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-CHAPTERR 5-

EXTREMEE EVENTS CONTROLLING EROSION AND SEDIMENT TRANSPORT IN A SEMI-ARID SUB 

ANDEANN VALLEY * 

Abstract t 

Thee importance of extreme events in controlling erosion and sediment transport in semi-

aridd areas has long been appreciated but in practice being by definition rare and episodic they 

aree difficult to study. When they are observed this is frequently in catchments for which littl e 

dataa is available. Another difficulty is that even when catchments are being monitored the 

instrumentss that record discharge; sediment load and hillslope sediment fluxes perform 

inaccuratelyy or unpredictably during extreme weather conditions. This paper describes slope 

andd channel processes that were actually observed by the authors during a (at least) 1:30 year 

300 minute event with a rainfall intensity of 240 mm hr' in a second order tributary of the Rio 

Camachoo near Tarija in Southern Bolivia. During the event, it could be observed how 

differentt tributary streams and slope sections contributed sediments and flow to the main 

channel.. Evidence for these contributions did not survive the event; something that has 

implicationss for both modelling and monitoring. 

Thee ephemeral channel rapidly filled up with runoff and erosion by hailstones was 

considerable.. It was concluded that extreme events largely contribute to erosion and sediment 

transportt and that the majority of the rainstorms probably play a minor role. 

1.. Introduction 

Inn semi-arid environments high magnitude low frequency events are assumed to be 

dominantt with respect to both river channel processes and soil erosion (Hooke and Mant, 

2000;; Mulligan, 1998; Osterkamp and Friedman, 2000; Poesen and Hooke, 1997; White and 

Garcia-Ruiz,, 1998; Wolman and Miller, 1961). Consequently, it is during such events that the 

linkagess between hill slopes and channels are very important. However, although various 

studiess of impacts of high intensity rainfall events in semi arid areas on ephemeral channels 

havee been published (Conesa Garcia, 1995; Harvey, 1984; Hooke and Mant, 2000; White and 

Garcia-Ruiz,, 1998), knowledge about the actual erosion processes taking place during such 

eventss is very limited and based upon logical assumptions concerning what took place, rather 

thann upon first-hand experience. 

**  Accepted for publication in Earth Surface Processes and Landforms, with A.C. Imeson, 
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Almostt by definition, extreme events in semi-arid regions have a high spatial and temporal 

variability,, as they are quite often the result of local intense storms (Bull et al., 1999; 

Camarasaa Belmonte and Segura Beltran, 2001; Hooke and Mant, 2000). The geomorphologic 

impactss of an extreme event are closely related to factors such as the parent material 

erodibility,, topography, vegetation cover and (historic) land use (Bull et al., 1999; Camarasa 

Belmontee and Segura Beltran, 2001). Nevertheless, as in humid areas, linkages between hill 

slopee and river channel processes might be expected to be important. These linkages, not 

oftenn witnessed, could change greatly during the course of a storm. Quantitative data and 

informationn that describe the functioning of slope-channel systems during extreme conditions 

iss often scarce simply because the events themselves are rare and episodic (Bull et al., 1999; 

Harvey,, 1984; Hooke and Mant, 2000). A technical problem is that instruments that record 

discharge,, sediment loads as well as hill slope sediment fluxes perform inaccurately or 

unpredictablyy during extreme conditions. 

Thiss paper will describe slope and channel linkages and processes that were actually 

observedd by the authors during a 30 minute event with a rainfall intensity of 240 mm hr"1 in a 

secondd order tributary of the Rio Camacho near Tarija in Southern Bolivia. Rainfall data from 

thee very nearby village of Juntas are available since 1974 and have never recorded such an 

amountt of rainfall in one day so it was at least a 1: 30 year event. The erosive impact of hail 

duringg the storm was observed and will be discussed. Some background information on the 

catchmentt conditions and soil erosion related measurements that were being made is also 

presented.. The objective is also to point out that evidence of linkages between slopes and 

channelss seen along the river during the first part of an event can disappear later during 

successivee hydrograph stages. Further, erosion processes and mechanisms that were actually 

observedd did not correspond exactly with what was expected beforehand. 

