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Abstract

This paper describes an extreme flood event that occurred in the South Pare Mountains
in northern Tanzania. A high spatial and temporal resolution data set was gathered in
a previously ungauged catchment. This data was analysed using a multi-method ap-
proach, to gather information about the processes that resulted in the flood event. On5

1 March 2006, extreme rainfall occurred in the Makanya catchment, (300 km2), where
up to 100 mm were recorded in Bangalala village in only 3 h. Runoff was devastating,
inundating large parts of the flood plain. The spatial variability of the rainfall during the
event was very large, even in areas with the same altitude. The Vudee sub-catchment
(25.8 km2) was in the centre of the rainfall event, receiving about 75 mm in 3 h divided10

over the two upstream tributaries: the Upper-Vudee and Ndolwa. The peak flow at
the weir site has been determined using the slope-area method and gradually varied
flow calculations, indicating a peak discharge of 32 m3 s−1. Rise and fall of the flood
was very sharp, with the peak flow occurring just one hour after the peak of the rain-
fall. The flow receded to 1% of the maximum flow within 24 h. Hydrograph separation15

using hydrochemical parameters indicates that at the peak of the flow 50% was gen-
erated by direct surface runoff (also indicated by the large amount of sediments in
the samples), whereas the recession originated from displaced groundwater (>90 %).
The subsequent base flow in the river remained at 75 l s−1 for the rest of the season,
which is substantially higher than the normal base flow observed during the previous20

rainy seasons (15 l s−1) indicating significant groundwater recharge during this extreme
event.

1 Introduction

Population growth in sub-Saharan Africa has triggered land use change from natu-
ral vegetation (shrubs, bushes) and scattered cultivation into vast agricultural fields,25

even in areas with very steep slopes (Enfors and Gordon, 2007). Various studies have
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shown that this development reduces the time of concentration, and increased peak
flows as well as the total amount of water discharged during the first couple of days
(Calder, 1999; Sandström, 1995). Reduced infiltration rates as a result of changed
land use and management in combination with high rainfall intensities can have dev-
astating consequences. Recently, three big floods were observed in Makanya village5

resulting from extreme rainfall events. These floods in December 2003, March 2006
and December 2007 caused damage to infrastructure and discontinuity of traffic on the
main road and railroad due to overtopping.

In addition, climate change has often been associated with increasing rainfall vari-
ability in Africa (Mason et al., 1999), not necessarily changing the annual rainfall amount,10

but changing the rainfall intensity. Changing rainfall patterns in the Pangani basin have
been noted by Valimba (2004). He found a decline of low intensity rainfall (<10 mm d−1)
and increasing occurrences of high rainfall intensities over the last decades. These
developments, if correct, could have a great impact on the occurrence of floods in
catchments with low storage capacity.15

Monitoring networks around the world have been in decline; particularly in sub-
Saharan Africa this is related to lack of financial resources and capacity (Mazvimavi,
2003). The IAHS has initiated the decade on “Predictions in Ungauged Basin” (PUB)
(Sivapalan et al., 2003) that supports research focused on increasing capacity to pre-
dict hydrological responses in ungauged basins, particularly through increased process20

understanding, since intensifying the monitoring network is not possible in developing
countries due to financial constraints. This paper describes an extreme flood that oc-
curred in the Makanya catchment on 1 March 2006, which has been recorded with
a relatively dense monitoring network, which is unique in sub-Saharan Africa. The
high intensity network used temporarily for this study, should be seen as part of a25

multi-method experimental study to analyse the main runoff processes at play (Blume
et al., 2008). The flood analysed in this paper reached downstream Makanya village
and overtopped the Dar Es Salaam-Arusha road and Tanga-Moshi railway bridge (and
made it to the national news). This paper aims to identify the origin and quantify the
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hydrological processes resulting in this devastating flood through a multi-method ap-
proach (Blume et al., 2008).

