infiltration-excess overland
flow or by the combination of subsurface stormflow and saturation-excess overland flow.
Freeze (1986) also used a simulation model to illustrate the interaction of climate and soil
regarding mass movement processes and stable angles of hillslopes. His results showed that
hydraulic conductivity is important for the occurrence of infiltration-excess overland flow and
for the development and extent of saturation within soil profiles. These findings are relevant
to runoff and sediment production, both by mass movement and by particulate erosion (Beven
& Carling 1989).
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In arid areas overland flow only occurs where the soil or bare rock surface is impermeable,
storage is limited or where colluvial infill in gullies lowers infiltration capacity (Yair & Lavee
1985). In humid areas, saturation-excess overland flow dominates, expect where deep
permeable soils directly adjoin to the stream, then subsurface stormflow is dominant (Dunne
1978; Burt 1986). In impermeable soils of humid areas, infiltration-excess overland flow is
most likely, while saturation-excess overland flow may even occur during low intensity
rainfall. Subsurface stormflow is limited to pipes and macropores (Burt & Gardiner 1984).
Figure 25 depicts the relationship between rainfall intensity and hydraulic conductivity to the
volume infiltrating before overland flow, as a consequence of saturation-excess or infiltration-
excess occurs (Beven & Carling 1989).
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Figure 25: Relationship between the volume of rainfall which infiltrates before overland flow
begins and rainfall intensity (after Kirkby 1978)

Soils with low hydraulic conductivity will be dominated by infiltration-excess overland flow
and soils with high hydraulic conductivities will be dominated by saturation-excess overland
flow. For humid areas, it was shown that the frequency and magnitude of storm runoff is
controlled by the extent of saturated areas, which are variable in space and time and can
respond rapidly, even to low rainfall intensities. Furthermore, the location and existence of
Variable Source Areas in humid drainage basins is mainly determined by topography,
depending on the down-slope movement of soil moisture and hollows are important for the
development of saturation zones (Hewlett 1961). Burt & Butcher (1985a) extended the
Variable Source Area model to include the generation of subsurface stormflow and showed
that the size of the saturated wedge close to the stream controls the magnitude of the through-
flow response. Thus, unlike in arid areas, the spatial soil moisture distribution in humid areas
is an important control of storm runoff generation. The spatial non-uniformity of runoff
generation is influenced by the infiltration capacity and soil moisture distributions.

The Partial Area model of runoff generation proposed by Betson (1964) remains the best
guide to the location of source areas for infiltration-excess overland flow and is most
appropriate for arid areas (Yair & Lavee 1985). However, it is difficult to predict which
partial areas, distant to the channel, reach the stream. Jones (1979) has termed such distant
sources ‘disjunct contributing areas’. Another complication is that overland flow changes with
time and location, because it is supplied by rain and depleted by infiltration (Emmett 1978).
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Infiltration-excess overland flow can produce the highest peak runoff with the shortest
response times (Dunne 1978) and is capable of eroding the slope through inter-rill and rill
erosion, as well as gullying (Fig.26).
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Figure 26: Location of interrill, rill and gully erosion (after Meyer 1986)

Rilling indicates infiltration-excess overland flow (Schumm 1964) and shallow mass
movements indicate surficial soil saturation (Freeze 1986). Meyer (1986) showed that rilling
adds to inter-rill erosion and thus can significantly increase sediment inputs to stream
channels. Rills form on a sufficiently steep slope when overland flow becomes unstable and
starts to incise, or where a sufficient length of slope exists to provide unstable flow
conditions. Most considerations start from the guantitative approach of Horton (1945), who
argued that a lack of rills implies a lack of erosion. Dunne & Aubry (1986) showed that the
initiation and maintenance of rills depends on the balance between sediment transport by
overland flow, resulting in channel incision, and rain-splash, resulting in channel filling.

As Dunne (1978) noted, the dominant controls of storm runoff generation are climate and
soils, with topography as an important secondary control at the sub-catchment scale.
Subsurface stormflow may be generated by two mechanisms: by non-Darcian flow through
macropores or pipes and by Darcian flow through the soil matrix.

