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THE MBEYA RESEARCH FROJSECT

J R‘Blackie and K A Edwards
Institute of lydrology, Wallingford, UK

INTRODUCTION

Only about four per cent of the East African land surface

reliably receives a mean annual rainfall greater than mean

annual potential transpiration (Russell, 1962). These areas,

for the most part, are the highlands above 2000 m which were
covered originally by natural montane forest. Nearly all the
major rivers rise in these highlands, and it is generally

accepted that their dry season flow depends upon high

infiltration rates giving recharge to groundwater storage in

the headwater catchments. Traditional methods of non-intensive,
shifting cultivation, with fallcws long enough to allow the
regeneration of the natural vegetation (albeit of secondary

type), caused little long-term damage to land in closed forest
zones. The concentration of pownulation in favourable areas,
however, has resulted in the pcrmanent removal of ?ha‘most‘of —_
the original forest. Intensive cultivation of steep slopes

under a subsistence economy relying predominantly on annual

crops has led, in turn, to severe soil erosion and a deterioration
of water yields in terms of both guantity and quality (see

Temple, 1972, for examples in the Uluguru HMountains, Tanzania).

The protection of forests to conserve water supplies has for

mahy years bcen the cornerstonc otf forest zolicy. Despite .
pressure to release these areas of high agricultural potential,
many countries now have legislation to prevent further clearing

or encroachment on the forest rescrves, Faced with '
expanding populations and a pressing need for increasing food
supplies, there is a natural desire to use such areas for

purposes more profitable %ﬂag protection forestry if this can —_—
be done without undue harm Lo water resource
Wilson, 1966). Quantitative evidence to suo
Land use policy, however, s difficult to find ond, 3astifiably

Forest Departments have stcadfastly opposed any proposals to




release land until it can be shown that serious and irreversible
damage will not cnsue; at the same time, they have encouraged
guantitative studies on the effects of land use change, and

the site of one such study was at Mbeya in southern Tanzania.
Participants in the study were EAAFRO, the Forest Department,
and the Department of Water Development and Irrigation of the

then Tanganyika Government.

With the gazetting of the Forest Reserve in the Mbeya Range,
cultivation of certain areas within the boundary ceased, and
the local wasafwa people accepted monetary compensation and
moved into an adjacent valley. This valley had not been
cultivated for many years and was covered with regenerating
bush. The opportunity presented itself, therefore, to compare
the hydrological regimes of three nearby catchments under
contrasting land use. One catchment was the newly occupied
catchment (A), the second was the vacated catchment which now
fell within the reserve and was being allowed to regenerate (B},
anéd the third was a control catchment under the tall evergreen

forest {(C).

The project was discussed and principles were agreed at the
East African Catchment Area Planning Conference in 1956 and,
with the provision of funds by the Tanganyika Government, the
experiment was started. A full account of the local problewms,
the contributions of co-operating bodies, and the preliminary

stages of the experiment, are given in Pereira et al (1962).

DESCRIPTION OF THE EAPERIMENTAL CATCHMENTS

Comprehensive descriptions of the catchment soils and vegetation
were given by Scott (in Fereira, op cit, page 112) and Kerfoot
(1564). The catchments are situated on the north facing siOpe
of the Mbeya Range (8750'S, 33°28'E) at a mean altitude of

2500 m., Geologically, the Range 1s a ridge of gneiss across

the lins of the Great Rift vallay system but the soils are
derived from an overlay of volcanic ash of variable depth; this

is generally or the order of 1 m. The gneiss is deeply




“®__ |

y—

0. 0.0 © 0 6 060 00 0O

-~ -

0006000000 ner oL

b

3

4444___________________________________fgg__gw

\

i ‘
’ N

‘-. | |

weathered beneatih the ash soii and the mixing of these &two

‘components is largely a functgon of position on the slone.

The higher, more level grourd has an almost intact ash—derived

s0il, while the steeper slopes are more variable and resemble

scree., The decpest and most fertile soils are found in the

valley bottoms, where ashy soils are interbedded; with

colluvium.

Mean annual rainfall is 1800 mm (1959-1969%) and falls entirely
in five months of the year, Dccember to April. Mean annual
estimates of potential evaporation are about 1500 mm with

relatively small seasonal variatiorn. The climate of the region
is summarised in Table I.

The forested catchment, C, is 16.3 ha in area with very steep
valley sides at an average slope of 30% near the weir. There
is a difference in altitude of 228 m betwéen the weir and the
highest point in the catchment. The-lower two-thirds of the
catchment are under dense montane evergreen forest, and the

upper third under annual grasses and shrubs.

Catchment B, the regenerating catchment, was abandoned as a
water balance study in 1961 following the discovery that
guantities of water were bypassihg the weir. Rainfall and
soil moisture continued to be measured and the records were

used -in the analysis of soil moisture conditions under various

vegetation covers (Section 5.2.1). The catchment is roughly
circular, 8.4 ha in area, with steeply sloping sides and a
rnore gently sloping lower basin containing a deep infill of
fertile soil. Originally under cultivation, the vegetation
in 1958 consisted largely of montane scrub ané bracken but,*
over the course of the expariment, more woody spocies such as
rajeata @bycsiaiea and Prows patule were wvlanted and became well
established.

The cultivated catchment, A, is 20.2 ha 1n areca with two
tributa-ies Jjoirninyg just be{orc Ehe weir (i 1)y, 7The cides

. . I ! . ..
are very stiep with an average slope of 30% and an altitudiral
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TABLE I
Mean Climatological Data (1958-69)
Mbeya Range
Altitude 2428 m, Latitude 8°50'S, Longitude 33°28'E
Rainfall Terperature Humidity Wind Radiation Sunsnine
Monthly Max Maan Saturation Mean speed!| Gunn Bellani
Total ! s Deficit at 2 m Radicmeter
=1
rm °c oc ’c mb km hr MJ m~? hr
Jan|  315.3 18.0 10.4 14.2 2.3 5.6 17.9 4.0
Feb 323.8 18.2 10.3 14,2 2.2 5.8 18.1 3.8
Mar i 3969.0 18.1 10.5 14.3 2.1 5.4 17.6 3.8
Apr 244.0 18.1 10.3 14.2 2.3 7.2 17.8 5.3
May{ 28.1 17.9 8.2 13.1 3.1 6.7 20.8 7.6
Juni 2.0 16.0 6.2 11.1 3.8 7.4 20.8 8.1
Jul 0.1 17.2 6.0 11.6 4.7 8.7 23.8 9.2
Aug: C.1 18.4 7.1 12.7 5,8 9.1 24.6 9.1
Sep ! 7.9 20.0 9.0 14.5 7.1 9.6 24.4 8.4
Octi 25.2 21.1 10.3 15.7 8.1 8.6 23.9 7.9
Nov 100.4 20.2 10.8 15.5 5.7 6.6 20.3 5.5
Dec! 287.5 18.3 10.7 14.5 3.1 5.1 17.5 4.0
i
e 6 ¢ 00
' o 000 0 09 e o0 Al
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range of 166 m. A few trees remain in the valley bottar but
the remeinder is cleared with aporoximately 50t of the area
under cultivation and the rest under annual grasses, grazed

by goats and sheep. The area under cultivation changes from
year to year, depending on the focd reqguirements of the
families inhabiting the valley. The local practice of
cultivating across the slope is followed with no effective soil
conservation measures other than the placing of 'bunds' of

maize stalks approximately along the contours.
All three catchments have north-north-west to north-westerly
aspects. Catchments B and C and contiguous while Catchment A

lies 3 km to the north-east of B.

INSTRUMENTATION OF THE CATCHMENTS

A full account of instrumentation for streamilow measurement

is given in Section 1.2.4. Briefly, Catchments B and C had

120° v-notch weirs as their gauging structures while Catchment A
had a compound 90° v-notch and rectangular sharp-crested
section. Lea rotary water~level recorders were installed at

all three structures. A sediment trap, consisting of a

7.6 m? concrete-lined tank, was installed upstream of the weir

in the cultivated catchment to measure wart of the sediment load.

Daily samples of suspended sediment werce also collected at the
welrs toestimate the total sediment yield in steady flow
conditions.

Rainfall was measured by networkxs of seven gauges in Catchment

'ii six gauges in Catchment B and six gauges in Catchment &?
Five of these were Dines tilting-siphon recoréirng gauges

(Fig 2). 'he ¢auges were stratified by altitude, and with?the
high densities used in these small calchments, the precisibn
ol estimate of annual totals is within 1%

storms about 3% (McCulloch, 1?62).

, anc¢ ror individual

Measurements of soil moisture statbtus were obtained from

monthly gravimetric sampling at three sites in each catchment.
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Electrical resistance units were also installed at the three

i
sites to a depth of one metre. 1In 1942, the depth of profile
samnled by these units was exterded to two metres. All three
profiles in Catchment A were extended to three metres in 1965.

The blocks were read at approximately weekly intervals.

Between the catchments, a metcorological site was establisheqd,

and this yielded records frcm which Penman estimates of open-wat

evaporation EO were calculated. Radiation was measured by a
Gunn-Bellani radiation integrator - calibrated against a Kipp
solarimeter at EAAFRO, Muguga. During the course of the
experiment, the exposure of the meteorological site changed
due to the growth of a stand of pines outside the enclosure;
the possible effect of this on the Penman estimates is
discussed in Section 5.2.1.

Attempts were made to measure the sediment yield of the
cultivated catchment as described above. It was known that the
methods used were unsatisfactory for monitoring the far heavier
soil losses which occurred during storm runoff which might be
only a few hours in duration. A device for measuring the
suspended sediment during times of flood was installed in the
stilling pool of the weir and cperated successfully during the
carly part of the experiment. It proved impossible to maintain
and owerate this device satisfactorily, however, and results
are only available for a few storms. A&An analysis of the

sediment yields is presented in Section 5.2.2.

LIMITATIONS OF THE MBEYA EXPERIMENT

The Mbgya region is characterised by a unimodal rainfall
distribution with a long dry secason wnich precludes the '
continuvous growth of crops. At the outset of the experimeht,
therefore, it could be anticipated that, in line with many
other such comparisons all over the world, thre deeper-rooting
evercreen forest would use mo;a wiater than the shallow-rooting
annuals. The experimental objecctives, therefore, were to
detemine tne relative distributzions of fFlow between wet and

dry season on both catchments, to compare storm runoff volume

J'........................3........
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and to estimate the rate of loss of soil from the cultivated

- catchment.,

These catchments exhibit an unusually high rainfall acceptance
due to the porous nature and good structure of the ash derived
soils, It is by no means resolved how far the results from

this experiment can be extrapolated to other areas; in Tanzania,

for example, nearly all the major forest reserves are apparently

on soils broadly similar in structure to those of Mbeya if
Scott's classification of soils is accepted {(see Rusgsell, op
cit, 1962). Variability in the seasonal distribution and
intensity of rainfall between these areas, however, could make
the Mbeya results atypical and without further regional
surveys of infiltration rates and soil stability, extrapolation
of results for the Mbeya study should be avoided. Furthermore,
the erosion studies were never fully implemented, partly
because Mbeya lies over 1600 km from Muguga by road and, as
with the Atumatak experiment, supervision and maintenance of
the experiment fell short of what was neceésary to ensure
continuous, reliable results., Despite fregquent requests for
more financial support to revitalize the project, it closed in
1970 without yielding firm quantitative evidence on erosion

and sedilent transport.

The following sections preéent an analysis of the ten vears

of rainfall, streamflow, evaporation and soil moisture data
from tne Mbheya study. Despite the limitations of the
experimental environment, they give valuable insight into the
water balance of hecadwater catchments, and help explain why
land-use practices which would be disastrous in other regions
did not produce serious erosion in Catchment A during the first
five years of cultivation.,
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5.2.1

THE WATER BALANCUE OF THE MBEYA EXPERIMENTAL CATCHMENTS

K A Edwards
Institute of Hydrology, Wallingford, UK

INTRODUCTION

The two previous summaries of the interim results from the
Mbeya experiment (Pereira et al, 1962, Dagg and Blackie,
1965) contain systematic errors in the streamflow records
from the cultivated catchment (A) due to an erroneocus
transposition of stage-discharge tables at an early stage of.
data analysis. The resulting over—estimation of flow in
Catchment A led to an exaggeration of the difference in water
use between it and the forested contryrol catchment (C). This
anomaly stimulated an extensive check of the experimental
data which led to major corrections to streamflow and

evaporation values.

The corrected data have been published in summary form
(Edwards et al, 1976} and this section deals with the waterx
balances of the two catchments. In achieving the expesrimental
objectives, briefly the compariscn of cultivated and forested
catchments on the steep velcanic soils of the Mbeya Range in
southern Tanzania, the pertinent hydrological effects to be
examined arc the influence of the land use change on the
volume and distribution of streamflow and on the rate of
sediment yield from the cultivated catchment. This latter

aspect is dealt with separately (Section 5.2.2).

RAINFALL

The Mbeya Range lies approximately 450 km inland from the

Indian Ocean at a latitude of 8°30' south of the Equator. The .

rainfall pattcrn is related to the souvtherly swing of the
Inter-Tropical Convergence Zone around the southern hemisphere
summer solstice, whicn results in 98% of the rain falling
between Novemper and May. 'The seasonal distribution is shown

¢ in 'vaple I. Monthly

p=—

by the mcan monthly rainfall tota
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TABLE I

Mean and Standard Deviation of Montnly Rainfall (mﬁ)

at Mbeya Catchment C (Control: Evergreen Forest) 1958-68

) Month | Mean o
. January 328 4 152
' February 313 + 54
March 436 t 122
April 271 + 103
May 34 + 31
June 4 * 8
July 0
August 0
September 7 x 8
. October 25 24
' November 112 E 14
: December 369 + 144
: Total 1899




totals are of high reliability during tne wel season and

“ the coecfficient of variation of the average annual total

of 1899 mm is relatively low at 13%. This uniformity is

particularly useful for water balance studies.

The experimental catchments lie on the north side of Mbeya
Peak and, as expected, total rainfall varies with altitude.
The forested catchment extends to some 250 m higher than the
cultivated catchment and receives about 17% more rainfall on
average. The rainfall networks have been described in
Section 53.1.1, and their efficiency has been discussed in
Section 1.2.1. With such small catchments and dense raingauge
networks (Catcnment A has approximately BAgauges km~?2,
Catchment C has 4hgauges km~?), the precision of mean areal
rainfall is high. The differences betwecen mean areal rainfall
estimated by the arithmetic mean and by the Tnhiessen polygon

mcthod are negligible and no systematic errors are thought
to be present in the rainfall data.

Rainfall intensity has been discussed briefly in Section 1.2.1
also. While Mbeya, Keriche and Atumatak show similarities béth
in seagonal rainfall distribution and general intensity
pattern, Mbeya has significantly fewer intense stoms (> 100

mm hr~') than cither Kericho or Atumatak (Dagg, 1958);
furthermore, although Mbeya and Ximakia are similar with
respect to incidence of intense falls, the Mbeya catchments

lie clearly under a different regime taking into account

seasonal distribution and diurnal rainfall pattern.

The low rainfall intensities and deep volcanic soils in both

L
the Mbeya and Kimakia reyions are important factors in reducing

soil erosion from cultivated catchments, and this high rainfall

acceptance allows land use practices which would result in

widespread erosion outside the zone of Tertiary Volcanics.

EVAPORATION

The seasonal distribution of Penman EO values is shown in

1..................’...............
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Figure 1 together with the monthly rainfall totals from

. Catchment C; the fiqgure shows that potential evaporation

exceeds rainfall from May to November qnd is less than
rainfall in the wet season. In contrast to the other high
rainfall experimental catcnments (Kimakia and Kericho), there
is a long period during whigh soil moisture is being depleted
by transpiration. Althdugh tﬁe water that can be sﬁored in
the top metre of soil is large (185 to 225 mm), the bulk of
roots are found in this zonelalso; furthermore, potential
evaporation, which is an index of evaporative demand, is high
(120 to 160 mm per month) and these two factors suggest that

soil moisture stress must be such that actual evaporation is
less than potential. '

Although the Penman estimates of potential evaporation are
known to excced actual evaporation for scveral months of the
year, the ratios of actual to potential evaporation (AE/EO)
arc of value for interpreting the water balance, and it is
important to ensure that the estimates are free from bias.
It was known that several difficulties had arisen with operating
the meteorological site at Mbeva, so that FO values were
suspect; in particular, a stand of small conifers which had
been planted in 1959 eventually grew to a height at which

lower wind spceds and radiation totals were being recorded
because of shelter effects. There wére also minor temperature
anomalies which do not affect the evaporation values
significantly. An examination of the annual evaporation totals

showad, in fact, a steady decline throughout the 1%60s.

It was considered impractical to attempt to correct the
basic wind run data for the above effect, since no standard
for comparison existed and the systematic error was th~usat
to b2 no move than 5%. Mowever, large cOrreoziuions were

made to the radiation data ~zllacu~l Lo to 1960 by comparing
the relationshin buetween radiation and sunshine for
difiew nt periods and adjusting regression equations for

~

souivicdhial Guan-3xlianil radliowecsers.  Changing these
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Figure 1 Mean monthly rainfail and potential

evaporation at Mbeya Catchment A
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high values removed much of the variation in year-to-year

.evaporation totals. The trend still exists, as can be seen

in Fig 2, but how far any secular trend in evaporation totals
can be separated from the trend due to shelter effects is a
matter for conjecturc. Since the likely errors are ncw small,
they do not affcct the water balance conclusions and it was
considered sufficient to publish the data as they now are,

with a warning as to the-existence of the small systematic
error.

Daily potecntial evaporation rates vary little throughout the
November to May "wet" pefiod, averaging 3.6 mm day~'. From
July onwards, the rate rises to a peak of 5.4 mm day~ ' in
October. The annual mean daily value is 4.1 mm day~' over the
period 1958-68. The frequency distribution of potential
evaporation rates at 0.5 mm intervals is shown in Fig 3. As

a result of the hot dry conditions at the end of October,

some cxceptionally high rates, of the order 9-10 rm day~!,
have bcen recorded.

The two catchments have a mantle of ashy volcanic scils lying
on top of weathcred gneisses of the Basement Complex Series.
The valley bottoms, therefore, have a varying cdepth of
pumiceous ash mixed with gneiss-derived material which is
not watertight and which posed considerable problems in siting
stream gauging structures. The preliminary examination of
the water balance data used the overestimates of streamflow
from Catchment A {(due to the incorrect rating curve, referred
to in the Introductioﬁ) and in consequence the actual
evaporation loss from the catchmert was thought to be small),
relative to potential evaporation; similarly, for Catchmentrc,
the actual evaporation loss was found to be high and the
conclusion drawn was that streamflow from Catchment C was

)
probably undarcstimated because flow was bypassing the
gauging strusture., ‘Tho revision of the stroamflow and
cvaporation data now gives an entirely different picture, and

although leaks around both structures cannot be ruled out, they
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are unlikely to be of great consequence.

The 90° v-notch weir on Catchment A has been extensively
modified and buttressed during the course of the experiment.
Its present design has many undesirable features which cast
doubt on the stage-discharge relation. It has been calculated
that a discharge reduction of the order of 8% might be
expected due to drowning of the v-notch and rectangular
sharp-crested section at stages of 30 cm or more. At higher
stages, the rectangular sharp-crested weir has no provision
for aeration and discharge may increase by about 3% while
sufiering from the same compensating drowning-out effect
mentioned above. A further effect which may alsoc occur is that
of an increase in discharge due to the erection of a recorder
well in the approach channel close to the weir. At high flows,
therefore, discharge may be underestimated on Catchment A by
perhaps 15 to 20%. Fortunately, stormflow contributes only

a small percentage of the total flow (about 2%) and it is

clear that these errors in discharge measurcement at high stages

will not seriously affect the water balance calculations.