2 Study area

The Makanya catchment is located in the South Pare Mountains in northern Tanzania
and is a tributary to the Pangani River. The catchment area is approximately 300 km2

5

at the location of Makanya village. The altitude of the catchment ranges between 600
and more than 2000 m. Four tributaries, i.e. Mwembe, Vudee, Chome and Tae, join
the main stream in the Makanya catchment (Fig. 1), which only drains into the Pangani
River during exceptionally large floods (SUA, 2003). The area experiences a bi-modal
rainfall pattern, with the short rainy season occurring between November and January10

and the long rainy season occurring between March and May. The meteorological
station in Same has rainfall records since 1934. During the short rainy season, locally
called Vuli, it has an average rainfall amount of 208 mm with a standard deviation of
140 mm. During the long rainy season, locally called Masika, the average rainfall is
325 mm with a standard deviation of 130 mm (Mul et al., 2006).15

Population in the Makanya catchment is estimated to 35 000 with a growth rate of
1.6% per year (URT, 2004). The majority of the population living in the catchment is
dependent on agriculture for their livelihood (Mwamfupe, 2002). Increasing population
density has increased the necessity for agricultural lands. As a result, in the upland
areas steep slopes have been cleared from trees and are subsequently cultivated (En-20

fors and Gordon, 2007). Seasonal rainfall in general is not enough for growing the most
popular crop maize, which emphasises the necessity of full or supplementary irrigation
(Makurira et al., 2007). The abstractions in the upland and midland area have reduced
base flow significantly (Mul et al., 2006).
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3 Results

3.1 Rainfall

The short rainy season of 2005/06 (October–January) preceding the flood was ex-
tremely dry, with a seasonal rainfall amount recorded at in Same of 83 mm season−1,
which is well below the long term average of 208 mm season−1. At the weir site in Ban-5

galala, the flow from Ndolwa and Upper-Vudee ceased completely, which according to
local people happens only very rarely. This was observed earlier in 1948, 1974 and
1997 (Mul et al., 2006). Figure 2a shows the weir site during this period. Upstream
water allocations can reduce the flow to zero, since upstream villages are allowed to
abstract water during the day (Makurira et al., 2007). During the night, however, a small10

trickle was observed at the weir site, when upstream villages were not abstracting wa-
ter.

On 1 March, heavy rainfall was recorded in the catchment, resulting in excessive
flooding at the downstream end of the catchment. Water levels during the peak of the
flow overtopped the structure (level>1.5 m), transporting trees and big rocks, which15

damaged the V-notch and affected the pressure transducer post, as can be seen in the
picture after the flood (Fig. 2).

During the flood event in the Makanya catchment, rainfall was monitored at 14 lo-
cations, with hourly records at 5 locations and the remaining recorded daily rainfall at
9 a.m. every day.20

3.1.1 Daily rainfall

The daily rainfall recorded in the catchment 1 March 2006 ranged from 0 to 122 mm d−1

(Table 1). Figure 3 shows the spatial rainfall variability in the catchment based on
inverse distance interpolation. In the most northern part of the catchment (altitude
ranging from 950–1300 m), little rainfall was recorded (only 10–15 mm d−1). At Same25

village, 15 km from the catchment, no rainfall was recorded at all. In the upper part of
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the catchment, Shengena mountains (altitude ranging from 1400–1750 m), the rainfall
recorded ranged from 75–120 mm d−1. The highest amount was recorded at Chome
village as 122 mm d−1. In the valley of the catchment (altitude ranging around 800–
900 m) a similar high intensity rainfall was recorded, 60–120 mm d−1. At the outlet of
the catchment, at Makanya village (altitude 650–700 m), 50–60 mm d−1 was recorded.5

At Tae Malindi (106 mm d−1), within a period of one day an amount of rainfall was
recorded that normally falls during the entire month of March. High intensity rainfall is
not uncommon in the area, during the period of observation, in Same, 10 km outside
of the catchment area (1934–2006), 52 times rainfall of more than 50 mm d−1 was
recorded with two instances of rainfall above 100 mm d−1. At Tae Malindi station for the10

recorded period (1990–2006) 8 times above 50 mm d−1 was recorded with one instance
above 100 mm d−1 (this event). At the sisal estate (1990–2006) 6 times rainfall above
50 mm d−1 was recorded.