2.. Study area 

Thee study area is situated in a second-order tributary of the Camacho River near Tarija, 

southh Bolivia (Figure 5.1). The climate is semi-arid (600 mm yr"1) with most precipitation 

duringg high intensity summer storms. Winters are characterized by a long dry period of 8 

months. . 

Thee lower part of the catchment consists of fluvio-lacustrine sediments in which several 

oldd river terraces can be distinguished and in which extensive badlands have formed. The 

texturee of the unconsolidated and consolidated sediments varies widely between clays and 

pebbles.. The parent material has a high erodibility due to the presence of dispersive clays. 
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Figuree 5.1: Location of the catchment (after Maas et al., 2000) 
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Thee upper part of the catchment is situated between 2000 and 2150 m.a.s.1. and the lower 

partt lies between 1900 and 2000 m.a.s.1. This paper describes the observations made in the 

ephemerall  channel in the lower part of the catchment. The slopes towards the channel are 

dividedd into: the upper slopes (the old river terraces), which are secondary water divides, with 

aa slope of 7°, the mid-slopes with a slope of 26° and the lower slopes with a slope of 25°. The 

badlandss have a slope of 30°, and cut through all topographic positions. In general, the upper 

slopess have a length between 50 and 100m, the mid slopes have a length between 20 to 70m 

andd the lower slopes have a length varying between 5 to 30m. The badlands have a length of 

att least 50m. The 110 ha sized catchment is affected by different degrees of erosion, varying 

fromm almost no erosion on stable upper and moderate slopes to heavy erosion in the badlands. 

Thee catchment is grazed by cows, pigs and goats. The cows and pigs graze on the old river 

terracess and the goats are restricted to the steep slopes. The main vegetation species is Acacia 

caven.caven. The cover of Acacia caven varies between 50% on the upper slopes (the old river 

terraces)) and lower slopes and 0% in the badlands, mid slopes have around 12% cover. The 

totall  vegetation cover is higher than 75% on the divide and on the lower slopes along the 

ephemerall  channel. Here, soils have a thin A horizon and organic matter contents of 4% or 

more.. Mid slopes have a total vegetation cover between 0 and 26% and an organic matter 

contentt of less than 3%. 

Inn the upper part of the catchments Leptosols prevail whereas on the old river terraces 

Cambisolss are formed. The slopes of the lower part of the catchment are characterised by 

Regosolss (FAO-UNESCO, 1988). Total amount of runoff during natural rain events varies 

betweenn the topographic position within the catchment. The upper and lower slopes have the 

lowestt values for runoff while the mid slopes and the badlands produce the largest amounts of 

runoff.. During a 3.5 mm rainfall event the mid slopes produce 0.03 mm runoff and the 

badlandss produce 0.35 mm. The lower slopes and the upper slopes do not produce runoff. A 

155 mm rainfall event produced 0 mm, 0.6 mm, 1.6 mm and 0.5 mm for the upper slopes, the 

midd slopes, the badlands and the lower slopes respectively. Rainfall experiments showed that 

att an intensity of 60 mm hr"1, the badlands have an infiltration rate of 17 mm hr" while the 

dividess have an infiltration rate of 59 mm hr"1. The mid and lower slopes have intermediate 

valuess of 31 mm hr"1 and 38 mm hr"1, respectively. Mid slopes are characterized with rill s and 

gulliess and act as transportation zone for sediments. 
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3.. Methods and Methodology 

Thee storm event began unexpectedly when the authors were located in the ephemeral 

channel.. The discharge at that time was about 50 litres per second. The very heavy, rainfall 

andd hail caused poor visibility and made photography difficult. It was not possible to safely 

movee during the most critical thirty-minutes period. Much vegetation was destroyed by hail 

andd shelter was needed at times for protection. 