As a direct conscquence of the unreliability of the gauging
structure in Catchwment A, however, 1t was not considered
worthwhile to continue the stormflow analysis begun by Dagg
(Dagg and Blackie, 1965). The stormflow results published at
that time were based on the faulty streamflow data and, after
correction, if the stormflows are reduced by 15 to 20% as
recommendad above, the difference between forested and
cultivated catchments decreases accordingly. Although no
precise corrections can be made, it is clear that there are
practically no differences in the percentages of rainfall which
leave the catchments as storm runoff. '

As an illustration of this, storm runoff has been calculated
for storms in the 1962-63 water vear and the 1965-66 water
vear from hoth catchinents. Fach storm has been classified
according o a welighted mecar incenstity deterniined by summing

e
the product of rainfall amount and intensity for various parts

J.............................’.....
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of the storm, and dividing by the total rainfall. This
‘procedure therefore takes some account of the hign intensities

which may be experienced at the beginning of a storm and which

may be reduced significantly when the mean intensity is

calculated as storm total divided by duration.

Table II gives the storm runoff as a.percentage of incident
rainfall for various weighted mean intensity classes. These
values have been calculated for storms falling on already wet
catchments (ie rainfall occurrirng within the last 24 hours)
and on surfaces which have been Grying out for between 1 and
'2 days. After 3 days, the storm runoff for practically all’

intensity classes is very low although these storms occur very
infreguently in the two years analysed.

It can be seen that Catchment A has a slightly higher percentage

of rainfall leaving the catchment as storm runoff than

Catchment C, and this difference is most marked during the

lower intensity storms. All the values are very low, however, -
and the maximum storm runoff during the two years did in fact

come frcm Catchment C in March 1966 where 7.8% of a rainfall

of 53 mm can be separated from the hydrograph as storm runoff.

Fig 4 shows the cumulative flow frequencies at 0.5 mm intervals
for the two catchments. At higher flows, the patterns are
identical, but significant differences can be seen at the low
flows. The forested catchment has a higher percentage of very
low flows (< 2 mm day~ ') which reflects the continuing high
rate of water use during the dry season. Looking at the
seasonal pattern of flow, Fig 5 gives the percentage of total
strcamflow in each calendar month. Bearing in mind that the
cultivated catchment has a higner total streamilow, in spité

of a lJower rainfzll, than the forested catchment (Table [II),
it can be seen that there is an unexpected seasonal pattern :
which contrasts sharply with similar experiments elscwhere
(Bates and Henry, 1928, Dbuglass, 1967) . Catchment A appears
to have a moderating infiluence on the high runofr during the

rains and yet sustains higher flows during the dry season than




TABLE II

Percentage of Storm Runofi for various Rainfall

Intensities (1962-63 and 1965-66 water years) at the

Mbeya Catchments A (cultivated) and C (forest)

Weighted Mean Intensity Classes
Time since

last rain 0 - 13 13 - 38 38 - 64 > 64 mm hr™ !}

(< 0.5) (0.5 - 1.5) (1.5 - 2.5) {> 2.5 in hr™ Y

Mbeya A
< 1 day 0 1.0 3.3 3.6
1-2 days 0 0.5 1.9
Mbeya C
< 1 day 1.6
1-2 days 0 0.5 0.4

| ]
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TABLE IIT

Monthly Streamflow (mm) 1958-1968

Month | (Culvivated | (fevedted)
January 60 .48
February 68 54
March 114 104
april 102 104
May 69 60
June 46 36
July 42 27
August 36 2i
September 29 16
October 26 14
November 24 13
December 36 25
Total 652 522
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Catchment C: in other words, the behaviour of the cultivated

. catchment is very like that expected for a forested catchment.

How far one can attribute the higher strecamflow in Catcnment C
in the wet season to the effect of the grassland occuoying the
upper third of the catchment is difficult to say, but the
marked differences in dry season flow are undoubhtedly due to
the higher rate of water use by the trees compared with the
annual crops. Confirmation of this may be obtained from tne

following analysis of the soil moisture records.

SOIL MOISTURE

To obtain estimates of the amount of water stored in the soil
to be included in the water balance calculations, monthly
gravimetric measurements of soil moisture content were made to

a depth of 1.07 m (3% ft) in both catchinents. At this level,

a stone layerxr is present which makes cdeeper sampling difficult,

and although attempts were made to sample down to 3.05 m (10 ft)

at the more favourable sites, it has not becn nossible to
calculate soil woisture deficits accurately over the whole
range of moisture extraction. 1In the cultivated catcnment,

this has not proved too severe a limitation since both the

perennial grasses and the annual crops do not appear to extract

vater from beyond 2.5 m except in the driest years (see below).

In the forested control Catchment C, however, the trees root
to a depth of some 8.2 m (27 ft) into the decomposed gneiss
(Kerfoot, 1964) and it is known that water is regularly

extracted from beyond 3.05 m during the dry season.

Gypsum blocks were also used to indicate the pattern of
seasonal moisture availability. Three sites were chosen id_
each catchment, and weekly measurements of block resistance
were made down to 3.05 m. These qualitative indications of
available moisture are useful in confirming the pattern of

moisture extraction suggested by the surface gravimetric

measurements. Fig 6 shows plots of the resistance bleck records

in a typicael year from the middle sites in each catchament and

R
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from the upper sitc in Catchment C where the forest gives
- way to grassland. . Ignoring the irrecgularities which are

bound to arise occasionally from such readings, the cycles of

drying and wetting throughout the soil profiles at the different

sites are well defined.

At the forested site in Catchment C, the recadings show rapid
drying throughout the profile until wilting point is reached

by the end of October at 3.05 m. It is interesting to note

that this layer does not return to a fully wetted state until

the end of January, and the bascflow response is accordingly

affected by this lag in recharge.

At the upper site on the grass slopes of Catchment C, moisture
extraction is evident down to 1.22 m {4 ft) but the indications
are that the perennial grasses root to a relatively shallow
depth and that the gravimetric samples give a good indication

of the soil moisture deficit in this part of the catchment.

In the cultivated catchment, the pattern of water extraction

varies slightly from year to ycar depending on the crop density
and type, particularly in the immediate vicinity of the block
sites. The general pattern, however, is shown in Fig 6, and
it can be seen that the surface blocks are beginning to dry
out at the end of May and by the end of August the scoil is at
wilting point to a depth of 60 cm (or more in the drier years).
It is significant that the lower blocks did not dry out until
the end of September in 1966, demonstrating the continued
extraction by the crop until harvesting time. Although some
extraction does take place from the 1.8 m (6 ft) level, the
gravimetric sampling can be expected to measure most of the
s0il moisture deficit during the early part of the growing
season. By the end of October, however, an unmeasured ceficit

exists below the sampling range, and this has a significant

1
effect on the water balance calculations.

THE ANNUAL WATER DALANCE

In view of the large soil moisture ceficits which develop in the

® ¢ 0
J-......'................-........
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two catchments, the choice of a water year is quite critical

if the crrors in the storage terms are to be kenc Lo a

Lis

minimwn in individual years., It is known from tiie gvpsua
block recadings that water is being extracted from below the
soil moisture sampling range by the cnd of July, and by
October the soils are at wilting point ovaer most of the
rooting depth. The October to September water year seems
attractive at first sight because baseflow is at a2 minimum;
the unmeasured soil moisture deficit below the depth of
sampling, however, is much too large by this date to ignore,
and yecar-to-year variations are then a significant feature of

the water balance.

Equally, any water year beginning in the wect season cannot
adequately account for storage changes in.groundwater Erom
year to year, because of the lag in recharge, although it is
reasonable to assume that no soil moisture deficit exists.

A far better water year is from July to June, by which time a
soil meoisture deficit has developed but not extended beyond
the sampling range and, also, the groundwatcr‘reccssion has
begun, following the end of the rains in May. Thus, soil
moisture storage changes can be measured from the monthly
gravimetric sampling and the groundwater storage changes can be

—

estimated from the recession curves and baseflow measurements,

Table IV gives the unadjusted water balance figures foxr both
catchments over the periods shown. The length of the periods
varies slightly depending on the soil moisturce sampling dates
as shown in the Table, AE is the actual evaporation or weater

use in the catchments, calculated from:
AE = R - Q - AS - AG

and EO is the Penman estimate of open water evaporation.
Soil moisture sampling was discontinued in Catchrment C after

1964, following increascd commitments on the part of the local

e L

1om

EhtS

field stalZ. AL Lhat tims, io was Toli Uhoo samwling 10

was not worth the considerable effort involved, varticularly




Catchment A (cultivated):

Period R

21.6.58-21.6.59 1308
21.6.59-11.6.60 1730
11.6.60-11.6.61 1181
11.6.61-11.7.62 2257
11.7.62-11.6.63 1546
11.6.63-11.6.64 1901
11.6.64-11.6.65 1369
11.6.65-10.6.66 1485
10.6.66-10.6.67 1528
10.6.67-11.7.68 2276

Mcan, 1958-68: 1658
+120

Catchment C (Forested):

Period R

10.6.58-10.6.59 1421
10.6.59- 7.6.60 2043
7.6.60-29.6.61 1332
29.6.61- 5.6.62 2753
5.6.62- 5.6.63 1878
5.6.63~ 6.6.64 2139
6.6.64-11.6.65 1512
11.6.65~-10.6.66 2013
1C.6.66-10.6.67 1681
10.6.67-11.7.68 2404

Mean, 1958-68: 1924

+143
[

o
®
TABLE IV _ PY
Unadjusted Water Balancc (im) for dMbeva Catchments A (Cultivated)
and C (Forested) .
@
o
®
Q AS AG AE EO AE/ED °
358 0 -75 1025 1748 0.59
497 +33 +131 1069 14945 0.71 o
457 =29  ~112 865 1675 0.52 | @
1044  +11  +212 990 1636 0.60 | @
643  +38 =100 965 1329 0.73 °
792 +11 +124 974 1473 0.66
566  +21  —160 952 1465 0.65 |®
494 ~-58 0 1049 1380 0.7 | @
476 +29 +18 1005 1435 0.70 ®
1296 -13  +l167 826 1442 0.57
@
661 +4 20 972 1508 0.64
194 + 10 42 v 24 =42 20.02 L
®
®
Q AS 4G AE EG AE/E0
R @
214  +18 0 1139 1722 0.69
564 -61 +70 1470 1526 0.96 ®
330 +2 -70 1070 1773 0.60 )
842  +42 +85 1784 1406 1.27 Py
534 -34 -27 1405 1453 0.97
652 +4 +27 1514 1481 1.02 ®
446 0 -39 1105 1482 0.75 @
56 4 0 +12 1437 1330 1.04 ®
453 0 0 1228 1435 0. 86
814 0 -20 1610 1442 1.12 ¢
' @
541 -3 4 1381 1510 £.93
162 19 £15 £73  +42  :0.06 | @
@
@
¢
¢
@
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since resistance block readings showed deficits to at least

"3 m depth. For the later years, the soil moisture storage-

term has been neglected, and the effect™we of this omission

is discussed later.

The water year figures show both wide variation from year

to year within catchments, and a striking difference between
catchments. The streamflow figures Q indicate that whilst
approximately 40% of rainféll on Catchment A runs off, only
28% of the higher rainfall in the forested Catchment C is
measured as streamflow. Expressed in a different sense, the
water use estimates, AE, show that the fdresﬁgd Catchment C
uses approximately 72% df the rainfall whilst the equivalent
figure for Catchment A is 59%. Whilst these differences are
moderated scomewhat by the corrections to strecamilow and
evaporation compared with the 1965 published data, they are
still very large with serious implications for land managemecnt
policy. It is important, theréfore, to look at each catchment
in detail to see whether there is any justification for . "

doubting the pattern of water use portrayed by Table IV.

MBEYA A, -THE CULTIVATED CATCHMENT

The ratio of actual water use, AL, to the Penman estimate of
open water evaporation EOQO is a critical guide to the '
consistency of the hydrological data. In the climatic regime
of Mbeya, the year-to-year fluctuations are an expected
response to different seasonal rainfall distributions and can
also be affected by cropping patterns and densities. The
ratios AB/EQ calculated for eacih waterxr vear are the resultants
of high potential evaporation rates during the wet season and
decreasing rates as soil moisture deficit increases. The i
average ratio for the ten-year period is 0.64 with fluctuations
of the order of 10% of EO.

\
If the annual AE/EO value is plotted against rainfall K as
in ¥Yig 7, it can be seen that o comoler relationshipn exists

for Catchment A, whilst a clear depencence of AR/EO on R 1is
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apparent for Catchment C. fThis relationship is important
because it indicates a probable systematic error in the
water balance of Catchment ¢. 1In the cultivated Catchment A,
on the other hand, the range in AEZ/EO is much smaller, and
two quasi-linecar relationships appear to exist. One is a
tendency for AE/EO to increase with R in drier years, and
second i1s an apparent trend of decreasing AE/EO with R in
wetter years. Before discussing the origin c¢f these trends,
however, it is useful to examine the seasonal data for

consistency with the soil moisture measurements.

During the dry season, a surface water balance may be calculated
which is simplified by the absence of rainfall sufficiently
heavy to cause recharge beyond the depth to which soil moisture
is measured. Changes in storage over the measured soil profile
can then be equated directly to the evaporative losses at the
surface, neglecting unsaturated vertical flow in the profile.

Taking account of such small isolated showers, we have:
AT, = R * AS v

where A4S 1s the change in storage between monthly sampling

dates.

Fig 8 shows such dry season water use values plotted against
the mecan soil moisture deficit between sampling dates. The
scatter is typical of such diagrams where gravimetric soil )
moisture measurements form the basis of the calculated deficits.
The low AE/EC rates with small deficits {(shown in the bottom
left hand corner of the figure) are almost always the first
measurenents of the dry season, when vegetation cover may Be
minimal and transpiration losses therefeore small; the
anomaioustiy high values- result from rain falling between the
sampling dates and are postulated as lylng on a wetting cycle.

A  hysteresis loop is sketched in by eve; its emact form is,

of course, difficult to define from such lirited data. The
drying curve is more Jdeofinlte and ires beoen drawn Lo pass

through the mecan AE/EO ratios and cdeficits derived from the
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monthly mean soil moisture deficits and potential evaporation,

- averaged over the elevenﬂyears of data (Table V).

Two points should be made about Fig &, however, bcfore taking
the argumeﬁt further. First, althouéh.the resistanc? block
readings indicate that not much water is lost from below 1 m,
the drying cycle represents the reduction to wilting point of
the whole profile and the measured soil moisture deficits are
an underestimate of the true deficit from July onwards.
Second, the mean wet season rate shown as the upper limit of
theAcufve has been calculated by difference assuming that the

overall average AE/EQ ratio of 0.64 in Table IV is correct.

An alternative method of calculating the wet season AE/EO
ratio is to take each water year and sum the measured water
loss from the profile. This dry season water use can be
subtracted from the annual AE calculated from the water
balance equation and expressed as a ratio of the measured ED
during the wet months. Table VI shows these values; the nmean

AE/EQ ratio derived in this way 1s higher by about 5%.

The higher value arises from the underestimate of dry season
water use given by the 1 m soil moistunre deficits. Using
the difference between these two values as an estimate of
the deficit developed below 1 m, (5% of mean EQ), the extra
storage term to be accounted for is aoproximately * 75 mm or

equivalent to the soil drying to a depth of 1.52 m (5 ft).

To summarise, therefore, the water use figures for Catchment A
are consistent with a wet season water}use of from 0.92 EO to
0.97 EO, and a dry scason water use wihich varies with soil:
moisture deficit in the manner indicated by Fig 7. These
values are much higher than previously comouted figures. At
the same time they agree in wet season water use with AE/EQ
ratios derived for broad-lecaved forest at Kericho (see Section
2.2.1) and in Catchment C: they also aovpear to give reasonable

estimates of dry seazon water use.




TABLE V

Estimated Mean Drv Season Water Use {mm)

by Mbeya Catchmernt A (Cultivated): 1958-68
J 13 M A M J J A S o) N D
SMD 37 43 43 38 74 114 147 166 178 165 166 96
£5 -6 -0. +51 =36 | -40 -32 -20 -11 -9 +21 469 +59
R 276 1 300 380 | 206 28 2 0.1 0.2 8 22 95 309
AL - - - - 68 34 20 12 17 1.3 26 -
2 /RO 0.61 0.29 0.1 0.08 0.11 0.01 0.19 -

1.'.................................
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TABLE VI

Wet Secason Water-Use Water Year Oct-Sept

Water Year AE/ED
1958-59 0.91
1959-60 1.09
1960-61 0.81
1961-62 1.00
1962-63 1.06
1963-64 1.02
1864-65 0.81
1965-66 1.05
1966-67 1.07
1967-68 0.83
Mean 0.97 ¢ 0.04-
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MBEYA CATCHMENT C, THE FORESTED CATCHMENT

‘The AE/EQ ratios for the control catchment are diiferert from

those for Catchment A in both mean value for the water years

and in the year-to-year variation. Although the mean value

of 0.91 is c&ose to the wet season water usc in Catchment A,

the range 0.50 to 1.27 is too large to have arisen from
accidental minor storage errors or from systematic errors in

EQO. The year-to-year variation is also strongly correlated with
rainfall and streamflow, and there is a suggestion of either
systematic errors in these terms or major storage errors
associated with drainage and recharge in the dry and wet years

respectively.

Taking streamflow first, the simplest explanation at first
sight would be to postulate a "leak" or a systematic bypassing
of the gauging structure proportional to total flow. Given
the porous topsoil and rotten gneiss beneath, it is not
difficult to calculate saturated matrix flow of the required
order of magnitude from the permeability values given by
Percira (Perveira et al, 1962) and the known dimensions of

the valley. On the other hand, to remove the trend in Figuie 7
by means of a "one-way" correction to strecamflow, compensating
for the leak, requires that the average annual AE/EQ value for
this forested catchment be reduced to about 0.60, a figure

patently too low for evexrgreen forest.

In terms of rainfall, the quantity required to correct the
trend is a smaller percentage of the annual precipitation, but
bearing in mind both the high precision of the mean and the
agreement between the two catchments, it is not easy to see how

a large svstematic underestimate in R could arise.

Perhaps the most satisfactory explanation is that a deep

deficit exists which is neithe; measured by the soil moisture
sampling, nor is it such that ig affects the base flow in the
stream. Such a deficit is known to develop, of course, from the

resistance block readings, but it was assunzd that adopting the
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July to June water year would eliminate any svstematic

_errors because the deep store would have been reonlenished

by then. It now appears that not only is the store still
in deficit by July in a dry year (in other words, 1t must
be deeper than 3 m) but also that, in a wet year when it is
contributing to the flow, it is not reflected in any

significant increase in baseflow.

The magnitude of this deep storage effect can be gauged

from Fig 7 as approximately half the total range in AE/EO
multiplied by the mean EO value. It is estimated at
approximately * 528 mm assuming that the 1961/2 water year
represents a very wet year and the preceding year an equally
dry extreme. The absence of surface soil moisture deficits
for the later years can now be seen to introduce insignificant
errors in terms of this deep storage éffect. The acceptance
of this figure implies that a completé water balance of Mbeya
Catchment C (thec forested control) cagnot bea acéomplished by
the experimental methods adoptec. It is necessary, however,
to provide an independent check oi the magnitude of this
systematic error before it forms a basis for discussion and .

because of its important influence on the interpretation of the
Catchment A data.

R

COLLECTING THE WATER BALANCE DATA

An alternative method of approaching the water balance is to
assume that actual evaporation can be estimated within a small
margin of crror and that the unknown is now the decp storage
effect introduced above. By follcwing the recent findings on
evaporation from forests (Rutter et al, 1971, Stewart and
Thom, 1973, Shuttleworth, 1975) it is possible to use a ;
Penman-Monteith type equation to calculate the wet and dry
canopy evaporation rates separat=2ily, In the absence of
direct measureeents of aerodynamic and canopy resistances
(Section 1.2.2) certain simplffying assumptions can be made,
and a crude estimate of the total annual evaporaiion can be
derived from three parametcrs: the interception storage of

the canopy (SINT), the rate of evaporation of intercepted




water as a function of EO (FW), and the rate of transpiration
from the dry canopy, also expressed.as a function oi EO
denoted by I'D). In this case, SINT was taken to be 3 mm, FW

was taken to be 6 EO, and FD was taken to be 0.85 EO, all

values derived from the optimisation of the mathematical nodels

of the Kericho Lagan catchment.