Rainfall variability in the catchment cannot be explained solely by the topography.
Areas with similar altitude, e.g. Mwembe and Bangalala, differed by a factor of 5, and15

Chani and Vudee, differed by a factor of 6–7. In general, it can be said that the storm
passed through three out of four sub-catchments, namely Vudee, Chome and Tae.
In the Vudee sub-catchment the highest rainfall was recorded in the valley, above
100 mm d−1, and in the upper parts of the catchment around 80 mm d−1. In Chome
and Tae the highest rainfall was recorded in the upper areas, above 100 mm d−1, and20

in the valley rainfall around 50 mm d−1.
The highest intensity rainfall recorded during this event was of exceptional nature.

Table 1 shows the return period of the rainfall event based on the only available long
data set in Same (73 y) using SPELL-Stat (Guzman and Chu, 2003). The Gumbel dis-
tribution fitting has been used on the annual maximum daily rainfall events to obtain the25

return period of the observed rainfall. The highest intensities of the storm correspond
to a return period of 67 y (Chome, Table 1). Comparing the return period to the Gumbel
distribution fitted on the seasonal (Masika) maximum daily rainfall gives an even more
extreme picture, where the rainfall in Chome corresponds to a return period of 195 y
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(Table 1). This is due to the fact that the sample size is smaller, and on top of that
most high intensity rainfall events occur during the other rainy season (Vuli). It shows
that intensities that were locally recorded have a very low probability of exceedence.
It should be said that the data series that were used for the Gumbel distribution fitting
were from a station outside of the catchment and at a low altitude (882 m), therefore5

the return periods serve only as an indication and are most probably overestimated.

3.1.2 Hourly rainfall

At five locations automatic rain gauges recorded the storm, centred around Vudee
sub-catchment (Bangalala, Mchikatu, Upper-Vudee and Ndolwa), with one located in
Mwembe (see Fig. 3). The major part of the rainfall fell in a time span of only 3 h10

(10 a.m.–1 p.m.). Intensities as high as 49 mm h−1 were recorded in the valley of Vudee
sub-catchment (Bangalala village), where also one of the highest total daily amount
was observed (Eliza and Mchikatu) (Table 1, Fig. 4). The automatic rain gauges con-
firm that rainfall in the Mwembe area was considerably less than in the Vudee sub-
catchment (15 compared to 80–100 mm d−1). The high spatial variability, related to the15

high intensity rainfall observed is not uncommon to result in flash floods (Foody et al.,
2004; Gaume et al., 2004).

3.2 Runoff

Water levels were monitored at five points in the catchment, of which four cross-
sections had known rating curves. The locations of the discharge measurements are20

shown in Fig. 1. Only at the weir site the hydrograph could be reconstructed. The pres-
sure transducer at the weir site recorded water levels during the rising limb, but was
destroyed during the peak discharge. The peak of the water level has been estimated
using flood marks. The water levels of the recession limb were recorded by the local
observers who took water quality samples at the same time. The observations at the25

other sites were difficult to quantify, as the structures were either destroyed or severely
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damaged; however, from the few observations a general estimation of the response
time could be estimated.

3.2.1 Vudee sub-catchment

The Vudee River at the weir site drains an area of approximately 25.8 km2. The dis-
charge at the weir has been obtained by converting the water level into discharge using5

different methods. The compound weir consists of a V-notch and rectangular weir (see
Fig. 2). Rating curves for the compound weir were obtained from Hudson (1993), and
were applied for water levels below 1.5 m above which the structure overtops (at about
13 m3 s−1). During this event the structure overtopped and maximum discharge had
to be determined by converting the maximum water level to discharge. The maxi-10

mum water levels upstream and downstream of the weir were obtained by surveying
the flood marks. The longitudinal section is shown in Fig. 5, with the ground level
and flood marks. Cross sections were measured at 12 locations along the transect.
Two techniques have been used to determine the maximum discharge, a) slope-area
method, and b) gradually varied flow calculations, which are described below. Similar15

reconstruction of the maximum discharge was done by Rico et al. (2001), Gaume et al.
(2003, 2004).