Beforee the onset of the event, open erosion plots were functioning on the slopes where 

rainfalll  and runoff was being measured. Rainfall simulation experiments were being used to 

obtainn infiltration rates. During the event visual observations were made by the authors with 

respectt to runoff, erosion processes and linkages between hill slopes and channel. Parameters 

neededd to calculated the peak discharge were obtained a day after the event. During a 

precedingg minor event, sediment samples of runoff rill s and the ephemeral stream were taken 

too estimated to total amount of suspended sediment load transported during the event. This 

wass extrapolated to total soil loss in the catchment. Bed load was not included in the 

calculations. . 

4.. Results 

4.1.Field4.1.Field Observations 

Thee river was observed from the site shown in Figure 5.2 and Figure 5.3. The storm 

resultedd in the reach being aggraded with by at least a meter with relatively uniform gravel 

bothh in the horizontal and the vertical direction. It was possible to observe how during the 

event,, the banks of the river channel, the lower slopes and the tributary streams were 

contributingg sediments and water to the main channel. Evidence of these contributions, which 

hass implications for linkages, did not survive the event. During the next paragraphs, a 

summaryy is made of observations made during successive stages of the storm. 

Successivee stages of main sediment supply during the extreme event 

1.. After 2 minutes of heavy rainfall: Sediment and runoff started to enter the river, 

exclusivelyy from rill s and pipes on the riverbanks. These were the only sediment sources until 

aboutt four minutes. The sediment was dispersed and rich in clay but it also contained silt and 

sand. . 

2.. From 3 to 8 minutes: Rainfall intensity increased. Water arrived from the first and 

secondd order tributaries on the adjacent slopes and these are soon contributing most sediment 
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Figuree 5.2 (left): Peak discharge as seen from the observation point. The white areas are hail 

Figuree 5.3 (right): Mudflows occurring opposite to observation point during the rising stage 

too the river channel. Nearly all of the water in the channel came from these tributaries, not 

fromm the slopes along the river. 

3.. From 8 to 15 minutes: Al l of the slopes above the riverbank started to contribute 

sedimentt and Hortonian overland flow; discharge increased rapidly and there was 

considerablee scouring and erosion of the channel. Water from the main tributary became more 

importantt than that from first and second order tributaries. 

4.. From 15 to 30 minutes: Rainfall intensity increased to a maximum. Mass movements, 

mostlyy shallow mud and small debris flows started to contribute sediment all along the 

channell  (Figure 5.3). The velocity of the river reached a peak. The impact of flow at bends of 

thee river where hard rock was present was significant. In the absence of rock and trees, 

channell  erosion was ubiquitous. At 20 minutes, hail stones had a major impact on slope 
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Figuree 5.4: Erosion of deposited gravel by channel flow directly after the peak 

Figuree 5.5: Dry riverbed after the event 

erosion.. However, so much hail fell that the slopes were white and the hail offered some 

protectionn (Figure 5.2). The hail obliterated the leaves of most of the plants not protected by 

thorns. . 
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Figuree 5.6: Riverbank erosion during the event was on a massive scale 

5.. From 30 to 40 minutes. Rain stopped and flow decreased rapidly and considerable 

aggradationn of gravel was observed in the channel. Large amounts of gravel deposited during 

thee first part of the recession were later eroded again as flow cut channels into the new bed 

(Figuree 5.4). Furtheraggradation occurred locally as water infiltrated into the gravel bed, 

leavingg the suspended sediment it was carrying on the surface. This resulted in the 

developmentt of gravel banks. 

Erosionn processes during the extreme event 

Severall  photographs are shown to illustrate both the field situation and the observations 

summarisedd above. The main tributary river at about peak discharge is shown in Figure 5.2. 