Using the number of raindays in which R was equal to or greater

than the canopy storage as the prime variable, it is possible
to calculate a new estimate of total water use, denoted by
EVAP, for the water years. These values, however, apply

strictly to the forested catchment, and it is necessary to

reduce them to allow for the upper third of the catchment under

grass. This has been done assuming tnat the average water use

for the grass is 0.65 EO, ie equivalent to the average annual
figure for Catchment A. The corrected evaporation figures,
thercfore, are listed in Table VII together with the revised
AE/EO ratios. It can be seen that thesc corrections remove
the trend from the AE/EQ ratios by means of tne effective
addition of a storage term equal to (Ak - corrected AE). The
magnitude of this storage term is from + 454 to - 436 mm,
almost identical with the previous estimate; it implies that,
if the corrected AE values are approximately correct, this is
the quantity which is drained from the deeper soil and rock

layers in a dry year and which is recharged in the wet year.

In the case of Catchment A, it is not easy to calculate a
corrected AE because of the uncertainty of the relationship
between AE/EQ and soil moisture deiicit in the dry months.
From the coincidence of the dry vear's points with those of
Catchmen® T in Fig 7 there is a strong suggestion that a deep
deficit is developed in the yecavrs when annual rainfall is
less than annual 8C6. In introducinyg tnis concent to the
Catchment. A data, however, it does not explain the inverse

relationship of AE/FO with R in the wet years.

This negative trend of AE/EO with increasing R can ba accountied

for by a large apparent overestimate of flow in the wet years.

—
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TABLE VII

Corrected Water Balance (mm) for Mbheya Catchment C (Forested)

jater | se | mwer | so |CORIscied | Comested | storage cormection
1958=59 | 1189 | 1724 1722 1522 oce 0,78, -333
1959-60 | 1470 | 1631 1526 1418 oas 1,04 +52
1960-61 | 1070 | 1770 1773 1564 oge 0.68. -494
1261-62 1784 1538 1406 1330 was 1.34- ' +454 ,
T 1 1962-63 | 1405 | 1530 1453 1335 o3 1.05 . +70 1,
1963-64 | 1516 | 1588 1481 1380 o Aa Y 10. +136 '
1964-65 | 1105 | 1501 1482 1322 o 0, 84. : -217
1965-66 |- 1437 | 1478 1380 1284 oAz 1,12 +153
1966-67 | 1228 | 1504 1435 1314 ey 094, - 36
i967-68 1610 1578 1441 1364 aas 1.18. +246
Mean 1381 ; 1584 1510 1383 o3 1,01, -2
+73 +31 +4?2 +29 Lo0t#0,06 1990
' |
* Calculated using the values 3 rmm, 6, 0.85 for the parameters SINT,
FW, FD, as described in text,
**  Calculated at (2xEVAP+0.GSE0)/3, as described in text.




For reasons stated above, with 95% of total streamflow at
very low stages, it is most unlikely that errors of this
magnitude can be found in Q. The rermaining explanation is
that the error is arising in the estimates of catchment
storage from baseflow and soil moisture deificits in the top
metre. Because of the time lag inherent in the rechargs
cycle, chousing a water year which starts too soon after the
end of the rains can result in esither an undcrestimate or an
overestimate of (AS + AG). Referring to Fig 7 again, it can
be seen that four years make up this apparent negative trend,
and one of these lies practically on the mean AE/EQO value.
These years are all years in which large positive changes in
groundwater have been calculated. If one assumes that the
recession curve at this point is not a good indicator of
groundwater storage, and water balance is recalculated for
the October to September water year, the resulting water
balance figures are those given in Table VIII and the

correspondinyg graph of AE/EQO against R is shown in Fig 9.

The picture which now cemerges is much more satisfactory. 1In
the first place, the wet years now all lie on oxr about the
mean AE/EQ ratio, which is slightly higher (0.66) with this
particular water ycar. The anomaly of 1964/65 and 1965/66

is caused by having to use August soil moisture observations
in the place of missing Octcber and September data. 1If the
two years arce lumped together, the resulting value for AE/EQ
agrecs with the mean, and fits in well with the emerging
pattern. Secondly, the storage effect in the dry vears still
remains. Its magnitude is of the order * 200 mm, which would
represent drying out to a depth exceeding 2 m in the driest
vears. This is borne out by the few gypsum biock observations
which were made to 3 m in Catchment A during 1966; it is
unfortunate that no data are available for the top 1 m of soil
during the cxceptional year 1960-61. Alternatively, it mav be
postulated that an 'interflow' stores exists between the soil
and groundwater stores and that changes in this store do not
affect the baseflow levels. In physical terms, this storage

effect could be caused by water held in the decper soil layers,

| §




TABLE VIII

Corrected Water Balance, Mbeva Catchment A (Cultivated)

Period R Q 48 AG AE EC AE /20
20.10.58-10.10.59 1320 329 +4 0 987 1625 0.61
10.10.59-10.10.60 1718 578 46 +90 1044 1527 0.68
10.10.60-10.10.61 1190 391 +18 =109 890 1687 0.53
10.10.61-10.10.62 2248 1112 =27  +163 1000 1462 0.68
10.10.62-10.10.63 1548 628  +14 ~72 978 1488 0.66
10.10.63-13.10.64 1884 85 4 -3 +15 1018 1449 0.70
13.10.64-10. 8.65 1369 418 25 ~15 941 1165 0.81
10. 8.65-10.10.66 1485 548  -22 -21 980 1691 0.58
10.10.66-10.10.67 1570 485  +18 -22 1089 1368 0.80
10.10.67-10.10.68 2240 1326  +24  +114 776 1379 0.56
Mean, 1958-68: 1657 667 +6 s 970 1484 0.66

+116  +104 +6 +27 £28 £51  %0.03
\




1.0
MBEYA A
% |
= 09F
F_..
08
41 0 64-65
S Z osf Q o
= = '
O w ‘
< - \
S < 07} mean of 64-65! 0]
E | and 65-66 o __o___%____meanAE/EQ® _
O @ \ 1958 - 1968
}& 5 0 ‘\ o)
r o AO'G" ‘0
65-66
[0) :
05 1 1 1 1 L 1 1
1000 1200 1400 1600 1800 2000 2200 2400
ANNUAL RAINFALL (mm)
Figure 9 Annual ratios of AE/EO adjusted for different water

years, Mbeya A




———

: —

—

000 0000000000 0es o0 e

in the layer of decomposed gneiss or in fissures in the

“regolith. It is assumed that, in the drier vears, this store

is depleted both by lateral drainage (interfiow) or by the |
decper-rooting vegetation. In tho wetter years, recharge is

by deep percolation and interflcw but there must be a hydraulic '
discontinuity between this store anéd 'groundwater' for there |
to be little indicatidn,of excess water in the base flow

racords. '

IMPLICATIONS OF THE REVISIONS TO THE AE/EQ RATIOS

The interpretation of the water balance figures set out above
may be criticised on the grounds that it is not based on

direct measurements. Given that the interpretation is based

on physical concepts, however, and that the pattern which now
emerges is simply a reflection of the resistance block readings,
it is considered unnecessary to scek any further explanation

of the water balance discrepancies, and that conclusions can

now be drawn on the overall objectives.

It is evident that over the ecleven vears ¢of the experiment, a
sufficient range of climatic conditions has bazen experiencad
t0 give mean values o0& the water use of the two catchments
which are relatively precise. 1In absolute terms, the AE/EO
ratios may be overestimated in both caetcaments boacause of the
neglect of their steeply sloping nature, which would increase
the dry season EO values. In terms of the comparison of two
contrasting land uses, however, the diiference in water use is

so marked that it cannot be affected by further corrections to

the experimantal datea.

Tt iz clear that the forested catchment in this climatic

environment uses 12-13% more water than the cultivated
catchment and that the forest tirecs extract moisture from
rl

depths below 3 m.  Far from stoving rcisture in the wetbt season
L]

to release slowly in the dry scason, the forest develeops such

Geep storaye deficits that a major part of the rainfall is

used in recharging such stores, and dry season [low is actually

higher in the cultivated catchment (Table III).




with cultivation without soil conservetion measures.

Normally this feature would be accomoanicd by increasad
surface runoff, soil erosion and sediment yicid, yel it will
be shown in Section 5.2.2 that the porous me%s%u;e of the
lbeya soils results in surprisingly low sediment losses in

spite of the steep slopes.

CONCLUSIONS

The conclusions which may be draewn from the Mbeva experiment
from the land management point o view are not as clear cut
as might be expected.

Taking the water balance data as a bald statement that water
yield will increase if forcst areas are clear-felled and
cultivated is not only a dangecrous oversimplification but ailso
positively misleading. The experiment was set up in the first
instance becausc a seeming ly ideal opportunity arose to
monitor an cxample of population displacement caused by
conservation legislation. However, s0ils of this area are so
porous and permcable that the expected disastrous conscguences
of cultivating steep slopes did not occur. The increase in
flow is to be expescted, ceteris paridbus, if trees which transpire
all the year round are replaced by annual crops which grow for
only six rmonths of the year. The absence of serious erosion,
however, has led to an almost stable situation where, unless
the intensity of cultivation increases drastically, there
appears to be no delecterious cffects of the land use cnange.
This 1s not to say, however, that similar land use chang=s on

less stable soils would avoié the destruction normally associated

Already the pathways and tracks outside the exporimental

catchments are showing signs of erosion, and tne finoe balance
between retaining the top soil with its high rainfall acceptance ®

and beginning the irreversible  brocess of sheet and gully ccosion.@

may be upsel by hunan decision maxing. Clearly it would be ®
advisable for some form of terracing to be practised and to
avoid the steeper siopes, but on the hydrological evidence ®

presented here there is no immediate casc for Government action. @
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In many ways, it 15 unfortunate that this pariicular case

study has failed to provide evidences Zor the preservation

of forests. It 'is 2 salutory reminder of hew little is
understood of the hydrological cycle at ths extremes of the
spectrum-of cnvironmental conditioas which may be encounterad.
It has provided a valuable insight into -the water balance of
the areas where volcanic-derived soils ekist, and shown most
clearly that the problem of measuring storage terms in the
water balance eguation is not easy and may well confound any
such experiment conducted either on less contrasting land-use

types, or on heterogeneous soils.

The Mbeya experiment has been particularly cifficult to run,
lying over 1600 km from EAAFRO Muguga, and its successful
conclusion owes much to the co-operation of the Government
Departments of Tanzania and their local field officexs. To a
certain extent, the siting of the exp=riment has led to results
which are of limited regional application: on the other hand,
it has presented a complex hydrological proplem, the solution
of which has led to a better understancing of the processes of
evaporation and the role of intiltration in the control of
streamflow.
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5.2.2

SEDIMENT YIELDS AT M3AYA

K A Edwards
Institute of Hydrology, Wallingford, UK

INTRODUCTION

The methods used to obtain measurercnts of total sediment
yield have been described briefly in Sectjon 5.1.1. Suspended
sediment, during periods of steady flow, was measured by taking
a daily sample of 568 cc (1 pint} from the weir and bulking
these into a monthly sample. The excess water was evaporated
before the samples were despatched toc ERAFRO for analysis.
Suspended sediment during stormflow was sampled by means of
the apparatus described in Pereira and Hosegood (1262), which
extracted 568 cc samples at the surface and at a4 preset

level below the surface during two stages 0f the rising flood.
Bed load was measured by means of a silt trap, upstream of

the weir, which was periodically emptied.

Approximately four years of data have peen uscd i

]

the enalysis
of results presented below. Difficultics arose

-
o

continuing
the sediment sampling after 1962, and the coxisti

¢ata are

i
v
o

e

themselves subject to uncertainties. The order o

by

magnitude

of the total yields obtained are believed to ba correct, however,
and the yields ar¢ presented here in snite of their shortcomings
because of their relevance to the land use cxperiment and

because 0f their unexpected nature.

SUSPENDED SEDIMENT IN STEADY FLOW CONDI'TTONS

Table I gives a sumnary of the suspended sediment values from
the three cotchments (cultivated, regenesrating and forested)
during the period 1958-1962. It can be seen that over twics

as nuch sediment was carried beyond the wedir in the cultivated
catchment as in the forested catchment. ‘“The regenerating
catchment gave sediment yields 'between the values of the other
two but, by the end of the 1962, there were indications that the
scediment yiclds wore falling below those of the forested

catchments as the woody species developed. This is most likely
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Suspended Sediment at Mbeya

TABLE I

(pom)

A B C
t {cultivation) {regenerating) { forest)
1858 J 60 3% 35
A 81 136 18
S 30 34 10
O 30 53 27
N 160 89 12
D 74 65 47
1959 J 43 11 34
F 126 14 19
M 54 15 40
A 53 6 19
M 44 10 52
J 52 7 31
J 48 - 22
A 54 - 72
S 24 - 17
0] 17 - 23
N 106 - 72
D 74 - 47
1960 J 289 11 i1
F 263 12 136
M 43 13 31
A 50 12. 29
M 17 6 17
J 22 16 11
J 16 1 10
A 51 7 8
S 16 - 3
0 50 11 11
N 11 8 &
D 19 7 21
1961 J 5 57 66
F 122 17 31
M 33 7 4
A 50 17 0
M 26 16 5
J 33 6 1
J 19 9 3
A 15 12 31
S 32 6 2
O 4 4 7
N 7 2 1
1y} - ] - -
1962 J 28 2 19 1
F 215 6 25 |
s 35 - i !
A - 0 -
M a5 0 7
D 115 24 76 !
L1963 J 641 25 a1, |
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a result of the lower mean slopes in Catchiment B (regenarating)

than in Catchment € {(evergreen forest).

The method of bulking the samples made detailed analysis of

tne results inpossible. Seasonal trends are shown in Fig 1,
hoviever, relative to monthly rainfall totals. In general, the
pattern of suspended sediment closely follows the rainfall
distribution in Catchment A, The tendency for peek suspended
sediment yields in Catchment A to precede the pgak rainfall
months in the ycars 1958 and 1959 may be associated with greater
agricultural activity during the month of Noverbar when maize

is planted. It is not clear why this tendency was not observed
in 1960 and 1961.

Overall levels of suspended sediment were very low. The mean
values for the catchment averaged over the period of observation
were 75 ppm for Catchment A (cultivated}, 20 pom for Catchment B

{regenerating) and 24 ppm for Catchment ¢ {everurcen forest).

In terms of the quality of drinking water downstream, the effects o

of cultivation were apparently mirnimal in this arza. The

absolute maximum recorded was a valuz of 662 pws in December 1961,

following a rainfall of 485 min in Catchment A. This corresponds
to a loss of 293 kg of soil per hectare or a lowering of the
surface of the s0il by 0.02 mm. This is clearly a high valus
for a single storm, and it is unfortunate that stormflow sampler
measurements were not available for the sane period to allow the

computation of total losses from the catchment.

STORMFLOW SEDIMENT YIELD

The 'Muguga' pattern sediment samplér worked interalttently

in Catchment A (cuitivated) during the period 1950 to 1962. °

A total of 4l samples were taken from preset levels on the rising

limb of the hydrograpn. These corresponded to surface and

sub-surface samples at the stages shown in Table 11
1

Interpretation of the mecasurements in terms of sediment

concentrations at particular discharge levels nas proved

difficult due to the small number of samples and lack of any
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systeomatic pattern in the values obtained. Secdiment
.concentrations in natural channels during storvwmflow vary both
with time and with the velocity distribution acrogs the
channel. Between storms, there were also variations due to

the different rates of supply of trangportable sediment

particles from upstream. Accordinglv, the 41 values of sediment

concentrations can best be regarded as a sample from the
population of sediment concentrations obtained by sampling

across the profile continuously through successive storms.

The frequency distribution of this sample was expected to
conform to an exponcntial form similar to the distributions
obtainred for frequencies of heavy rainfalls. Fig 2 shows the

exponential curve y = be™ fitted by least sgquarcs to the data

and giving b = 21,4 and ¢ = -0.047. The fit was good (r = 0.9%5)

in spite of the small number of data points. The first point

diverges from the line in keeping with meny boundsd distributions

of this type (Brooks and Carruthers, 1953, p 120} and nay reflect

the occasions when the orifice of the sample bottles became

blocked by debris, giving low values of sediment concentrations.

o

The mean concentration of the 41 samples w

takes the volume of stormflow as a percentage o total streamflow

ias 17.8 gl”', If one

(approximately 5%, 1958-1968), the average annual loss of sediment @

from the catchment was approximately 5.2 tonues ha™!

. 1In years

where rainfall and streamflow were high, this valuve rose to

10 tonnes ha™'

There are no figures available for Catchments B and C.

BED~-LOAD

The silt-trap in Catchment A was 7.6 m’ in volume and, from the
weight of samples taken from the trap, the total welght of
sediment wag found to be approximatcly 9 tonnes. The fregquency
with which the trap was emptied depended to a larags extent on
the diliqgence of the obscrvers and the estimetes of bed-load

obtained from the mean freguency of ciearing are likely to be

and, in low rainfall vears, it fell to 3 tonnes ha”

°
o
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Levels of Sampling for Suspended Sediment in the

TADBLE I1

Stream Draining Catchment A (Cultivation), Yheya

—
1
Bottle No | Level (cm) Stage | Discharge (m’sec™!)
1 52.7 52.7 0.444
2 37.5 52.7 0.444
3 22.2 22.2 0.032
4 7.0 22,2 0.032
TABLE ITT
Total Sediment Yield tonnes ha 'yr !
|
Steady-f{low Storm-fiow
suspended suspended Bod-load Total
scediment sediment
0.36 5.28 3.21 8.85
Total (4.1%) (59.6%) (36.2%)

P
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undercstimates. Fig 3 shows the relationship between frequency

.of clearing and rainfall during the period 1 November to

-

31 October. It can bec scen that only two points lie off the
fitted straight line and, if it is assumed that this results
from observer error, the mean ftreguency is 7.2 times per yeac.
This gave an average yield of bed-load sediment in the order

of 65 tonnes yr~! or in Catchment A, 3.21 tonnes ha ‘yr™!

TOTAL LOAD IN CATCHHENT A

1t can be seen from the average figures for the different
components of the total sediment yield in Table III that their
magnitudes differ greatly. The total amnount of steady-flow
suspended sediment was only 4.1% of the total yield. Errors

in estimating this quantity were insiqnificant vwhen estimating
the total yield. The stormflow measurements can only be rough
approximations of the actual losses from the catchment; the
figures from the stormflow swaupler give estimates of the average
losses, but individual large storms which were nct sampled could
have given much higher figures. It should be noted that the
quoted logss of 7.3 tons per acre for one storm {Pereira and
llosegood, op cit, p 124) was ¢ misprint in the originral repoft
on the sediment yiclds; thé correct figure shculd have been

0.73 tons per acre (1.8 tonnes ha~'). This figure is still
rather high due to the use of uncorrected streamflow data, but

is now of the same order as the results in Table III.

Although no comparative figures were obtained for the critical
measurements of stormflow and bed-lcocad from Catchment C, it is
apparent from the far less frequent clearing of the stilling
pool of the weir that stormflow sediment yield is considerably
less than in Catchment A. Noverbtheicss, the figures quotedrfor
the total so0il losgses from Catchrent A are very low in ,
comparison with other small catchments in Tanrnzania (Temple, 1972)
and represent an overall soil denudation rate of approximately
0.6 mm yr~!'. In view of the steep slopes and loosa, friable

nature of the soil, this small value 1is remarkable.
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CONCLUSIONS

* The representativeness of the results irom the Mbeya catchwmentis

has already been commented upon (Section 5.1.1).

Nevertheless,
it can be stated that,

irrespective of the difficulties in
extrapolating results [rom pbeya to other regions in Tanzznia,
the effects of cultivating Catchment A-were uvnexpected. There

has been less erosion than was anticipated and the rate of

It is probable that the saine land-use
practices on basement complex derived soils would give risc to

so0il loss is not high.

serious denudation, but, in this expexriment, the land-use change
has not produced erosion on a scale which should cause concern.