3.2.2 Slope-area method

If we assume that near the peak the temporal deviations are small (δh/δt=0) and,
moreover, that the gradient of the cross-sectional area is small, then Manning’s equa-20

tion for permanent flow may be applied (Acrement and Schneider, 1990):

Qmax=
1
n
AR2/3i1/2 (1)

The energy slope (i ) is assumed to be similar to the bed slope (s, an average of 3 %
(see Fig. 5b). Only the section upstream of the weir has been used for the calculations
as it is seen as a uniform stretch of the river. It is assumed that during permanent flow,25
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the flow-through area (A, m2) and hydraulic radius (R, m) can be obtained from the
flood marks (assuming this is indicating the maximum water level). The roughness co-

efficient (Manning’s n, s m−1/3) is assumed 0.05 (combination of cobbles and boulders
(Acrement and Schneider, 1990). The discharge estimates ranges between 30 and
60 m3 s−1, with an average of 47 m3 s−1 (depending on the distance and cross sections5

selected). Obviously, the cross-sectional area is not uniform, hence, the method for
gradually varied flow needs to be used.

3.2.3 Gradually varied flow calculation

The second method used for estimating the maximum discharge was to simulate the
water depth for the entire cross section using backwater computation (Chow, 1959;10

French, 1985). For this purpose, the complete river reach upstream and downstream of
the weir has been used. Two boundary conditions are needed, where the water depth
is fixed: downstream of the reach and downstream of the weir (Fig. 5b). The boundary
condition downstream of the weir is needed as an internal boundary because critical
flow occurs at this point, indicated by a circle in Fig. 5b. In the rest of the reach the15

flow is sub-critical during the maximum discharge. The following equations have been
used to estimate the change of water depth (dy/dx) in the longitudinal section (dx of
1 m has been applied).

dy
dx

=s
(1−yN/y)N

(1−yc/y)M
(2)

with y the actual depth and N and M are two constants related to Manning’s formula20

(3.33 and 3, respectively, Chow, 1959). The normal depth yN is defined by Eqs. 3–
5. The water depth approaches the normal depth in a uniform section of the river.
Manning’s equation is used for the normal depth:

AR2/3=n
Qest

s1/2
(3)
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where A and R are functions of yN and Qest is the estimated discharge. Here we
simplified the measured cross sections as a trapezium, where the following equations
apply for A and R:

A=(b+z)yN (4)

R=
A

b+2
√
y2
N+z

2

(5)5

Where b is the bottom width and z is the slope of the banks.
The critical depth yc is the depth with the critical velocity (see Eq. 6).

yc=

(
Q/B

)2

g

1/3

(6)

where B is the width of the cross section.
Figure 5a shows the modelled water depth compared to the observed flood marks10

using Q=32 m3 s−1 for the estimated discharge. The flood mark points do not fully
agree with the backwater curve, which can be explained by the fact that the flood marks
not necessarily mark the highest water level. Branches and sticks may be pushed up,
higher than the actual water level when the water hits obstacles (possibly reaching
the energy level). In addition, sudden changes in the cross sections are not incorpo-15

rated. Figure 5a shows a relatively good fit between observed and computed water
depth, considering the accuracy of the flood mark observations. Figure 5b shows the
computed energy (thin line) and water level (thick line) compared to a fixed reference
level.

Figure 5a also shows the normal and critical water depth. Throughout the profile the20

normal water depth is above the critical water depth, and the water depth approaches
asymptotically the normal depth, calculating from downstream to upstream. Only just
upstream of the weir site the normal depth is lower than the critical depth, which ex-
plains the hydraulic jump.
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3.2.4 Hydrograph

In the hydrograph, the discharge exceeding the capacity of the compound weir, but
below the peak discharge has been interpolated by a straight line (above the dashed
line in Fig. 6). Between one to two hours after the rainfall started (rainfall recorded at
11 a.m., fell between 10 a.m. and 11 a.m.), the discharge started to increase (7 m3 s−1

5

was recorded at 12 p.m.). The maximum discharge was recorded at 12:45 p.m., less
than 3 h after the start of the rains. The recession is as quick as the rise, reducing a
peak flow of 32 to 4 m3 s−1 within one hour.