Thee white flecks on the slope are accumulations of hail. Figure 5.3, taken looking across the 

stream,, shows the more or less continuous movement of shallow mudslides and overland flow 

thatt input sediment directly into the channel. Figure 5.4, one hour after the event, shows the 

moree or less 1 meter thick accumulation of aggrading gravel that was deposited during the 
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Figuree 5.7: Bank erosion: even tree roots did not protect the banks from erosion during the peak 

fallingg stage. The braided channel developed during the recession. The normal dry river 

coursee (Figure 5.5) is at the same site as in Figure 5.3. Particularly important was the massive 

amountt of bank erosion that had occurred at bends where the bank material had deflected the 

floww of the river. An extreme example of bank erosion is shown in Figure 5.6 where a 5m 

highh bend in the channel was eroded over a distance of 10 meter. Even banks protected by 

treess had experienced up to 0.5 meter of erosion (Figure 5.7). On the catchment slopes, it 

couldd be seen that overland flow had occurred almost everywhere. Where Gerlach troughs had 

beenn installed, these were completely buried by sediment (Figure 5.8). 

4.2.4.2. The impact of hail erosion 

Inn the literature littl e or no mention is made about the erosive impact of hailstones during 

extremee events. This is not surprising as the evidence after a storm quickly disappears in semi 

aridd climates. Nevertheless, the authors observed the devastating power of hail stones as an 

erodingg agent and an example of the erosive impact of a hail stone compared to a raindrop 

wil ll  be given. According to Hudson (1995), the median drop diameter of a high intensity 

rainstormm is approximately 2.5 mm following a skewed distribution. The hail stones we 

observedd had a diameter of approximately 1 cm. Using the terminal velocity model of van 

Boxell  (1998) the kinetic energy of a raindrop or a hailstorm can be calculated. Table 5.1 
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Figuree 5.8: Erosion plot (gutter) buried by sediment during event 

showss that a raindrop with a diameter of 2.5 mm has a kinetic energy at the moment of impact 

withh the soil surface of 0.230 * 10 3 J while a raindrop with a diameter of 6 mm has a kinetic 

energyy of 4.8 * 10" J. The maximum diameter of a raindrop is 6 mm as drops bigger than this 

wil ll  become unstable and split up. A hail stone of 10 mm as observed in the field has a K.E of 

1755 * 10"" J which is 750 times as much as a raindrop with a diameter of 2.5 mm and 36 times 

ass much as a raindrop with a diameter of 6 mm. 

4.3.Export4.3.Export of sediment from the catchment 

Itt appeared from stone pedestals that many slopes had lost between 1 and 4 cm of soil but 

thatt very much of this was redeposited both on slopes and in the channel. As far as the wash 

loadd is concerned, it is possible to estimate the discharge using the Manning Equation and 

multiplymultiply the discharge by the average sediment concentration (Table 5.2). However, this 

concentrationn is not really known. Using measured peak concentrations from the previous 

stormm give 21 g 1"' which results in a soil loss of 12.4 tons per hectare (for the wash load). The 

actuall  loss was possibly at least twice as high. 
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Tablee 5.1: Kinetic Energy of a raindrop and a hailstone. Rain max is the maximum size of a raindrop. 

Rainn D50 Rain max Hail 

Diameterr (mm) 2.5 6 10 

Mass(mg)) 8.2 113 480 

Terminall velocity (m s'1) 7.5 9.2 27 

Kineticc Energie (10'3 J) 0.2 4JÏ 175 

Tablee 5.2: estimated provisional discharge and soil loss during the extreme event on November 28' 

1999 9 

Manningg equation: 

channell width (cm) 

channell depth (cm) 

A,, total cross section (m2) 

P,, wetted perimeter (m) 

RR (A/P, m) 

slopee (m m'1) 

n,, surface roughness 

Q(mV1) ) 

vv (m s"1) 

720 720 

102 2 

7.34 4 

9.24 4 

0.79 9 

0.05 5 

0.04 4 

36.06 6 

4.91 1 

5.. Discussion 

5.. /. Consistency with other data 

Thee very high amount of soil loss is consistent with some but not all of the other data that 

hadd been collected and also with the morphology of the landscape. Because all of the Gerlach 

trapss were buried in sediment, they did not work. Although the soils are dispersive, they are to 

somee extent protected by gravel. The high intensity and very high energy of the hailstones 

mustt have made a great impact on erosion during the extreme event. 