Subjective observations in the Mbeya Range suggest that erosiocn

from roads and track-ways, including paths to the streams used

by animals, will produce sediment losses of the same order as

losses from this particular cultivated catchment.
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5.3

SUMMARY OF RESULTS FROM TUE

HBEYA EXPERIMENTS

K A Edwards
Institute of Uydrology, %allingford, UK

The Mbeya experiment was secen at first as an opportunity

to demonstrate the beneficial effects of conservation
forestry on the steep slopes of the Mbeya Range, in
southern Tanzania, compared with intensive smallholder
cultivation. It was anticipated that the local cultivation
practices, which did not include effective soil conservation
measures, would lead to accelerated soil erosion and
accompanying undesirable changes in the flow regime such

as a reduction in dry season flow and an increasec in peak
flows.

As the experiment progressed, it became clear that the
expected changes in the hydrological regime of the
cultivated catchment were not taking place and that the
increase in total sediment loss from the catchment,

although considerable, was far less than anticipated.

The recason for this response to the change in land-use was
that the ash-derived soils wnhich overlaid the Basement
Complex in this locality were both stable and porous.

They had very high infiltration rates which minimised
surface flow (and, hence, erosion) while withstanding
raindrop impact without capping. The cultivated catchment
was able to absorb rainfall into storage and, because of the
reduccd water use of the seasonal crops comparcd with
evergreen rain forest, was able to maintain higher flows
during the dry season (Figure 5, Section 5.2.1). It was
also found that the high flows during the weib season ware
less in the cultivated catchmenpt than in the forested
catchment,

The unusual nature of the pattern of water usec in these two
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catchments has been elucidated by using soil moisﬁure
measurements and gypsum block recorés.. It is apparent that
much of the annual variation in watcr use arises from decp '
storage effects in the catchments and that choice of a
water year is critical if crrors from deep storage are to
be kept to a minimum. Annual ratios of actual to potential :
evaporation (AE/EQ) are 0.64 for the cultivated catchment
and 0.92 for the forested caichment. The pattern of seasonal f
water use in the cultivated catchment can be deduced from the
drying out of the soil profile during the dry season.

Typical values have been given in Figure 8 and Table V of
Section 5.2.1.

Sediment measurements were made in the cultivated catchment
during the early years of the experiment and indicated that
total sediment loss, ie steady-flow suspended sediment,
stormflow suspended sediment and ked 1load, was of the order
of 8.9 tonnes ha'yc™!. During the same period, sediment
losses from the forested catchment were minimal., Wnile a
significant increasec in soil erosion has taken olace in the
cultivated catchment, the above figure is not as large as
expected given the steep nature of the catchments (averagy

slope 25%). Nevertheless, the value of protection forest

8:2 2

is clearly shown to lie in minimising soil erosion. On

J=

porous soils, such as the fragile soils of the Basement
Complex, the same land-use practices could well lead to
widespread erosion. It would be most unwise to advocate the
clearing of forests to increase water yield although this
experinent and others have demonstrated predictably that
evergreen rain forest will have mucih higher evaporation losses

than annual crops which transpirs for less thaen half the year.

Y Y
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6.1.1

PHYSIOGRAPIIY AND SOIL TYPES IN THE HICH RAIMFALL

REGION OF KENYA AND THEIR HYDROLCGICAL SIGNIFICANCE

N N Nyandat
Mational Agricultural Laboratovies, Nairobi, Kenya

INTRODUCTION

The importance o agriculture in Renya is well known, since

the country derives much of its revenue from the export of
agricultural produce. However, as more land comes under
cultivation, resources both of scil and water become threatened,
since land clearance exposes the soil to heavy rain and the
consequent dangers of erosion and flasﬁlflooding. Many
investigators, notably Wischmeier et al (1971); Hudson and
Jackson (1959); Hutchinson et a2l (1958); and Rensburg (1955),
have found that the extent to which soil and water regime of

an environment is affected by a given land use will depend on
the complex interactions of climate (particularly rainfall
intensity and amount), type of scil, length and degree of slope
and ground cover. Experimental results generally show that

most of the sediment loads of rivers in areas that are

primarily agricultural and have more than 500 mm of annual
precipitation, derive from sheet ercsion. Catchment experiments
may therefore be helpful in evaluating the extent to which soil

and water regimes of an environment may be altered by a land~use
change.

Such studies, however, need to be supplemented by other basic
data if the results are to be extrapolated to other areas for
practical use. In particular, there is a need to know the
characteristics (physiography, soil, climate, etc) of the
experimental site and of the region that it represents; this
paper therefore outlines and discusses the relation bestween
hydrology, land physiography and soils for that part of the
country with more than 760 mm annual rainfall, and attempts
to show the extent to which the results already acquired for

coertain cacchmants may be extrasolated,




PUYSTOGRAPHIC LAND UNITS OF THE ARERN

Forrulae exist which may be used to predict soil losses and

runoff that are likely to occur on slopes of different lengths

and gradients. Researchers including Wischmeier et al (op cit)

and Wischmeier and Mannering (1968) have found that the capacity @

of runoff to transport soil particles increases approximately
as the fifth power of its velocity, whereas its ability to
detach them from their matrix increaeses approximately as the
square of its velocity; this in turn increases as the slope
steepens. The effect of runoff on soil removal may therefore
be expected to incrcase when either the slope lengthens or

the gradient increases.

To relate runoff to physiography, the area under consideration
has been divided into several physiographical land units, which
are represented in Fig 1 and explained in Table I. The material

used in this paper is a modification of that given by Scott et

al (1970). Examination of Fig 1 shows that, even with this

broad sub-division of the landscape, the areca under consideratio

appears complex. Various physiographic land units are
categorised as narrow and broad plains, plateaux and ridges;
these are also associated with a wide range of slopes which,

for the purpose of this paper, have been divided into six

categories: 0-0%35' (flat); 0°35' - 1°45" (very gently
undulating); 1°45' - 5%50' (gently undulating to undulating);
5°50' - 17°00' (rolling to hilly); 17° - 30° {mountainous);

above 30° (mountainous).

The physiographic land unit 13 occurring at the Ximakia
catchment area, namely narrow ridges with 17% to 30° slopeg,
appears widespread, but by no means representative of all fhe
major landscape units that occur. The physiocgraphic land
unit 9 (broad plateau with 17% to 30° slopes) on which the
Kericho catchment expariment has been sited appears rather

restricted in distribution.

n
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Figure 1 Physiographic land units in the parts of
Kenya which receive a mean annual rainfall
of more than 760 mm
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TABLE 1

Key to Physiographic Land Units

Unit Description

1 Broad plain with 0° - 0%35' slope

2 Broad plain with 0°35' - 1°45' slope

3 Narrow plateau with 0735' - 1°45' slope

4 Narrow plateau with 5°50" - 17°00' slove

5 Narrow plateau with 17°00' - 30%90° slope

6 Broad plateau with 0°35' - 1%45' slope

7 Broad plateau with 1%45' - 5%50' slope

8 Broad platcau with 5°30' - 17%00' slope

Broad plateau with 17°09' - 30°02' slope

10 Narrow ridges with 0°35' - 1°45' slope
11 Narrow ridges with 1°45' - 5°50' slope
12 ‘Narrow ridges with 5“30' - 17°00' slooe
13 Narrow ridges with 17°C0' - 30%00' slope
14 Narrow ridges with 3G°00' - 45°00' slope
15 Broad ridges with 0°35' - 1%45' slooe
16 Broad ridges with 1%°43' - 5°50' slope
17 Broad rigdes with 5°50' - 17°00' slope
18 Broad ridges with 17°00' - 30°00' slope

J....O.............................
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'THE SOILS OF THE AREA AND THEIR ilYDROLOGICAL CHARACTERISTICS

Among the soil characteristics wnich may have profound

influence on water and sediment yield of a catchment are the
texture, organic matter content, and the permeability; however,
the ability of the soil surface to accept rainfall may be the
most critical factor in determining the condition of a catchment.
In Fig 2, an attempt has been made to show occurrence and
distribution of the dominant soils of the area under
consideration; the figure is greatly oversimplified, but for

the broad regional treatment of the present paper, a grouping
together of soils with somewhat similar characteristics should
suffice. TFurthermore, a correlation with the FAQ/UNESCO (1973)
soil units should then be possible. Using the soil map of

Kenya by Gethin Jones and Scott (1959), soil units which
correlate with twenty four FAO/UNESCO s0il groups are identified.
The key to the soils is presented in Table II.

The data in Table III illustrates the physical characteristics
of some of the typical s0ils of the area. There are clear
differences in the hydrological characteristics of these soils;
Regosols {(soils 22 and 23} and vertisol ({soil 14) may
respectively be regarded as occupying the two extreme ends of
high permeability and low water holding capacity on the one
hand, and low permeability and high water holding capecity

on the other. The remaining soils have hydrological
characteristics which lie betwe=2n the two extremes, but the
hydrological characteristics of the Ranker (soil 15) and

Lithosol ({soil 24) are much closer to those of the Regosols,

The vertisols, which are often dominated by montmorillonite
type of clay, are characterised by deep vertical cracks undér
dry conditions which provide channels for the percolation of
water during the initial stage of wetting. However, as the
s0il becones wetter, the cracks close up and the permeability
becomes very low. The s0il holds a large volume of water, but
the water i3 hzld very tightly so that only a little of it is
readily available. Surface sealing is nevertheless almost

absent and therefore does not contribute to the runoff and the
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Figure 2 Dominant soils in the areas with a mean

annual rainfall of more than 760 mm
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Key to the Dominant Soils of the Area

TABLE II

Unit FAO/UNESCO Description‘
1 Humic Andosol
2 Hollic Andosol
3 Xanthic Ferralsol
4 Eutric Mitosol
5 Humic Nitcsol
6 Cnromic Cambisol
7 Ferric Acrisol
8 Calcic Cambisol
9 Ferric Luvisol
10 Humic Cambisol
1 Humic Acrisol
12 Orthic Ferralsol
13 Plinthic Ifcrralsaol
14 Pellic Vertisol
.15 Ranker
16 Humic Glevsol
17 Gleyic Solonetz
18 Eutric Planosol
19 Dystric Histosol
20 Eutric Fluvisol
21 ﬂVitric Andosoi
22 Eutric Regosol
23 Dystric Regosol
24 Lithosol




Some cof the Physical Data for Typical Soils of the Area

. Subsoil Topsoil
3 Clay Sugfli’;l wt 3 Infiltration mm/min
5 1 Tune i
Soil Type Ofganlc Density
Matter gm/cc
. . - Field o Available : . .
Topsoil Subsoil Capacity Moisture Dry Soil Wet Soil
Ferralsol 3.0 68 76 0.83 38.9 11.4 12.5 3.3
Acrisol 0.7 12 46 1.31 19.5 9.5 2.5 1.5
Luvisol 0.4 8 36 1,53 18.0 .7 1 3.6
Nitosol 1.4 52 64 1.10 27.0 10.5 2.0 1.2
Vertiscl 1.2 59 59 1.22 39.2 10.5 - -
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low permeability.

Ferralsols (soils 3, 12 and 13) are deeply weathered and are
freely draining. The soils have a very friable consistency

and stable structure, tending to resist erosion. They have

an excellent moisture holding capacity and availability

because of the porous micro-structure and the extensive

depth. Normally they have negligible surface capping, which

is a characteristic contributing to the low susceptibility
of these soils to erosion.

Acrisol (soils 7 and 11) and Luvisol (soil 9) unlike Ferralsols,
are less decep and also contain slight cracks when dry because

of the presence of appreciable quantity of illite (2:1 lattice
clay mineral). The'soils have weak structure and commonly form
a strong surface cap and subsoil compaction. They are therefore
less permeable and tend to be more susceptible to greater
runcff. Tuvisol however shows less surface sealing in

comparison to Acrisol.

Solonetz (so0il 17) and Planosol {soil 18) are soils which
contain appreciable amounts of 2:1 lattice clay mineral. They
also have a weak structure with a hardpan and compact subsoil.
Surface scaling is often strong because of the comronly
occurring silty top layer. The permeability of the soils is
very slow once the soil is saturated, and water logging is a
common phenomznon. The s0ils generally occur in rather level
situations, but where slope is appreciable lateral water

movemcnt above the hardpan layer takes place. ‘ .

Other soils, namely titosols (soils 4 and 5), Cambisols (séils
6, 8 aad 10), Andosols (soils 1, 2 and 21), Fluvisol (soil 20),
Histosol (soil 15) and Gleysol (szo0il 16}, have hydrological
propaerties which fall betwcen‘those of the soils discussed
above. However, they have negligible surface capping. Gleysols
and Histosols are hydromorphic solls, primarcily influencedAbyf
shallow gr?undwaters. Theyl may b2 associated with perﬁaneni’

or seasonal swamps.




The experiment, which ran for three yecars (September 1970 -
July 1973}, on Nitosol near Embu and Vertisol near Kisumu to
examine the pattern of water extraction by grass and the

depth of penetration of moisture over the seasons, revealed
interesting results as summarised in the paper by Wangati et

al (1973). On the Nitosol, the grass (Paspzlum) extracted
moisture to a depth of 360 cm; the rainfall during the period
studied did not penetrate beyond this denth. On the Vertisol
at Kibos (11 km north-east of Kisumu) there was hardly any
response to rainfall in the entire profile, which remained near

wilting point at depths below 30 cm.

It is significant to note that the Kimakia catchment experiment
falls on soil unit 1, which is also found on the slopes of

Mt Kenya. Soil unit 5, which constitutes the Kericho catchment
is, however, widely distributed; nevertheless, extrapolation

of these results reguires great caution since the runoff and
sedimentation in different lccalities may differ both in

nature and in magnitude.
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6.1.2

RAINFALL INTENSTTIES OF EAST AFRICAN STORMS

M E Janes
Department of Geography, King's College, London

INTRODUCTION

The analysis of the intensities of rainfall in tropical
storms over urban areas was the major objective of the

East African Rainfall Project, which was established jointly
by the Transport and Road Research Laboratory, the Department
of Geography, King's Colle¢e, London and the East African
Meteorological Department, in 1964. Three dense networks

of autographic rain gauges were set out in Kampala, Nairobi
and Dar es Salaam. Synchronous recordings began in late

1968, and observations were terminated in March 1973.

DATA

The Project rainfall data were derived from the auvtograohic
records of modified Dines Tropical rain gauges. These
modified gauges had 30 cm (12 inch) diameter funnels. They
syphoned after 5 mm (0.2 inches) rain had been received and
a small tray was incorporated for temporary rainfall storage
during syphoning. A clock-drive of 15 cm (6 inches) per
hour was used with weekly charts. Daily and weekly time

checks were added to the charts by trained observers.

The charts were sent to London for translation by a D-Mac
Digitizer. This was used to record 1 minute interval trace
levels onto punched paper tape. With the addition cf
identification code sequences, the data were copied onto _
magnetic¢ tape, quality controlled, and processed to cgive i
1 minute raintall at each gauge on a parmangnt magnetic tapé.
Further tabulations of the data inciluded the total fall and
duration of each storm, the maximum short-period falls, and
syvnchronous point rainfalls at‘all gauges throuagh every
storm.

Sites for the rain gauges in a network were dictated by the




need for good exposure, rather than the need to locate them
in rectanqguler ¢grids. At Kampala, there were 25 gauges,
sited 1 km apart, approximately, at a density of one gauge

per 1.34 km?. These gauges had reasonable exposures, with

several on roofitop sites. Kampala has an annual rainfall
of 1174 mm; total rainfall in 1969, 1970 and 1971 was bhelow
average, and about average in 1972. In Nairobi, there were

20 gauges, spaced at one gauge per 4 km?, with mean distance
between gauges about 2 km. Many of the gauges in the city
centre had roof top sites, and the gauges at schools were
mostly sited also at roof level. Nairobi has 855 mm of
rainfall per year; above average falls were recorded in 1971
and 1972. At Dar es Salaam wherc open spaces are rare,
there were 25 gauges, with one gauge per 2.5 km?. The
distribution of gauges was very uneven because sites with
good exposure lay along the main roads; only two gauges were
sited on tall buildings. Mean anrnual rainfall at Dar es
Salaam is 1110 mm. Between 1269 and 1971, rainfall was
below average, particularly between March and May; November
was dry also, with above average falls in December. In
1972, rainfall was greater than average, particularly in ths’

two rainy seasons.

RESULTS

The intensity and duration of the large storms which occurred
between 1969 and 1972 were analysed. Large storms are defined
broadly as those falls which are ¢reater than 10 mm over short
periods, or greater than 25 mm over long periods, and with an
intensity of at least 0.5 mm per minute at any gauge. The

ten largest storms at cach network are listed in Table 1.
Storms over Kampala tend to be shorter and more intense théh
those at Nairobi. The heaviest storms at Kampala occur in
August. Storms at Dar es Salaam tend to be longer and of
comparable intensity with those recorcded at Kampala. Storms
at Nairobi are longer and the least intense. Heavy falls ware
more f{requent in 1971 and 1972 in Xampala and MNairobi, and

the heaviest falls over all networks occurred in 1972,
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The Ten Largegt Storms Recorded at Each Nekwork 1959-72

TABLE I

Total Maxinmunm Max%mum Tive
Date Time of Precipitation Hourly Minute Duration
Comnencement (ram) Intensity Intensity (mins)
: ' {rRm/nr) (ma/5 min)
Kampala
19. 8.72 13.12 £88.51 77.88 19,38 1t4
20. 8.71 19.50 65.57 61.71 13.01 199
23. 8.71 14.50 64.38 63.47 14.31 313
13.10.72 02.48 62.98 61.97 9.66 74
29.12.70 08.00 62.60 $5.30 11,34 210
22, 8.70 15.06 £2.09 47.55 3.44 253
9. 9.71 18.58 61.85 61.40 12,04 1n2
6.11.72 "~ 17.31 59.82 59.67% 12.20 73
29. 8.71 15.22 59.66 57.34 13.55 206
10. 9.69 12,13 56.72 $4.55 9.11 276
Nairobl
3. 6.72 16.34 120.44 28.19 6.89 1249
1. 5.71 14.23 100.37 63.61 8.1+ 358
31.10.72 0Q.25 36.98 24,38 4.73 696
17. 5.71L 20.04 88.71 72,09 10.72 265
16, 1,71 23.14 88.23 31.28 6.00 535
2. 5.71 14.25 84.85 41.08 8.05 594
16. 5.71 17.50 73.66 47.47 9.36 328
22, 4.70 17.113 68.92 61.75 B.s2 138
15..4.71 00.39 61,93 45.79 6.92 329
4. 5.69 16.03 59.50 22.59 S5.A2 295
18.11.72 09.15 119.27 51.a0 11.41 532
1. 4.70 11.42 115.02 89.67 10.67 194
4. 5.70 10.2% 66 .24 29.73 5.09 636
25.12.71 03.20 66.00 J6.18 6.07 418
21. 1.71 01.20 63.30 35.90 9.88 416
24.12.71 2.15 60.87 42.583 13.44 218
2. 2.69 03.12 59.18 30.33 8. 34 420
19. 3.72 13.08 56.75 50.36 10.67 95
14, 3.70 11.29 55.30 54.35 i2.12 124
3. 5.69 I2.16 54.39 29,51 7.38 637




The number of storms with intensities of at least 10 mm

" per hour are classified in Table Il according tc the maximum
hourly intensity recorded. The greatest intensity of fall
was measured at Dar es Salaam, although high intensities
were most froquent at Kampala. Storms were less num=rous
and less intense at Nairobi.

The shape of the intensity profiles of the larger storms

was examined together with the overall relationship of
intensity with duration. The beginning of a storm was taken
as the minute when the rainfall intensity equalled or
exceeded 0.05 mm per minute; the majority of the larger
storms experienced their most intense precipitation and

recorded the greater part of their total fall within 120
minutes.

Individual storm profiles were compared, irrespective of the
total length of each storm, by examnining those periods of the

storm when the intensity of precipitation exceeded 2 mm in

fifteen minutes at Nairecbi and at Dar es Salaan,

and 1.6 mm

in twelve minutes at Kampala. Summing these periods gave

the total effective duration of the c{fective precipitaticn

of each storm. At Dar es Salaam, the mecan effective duration

of a steoxrm is 60 minutes; while at Nairobi the effective

duration is 75 minutes, and at Kampala 48 minutes. The very

extreme precipitation usually accounts for more than fifty

per cent of the total precipitation of each storm, and the

low intensity fall of the 'tail' of a storm considerably

less. The median values of the effective precipitation
expressed as a percentage of total rainfall in each storm are
94% at Dar es Salaam and 92% at Neirobl and Kampala. ?