Subsurface flow may provide stormflow by pipeflow and macropore flow. A number of
studies described the occurrence and hydrological function of pipes (e.g. Gilman & Newson
1980; Jones 1981). Pipeflow can be very rapid so that areas that are distant to the stream can
contribute significantly to the stormflow (Jones 1979). Bonell et al. (1984) showed for a
forested clay soil that pipeflow in the saturated upper soil horizon was so rapid that it could
not be distinguished from saturation overland flow. The effect of under-drainage on the
hydrological response is discussed by Robinson & Beven (1983) and Reid & Parkinson
(19844, 1984b). The importance of macropore flow to hillslope hydrology was first described
by Beven & Germann (1982). Germann (1986), as well as Coles & Trudgill (1985) identified
important thresholds controlling macropore flow and emphasized the importance of
infiltration capacity. At low rainfall intensities no by-passing flow is generated except when
the soil is at field capacity, as no more water within the soil can be stored and by-passing flow
must occur. Furthermore, both studies identified a threshold of antecedent soil moisture. If the
soil is too dry, any flow in the macropores is rapidly absorbed into the soil matrix and no
preferential flow is generated.
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Germann (1986) showed that the first meter of soil must have a moisture content of at least 30
% by volume, a threshold very close to that found by Coles & Trudgill (1985). In term of the
connectivity of macropores in down-slope direction, studies such as Whipkey (1965), Pilgrim
et al. (1979) and Imeson et al. (1984) demonstrated that macropores can generate rapid down-
slope runoff as well as aiding infiltration. Subsurface flow is also supplied by flow through
the soil matrix. The same topographic factors that control the location of saturation-excess
overland flow are important in matrix flow. Matrix flow strongly varies according to the
season and is largely confined to the winter months, when soil moisture deficits are reversed
(Beven 1982; Burt 1987). Classical infiltration models assumed a semi-infinite soil where
overland flow only occurs when rainfall intensity exceeds infiltration capacity und storage
effects are not considered (Horton 1933, 1945; Philip 1957). In layered soils where hydraulic
conductivity declines with depth, storage is limited. Overland flow can even occur when the
rainfall intensity is below the infiltration capacity, once the upper soil layer is saturated.
Zaslavsky (1970), Zaslavsky & Sinai (1981) and Burt (1986) considered the relation between
soil layering and the generation of lateral subsurface flow. As the ratio between the hydraulic
conductivity of the upper and lower soil layers increases, the flow direction becomes more
parallel to the slope (Fig.27).
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Figure 27: Flow direction as controlled by soil anisotropy (Beven & Carling 1989)

The symbol U in the figure represents the ratio of horizontal to vertical hydraulic
conductivity. The relative increase in flux density is shown by the width of the stream tube. It
is often assumed that matrix flow is too slow to provide water to stormflow, but rapid lateral
subsurface flow can occur through a permeable upper horizon if the water table is close
enough to the soil surface and the ‘capillary fringe’ extends to the surface, or close to it
(Abdul & Gillham 1984). Gillham & Abdul (1986) defined the ‘capillary fringe’ as the
unsaturated zone above the water table, but below the point where soil drainage occurs. If the
capillary fringe extends to the surface, only a small amount of water is needed to produce a
significant rise in the water table. A higher water table increases the hydraulic gradient and
causes lateral flow, in contrast to the previously vertical drainage of the unsaturated zone.
Only when the capillary fringe is well below the surface, normal infiltration conditions occur
which lead to the typical delay in the subsurface response. If the saturated hydraulic
conductivity of the soil is high, large amounts of subsurface stormflow will be generated
rapidly as a result of the rise in the water table. This mechanism was observed and described
by Hewlett (1961) and Hewlett & Hibbert (1967) and named *piston flow effect’ (Anderson &
Burt 1982).



2 Basics 43

In addition to this immediate effect, subsurface stormflow may also occur in the form of a
delayed peak in the hydrograph several days after the rainfall input and usually contributes the
major volumetric response to the rainfall event and may provide peak discharge as well (Burt
& Butcher 1985b). Lateral subsurface flow is essential for the generation of such delayed
hydrographs. In respect of a double peaked hydrograph response, subsurface stormflow
forced through the ‘piston flow effect’ responds very rapidly to a rainfall event and
contributes most of the first discharge peak, while the second peak is entirely subsurface flow.
Thus, subsurface stormflow can be produced in significant quantities and will dominate the
total stormflow response in some basins (Dunne 1978; Burt 1986).

The Variable Source Area model, in which saturated zones expand upslope during the storm,
is based upon the assumption of translatory flow through the matrix (Hewlett & Hibbert
1967). The source areas for the two types of stormflow are thus identical. The spatial
distribution of soil moisture is mainly controlled by topography. Maximum soil moisture
conditions can occur in three zones (Kirkby & Chorley 1967; Burt 1986). The most important
zone should be hillslope hollows, where convergence of flow lines favours the accumulation
of soil water (Anderson & Burt 1978). These hillslope hollows are not only a major source of
subsurface flow, but also likely locations of surface saturation (Dunne 1978). Generally, the
highest level of soil saturation occurs at the toe of slopes. This is due to the fact that many
slopes are concave at their base. This shape favours the accumulation of soil water and
increases discharge. In areas of reduced storage capabilities, the transmissivity of the soil
profile is reduced and moisture levels can be expected to rise. Kirkby (1978), O’Loughlin
(1981, 1986), Burt & Butcher (1985a) and Thorne et al. (1987) generalised the distribution of
soil moisture using topographic indices. In all cases the upslope drainage area is the major
control. As the extent of the saturated area depends on soil moisture, the source areas vary
seasonally and during storms (Dunne 1978).