Inn Figure 5.3, results of rainfall simulation experiments carried out at different intensities 

cann be seen. The upper slopes have quite high infiltration rates, because they are mainly A 

horizonss with a reasonably high organic matter content and some grass cover. The badland 

slopess had very quick ponding times and high runoff coefficients. The rainfall simulation 

experimentss only allow soils to be compared in terms of rainfall acceptance, because they 

ignoree the run-on from up slope that occurs in real storms. 

surfacee catchment (ha) 110 

runofff coeficient 0.48 

soill loss (ton ha"1) 12.4 

95 5 



ChapterChapter 5 

5.2.Links5.2.Links between slopes and channels 

Fromm the field observations, it was seen that evidence of processes that supply sediments 

too the channel are lost later on during the event as conditions become more extreme. During 

lesss extreme events this might not be the case (Bull et al., 1999). Unlike normal events where 

gulliess and rills form the linkages between upper slopes and channels (Poesen and Hooke, 

1997),, during the extreme event all surfaces where supplying run-off and sediment. Hail 

erosionn was an extremely effective process causing a lot of erosion, also on the channel banks 

andd badland slopes above them. This process is almost never observed because the hail 

disappearss within thirty minutes. 

Thee enormous supply of sediment to the channel is reflected not only in the sediment 

concentrationn but also in the aggradation of a 1 meter layer of gravel along most of the 

channel.. During the later part of the event this gravel was dissected as braided channels 

developedd in it. This has implications for both the sources of sediment and water and its 

transportt capacity at different times during the event and is similar to what Harvey (1984) 

found. . 

5.3.Hail5.3.Hail erosion 

Thee very large difference of kinetic energy between a single raindrop and a hailstone 

suggestt that hailstorms have an enormous erosive impact. This is supported by the fact that 

thee distribution of raindrops is skewed and that hailstones have a more or less uniform 

distribution.. Although the number of raindrops that fall on a square meter is higher than that 

off  hailstones the erosive power of a hailstorm is many times higher than that of a rainstorm. 

Moreover,, hailstones can destroy plant leaves thereby augmenting the area of impact. 

Unfortunately,, hail as an erosive agent has been neglected in the literature. 

5.4.5.4. Magnitude and Frequency 

Thee concepts of magnitude and frequency (Osterkamp and Friedman, 2000; Wolman and 

Miller ,, 1961) and of dominant events for example described by Bull (1999) and Hooke (2000) 

dreww attention to the importance of relatively moderate magnitude events that have a return 

periodd of about 1 to 7 years. Although statistically it can be shown that they are responsible 

forr the most work performed in transporting sediment, they do not change the channel 

morphologyy dramatically (Bull et al., 1999; Harvey, 1984; Hooke and Mant, 2000). 

Accordingg to Maas (2000), extreme flood events in the nearby Rio Alisos with an occurrence 

off  every 5 to 15 years considerably change the valley floor. The 1 in 25 year event in Spain as 
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describedd by Harvey (1984) did modify the channel morphology. Specific characteristics and 

propertiess of very extreme events cannot be deduced from more frequent events. Different 

processess may emerge (such as the hail erosion described above) to produce erosion rates that 

aree far higher than expected. 

6.. Conclusions 

Thee extreme event probably caused more than one cm of erosion over the entire catchment 

andd resulted in the main channel being aggraded by about one meter. In relation, minor 

rainfalll  events played a minor role. Rainfall simulation events did not adequately predict the 

severityy of erosion, possibly because of the very high impact on erosion of hailstones. 

Itt is probably not feasible to monitor or measure an event like this because of the damage 

thatt occurs to instruments and the scale of the erosion. Also moving around the catchment and 

channelss is hazardous. It is hoped that these observations can contribute to a better 

representationn of processes in models. 
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