Subsequently, using five-minute rainfall intensity data, it

was found that at Dar es Salaam and at Kampala 643% of the

storms examined received their maximum intensity of
L]

precipitation in the first half of the cffactive cCuration of

the storm, while at Nairobi 70% of the storms displaved this
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TABLE II

The Range of Intensities Recorded per hour between 1969-72

_
Total
1950 | 39.39 | 39,05 | .36 | 39.50 | 6955 | 19.30 | 9.5 | Nemver of
_Kampala- 114 59 28 12 5 4 1 o 223 J
Nairobl 100 26 10 5 0 2 | 1 0 114
Dar es Salaam 128 38 15 ) 3 0 0 1 ‘191




characteristic. This suggests that, in gencral, these

" storms are not symmetrical in intensity proiile.

The relationship between the intensity and duration of

rainfall was described by the equation

I = .__a.._._.
(T+b) "

vhere I is rainfall intensity in mm per hour, T is the

duration in hours and a, b and n are quasi-constant parameters.

After testing, a value for b of 0.33 hours seemed most
representative for all networks. An examination by the
Transport and Road Research Laboratory found this value for
b with many East African records (Fiddss et al, 1974). With
this value for b, the equation was fitted statistically to
intensities received at 1, 5, 10, 15, 30, 60 and 120 minutes
through the ten hecaviest storms at three representative
gauges in each network. The derived values for n vary
between storms. The mean value of this parameter at Kampala
was 0.95, with lower mean values of 0.86 and 0.79 at Dar es

Salaam and at Nairobi, respectively.

The highest mean network value of the parameter n was
cbtained from the Kampala data, where falls are short but
very intense. Kampala storms rarely last as long as those
at Dar es Salaam and Nairobi, but they often record maximum
1, 5 and 15 minute intensities whicn exceed these of Dar es
Salaam and MNairobi (Table II). The largest storms examined

at Nairobi and Dar es Salaam have small values for n (0.5 to
0.6) in associatjion with the prolconged high intensity :
rainfall, with few marked peaks. Thesc storms have return
periods greater than two years; it appears thaet the parameter

n may decrease with increasing return periocé a

T

these two
networks. The greatest storm‘at Kampala, on 19.8.72, is
approximately the five-year storm; the valuz of the parameter
n derived for this storm is ncar the mecan value for the

network. This implies that the intensities are greater with




increased return period, at Kampala, rather than the greater
duration of maximum intensity with increased return period
at Mairobi and Dar es Salaam.

CONCLUSIONS

The major falls of large storms last less than an hour at
Kampala, about an hour at Dar es Salaam, and less than two
hours at Nairabi. Over-90% of the rainfall is relatively
intense. The storm intensity profiles appear asymetric,
reaching.a peak before half of the effective duration of the
storm is over. The variation of the parameter n in the

intensity-duration equation between networks indicates the

difference in the characteristic falls. Storms at Kampala

D

D

D

®

®

®

®

®

® | have high intensity, short duration falls, whilst storms at
d ; Dar es Salaam and particularly at Nairobi display less
3 Lwell-marked peaks of intensity within them.
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®

d
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SUMMARY

Between 1969 and 1972, storm rajinfall was obtained for each
minutc at Kampala, Nairobi and Dar es Salaam. Respresentative
d&ta for the largest storms are tabulated, énd the intensity

profiles of the heaviest falls are cxamined.

The effective
duration of the storms is found,

. using threshold intensities,
tb be 48 minutes at Kampala, 60 minutes at Dar es Salaam and
fﬁ minutes at Nairobi., Over 90% of the total storm rainfall
isieffective rainfall above these threshold intensities. Over
50%£?f the rainfall occurs before half of the effective
duration of the storms. With a constant of 0.33 hours, the
rainggll intensity~-duration relationship is applied to the

large%t storms. The derived values for n vary from 0.95 at

Kampala to 0.36 and 0.79% at Dar es Salaam and Mairobi

.
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PREDICTION OF PEAK DISCHARGES FROM SMALL RURAL
CATCHMENTS

D Fiddes
Transport and Road Research Laboratory
Department of the Enviroament
Crowthorne, Berkshire, UK

INTRODUCTION

Estimates of the peak discharges f{rom catchments are reqguired
for the economic design of bridges and culverts on rural

roads. However, flow measurements are sparse from small
catchments in East Africa, so that design methods must
frequently be based on rainfall data, which are more readily
available, and catchment characteristics. This paper describes
a programme of research designed to develop a suitable flood
model; the programme was run jointly by the Kenya Water
Department, the Uganda Water Dewvelopment Departrnent and the

UK Transport and Road Research lL.aboratory.

DESCRIPTION OF CATCHMENT RETWORK

The catcinments used in the study are listed in Table I and
plotted in Fig 1. They were chosen to cover, as far as
possible, the ranges of catchment area, rainfall, permeability,
soil type and topography found throughout Kenya and Uganda.
Regarding catchment area, the range covered by the study was
up to 200 km?; most of the catchments were guite small

(0-15 km?) for rcasons of econoiny . Regarding rainfall,
several distinct zones have been recognised in Kenya and
Uganda, including the following:-~ the coastal strip, semi-arid
zone of north east Kenya, the cantral highlands, the northern
shore of Lake Victoria, and central districts of Uganda.

With the exception of north east Xenya, all thesc zones are
covered in the study. Regarding permeability, soil type and
topography, catchments of uniform soil type are rare, and
soils generally vary througnhout the calchaznt, often in 2

regular sequence or "catena". There is also often a close
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association between soil type and topeoyraphy. ith 2 limited
nunber of catchments, all possible combinations could not be
covered, but an attempt was made to select sites that might

be representative of large areas and cover as wide a range of

catchment response as possible.

INSTRUMENTATION

Rainfall and flood flow were measured, but only data from
heavy storms were used in the_analysis, since such storms tend
to be more uniform in spatial.distribution than more frequent
and less intense storms. Because of the relative spatial
uniformity of heavy storms, a fairly lLow raingauge density was
possible, and daily-read gauges were installed at a density

of approximately 2.5 - 5.0 per km? for small catchments; for
larger catchments, the density was about 1/10th of this value.
Sufficient recording raingauges were includeéd to measure the

uniformity and wvariation with time of rainfall over the arca.

Whercver possible, the flow measuring structures wvere
incorporated into existing culverts to reduce construction
costs. This meant that a single design could not-be used, and
that each site required special treatment. The types of design
used are listed in Table I. Depth measurement was by air
purge recorder to minimisc the effect of siltation; most of

the streams were ephemeral and carried heavy bed loads.

DESCRIPTION OF ANALYSIS AND RESULTING FLOOD MODEL

For each large storm on a catchment, the mean rainfall profile

and the resulting flood hydrograph were calculated.

Initially, it had been intended to prepare a wnit hydrograph
and a rainfall-runoff correlation for each catchment. With
the small size of most of the catchments, and the limited
period of resedarch available (4 vears in most cases), this

proved impossible., Insztead, a conceptual modﬁl ofi the

catohmont was [itked to the dava.  Thae 21l consisted of

reems
Lavsar L4

two components, one yielding overland flow, and the other




channel flow. The overland flow hydrograpn prediction
required an estimate of three parameters: (i) inigial
retention; (ii) contributing area coefficient; and (iii)
reservoir lag time. It was assumed that no runofi occurred
until cumulative precipitation exceeded the initial retention,
assumed to be a function of antecedent rainfall condition;
subsequent runoff was assumed to be only from a limited area
of the catchment (the contributing area) from which 100% runoff

occurred. This runoff was routed through a linear reservoir,
such that:

where Qt is the surface runoff hydrograph ordinate
at time t;

CA is tne contributing area coefficient;
A is the catchment area;
SSt is surface water in storage at time t; and

K 1s catchment lag time.

This overland flow hydrograph for each subcatchment was
routed through the stream system of the catchment using

the finite difference technigue of Morgali and Linsley {1965}.

From the analysis of all large storms, optimum values of the
lag time and contributing area coefficient were found for
each catchment under flood-producing conditions. A flow °*
diagram of the model is shown in Fig 2. The model can be
used to predict the fiow from any ungaugad catchment, using
a suitable design storm. It does, however, require considerable
computer time, so that its use' would be uneconomic for

deriving preliminary designs at the feasibility study stage of

a nighway scherme. For this purpose, a simpie [lood moded,

similar in concept to the ORSTOM model for West Africa (Rodier

J...................'...............
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and Auvray, 1965) was developed. ©On eacn catchment, a

“ten-year design flood was predicted by routing an appropriate

ten-year design storm through the computer model with the
three parameters Y, CA and K adjusted to thelr optimum values
for flood-prcducing conditions. In many cases, this implied
saturated soil conditions prior to the onsct of storm rainfall;
however, in some areas, particularly in western Uganda, the
probability that flood-producing rainfall coincided with
saturated antecedent conditions was found to be low.
Appropriate parameter wvalues for non-saturated soil were

therefore selected when estimating the ten-year flood in these
areas.

From these ten-year flood hydrographs, measurements were made
of:

{a) The volume of storm runoff;
(b) The hydrograph base time;
(c) The ratio of peak flow to the averayc {low

during the basc time.

These three factors were related to catchmoent characteristics

to generate a dgencralised flood model,

Predicting the peak flow using the model therefore involved
three steps:-

{(a) The total volume of runoff was calculated from:-
RO = (P - VYY) C. . A . 10% (m?)

where P is storm rainfall {(mm} during time

equal to the base time;
t
Y ig initial retention (mm);
C, is contributing area coefficiont:

A is catchment area {(km?)




(b} If the hydrograph base time is measured to a
point on the recession curve at whﬁch the flow
is 1/10th of the peak flow, then the volums under
the:hydrograph is approximately 7% less than the
total runoff. The average flow is therefore
given by:

5= 0:93 . RO s o,
3600 . TB

’ o where TB is hydrograph base time in hours.

. (c) Peak flow (Q) is given by:

, b where F is a peak flow factor.

J SUMMARY OF DESICN METHOD

Details of the derivation of the tables . used to estimate the

90 90000000600 %YTTIT
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various parameters are given clsewhere (Fiddes, 1976). The
following summary of the steps involved in estimating the
peak flow for a dosign storm indicates the site measurements
required and the calculations involved.

(a) Locate catchment on a large scale map and measure
catchment area, land slope, channel slope (S} and
channel length (L). The land slope is estimated
by superimposing a grid over the catchment and

t . measuring the minimum distance between contours
at each grid point. From thess, slopes are
calculated and averaged to give mean catchment

value. The channel slope (S) is the average slope

from the bridge site to the uppermost part of the
stream. Where information is sparse, this may be

taken as 85% of the distance to the watersnad.

Ll B

!
(b) From site inspection, establish catchment type in

‘U
°
°
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Table TI, and hence lag time (K).

(c) From site inspection, or from literature, establish
the s0il type; using the land slope, estimate the
standard contiributing area coefficient (CS) using
Table III.

{d) Using the report by Fiddes (1976) check if the
zone is wet, dry or semi-arid, and hence estimate

catchment wetness factor from Table IV.

(e} From site inspection, decide on the type of
vegetative cover, paying particular attention to

areas close to the stream. Using Table V, estimate
the land use factor (CL).

(f) The contributing area coefficient Ca is given by:

fy) If the antecedent rainfall zone in (d) above is
semi-arid or in western Uganda, the initial retention
(Y) is 5 mm; for all other zones, Y = 0.

{(h} Using Fig 3 and Table VI, estimate rainfall time
(T ).
p

(i) The initial estimate of base time is given by:

jB = lp + 2.3K

(3) Using an appropriate storm profile, calculate th

design storm rainfall to be allowed for during the

time interval TB hours (P mmn}.

(K} The volume of runoff iz given byv:

RO = C, . (P - Y) DA 10 (m?)
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TABLE 11

Catchment Lag Times

Catchment Type

Arid

Very steep small grassed or bare.catchments

{(slopes > 15%)

Semi~arid scrub (large bare soil patches)

Poor pasture

Good pasture

Cultivated land (down to river bank)

Forest, overgrown valley bottom

Papyrus swamp in valley bottom

TABLE ITI

tandard Contributing Area Cosfficients

{Wet zone catchment,

short grass cover)

Soil type

Catchment slope

Well drained

Slightly impeded

Impeded drainags

drainage
Very flat  <1.0% 0.20 0.40
Moderate 1-4% 0.10 0.30 0.45
Rolling 4-10% 0.12 0.40 0.50
Hilly 10-20% 0.15 3.50 0.60
Mountainous >20% 0.20

|




TABLE IV

Catchment Wethess Fa

Rainfall Zone

Catchment wetness factor (Cw)

Perennial stxzams | Ephemeral streams
Wet zones 1.0 1.0
Semi-arid zone 1.0 1.0
Dry zone {except West Uganda) 0.75 0.50
West Uganda 0.60 0.30
TABLE V
Land Use Factor (CLL

Largely bare soll 1.50

Intense cultivation (particularly in valleys) 1.50

Grass cover 1.00

Dense vegetation (particularly in valleys) 0.50

Ephemeral stream, sand filled valley 0.50

Swamp filled valley 0.33

Forest 0.33
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TABLE VI

Rainfall Time (Tp) for East African 10 Year Storms

Zone Index “n" Ralnfa%i)tlme (I‘p)

Inland zone 0.96 . 0.75
Coastal zone 0.76 4.0

Kenya-Aberdare
Ulguru Zone

|
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(1) The average flow is given by:

0.93 . RO

Q" 3500

'l‘ B

(m} Recalculate base time according to:

TB = TP + 2.3K + TA
where T. = 0.028 L
A =% %
Q* S

(n) Repeat steps {j) to {(m) until § is within five

per cent of the previous estimate.

(0) The design peak flow {(Q) is given by:

where the peak flood factor ¥V is 2.8 if X isg

less than 0.5 houvr, or F is 2.3 1f X is more
than 1 hour.

SUMMARY

A flood prediction method is described which was developed
for the design of waterway sizes of bridges and culverts in

rural highway schemes in East Africa. For detailed design,

a suitable storm profile is routcd througn a computer model of

the catchment; this model consists of a linear reservoir to

simulate overload flow in each subcatchment, arnrd a finite

difference routing technique to transicr the subcatchment

outflows tnrough the stream system to the propcsed culvert site.

This detailed design method is supplemented with 2 simple
, .

synthetic design hydrograph for use in feasibility studies.
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IN EAST ATRICA

J R Blackie and X A Edwards
Institute of Hydrology, wallingford, UK

INTRODUCTION

The objectives of the catchment experiments reported in

this volume were to assess the hydrological effects of the

following changes in land use:-

(1) From indigenous bamboo forest to plantations

of exotic conifers or grassland (Kimakia);

(2) From indigenous montane forest to plantation

tea (Kericho):;

(3) From indigenous montane rain forest to smallholder

cultivation (Mkeya); and

(4} From degraded bush to rehabilitated rangeland

with bush clearing and s+tock control (Atumatak).
This chapter summarises results under three headings:

(i) Annuval water use;
(ii) Seasonal distribution of streamflow:

(11i) Sediment yicld.

In each case the extent to which the results may be

extrapolated is discussed.,

ANMUAL WATER USFE

In the analyses of water balanc2 results presented for the
Rericho, Kimakia and Mbeya studizas, the emphasis has bean
placad on assessing the effacts of thoe land-use changzs in

terms of catchment water use, 2%, rather than in terms of




streamflow. This amnproach was adopted since water use is

i actively controlled by metecorological conditicns and
vegetation typs, wherecas flow can, in a sense, bes ragarded

as a 'residual'. Meteorological control of water use is !
anply demonstrated in these analyses by the closer
relationship between RE and Penrman EO than between AE and
rainfall.

In the first instance,}the relationship of AE to EO, the
MAE/EO ratio, has been ﬁsed as a means of comparing water use
between different catchments. The mean water-year values of
this ratio for the catchments at Kericho, Kimakia and Mbeya

E after each new land-use had been established are listed in
Table I. These demonstrate that none of the land-use changes

resulted in an increase in long-term water use. Thus, total

T T e

L

water available to the downstream user has not besen adversely

affected; indeced, at Mbeya the change in land-use from rain

s ..

forest to shaimba cultivation has increasced the annual runoff.

The side effects of this increasc in terms of ths changes

in scasonal distribution are discussed in more detail later.

As indicated py the standard errors in Table T, some year-to-
year variability was present in these ratios. The variations
were generally in phase with those in rainfall, Cecnsideration
of . the processes which could lead to variations 1In water usc
reiative to EO, namely {(a) the interception of rainfall by

the d;op canopy and its subsequent evaporation at an enhanced
rate:' and (b) the reduction in transpiration brought about

by the development of large soil moisture deficits,

suggested that either or both couid theoretically account

for the phasing of the variability in AE relative to EO.

Simulation of these processes using & nathenatical model

b}

(Section 1.3) indicated that the interceptidn DYOC2SS

1 .
accounted for a major part of this veriability in forest, jm\
bamboo and pines. Field studies in t=za showed that, for thig
crop also, interception caused considerablie variabiliiy in T

9 000000006 0 0006029

water use relative to FKO. For ail four vegetation types,




TABLE T

Comparicson of Mean Water Year AE/EQO Ratios for the Keriého, Kimakia and Mbhevya

Catchments for the periods after each new land use was fully established

s Dominant . Mean o Wi "E
Location Catchment Vogetation Period |painfall SEE | AE/EO SE
Lagan Montane Rain 2219 +149 0.93 Q0,032
Forest
KERICEO Sambret Bamboo 1967-73 2026 +140 0. 86 +0.022
sth~catchment
Sambret Tea 2011 +139 0.84 +0.030
Bamboo 2143 +158 0.76 *0.012
KIMAKIA A Pines 1967-73 1997 +151 0.76 +0.020
M 33% Grass 2062 +3137 0.70* t0.023
C Montane Rain 1924 +143 0.93 +0.065
"orest
ABEYA Fores 1958-68
A Cultivated 1558 +120 0.64 +0.025
Crops
]
* R-0 only

Joooooooboooooo--o-ooooooooooooooooooo
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the model inqicated that the rate of evaporation of the

- intercepted water was considerably in excess of FQ. Thus
the wet season AE/EQO ratio can be expected to be in excess
of the mean for the year and the value of this annual
mean will fluctuate from vear to yecar with variations in

rainfall amount and frequéncy.

Model simulation of the soil moisture deficit control of
transpiration rate showed that this process could account
for some of the residual variability in AE/EO for the
forest and bamboo catchmenfs at Kericho but not for the
bémboo and pines at Kimakia. Though the short-term field
determinations of water-use of tea from soil moisture
sampling must be treated with caution, they support the
result, from the heat flux studies (Section 2.2.2), showing
a significant decrease in transpiration from tea at high
soll moisture deficits. Since moisture availability must
ultimately control transpiration rates, the modelling
results from Kimakia mercly reflect the infrequency of
drought conditions of sufficient severity to make soil moisture

deficit control a significant feature there.

The mean AL/EQ values quoted in Table I can ke used to
provide good estimates with known variability of the water
use by the vegetative types studied and for the conditions in
which the experiments were effected. These ratios may be
applied to the same crops in other areas only if rainfall
amounts, ILrequencies ahd severity of soil moisture deficits
are rougnly ccmparable with those experienced during the
course of the catchment experiments; under these circurstances
the ratios in Table I will provide ¢good cstimates of annuel

water use 1if Penman EQ is given.

In extrapolating to markedly different climatic regimes, the
vependance of water usce on the intensity and freguency of
rainfall, on surface infiltratior, and on total water
avallebility witnin thoe sorl wrofile ause ne token into

account. For this purpose, the model described in Section 1.3




is inadequate; models of grecater physical validity
incorporating the physical factors listed above must be
applied.

SEASONAL DISTRIBUTION QF STREAMFLOW

In assessing the effects of a change in land-use, the annual
water use or water yleld differences present only a part of
the picture. For the domestic or irrigation user downstrean,
the main criterion will be the effect on the seasonal
distribution of streamflow. Claims that annual total flow
has not been cnanged will not impress this user if its

distribution has been altered in a way which increases the

wet season flood harzard and decreases the critically important

dry season supply.