Saturation-excess overland flow may be a mixture of return flow and direct runoff or rain that
is unable to infiltrate into the saturated ground. Where surface saturation occurs to a great
extent, saturation-excess overland flow will dominate the stormflow response with higher
peak discharges and lower lag times (Dunne 1978). In humid areas, characterized by soils of
low hydraulic conductivity, saturated areas have a large extent and a high percentage of
rainfall will be translated into stormflow (Burt & Gardiner 1984). Even where the ratio of
storm runoff to storm rainfall is low, dramatic floods can occur (Hewlett et al. 1977). Small
increases in this ratio caused by changes within the catchment such as forest clearance may
therefore have a marked effect. Furthermore, in such humid catchments the size of
contributing source areas may be highly variable and expand greatly at certain times, e.g.
when high rainfall preceded a storm of high rainfall intensity. Thus, extreme flood events in
such catchments are likely to be associated with surface saturation conditions (Dunne 1978).

The continuous water-supply of ‘perennial streams’, by definition, is generated by subsurface
water. In the channel reaches upstream of the ‘perennial streams’, water flow may emerge
only for a part of the year due to rainfall seasonality in so called ‘intermittent channels’
(Dingman 1994), or only for a short period immediately after a rainstorm in so called
‘ephemeral channels’. Both kinds of channels are an extension of the channel system (Hewlett
& Nutter 1970).



44




3 State of the Art 45

3 State of the Art

3.1 Fluvial Geomorphology

All natural rivers have a characteristic longitudinal profile that can be divided roughly into
three zones: erosion, transfer and deposition of sediments (Schumm 1977). Rivers are
typically steeper in the uplands, where they originate, than in the lowlands. An increase in
size and volume of water will occur as tributaries join and drainage area increases. In addition
to their steeper gradients, headwaters often have deep V-shaped valleys, rapids and waterfalls,
and export sediments. The mid-altitude transfer zone is characterized by broader valleys and
gentler slopes. In the lower elevation depositional zone, the river meanders across a broad flat
valley over its own deposited sediments. As the rivers ability to transport materials depends
on the slope gradient, discharge and flow velocity, a river can be seen as a sediment and
boulder sorting machine (Allan & Castillo 2007). Many channel types and features that
contribute to the variety of rivers such as boulder cascades, rapids and riffle-pool sequences
show a characteristic longitudinal profile (Fig.28).
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Figure 28: Longitudinal profile of a river (reproduced from Montgomery & Buffington 1997)

River channel types occur in succession along the river’s profile due to complex interactions
governed by slope (s), sediment supply, trapping of sediments by large wood in the channel,
and other factors. Although thresholds may be difficult to detect, certain channel features
prevail over a substantial distance, referred to as a process domain (Allan & Castillo 2007).

The shape of the cross-section of a stream channel is a function of the interaction between
discharge and sediment, the erodibility of its bed and banks, the stabilizing influence of
vegetation, and large structures that can influence channel conditions. A cross-sectional
survey encompasses the measures of depth at multiple points to create a series of cells of
known width and depth, whose product is summed to determine the cross-sectional area.
Mean depth can then be estimated as area divided by width. The location of maximum depth
within a channel is known as its thalweg. Channel shape and cross-sectional area will differ
from transect to transect even within a reach, as some locations are wide and shallow, others
narrow and deep.
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Water discharge must be the same at each transect, except for tributary inputs and/or
groundwater exchange, but area and shape need not. Channel cross-sections are more regular,
often trapezoidal, in straight stretches and more asymmetric at curves or bends, where the
greatest depth and velocity (Fig.29) usually are located at the outer bank (Gordon et al. 2004).
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Figure 29: Meandering reach, showing the line of maximum velocity and the separation of
flow that produces areas of deposition and erosion (reproduced from Morisawa 1968)

Cross-sections show the lateral movement of water at bends. Sediment deposition forms point
bars along the inner bank due to reduced velocity and the helicoidal flow within the bend, in
which near-bed current flows from the outside toward the inside of the bend. In steep, narrow
valleys, channels are confined by topography, whereas flat, wide valleys allow more lateral
movement and meandering. The bankfull stage, or depth of water where overbank flooding
occurs, can be determined by direct observation if a well-developed floodplain is present. The
changing dimensions of the wetted channel with varying discharges are important to the
aquatic biota.

Pools, Riffles and Steps:

A pool is a region of deep, slow-moving water with fine substrates, whereas a riffle is a
shallow region with coarser mixed gravel-cobble substrates and fast-moving water (Fig.30).
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Figure 30: Longitudinal profile (a) with high-, intermediate- and low-flow water surface
profile and plan view (b) of a riffle-pool sequence (reproduced from Dunne & Leopold 1978)



3 State of the Art 47

The riffle is a topographical hillock and the pool a depression in a wavelike streambed. At
riffles, the cross-sectional profiles tend to be rectangular, whereas pools show more
asymmetric profiles.