The total volume of the rainfall in the upper catchment – Upper-Vudee (area 14.2 km2),
82.1 mm d−1, Ndolwa (area 8.4 km2) 77.5 mm d−1, and Mchikatu (area 3.2 km2)10

102.7 mm d−1, amounted to 2.15∗106 m3. The volume of runoff observed at the weir
site, during the first 24 h was estimated to 0.19∗106 m3, which corresponds to 9% of
the rainfall (volume under the hydrograph of Fig. 6; note that the uncertain estimation
of the peak discharge does not significantly change the volume). As the amount of
evaporation during the day itself can be assumed less than 5% of the recorded rainfall15

(<4 mm d−1), the storage in the (upper) catchment should have increased substantially.
This is demonstrated by the increase of the base flow observed during the subsequent
period, which increased from about 15 l s−1 before the flood to 75 l s−1 in the subse-
quent season. The increased storage discharged an approximate 0.54∗106 m3 (34% of
the rainfall) in the following season, calculation based on the outflow of a linear reser-20

voir. The balance (57%) is made up by evaporation in the period following the flood and
percolation to the regional groundwater system (Mul et al., 2007). Having a large part
of the rainfall contributing to slow processes is not uncommon for flash floods (Gaume
et al., 2004; Belmonte and Beltran, 2001), however, 90% is very high, which indicates
that the devastating effects could have been much worse.25
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3.2.5 Makanya catchment

The two flume sites draining two small catchments, Ndunduve and Mchikatu in the Ban-
galala area (2 and 5 km2, respectively), had the quickest time of concentration, with the
flumes overtopping at 9:55 a.m. and 10:15 a.m., respectively, responding immediately
to the rainfall. The site at Maji ya Chome, draining the Chome sub-catchment with5

approximately the same drainage area as the Vudee sub-catchment, also recorded
large flows starting at 12 a.m., overflowing and damaging the gauging structure. The
gauge at Mgwasi at the outlet of the Makanya catchment (drainage area of 260 km2),
located at a road bridge, recorded overtopping at 12:15 a.m., not much later than the
occurrence of the peak flows at the sub-catchments. Concentration times at the small-10

est scale were almost instantaneous, at the sub-catchment scale a delay of 1–2 h was
observed, whereas the start of the rise of flood at the sub-catchment scale and the
catchment scale did not differ substantially.

3.3 Water quality

Water samples have been taken at the main monitoring site (Vudee weir) and upstream15

of the confluence. The samples collected at the three sites at first had a very high con-
tent of fine material (suspended load; diameters between 45–100µm). This indicates
a significant contribution of Hortonian overland flow during the beginning of the flood.
The small particles can be explained by the very dry antecedent conditions, where
fine particles are deposited on the top-soil and subsequently washed out by the first20

big rainfall event. Samples collected after the flood peak also contained significant
amounts of sediment, but less fine particles.

Samples have been analysed for the major cations and anions – i.e. Ca2+, Mg2+,
Na+, K+, SO2−

4 , Cl−, F− and dissolved silica, see for method of analysis Mul et al.
(2008). The water quality during the flood event shows a typical pattern, except for25

potassium they all start with a low concentration at the peak of the event followed by
a slow increase until a maximum value (Fig. 7). This is consistent with expectations,
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whereby the concentrations are diluted with the surface runoff (generally with lower
concentrations). Potassium shows an inverse pattern, high concentrations during the
peak flows, what can be attributed to the fact that direct surface runoff picks up potas-
sium concentrations, which indicates a significant amount of surface runoff. Similar
patterns have been observed by Winston and Criss (2002), Didszun and Uhlenbrook5

(2008). The rainfall event, two days after the extreme event caused a decrease of the
concentrations in the Upper-Vudee and at the weir, but less in the Ndolwa. This is con-
sistent with the rainfall at 4 p.m., which predominantly fell in Upper-Vudee (9.4 mm h−1

compared to 2.1 mm h−1 in Ndolwa).