Assessmant of the extent to which land-use changes in the
EAAFRO catchment studices have affected seasonal flow
distribution is made particularly difficult because other
factors are confounded with changes in vegetation tvpe.
Temporal and spatial variations in rainfall input and
differences in the inherent geometric, soil and aquifer
characteristics of the catchments obscure the land-use
effects in any 'before and after’' or 'between catchment'
comparisons. Conseguently, the effects of land-use change
on the individual proceéses contributing to total streamflow
have been examined. The processes most directly affected are

those governing surface runoff and infiltration and those

determining groundwater recharg=.

Surface Runoff and Infiltration

1
The catchments at Kericho, Kimakia and Mbeva are on volcanic

soils with extromely high infiltration rates, As had been

shown al an early stege in the studies, the changes in land-use

did not materially alter the véry low surface runoff r
to rainiall on the catchnments, except during the transition

stages., That this 13 50 ¢n the Sambrelt caichmant &bt pewicho

is a tribute to the skill with which the soil and water

x.................................Qé
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conscrvasion measures were designed and executed. The

"studies reported in Section 2.2.4 indicate that oven these

soils can ¢give much higher runoff responses under tea when
less effective measures are adopted. At Mbeya, the very
small increase in surface runoff when forest gives way to
shamba cultivation with conscrvation reasures restricted to
ineffective trash bunding is a surprising result and is
atypical of experience elsewhere in East Africa. This
demonstrates the high surface infiltration rates of the
ash-derived soils, rates which are rermarkable even by
comparison with those found at Kericho and Kimakia. The
wet season stability of these soils is in marked contrast

to their dry season appearance.

Although no significant change in infiltration or surface
runoff occurred in these catchments, it is apparent that
s0il structure, and the possible effec:i of land-use change
on it, must be considered carefully in any attempt to
extrapolate the results. If the change reduces the
infiltration rates, wet season water vields will increasa,
whilst groundwater recharge, and hence dry sezson watzay yilelds,
will be reduced. Examples of such adverse effccts are all
too common in East Africa and elsewherc, particularly in the

change from indigenous forest to cultivation on stecep slopes.

The adverse effects on surface runoff of a progressive
land-use change to more intensive grazing, wnhich may be
observed over large parts of East Africa, was the raison d'etre
for the Atumatak study. Despite the tecnnical and
administrative problcws encountered, this rangeland study
demonétrated that inexpensive bush clesaring and a rcductioné
in.érazing intensity lead to a re-cstablishment of grass
éover, a recovery in infiiltration rates and a conscguent
reduction in storm runoff, at %east on relatively decp
pasement  complex so0ils. ‘The speed of recovery is largely
dependent upon the extent of soil erosion prior to

rehabilitation. Whereas the least-eroded

—
4]

are ’

[f

QL

re-colonised rapidly, steeper or less protected slopes still




show signs of a change in grass suecession 12 years after

clearing.

The improvement in infiltration under betlber grass cover

is demonstrated by the ratios of storm runoff to rainfall
given in Section 4.2.1. From almost cqual percentages of
storm rainfall discharging through the catchment outfalls
before clearing, storm runoff dcubled in the exparimental
catchment during clearing {(relative to the control catchmant)
and fell to less than half within 5 years, as the grass

cover re-established itself after clearing,

Soil moisture changes, as interpreted from the gypsum block
records, also reflect the higher infiltration rates in the
rehabilitated catchment. This demonstrates why recovery of
moderately eroded land often proceeds rapidly. As the
colonising ygrasses decrcase surface runoff and increase
infiltration, so more moisture is available in the soil to

sustain plant growth when rains have ceased.

Groundwatcr Recharge

Recharge of catchment aquifers is not only affe
in the balance between surface runoff and infiltration, but
alsc by changes in the processes governing water use by the
vegetation. Replacement of one vegetation type by another

may lead to:

(i) Higher dry season water use, with the result
that during the following wet season a greater
proportion of rainfall is required to replenish
the depleted soil moisture store hafore recharge

of groundwater can beging

(ii) Changes in interception characteristics which
1
may in turn affect the amount of water avallable

for recharge.

Detailed study of the interception, soil moisture movement

cted by changes

|
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and trangpiration processes was carried out only on teca

" (gsee Sections 2.2.2 and 2.2.3). ‘Thus no direct evidence

is available to determine whether these processes differ
between the indigenous and the imposed vegetation types.
Attempts were made to estimate transpiration rates, and tne
effect on them of increasing so0il moisture deficits, from
sequential dry season soil sampling. The results, reported
in Sections 2.2.5 ané ;.2.3 must bhe treated with caution,
however, since the wqtei use values obtained from soil
moisture measurements: include a variable proportion of
interception as well as transpiration. Additional errors
are introduced by unmeasured percolation losses at low
deficits and the under-estimation of total abstraction by

the root systems at higher deficits.

Although it was found that water use by all vegetation types
decreasecd with increasing deficit, the differences shown v ia
require more detailed study. Some indirect evidence of

the differences in interception loss, in transpiration rate,
and in the sensitivity of the latter to incrcasing deficits,
was obtained from the model simulation studies. In particular,
the contribution to total water use from the intcrgeption
process was found to be approeciably greater from forest than
from bamboo or frcm tea, whereas the contributions wgﬁe
similar from bamboo and pines. The model optimisations also
suggested that forest transpiration rates were lower than

those for tea, whereas the rates were similar.for bamboo and

pines.

There is, clearly, a need for further study of the forest, -
1

; .
bamboo and vines to confirm tha model results. If such stuadies,

1 C - - . . » .
bear out the indirect evidence from modelling, the implications:,

are as follows:-

-
1

{a), At Kericho, the rewvnlacement of forest by tea 0
o
estate may have caused some changes iLn groundwater -
goe patterns.  Lower interception iosses in o

r
-
the wet scason and higher dry secason transpiration
P

E—




by the tea may cause a greater range in geagonal
flow from tea compared with that ftrom indigenous
forest.

(b} At Kimakia, the similarity in surface runof?f,
interception, and transpiration processes
results in no major alteration in seasonal
strecamflow distribution arising from the

replacement of bamboo witnh pines.

(c) At ¥beva, the change in land-use from forest to
cultivation resulted in a marked increase in total
streamflow. Seasonal distribution was affected

particularly by the change in dry scason

transpiration and, to a lessex extent, by the
surprisingly small increase in surface runoff,

The latter accentuated the storm peaks but the

absence of transpiring vegetation for most of the

dry season on the cultivated catchment resulted
in lower deficits, substanitially grecater
groundwater rcecharge, onc dry season flow nearly
twice as great as that from the forested
catchment.

SEDIMENT YIELD

Suspended sediment was monitored at Kimakia, Kericho and

Mbeya during part of the period of study. Most of the
measurecnents were of steady flow suspended sediment which
forms only a proportion of the total sediment load. As the

Mbeya results show (Section 5.2.2) steady flow suspended

sediment yield may be as little as four ver cent of the tofal
load. It is not surprising, therefore, that these measurements.

from Kimakia and Kericho showed no significant difierences

in sediment vield {rom the various catchments. At Ximakia,

nore reocent measurcments were made with an automatic sediment

sampler and no change in the pattern of gedimant vield was

o

v

r ai - ¥ — Cne s s e ) P o
tactad. Verv liow concoantoationi of

{

suspanded gedisonl

were found in all catchments, including one which had only
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recently (1973) been cleared and turned over to 'shamba'
cultivation. At Kericho, Lthe susvended sediment data from
the two main catchments were variable in guality and not
sufficiently reliable for publication; nevertheless, there
was an indication of higher sediient yield from the tea
catchment during the clearing and planting phase and a
considerable reduction as the crop became established. It
was then seen that the only appreciable sediment transport

came in runoff from the estate road system.

At Mbeya, a storm flow sediment sampler was installed at the
weir, and operated for several years. The results from this
sampler suggests that stormflow contribﬁted by far the
largest percentage of the total sediment load (60%). Bed
load was also measured during this period by a sediment

trap upstream of the weir; 36% of the total load was bed
load deposited in this trap.

In general, the rise in sediment levels attributable to the
changes in land use investicated by the EAAFRO studies was
low except for Mbeya, where a total load of approximately

9 tonnes ha~! yr~!' was measured in the cultivated catchment
compared with practically nil in thce forested catchment.
There is a need to investigate the sediment vields from
cultivated catchments more fully, in view of the hign
suspended sediment concentrations of many of the larger
rivers in East Africa. It is unfortunate that neither funds
nor personncl were available to expand the sediment studies

in this series of experiments.

To the authors of this report, the conclusions which can be

stated unequivocally ard with confidence in this section appear

2w 1n number when sct cgainst the sixteen years of field work
and the subscquent years of analysis. Nevertheless, they form
a basis for prediction of the eifects of landé-use changes in
broadly similar environments. The importancc of interccption

and the Kay rale of 50l cneraczZorigtics 1n the seasonal




runoff and transpiration processes have been demongtrated.
- The next stage in the development of prediction methods
must be the quantification of these processes so that
extrapolation to radically different environments can be
accomplished.

0 0000000 0 0000060006006 0606060606060 000090009
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Appendix 7.1.1

CALIDRATION OF THI ATUMATAY FLUMES

K A Edwards
Institute of Hydrology, Waliingford, UK

INTRODUCTTION

Section 4.1.1 referred to the difficulties experienced in
obtaining a satisfactory stage-discharge relationship for
the structures at Atumatak. Initial design faults {see
below) caused errors in theoretical calibrations, whilst the
severce silting experienced in the first year of operation,
and subseguent modifications to tht approacn channel
necessitated independent checks on the flume's performance.
Injitially, current meters were used in the approach section
to obtain discharge measurements, but the influence of the
moving silt bed coupled with the rapid rise and fall in stage

during floods led to an unacceptable scatter in the rating
curve.

In 1965, a scale model (1:12) of the flures was built at
EAAFRO anéd tested in the Hydraulicé Labporatory of the
University of Nairobi. Although these tests werc carried out
with great care, the limitation of the discharge measuring
device restricted these calibrations Lo the range of hign
flows. Whilst conducting the tests, Dr Vivian, of the
Department of Civil Engineering, discovered a further source
of error: since the deposited silt tended to block the inlet
to the float well, perforated pipes had bzen laid across the
forecourt and down the throat of the central flume section,
and whilst this modification would reduce the complications
due to blocked tapping points, it weula produce drawdown
effects of unknown magnitude in the ficat wells

.

Following the model tests, the inlets to the we

o

is wers
modified and the perforated pipe removed from one flume. The
pipe was rctained in the other flume, but an additional

water—levzl racordor was inatalled

S0 tmat the Two moasurad
stages could be compared, in the hope that a retrospective

correction to the past records would be possible.




The new recorder well was erroncously installed not behind

the flurne walls but in the approach section: doubt arose as

to the effect of this obstruction ana, in 1969, the model

was again tcsted at the Hydraulics Research Station, Wallingford,
UK. 'The results of thase tests have allowed stacge-discharg?
curves to be derived over the whole range of flows, The
following paragraphs summarise the results of the model tests

and describe how the final rating curvas were obtained.

THE MODEL_TESTS

At the University of Nairobi, the model was tested for both
silted and unsilted conditions. To simulate the stabilised

silt bed, a false wooden floor was constructed to the height

of the low weir. It was not thought necessary to test with

a moving sediment bed as the flume should have been self-cleaning
in the throat sections. A venturi-flow meter was used to

measure the quantity of flow and, hence, errors in the prototype
discharye below 3 m?s~! are likely to be in excess of *5%.

The results obtained from the tests, however, are remarkably
consistent and it is considered that errors above this level

are very small.

At the Hydraulics Regearxch Station, the model was tested in a
tilting flume at a slope of 1:100. ischargs was measured by
a 90° v-notch weir conforming to British Standard 3680, Part
4A (1965). TFour tests were performed with different
combinations of the moveable parts as shown in Table I.

Test 1 does not conform exactly to the unsilted test at the
University of MNairobi because the low weir was in place;

Test 2, however, was carried out under thz same conditions as
the silted test at Nairobi. ’

Figure 1 shows the results of both of the above saries of
tests. It can be scen that, apart from a gradual divergencs
over the low range of flocws, the siltad tests are in good
agreement. The unsilted tests snhow small discreopancies which

may be dua to the presence of the low weir in the HRS tests.
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TABLE I

Combinations of Moveable Parts Tested by HRS

in their Model of the atumatak Flume

Test NO Weir Sediment Stilling wWell
1 Present Absent Absent
2 Present Present Absent
_ 3 Present Present Present
4 Absent Absent Present
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Figure 1 Model stage/discharge relationships derived by the University of Nairobi

and by the Hydraulics Research Station
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On the basis of the good agreement, however, the calibration

tests were taken as the best available ‘representation of the
vehaviour of the prototypes. BAfter adjusting for differences

between the model dimensions and the 'as built' dimecnsions of
the flumes, a theoretical stage-discharge relationship was
used to produce rating tables by adjusting empirically the
non-dimensional coefficients of velocity (CV) and discharge
(CD) {see below). HRS Test 3 included the effects of the

extra stilling well; these were found to be variable but small,

and were included in the rating tables as described in the
next Section.

THEQORETICAL RATING

British Standard 3680, Part 4A 1 was used to obhtain a

theoretical rating of the wmodel. The flumes consists of a
compound rectangular-throated flume with side contractions
in the centre, flanked by rectangular flumes with bottom

contraction (raised humps) of difizrent elevations.

The theoretical formula relating discharge to stage for
rectangular flumes is:-

_ s 2 3
Q-—/3g.CVCDbh

where g i1s the gravitational acceleration;
b the flume width;

h the recorded stage in the approach

channel relative to the flume inverti;

CV a cocfficient of velocity depending
on the velocity distribution in the

approach channel; and
CD is a coefficient of discharge

depanding on fricticonal and turbulence
losses.

If the flumes conform to the standard, Cv and CD are given by




Bﬁ

formulae dependent upon channel geometry. In the case of
. the Atumatal flumes, not only were the throat lengths

insufficicnt to avoid inaccuracies due to flow curvature

(ie L, the throat length, was lesz than the 1.5 h specified

bv Ackers and Harrison, 1963, p 13, and British Standard,
- LA

Oop cit p 48) but the presence of the low weir affected the

velocity distribution in the approach section to an unknown
extent.

Accordingly, <y and CV were combined into a single empirical
coefficient which could be determined from the model tests

and then applied to the prototype dimensions using the above
formula.

Table IX shows the values of computed (theoretical) and
measured (model) discharge for given stages with CD . C

obtained from HRS tests 2 and 3. It can be seen that excellent

agreemont exists over the range of prototype discharues from

1 to 20 m?’s™}!; below 1 m’s™!, the thcoretical formula
overestimates discharge by increasing amounts as stage
decreases. This range of stage, however, is outside the

limits of application of the theoretical formula for the
v-notch weir used in the tests (British Stancard, op c¢it p 3%).

There 1s uncertainty, therefore, about the accuracy of the

model discharges below a stage of 0.05 m.

On the other hand, it is over this range thnat the influence of

the weir and sedinent would be most marked., There is little

further eviderce to support either rating as being the more

correct. The conclusions from the whole series of HRS testsg

were that discharge wos increased at low flows as a result of

available current meter

cagsurem2nls, althcocugh subject to errors as stated abova, also

uggest that the higher flows given by the theoretical rating

raigsing tna level of the forecourt, The
r

3

(I

re correcct. !

0 the flusmes wore cporating in ¢ wetter region wihtere low

flows were a significant proportion of the total (as at Kimakia

(
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. ' TABLE 1T

Comparison 0f Mode) and Theorotical Ratings
mp G

for the Atumatak Fluza

{a) Silted ' (p) Silted with Additionel Well
stage | S narge] Disenarge | Tedel: || S639%| pikonarge | Dieciare | o
om m's~! a’s”! rm ntsT} n's”!
323)  0.14 .17 421.4 329 0.14 0.18 +28.6
333 0.18 0.20 +11.1 347 0.18 Q.22 - | +22.2
393] 0.30 0.31 + 3.3 || 381 0.25 0.29 +16.0 |
418 0.35 0.37 + 5.7 415 G.33 0.37 v 8.8 !
448 0.49 0.45 - 4.3 || 418 0.50 0.53 +6.0 |
524 0.72 0.71 - 1.4 | 524 0.71 0.72 + 1.4
573 0.92 0.92 0 573 0.92 0.93 + 1.1
643 1.27 1.26 - 0.8 || 674 1.43 1.4 0
750 1.76 1.85 + 4.5 732 1.74 1.76 +# 1.1
963 3.25 3.27 + 0.6 | 753 1.99 1.89 - 6.5
1082 4.05 4.17 + 3.0 || 972 3.31 .35 + 1.5
1274 5.76 5.78 +0.3 [1 1094 4.32 4.30 - 0.5
1457 7.49 7.47 ~ 0.3 (1241 5.53 .53 0
L459 7.54 7.59 + 0.7 {1402 6.95 7.50 +.0.7
L960) 12.57 12.82 + 2.0 jj1701 9.95 19.93 + 0.8
2085| 14.55 14.29 - 1.8 {11847 .72 1:1.53 - 0.5
2356 17.93 . 17.66 - 1.5 {11957 12.81 12.89 + 0.6
2448{ 19.20 18. 86 - 1.8 {2167 15.56 15.41 - 1.6
2509) 20.18 2313 17.50 17.25 ~ 1.4
2433 | 20.04 1d.28 ~ 5.8
¢, - €, = 1.10 : cp - €, = i




or Kericho), it would be inportant to resolve this problem
the Atumatak study, however, is concorned with totel st
flow and peak flows and it is considered that the remaining

errors in the low flows will have only minor effects.

Figure 2 shows the stage-discharge curves for thoe two flumzs
and the model together with the original Uganda VWater
Department rating. The differences between the two flumes
and the model arise from the differences in dimersions which

are summarised in Table IIXI.

CONCLUSTIONS

Theoretical ratings have been derived from the Atumatak flumes
from the laboratory tests on the model. The effects of various
modifications to the original dosign were incorporated in the
medel tests, and values of Ch and c, were derived empirically
from the tests. In spite of uncercainties in the lower range
of flows, it is considered that the errors arising in tre stage
measurements duec to silting and faulty operation of the water
level recorders are of greater magnitude. The presence ol

the perforated pipe lcads to drawdown cffects wnich cannot
easily be detected. The records bstween June 1960 and August
1965, thercfore, are all subject to error and this has been

taken into account in the analysis presented in Section 4.2.1.
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TABLE III

Flume Dimensions (m) for the Two Atumatak Flumes

and for the Model Flure

Flume Width Model Flume A Flume B

b centre 0.240 0.286 0.292
b right 1.584 1.499 1.524
b left 1.404 1.524 1.473

Elevation Model Flume A Flume B

of hump
Right hump 0.216 0.178 0.735
Left hump 0.444 0.406 0.389

Jnoooooobooooooooooooooooooooo0000.
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THE EFFECT OF RAINGAUGE EXPOSURE ON CATCH
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Appendix 7.1.2

THE EYFECT OF RALNGAUGSE EXPOSURE ON CATC

K A Edwards and ¥ Gunston
Institute of Hydrolegy, Wallinuvford, UX
and
E 5 Waweru
East African Agricultural and Forestry Research
Organisation, Muguga, Kenya

INTRODUCTION

Numerous authors have shown that the amount of rainfall
caught in a raingauge is related to its exposure to high
wind speeds (Abbe 1883, Horton 1919, Brooks 1938,

Hamilton 194%, Kurtyka 1953, Corbett 1967 and Rodda 1967).
Very few measurements have been made, howcver, of the
percentage loss in catch in relation to wind speed and
drop size and it is not possible to predict the amount by
which a given network may be underestimating rainfall

when exposed to certain wind conditions.

In East Africa, the generally low wind speeds are considered
to minimise the loss in catch due to the above effect
(Pereira et al, 1962, p 8). Since errors in the estimation

of catchment rainfall are of vital importance to water

balance studies, however, an cxperiment was startaed on the

EAAFRO Moteorological Site at Muguya to investigate the

magnitude of the exposure effects on the standard raingauges
used in the catchments.

THE GROUND-LEVEI GAUGE

The standard raingauge in FEast Africa has been for many vears
the 127 mm diameler {5 inch) gauge mounted with its rim 30.5

cm (1 [t) above the ground. At the Institute of Hydrology,

Wallingford, Rodda (op cit), following

Koschmieder (1934),
Riesbol (1938) and Storey and Hamilton

{194 3), found that

these gauges caugnt on average 6% less rainfall than identical

gauges mounted in a pit with their rim level with the grounad

surface and surrounded by a non-gplash grid. The Wallingford
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meteorological site is located in a region of relatively

low average wind speeds and the magnitude oi tinis loss in
catch has serious implications for water resources assessmants
in more windy regions, particularly highland areas which are

important watexr catchments.

Ground-level raingauges are now widely used as an approximation
to "true" point rainfall and a number of comparisons have been

undertaken with different types of raingauges ({(Struzer et
al, 1968}.

‘Wind tunnel tests have also been carried out to investigate

how gauge dimensions and shape affect their performance
(Helliwell and Creen, 1974).

THE MUGUGA EXPERIMENT

As a simple check on the magnitude of losses in catch, six
gauges werc c¢xposed at difierent heights on the metcorological
site at Muguga. These were at 1,83 m (6 ft), 91 cm (3 ft)«
61 cm (2 ft) and 30.5 cm (1 ft) with two gauges at ground-level

in different types of non-splash surround {¥ig 1l).

One of the ground-level gauges was mounted in the centre of
a square pit (143 cm x 143 cm x 51 cm) surrounded by a plastic
"egg~crate louvre" grid of 50 mm unit squares of a design

developed at the Institute of Hydrology, Wallingford.

The other was placed in a circular pit (86 cm in diameter,
42 cm decp) in which concentric aluminium opzn-ended
cylinders (15 cm desp) were spaced 8, 20 and 36 cm f£rom the

rim of the gauge. This design hed been devolop2d at Muguga.

The Wallingford design was referred to as the new ground-level
gauge (NCL) and the Muguga design as the old ground-level

]
gauge (0GIL) .

NP

The six gauges were placed so that no gauge was; sheltered by

.
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Figure 1 Ground level raingauges used at the
Mbeya meteorological site
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another gauge in the direction of the prevailing wind. They
covered an arca of 50 m® and, for most of the course of the
experiment,. no major obstructions were up wind of the site.
The exception was that in one year (1973) maize (Zea mays)

was grown in a field adjacent to the meteorological site; the

effects of this on the raingauge performance are discussed
below,

THE EXPERIMENTAL'METHOD

Facilities were not available to weigh the catch in each gauge,
which would have been desirable for high precision, and daily
readings at 0500 hours were taken with a standard measuring
Ccylinder. Experienced observers tock the readings and the

experiment was continued for six years to obtain a large sample
of different storm sizes.

The areas of raingauge orifices differ and, in studies of this
type, the errors in assuming each gauge to be precisely
circular and exactly 127 mm in diameter are significant.

Each gauge was carcfully measured and corrections were applied
to the readings.

RESULTS

Total rainfall catches for each gauge are listed by year in
Table 1. It can be seen that a similar pattern is repeated
in each year except 1973 with appreciablé losses in the

higher gauges (183 c¢m, 91 cm and 61 cm). The standard gauge,
however, differs by only 1% from the new ground-level gauge

and the two ground-level gauges heve almost identical catches.

In attempting to correlate wind soeed with catch, a comparison
was made between the percentage lcss in cach gauge and the
run~of-wind at 2 m and 30 cn. NoO obvious relationship was
apparent due to the unsuitability of 24 hour run-of-wind as a

measure of actual wind specd during a storm which lasts for
not more than a fow hours.
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TABLE I

Total Catch in Raiggguges'Exposed at Different Heights

and Percentage Loss in Catch Relative to a Ground-Level Gauge

Gauge 6 ft 3 ft 2 ft 1 ft 06L NGL
Year mm mm mm nm mm mmo
1969 592.0 594.4 610.8 614.0 629.0 635.0

2 lous 6.8 6.4 3.8 3.3 0.9
1970 867.9 876.1 883.6 867.3 891.6 902.4

2 loss 3.8 2.9 2.1 1.7 1.2
1971 747.2 758.5 758.3 775.6 778.5 780.2 |

% loss 4.2 _ 2.8 2.8 0.6 0.2
1972 887.1 | -884.3 892.1 | 910.6 925.1 | 910.8"

% loss 2.6 2.9 2.0 0.0 -1.6
1973 712.9 720.4 707.2 723.7 728.3 718.9

% loss 0.8 0.2 1.6 0.7 -1.3
1974 831.0 845.2 | 823.5| 858.0 857.3 | 858.8

% loss 3.2 1.6 3.1 0.1 0.2

Y
Total* Catch |5925.4{ 3958.5 ) 3977.3 | 4045.5| 4081.5 | 4087.2
$ loss 4.0 3.2 2.7 1.0 0.1
* Total excluding 1973
OGL - Muguga pattern ground-level gauge see text

NGL - Wallingford pattern ground-level gauge

)
}
)
}
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Since the loss in catch is also rclated to drop size, the
daily reinfall totals were groupsd into classes of ¢ to 5 mm,
5 to 10 mm, 10 to 20 mm, 20 to 30 mm, 30 to 40 mm and over

40 mm. On the crude assumption that drop size is related

to storm amount, it was expected that loss in catch would be
greatest with the lower rainfall totals. Fig 2 summarises

the results of this analysis for the yeaxrs 1969-1974,
excluding 1973, '

It can be seen that the above assumption is valid under the
range of wind speeds and intensities found at Muguga.
Furthermore, although the average loss in catch for all
storms is as given in Table I, the actual losses for low
intensity, small drop-size storms are considerably higher.
With storms in the range 0 to 5 mm day~!, the raingauge
exposed 6 ft above the ground loses more than 10% of the

rainfall compared with the ground-level raingauge,

EFFECT OF CHANGES IN EXPOSURE }

As stated above, maize was grown uowind of the metecrological
site during 1973. Planted at the| start of the long rains in
March and harvested in September,\the maize grew to an

effective height of 2.5 to 3.0 m ind sheltered the raingauges
for a major part of the year. No attempt was made to analyse
the readings month by month because of the small sample sizes
inveolved, but the effects on both loss in total catch (Table T)

and loss in relation to storm size (Fig 3) are marked.

Large decreases in percentage loss in catch are observed with
all gauges. 1In fact, only the 183 cm and 61 cm gauges record
logsses which could ke significant in a water balance context
and only with the smallest storm size. Tﬁé 61 cm gauge
figures appear anomalously high, and it igprSSible +hat the
gauge may have besn disturbed gnd exposed with its rim not
parallel to the ground surface during; this period. On the
other hand, it mav be a feature of:thé wind distribution in
this part of the meteorological qﬂélosure and without furthcr(

evidence no firm conclusions can be reached. .
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Figure 2 = Percentage loss in catch for different storm size classes and
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CONCLUSIONS

It can be seen from the preceding discussion that the
expected loss on total annual catch duc to exposure of
2

raingauges above the ground are small with gauges. ex:

less than 1 m above the ground in conditions similar to those
found at Muguga.

Although the experimental data did not allow a relationship
to be established between loss in catcn and wind speed (vide
Helliwell and Green, 1974), a clear indication of the

variation in losses in relation to storm size has been

obtained. With the smallest storm size class (0 to 5 mm day~'),

the losses in catch are unacceptably large with gauges hignher
than 30 cm and, in catchments wnere such storms form a high
proportion of the total, the average annual loss in catch
will be higher than those shown in Table I.

For greatest accuracy in representative point measurement of
rainfall, therefore, it is desirable that raingauges should
be exposed not more than 30 cm above the ground or canopy
level. Where it is suspected that hign wind speeds or small
drop sizes predominate, steps should be taken to shelter the
gauge or maintain the airflow lines parallel to the orifice
of the gauge. E

Further indications of the effects of exposure have been
cbtained from the 1973 results when the fortuitous change in
upwind shelter decreased the losses in all gauges relative to
the ground-level gauge. While it is accepted that sheltering.
a raingauge reduces the losses due to exposure, it is easier
to standardise exposure by using the ground-level gauge than
to determine criteria of shelter in different wind speecds and
rainfall intensities.

Conditions in the tropics do not usually warrant the expense
of establishing networks of ground-level rainvavges. In

highland areas, however, underestimation of rainfall due to







wind effects is an observable and significant feature and,
where accuracy in rainfall mcasurement is important,

over-exposure of raingauges should be avoided.
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INTRODUCTION

Because oﬁ-low installation and maintenance costs, evaporation
pans are widely used to estimate evaporation from lakes and
reservoirs (WMO, 1966). They were introduced into East Africa
follow1ng the Second World War, and a consicderable body of

data is now available for analysis. However, the interpretation
and use pf such data is made difficult because evapcoration pan
records ‘tend to be confounded with other factors such as pan

location, site, QXposuré, dimensions, colour and general
conditién (Dagg, 1970).

!
Pollowing\atteméts'to interpret evaporation data from pans
dissimilaf{in size and exposurc (McCulloch, 1961) it was
concluded~that regional estimates of potential evaporation
could be more reliably obtained from measurements of
meteorological variables recorded in standard exposures on
well-maintained meteorological sites (Dagg, Woodhead and Rijxs,
1970). The Penman formula was adopted as that giving the best
comparative index of potential evaporation EO. Tables for the
rapid computation of EO (#cCullocn, .1965) simplified the task
of obtaining evaporation values and many meteorological stations
ware equipped with simple inexpensive dlrtlllatloﬂ bype
radiometers (Pereira, 1959). iaps of potentlal tvaporaulon have -
been produced from Fenman cstimates (Woodhead, 1968a, 195¢&b,
Rijks, Owen and Hanna, 1970) and they have also formed thd
basis for calculating indices of available water voodhead;.
1969) .

Despite the greater merit of Penman's EO as an index of rn
1 i L
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evaporative:loss, well-maintained evaporation pans can yield
.consistent results and are of considerable value for checking
radiation or sunshine data for systematic crrors, and for
filling gaps in meteorological data records. Evaporation pan
records are of little value, however, for interpolating
estimates of evaporation at sites without record, because of
their sensitivity to the factors mentiocned above; each
evaporation pan record is applicable to a particular site

and geographical location.

The following paragraphs discuss the consistency of the pan
data from the experimental catchments and their usefulness
for estimating EQO. Using the latest available measurements of
evaporation from large surfaces of open water in East Africa, -
it is possible to make general commeﬁts on the comparative
performance of East African pans relative to those in more

temperate latitudes as a means of assessing lake evaporation.

DESCRIPTION OF 'THE PANS

Two typzs of pan werein general use in the LAAFRO catchments,
One is the US Weather Bureau Class A pan, 1,22 m in diameter
and 25 cm deep; the other was the Kenya type of pan, of the same
diameter but 36 cm deep. To prevent birds and small animals
drinking from the pans, some were covered by a wire mesh grid
(25 mm) ; all pans are painted with black bitumastic paint

inside and aluminium paint outside.

The Kenya pans were exposed either above ground, in the same
manner as the Class A pan, or sunken in a revetted pit allowing
an insulating air space between the sides of the pan and thq
wall of the pit {about 5 cm}) ané with only the lip of the pah
protruding above the ground,

.
There are four basic combinations of pans, grid and exposure
found in Lhe catchments: (i) Class A pan, screcned; (ii) Class
A pan, unscregngd; (1ii) Kenva type pan, screensd and raised;

(iv) Kenya type pan, unscreened and sunken. Not all pans ars
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found in each catchwent and the sunken, Kenya-type is the
only pan common to all. For this reason, direct comparisonsg
of the pans in different environments is not possible.
Before discussing the effects of the pan characteristics,

however, the overall consistency of the pan data is exanined.

CONSISTENCY OF THE PAN DATA

Lacking an absolute standard for comparison, only two

possibilities exist: the records from the pans, which are

usually in pairs in the catchments, can be examined either

for mutual consistency or compared with another index of

evaporation such as the calculated Penman EO.
balance data are available,

Where good water
a direct comparison with actual
water use from vegetation is possible, but this is only useful

where transpiration continues throughout the year at or near
the potential rate.

Evaporation from a pan is wmeasured as the loss ox gain in any
24 hour period, suitably adjusted if any rain has fallen.
Rainfall is measured in a standard gauge exposed 30.5 cm abovg
the ground in the same meteorological enclosure. Loss or gain
to the pan is measured by adding or subtracting known amounts
of water [(equivalent toc 0.5 mm ox 0.02 inches in depth}.
Provided that systematic errors are not introduced by

assuming that the rainfall in the pan is identical to the

rainfall in the standard gauvge, tnhe precision of the method is
adequate for ten-day or monthly periods.

Sources of error can be summarised as follows: (i) observer

errors (sucn as niscounting the number of containers of

water added to or subtracted from the pan); (ii) splash out of

t

he raised pans, and splash botn into and out of the sunken
pans; (iii) losses from unscreencd pans due to birds and animals;
(iv) leaks; (v} discolouration of water and pans, causing

- L

changes in albedo and pan heat balance. If these errors can be
eliminated, evaporation totals from pans in the same

metcorological enclosure should bear a constant relationship
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to each other. TFig 1, giving the ratio of sunken pan
evaporation to evaporation from raised pans of various types
at four locations, shows that the ratio of annual evaporation
totals is reasonably constant, although some discrepancies
are apparent. Tracing and correcting individual errors
retrospectively, however, is difficult and doubtful years have

therefore been omitted from the subsequent analysis. The most

common source of error was leakage from the pan, and such

errors account for most of the missing years in the Atumatak
and Mbeya recoxrds.

A second test is to compare the pan totals with the Penman
estimates, and Fig 2 shows the ratios of annual totals of

raised pans to Penman EO. Two unusual features emerge from

this comparison; first, Kericho shows a progressive increase in

the ratio Pan/EO from 1958-60, thereafter becoming stable;
sccond, Kimakia shows a similar increase and a steady decrease
from 1861 onwards. Fig 2 also shows the annual Fotals from
the raised pans, and it can be sezn that the ratios Pan/EQ
reflect trends in the evaporation totals from the raised pans

over this period.

There is no obvious physical explanation for the low totals
recorded in the first two or three yvears of operation. Splesh
may have been more marked until the grass surface established
itself in the (then) new meteorological enclosures, but the
raised pan should not have been aifected; on the other hand,

a great deal of forest clearing was in progress at both locations
during this perioed, so that it is possible that the totals

record a change in general exposure resulting from large scale
forest clearing. In the case of Kimakia, the return to .
generally lower values mayv be associated with the growth of the
plantaticn forest; at Kericho, howevar, the establishment of the
much shorter crop (tea) over a wide area surrounding the
metcorological site may have redultced in higher evaporation
races being maintained.

Similarly, the Mbeya meteorological site was not sheltered in

-
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1959, but by 1970 trees had grown up from one side of the
.enclosure; this may. be associatcd'ﬁith the decrease in
evaporation rate from the pans. There is only a partial
record cue to leakage and other errors during this period, but
the trend shown by the complete years is repeated by the
Penman EO values indicating that the shelter effect, if it be
the cause, is not confined to the evaporation pans but also

influences the records from the other meteorological instruments,

RELATIONSHIP BETWEEN PAN EVAPQORATION AND PEMMAN EO

From the preceding section, it is clear that although the

pan data are mutually consistent, there are variations in the
ratios Pan/EO which probably result from changes in the
environmental conditions and which make the derivation of
universal ‘'pan factors' questionable. Even if it is assumed
that an evaporation pan measures the same 'evaporation index’
as the Penman formula, the lower exposure of the evaporation
pan compared with a Stevenson Scrcen (1.2 m) and an anerometer

(2 m) makes it more sensltive to shelter effects.

Table I shows the ratios of annual totals of pan evaporation
to Penman EO over the whole of the period of reliable records.
The variations in the ratios at the four stations are a
feature of the differences in the seasonal energy balance.
Atumatak, for example, has high ratio Pan/EQ, probably because
of the influence of advective heat energy in its semi-arid
location. ©On the other hand, Kimakia has low ratios showing
that no 'oasis effect' is evident at this station. Kericho
has higher ratios than expected, suggesting that advection may
pe an important factor wnile the ancmalously low sunken Pa“/LO
ratio at Mbeya is suspect because of possible sheltering.

!
Toc a certain extent.the mean annual Pan/F0 ratios are misleading
as c¢onstiderable sﬂa\onal variatjons are present at all stations;
Fig 3 showvs the monthlv sunken Pan/Z0 ratios averaged over a
number of years, and it is clear Jfron :zhis diagram that the
range of values together with the absence of any clear pattern

common to the four stations precludes any generalisation about







Mecans

TABLE 1

of Ratics of Aannuval Totals cf Evaporation from

Pans to Potential Evapnoration EO

-

. . Ratio
Station Period Type of Pan Pan/EO
Kericho 1958-1973 (16) Unscreened, Class A 1.09
1958-1973 {16) Sunken, Unscreened, 0.95
Kenya
Kimakia 1958-1973 (16) Raised, Screened 0.88
Kenvya
1958-1973 (16) Sunken, Unscreened, 0.86
Kenva
Mbeya 1958-19467 {11) tinscreoned, Class A 0.96
1958-1967 (1l1) Sunken, Unscreened, 0.73
Kenya
Atumatak 1962-1973 (10) Scresned, Class A 1.13
(excluding
1964-1965)
1962-1973 (9) Sunken, Unscreened, 1.05
(excluding Kenya

1963-19865)

0 8.08. 0.9 0.0.0.0.0 ¢.0 .90 0 090000000 06060069869F°7F
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Figur_e 3 Monthrly' ratios of sunken pan evaporation to Penman EO
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pan factors. .Some features of the annual cycles deserve
«comment. Atumatak, clearly, experiences stironyg advection

for the six months November to April. From May to Augqust,

the sunken pan/E0 ratios are of the same order as those of the
other stations. #beya also has a pronounced seasonal pattern,
with low values following the rains and advection becoming .
more important as the s0il moisture is depleted. Xericho, on
the other hand, exhibits only a slight seasonal pattern, with
a suggestion that some advection is present for much of the year
but notably in January, February and March. Kimakia has very
low values in July and August, when mist and low cloud persist
for much of the day at this altitude on the eastern slopes

of the Aberdares. It is possible that condensation on the
surface of the evaporation pans is a measurable guantity

during this period and depresses the evaporation totals.

Whatever the physical explanation for the seasonal fluctuationrns,
the above cases illustreate the unicue character of cach
evaporation pan site. Clearly, each evaporation pan record
must be carefully scrutinized and, if possible, compared with

an independent evaporation index. Even then, it would be
impossible to extrapolate to other sites without a knowledge

of the energy balance of the sites in question; under these
circums bances, it would be preferable to extend that knowledge
to a consideration of the actual evaporation from the sites

rather than rely on the evaporation pan records,

USE OF EVAPORATION PAN DATA TO ESTIMATE EO

Figs 4 and 5 show the monthly pan evaporation totals plotted
against Penman TO. Apart from the Atumatak pans, which .
reflect the conditions of high advection mentioned previousiy,
and the sunken Kenya type pan at Mbeya, there is a surprising
similarity in the distribution from all the other pans; this
consistency of the monthly pan gata allovs them to be used to
fil) gaps in meteorological recorcs at a given site, bearing
in mind that the relationship betwoen dailv wan data and daily

potential evaporation will be mucn more variable, As a means
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of interpolating between stations however, the use of pan

‘data requires considerable care and may be misleading due
to the variable influence of advective heat encrgy. 1In
addition, it has been pointed out previously (Dagg, 1970)
that the evaporation pans in the fast African catchments
appear to bear a different relationship to lake evaporation
than in more temperate climates; for illustration, if the
assertion is adopted (WMO, op cit)

that lake cvaporation is
0.7 times Class A pan evaporation, then the guestionable

conclusion follows that the Penman formula greatly overestimates

open water evaporation (see Table II). Although factors such
as screening of the pan, use of the XKenya-type pan (Kimakia),
excessive shelter (Mbeya) and the retention of thne orginal
aerodynamic term in the Penman formula all contribute to
inflating the ratios in Table II, it can be see that the wide
variation in performance of the evaporation pans at different
geographical locations precludes the use of pan data to

extrapolate between meteorcloygical stations.