3.4 Hydrograph separation10

Chemical hydrograph separation is a method to define the origin and composition of the
runoff during floods (e.g. Uhlenbrook et al., 2002). This method is based on the mix-
ing of two or more water types with known and distinct hydrochemical characteristics,
where the ratio of mixing determines the concentrations in the stream. Chemical hy-
drograph separation is predominantly done to separate sub-surface and surface runoff.15

The collected hydrochemical data was used for hydrograph separation on surface and
sub-surface contribution. Mul et al. (2008) showed that dissolved silica is the most
appropriate parameter to separate between surface and sub-surface runoff. Unfortu-
nately, the water quality data on dissolved silica is not suitable to do this analysis (the
suspended solids affected the dissolved silica concentrations). A previous flood event20

in the same catchment showed that using EC gave similar results for estimating the
groundwater contributions (Mul et al., 2008) and several other studies have used EC as
a valuable indicator (Matsubayashi et al., 1993; Caissie et al., 1996; Laudon and Slay-
maker, 1997). Figure 8 is the result of EC-based hydrograph separation (end member
concentration for groundwater is 300µS cm−1 and for surface runoff 15µS cm−1, simi-25

lar to rainfall concentrations). It shows that just after the peak of the flood almost 50%
of the runoff is generated by direct surface runoff, which is also apparent in the high
concentration of suspended particles in the samples. Within 6 h into the recession,

2669

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/5/2657/2008/hessd-5-2657-2008-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/5/2657/2008/hessd-5-2657-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
5, 2657–2685, 2008

Spatial rainfall
variability and runoff

response

M. L. Mul et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

the major part of the flow is generated by groundwater (Fig. 8). In more studies large
groundwater contributions were found during the peak discharge (Frederickson and
Criss, 1999; Pinder and Jones, 1969; Sklash and Farvolden, 1979). Although many
others also found that with increasing intensity of the storms the event water contribu-
tion also increases (Caissie et al., 1996; Hooper and Shoemaker, 1986; Brown et al.,5

1999).
The hydrograph sampling at the tributaries started during the peak of the event, at

the weir the samples started soon after the peak. Mul et al. (2008) showed that the hy-
drochemical parameters at the weir are dependent on the runoff contribution from the
two sub-catchments which are distinctly different. Therefore, hydrograph separation10

has been done on the origin of the flood; in other words, from which sub-catchment the
flood came. In the case of the small flood events in 2005, contribution from surface wa-
ter was less than 5%, base flow samples from the tributaries were taken as background
concentrations for the hydrograph separation (Mul et al., 2008). However, in this event
surface water contributions were much higher and the background concentrations of15

the two sub-catchments could not be used for the hydrograph separation based on the
origin. For each time step, concentrations have been obtained at three locations, these
concentrations were then used to determine the contribution from each sub-catchment.
Figure 9 shows the separation into the origin of the flow based on EC, Mg2+, Na+ and
SO2−

4 .20

The analysis shows that the contribution from Ndolwa (37% of total catchment area)
during this event is in the range between 26–40% (Fig. 9), which is logical as similar
rainfall amounts fell in both sub-catchments. On the other hand, the small second peak
on 3 March was generated for the larger part in Upper-Vudee, where 9.4 mm h−1 was
recorded as compared to 2.1 mm h−1 in Ndolwa.25
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4 Conclusions

During this event a unique data set of an extreme rainfall and flood event was gathered
in a meso-scale, semi-arid catchment. The rainfall in Vudee sub-catchment was be-
tween 75 and more than 100 mm d−1, Mwembe village only recorded 15 mm d−1, even
though it lies less than 10 km from the centre of the storm. Furthermore, the meteoro-5

logical station in Same (approximately 15 km away), with the longest record available,
observed no rainfall at all during this event. Consequently, spatial variability of the
rainfall during this event was very high and not directly related to topographic features.

Reconstruction of the flow at the weir shows that the peak flow was 32 m3 s−1,
which was reached within 1 h after the onset of the rainfall. Only 10% of the rainfall10

passed through the weir during the event, the remainder was stored in the upstream
catchment, and discharged as base flow during the consecutive season. Hydrograph
separation shows that, during the peak flows, 50% of the flow is contributed by di-
rect surface runoff, followed by a recession, mainly fed by the groundwater reservoir
(>90%). During the flood event contributions from the two sub-catchments, Upper-15

Vudee and Ndolwa are equivalent to their respective size. During the smaller flood
event on 3 March contribution is mainly from Upper-Vudee, where the larger part of the
rain fell (9.4 compared to 2.1 mm h−1 in Ndolwa). The response time of the catchment
at all scales is less than two hours. The flood caused a lot of damage to the down-
stream village (five houses were destroyed, the main road between Dar es Salaam20

and Arusha was blocked for several hours and many of the plots in the spate-irrigation
system were affected), even though upstream storage reduced the flows considerably.

Extreme rainfall intensities and short concentration times characterise this event.
These characteristics enhance the unpredictable nature of such big floods at the outlet
of the catchment. Highly localised rainfall can cause significant damage in the lower25

parts of the catchment, the short response time leaves little time for the residents to
vacate the floodplains and bring their belongings to safe areas. This paper concludes
that by using the assumption of uniform spatial distribution of rainfall, the predicted
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runoff can easily be over- or underestimated. However, in sub-Saharan Africa the
extent of the rainfall network is not adequate to capture all the spatial rainfall variability
and, therefore, compromises on the accurateness of the runoff predictions.
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Table 1. Daily rainfall in the Makanya catchment, fallen on 1 March 2006, and return periods
based on Same data (1934–2006, 882 m).

No Name Altitude Rainfall Return period Return period
m mm d−1 (annual) (seasonal)

y y

1 Bangalala
automatic 938 77.7 5.5 9.5

2 Vudee 1396 60.6 2.5 3.5
2 Vudee

automatic 1396 82.1 7 13
3 Chani 1306 9.3 <2 <2
4 Chome 1664 122.5 67 195
5 Makanya 640 56.4 2 3
6 Tae Malindi 1741 106.0 26 64
7 Same 882 0 N/A N/A
8 Sisal Estate 698 50.3 <2 2
9 Ndolwa 1554 82.7 7 14
9 Ndolwa

automatic 1544 77.5 5.5 9.5
10 Mchikatu 885 114.2 41.5 110
10 Mchikatu

automatic 885 102.7 22 50
11 Wilson chini 834 62.8 2.8 4
12 Eliza 870 118.9 55 150
13 Mwembe 975 15.0 <2 <2
13 Mwembe

automatic 975 15.4 <2 <2
14 Iddi 960 14.2 <2 <2
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Fig. 1. Location of Makanya catchment and sub-catchments and instrumentation network.
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Fig. 2. The weir site in February 2006 (left plate) and March 2006 after the flood event (right
plate).
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Fig. 3. Spatial rainfall on 28 February (left) and 1 March 2006 (right) in the Makanya catchment.
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Fig. 4. Hourly rainfall in the Makanya catchment on 1 March 2006.
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Fig. 5. (left) Observed flood marks and modelled water level, normal and critial depth and,
(right) observed flood marks and modelled water and energy level, compared to a fixed refer-
ence level.
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Fig. 6. Hydrograph at the Vudee weir on 1 March 2006.
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Fig. 7. Hydro-chemical parameters at the weir during the 1 March 2006 event.
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Fig. 8. Hydrograph separation based on EC values for sub-surface (Qg) and surface runoff
(Qs).
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Fig. 9. Hydrograph separation based on EC, Mg2+, Na+ and SO2−
4 for sub-catchment contri-

butions.
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