Using the only available data on lake evaporation from East
Africa (WMD, 1974), Takle III shows a comparison of estimated
evaporation from Lake Victoria and EQ from Keriche. The
estimate labelled 'Mass Transfer' was calculated from several

stations using a Dalton eguation of the form:-

wherc u is vun of wind; e_ is saturation vapour
<2
pressure at lake surface tcmperature; e, is
vapour préssure at 2 m; and a, b are empirical

constants.,

Although it is not suygested that tha Penman cstimaces {or
XKericho bear any special relationsihip to evaporation from
L.ake Victoria, the closo agreemént between the valueg in
Table 1II supnort the use of EO rather than 0.73 x PAN

evaporation for estimating losses from large open water surtaces.







*  Averaged for five stations using 19 to 24
vears of data (see WMO op cit page 469)
**  Average value 1958 to 1972
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b TABLE II
J Comparison of Penman's EO with Published Estimates
.‘ of Lakc Evaporation Derived from Evaporation Pan Data
D

tation 0.70xClass A Penman EO Ratio, (i1} /(1)

®

! Kericho -7 1129 1474 1.31
.l {unscreened) '
. ni

. Kimakia 994 1459 1.45
.l. {unscreened,

Kenya)

.( Mbaya 977 1492 1.53

i unscreened
® { )
.f Atumatak 1715 2173 1.27

( {screened) ‘
®
@
® TABLE III
q- Compariscn of Alternative Estimates of
® Evaporation (mm) from Laxe Victoria
. -
I Normal Year* 1969 1970

Water Balance 1473 1602 1399

? Mass Transfer 1481 1526 1442
® Penman EO (Kericho) 14745 * 1506 1434
o

i
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CONCLUSION

The evaporation pan data from the DAAFRO experimental

catchments has been examined and found to be variable in

guality. If doubtful records are discarded, however, remarkable
consistency betweon different types of pans in different

locations is observed. Even at Atumatak, where advected heat
energy is likely to contribute greatly to the net radiation,

thereby producing an 'oasis' effect, the two pans at this site

give mutually consistent results for the years when the data

record is complete. Nevertheless, seasonal differcnces in
the ratios of Penman evaporation to pan evaporation are

apparent, and would make the task of deriving a universal pan
factor extremely difficult.

In addition, the observed values of pan evaporation in the
experimental catchments are lower than can be expected fron

comparable results obtained in more temperate latitudes.

The consistency of the results from the experimental catcnments,
howecver, and the high proporticn cf variance accounted for by
a linear regression of pan evaporation on Penman EO estimates,

confirms that good pan data can be used to fill gaps in records,
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Appendix 7.1.4

DATA PREPARATION AND PROCESSING

J R Blackie and S Coopear
Institute of Hydrology, Wallingford, UK

INTRODUCTION

The volume of data collected from the four series of
catcnment studies in East Africa presented a formidable

task in computation and checking to bring it to the processed
stage where analysis could begin. Initially, this work was

undertaken by a team of dedicated observers using desk

calculators; from 1968 onwards it became possible to mount
the data in computer compatible form and carry out much of
the routine calculation and checking automatically. Even
then, however, a high level of manual inspection and
intervention was necessary to ensure consistently good quality
of processed data. The aim initially was to process the data
to oroduce 10 day totals of streamflow, of catchment mean
rainfall and of Penman EO tcgether with monthly estimates of
soil moisture. When computer-aiced proccssing became possible,
the basic time unit was changed to 1 day, and the first 11l
cars of data were re-processed accordingly. For some
specialist purposes, 3 hourly catchment rainfall was produced,
together with hourly values of streamflow. 1In this appendix
the philosophy underlying the checking and processing systems
used is outlined and its application to streamflow, rainfall and
Penman EQO described.

GENERAL APFPROACH

In experiments which rely on collecting data of consistently
high quality over a decade or more, it is essential to
establish field routines of instrument checking, of observation
and of data recording which will continue despite changes in
observer and in management, The observers were fully trained
in such routines, and were awark of the nccessity to report

any departure from them. Given this basis of consistent
observation, the data were then subjeocted to standardisad

forms of inspection and arithmetical cross-checking at each
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catchments, manual abstraction and conversion was replaced
.with automatic chart reading and computer processing to
give the hourly flows. Similar cross-checks against staff
gauvge readings and inspection for discontinuities were
applied. For both types ©f recorder regular checks on the
instrument, the float well inlet and the structure were. an

integral part of the observer's routine.

A further check was made for discontinuities in the hourly-
processed data using the time distribution of rainfall as a

guide; these data were then summed to give daily flow.

Intercomparison of the processed data with rainfall and flow
in adjacent catchments was used to check for systematic

error. This led to the detection of seepage under a structure
at Kimakia, and work in that catchment was subsecguently
discontinued (Dagg and Blackie, 1965). It also revealed a
systematic error in the weir calibration on one Mbeya
catchment (Section $.2.1) and an apparent trend in flow at
Kimakia which was subseguently found to be caused by subsidence

of the concrete plinth carrying the reference level (Section:
3.2.1).

RAINFALL

Each raincauge was checked regularly for leakage, for any
distortion of the funnel and for any change in exposure. In
addition, the calibration of each autographic gauge was checked
monthly and the accuracy of the clock noted. Transcriptions

of readindgs from observar's notebook to monthly record sheet
were cross—checked by ﬁhe senior observer. Any large
differences between gauges in the netweork weare investigated
immediately and the findings noted for subsequent action.

Long term double mass plotting was employed to evaluate each
raingauge record.

Both Thiessen polygon and the arithmetic mean methods of
estimating catcluent rainfall were applied. Since not all

gauges in the network could be read simultaneously, the tiine
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distribution. of the total recorded over several days was
calculated from the time distribution obtained from the
nearest autographic gauge. For the 3 hourly catchment rainfall
a similar processing programme using the autographic records
was used. Missing records of a few days duration were
infilled using the double mass plot relationships prior to
computing catchment means. For longer gaps the gauge in

question was omitted and the Thiessen areas changed
accordingly.

Comparison of the processed catchment rainfall with streamflow
and with the records from adjacent sites was a standard
procedure. Additional checks for systematic error due to
network design on exposure change were carried out by the
computation of catchment means from different combinations of
gauges. The results of applying these techniques are

discussed in Section 1.2.1 and in the water balance papers,

EVAPORATION

The meteorological data required to compute Penman EQ were
obtained from manually read meteorological sites. The
obuservations were daily distillation from a Gunn Bellani
radiometer, daily windrun from a cup counter anemomster, daily
sunshine hours read from Campbell Stoxes sunshine recorder
caxds, twice daily wet and dry bulb temperatures and maximum
and minimum temperatures. Standard methods of checking all of
these instruments and recording the findings were prescribed
as were methods of cross-checking the readings obtained.

Manual processing comprised the calculation ¢f 10 day mean
values of air temperature, few »oint, solar radiation, 5
fractional sunshine hours and windrun. The ticCulloch (1965)
tables were then used to calculate 10 day mean EO from these
inputs. From 1968 onwards, computer programs were uscd to
check the daily readings and to calculate daily B0 from them.
Thest programs were also applied retrospectively to the first

11 vears of data.
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The processed EO data were subjected to close scrutiny

~using intercomparison with evaporation pans on the sites

and with EO ffbm other s%tes to detect any trends or
differences in magnltude?indicative of systematic error.
Where positive iﬁ@iéétiqns were present, similar technigues
woere applied to eéch?inéut to the Penman calculation. Details
are given in Secgﬁons 2:2.1, 3.2.1 and 5.2.1 of systematic
errors in radiatiap and windrun detected by these techniques

and of the corrective action taken.
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APPENDIX 7.1.5

OPERATIONAL EXPERIENCE WITH MEUTRON MOISTURE
METER EQUIPMENT I KENYA

H M Gunston and C 4 Eeles
Institutec.of Hydrology, Wallingford, UK

In the hydrological study of catchment areas it is essential
to attempt accurate measurement of changes in soil moisture‘
storage. When the Kericho and Kimakia catchment studics

were set up in the late 1950s, routine gravimetric soil
moisture sampling prodgrammes were started; disturbed soil
samples were taken with a 102 mm (4 inch) Jarrett auger,

and the volumetric moisture content was calculated using
'standard' dry bulk density figures taken at the start of the
studies using a large volume core sampler (Dagg and Hosegood,
1962). The procedure was simple enough te be readily followed
by resident catchment staff, and the deep, stone-free soil
made sampling easy. However, the accuracy of estimated soil
moisture contents was not high, and in 1968, neutron soil
roisture meters came into use in the catchment studies {(ard
other soil moisture studies based at Muguga). Soil moisture
could then be measured at a greater number of sites within
each catchment and estimates were free of complications caused
by the cumulative destructive samoling of the gravimetric

method; they were therefore likely to be of greater precision.

THE NEUTROM SCATTER METHOD FOR SCIL MOISTURE MEASUREMENT

Meutron moisture imeters have now been widely used for some
time, so no rore than an cutline is reguired of the ovrinciple
of their operation. For soil moisture measurement, the meter
comprises a prode which is lowered into a lined access hola
in the soil by means of a cabie; the access tube is usually

T
G

aluminiun with 4-5 ¢m internal diameter and with length uo
to 6 metres; once it is installed, soil moisture is read by
lowering the neutron meter proke dowmn the access tube to
predetermined dapths. The soil 1s therefore not disturbed
forener once the access tube had 2een instalicd.  'fhe asuoron

mater probe contains a source of fast (high enerqgy) neutrons







and a gas filled detector tube which is scnsitive to slow
(low energy) neutrons. In colliding wiih other particles in
the soil, the fast neutrons lose most energy from their
interaction with hydrogen nucleii, most of which are bound
in water molecules; these interactions form a 'cloud' of
slow neutrons around the source, with cloud density a function
of the hydrogen content and thus indirectly of the water
content in the s0il surrounding the source. The detector, a
gas proportional counter tube, producas electrical pulses at
a rate dependent on cloud density, and these pulses pass up
the cable to the scaler or ratemeter.

To calibrate the neutron meter in the field, an access hole
was cut near (but not too near; » 3 m} the siie selected for
study, and this hole was lined with aluminium tubing.
Duplicate readings were then taken with the meter at 0.3 m
depth intervals in the temporary access tube, and two or more
profiles of volumetric core samples were taken within 0.3 to
0.5 m of the temporary tube, using the soil core sampling
technique described below. Moisture volume fraction values
for each depth were then calculated from the core samples and
plotted against neutron meter count rates from the same depth
in the soil. By repeating this process for various sites at
periods when the soil was at different moisture contents, a
calibration curve was produced for each particular combination
of site, depth and meter. 1In practice, many curves were found
to lie so closely together that a single curve could be
proauced for a range of soil depths within one catchment or
even for two or three catchments. In routine operation, the
appropriate calibration curve was used to convert the field
neutron soil moisture readings into wmoisture wolume fractidn

values for each access tube soil profile.

EQUIPMENT

L]
Two types of moisture meter were used; the 'EAL' type, and
the 'Wallingford' type which has superceded it. Both wore

developed by the Institute of lHydrology in ccllaboration with

+
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manufacturers, and field experience with prototypes led

. to improvements in design in later production models.

The earlier EAL type consisted of a short probe containing a 50

mCi Arericium Beryllivm (fast) neutxon sourcs encopsulated in an

annular ring which Ifitted round a boron trifluoride cas (slow}
neutron counting tube of sensitive length 9 com. This proke
gecmetry was shown by field and laboratory calibrations to
produce a linear response to moisture over the range of

interest. The short sensitive half length provided an
interface resolution comparable to that of a scintillator,
which was the closest approximation obtained to a point

detector {(Bell and McCulloch, 1969). A coaxial cable supported

the probe and carried both the output signal from the BF., tube

3
and the 2.5 kv supply necessary to operate it. The probe

itself was carried in a polyproylene transport shield.

The scaler unit was mounted in a modified ammunition box, and
consisted of an electronic clock and circuitry for amplifying
and counting signals from the BF3 tube, together with a 12 v
power pack of rechargable DEAC celis from which the various
supply voltages, including the 2.5 kv to operate the gas tube,
were generated.

The *Wallingford' meter consisted of a longer probe (1 m)

which contained the Am-Be source of 50 mCi and detector tube
{with sensitive length 13 am) together with the amplifier and
other circuits necessary to produce and shape suitable outnut
vulses for counting. The support cable carried only the 12 v
supply voltage, and both the EHT voltage and cutput pulses were
cenerated in the prcke itself. These pulses were passed uy the
support cable either into a simple rate-meter or a rate-scaler
which integrated the counts over a pre-set period and produczd
a digital display of the mean count rate. The 'Waliingford’
probe was carried in a tubular frame which incorporates a
polyprropylene safety shicld as well as a depth counter. In
later nmodels, the ratemeter ov ratagcaler was asunted 10 Lhe

lid.

£,
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ACCESS TUBE INSTALLATION

It is desirable that the access hcle used for ncutron meter
sampling should be as small as possible. The probe diameters
of both types of meter used were 38 mm (1.5 inches) and it is
common in Britein to use 44 mm (1.75 inches) external diamexor
aluminium alloy tube of wall thickness 1.6 mm {0.064 inches),
this material being nearly 'transsarent' to ncutrons, as well
as convenient to handle. However, as 44 mm (1.75 inches) od
alloy tubing is not casily available in Fast Africa, the
nearest equivalent was used: this was 51 mm (2 inches) od
aluminium alloy irrigation pipe, obtainable in lengths of

6.1 m (20 feet). The slightly larger air gap round the probes
is important, but as all neutron meters were recalibrated on
arrival at Muguga, this was only a miror difficulty. On both
types of meter, the polypropylenc safety shields were bored
originally to fit into 44 mm (1.75 inches) od tube, but the
extra boring necessary to make them clear 51 mm (2 inches)
tube was easily carried out by a local engineering fimm.

As the soils encountered on the catchrents were virtually
stone-free and very friable, a 51 mm (2 inches) Jarrett auvger
was used to open the access holes into which the tubes were
installed. Every possible care was taken over the installation
of each access tube, as cavities within the soil imnmediately
adjacent to a tube can bias ncutron rmeter readings: a special
tripoed frame was uscd to make sure that the start and first
metre or so of the cut was truly vertical, and particular care
was taken to prevent the shaft of the auger 'belling out' the
top of the hole. This particular method was felt to be quite
satisfactory for the deep red loawms. The access tubes were
sealed a2t the bottom and simple pressed aluminium caps, .
stamped with the code number of the site, weve used to cloée

the too of the tube.

SOIL SAMPLING FOR CALIBRATICN | /

. PR )

. ‘o 3 .
To take volumetric core samples for calibration, aithole was

L]
firsk cponed up roughly 0.0 m Lo 2.5 from the tomdIrary

kY
access tube with the 51 mm Jarrett auger. When the! depth of !

»







the hole was about 28 cm the auger was carefully removed and
the sampler lowered into the hole on the end of its zshaft.
The sampler consisted of a cylindrical steel body within which
“were two 51 mm (2 inches) od aluminium alloy rings. The body
was screvwed into & strong tubular shaft ana driven into the
ground by means of an annular hammer, the principle being
similar to the use of a post-driving hammer. By measurement
and 'feel’' the sampler was driven until the flange came into
contact with the soil surface. The sampler was then removed,
the bottom section of the body unscrewed, and the aluminium
rings carefully slid out.

Using a broad spatula, a cut was madza between the rings and
the bottom of the lower ring, which contained the final sample,
was also trimmed off square with the spatula. The soil of this
ring was then transferred to an air-tight tin, whilst the
contents of the uvpper ring, which included loose soil from tne

auger cuts and sides of the hole, werxe rejectad. The sampler

-0-0 -0 ¢-06.0 0.0 .6 60§ .5 T

body and rings were then tnoroughly cleaned wnhilst another

30 cm cut was taken with the 51 rn Jarrett auger and the
sampling process was then repeated. In the deep red loams

at Kericho, this technique was used successfully down to
6 m.

Two sample profiles were taken at each site, and| fresh
weighings carried out within 24 hcurs of sampling. Aas
mentioned earlier, care was taken that temporary access tubes
for sampling were not installed too clese to tne access hole

sites selected for long-term recading. Due to the freely

draining nature of the g0ils concerned, 3 m was felt to be
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far enough away, but in poorly draining soils it would be °
advisable to install temporary accesS tubes at an even greater
distance.

OPERATIONAL EXPERIDNCE

Five memhers of the catchment roseacch team based jn puguyga

were trained in the use of the meters, and two pecole usually
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undertook each field trip. Kimakiza, some 110 kilecmstres
from Muguga, rcquired a one-day trip, bub the Xericno
catchments (260 kilometres) required two days. Two EAL-type
reters vere used from the start oi the routine rcadings, as
use of a single meter would have proved impossible during

periods when both sites were recorded at 1l0-day intervals.

It is difficult to assess the reliability of the meters in

any entirely quantitative way, but very few sets of monthly
readings were lost completely. However, there were at least
three periods of a week to ten days each when both senior
members 0f staff attached to the project spent all their time

in meter servicing to the detriment of other essential work.

The newer 'Wallingford' meter introduced in February 1970
behaved well after an early period of minor but annoying troubles
in the field, and was better able than its predecessors to

stand the inevitable punishment of travelling over rough roads.
Subseguent versions of the ‘Wallincford' meter have incorporated
further improvements, and it can now be regarded as a very

reliable field instrument.

FIELD USE OF NEUTRON METERS

In field use, operating routines were well established and
consistently followed by probe users. At first, all readings
taken in the so0il were expressed as a ratio to the count
taken in the transport shield; it was then found tnat the
temperature of the shield could affect the count-rate
significantly, but that a count taken in a drum of water was
independent of water temperaturc. This count was also
important as a check on any changes in the electronic
components with time. Before and afterx a series of readings,.
ten water counts wore made at the centre of a drum of water
some 60 m in radius and 122 cm in depth. These were then
averaged to obtain a denominktory for the count ratios of

the observations.

When approaching the access tube, care was taken to prevent

damage to the surface vegetation and soil structure. With the
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ease of taking repeat readings, this simple precaution
was essential to prevent sites from cecasing to represent
the surrounding area.

The field use of the 'Wallirnygford' system was less tiring than
other types of equipment as the shield lock, lowering
mechanism and ratescaler are all at waist level. The first
reading taken was one with the probe locked in the shield
to check that the equipment operated within the statistical
limits set by the source radio-active decay process. The
radius of the zone of influence in water is approximately
17 cm according to @lgaard (1963), and it was therefore
decided to take readings at less than twice this interval
so that zones overlapped. In the earlier prograrme of
gravimetric soil sampling, samples had been taken at 30 am

intervals, and this was continued with the neutron readings.

Readings and site data were entered on field sheets as shown
in Figure 1. The shects were then coded and the data werce
directly transferred to punched cards for computer nrocessing.
This processing was carried out initially at the Institute;
later, the proygram was modified to run on the University of
Najrobi computer.

RADIOLOGICAL SAFETY

Although only of low strength, the radio-active neutron sources
used in the moisture meters are potentiallyv’ dangerous and
certain simple safety rules should be followed. International
recommendations for radiological safety have been drawn up,

but although a background knowladge of this subject is essential:
before working with neutron moisture neters, the necessity for |
these requlations to cover the many and varied uses of
radio-isotopes makes them appear very complicated. In practicsa,
a simple set of rules relating to the particular moisture -

meters used has been found sufficient.

These include locking the probe within its polypropylene safety

Y o
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Instructions for entries in the Tield

1. Enter in the sppropriste box in the heavy rimmed ares the appropriste
eadrs or valuse for:-

(i) Probe

{11} Metar

(1ii) Tube height, ie. the height of the access tube ris adove
around lewvel.

{iv; c

{v) [f no core sarple takes [for srparate thermogravimetric
delermination of NYF for top 15 c¢m), enter 0.000 in "CRAV VY™,
Leave Dlank if core taken. Mo separale code {8 necessary 10
show that & core Ras been teken.

ivi) Time

2. Enter in the appropriste bos {outeide he heavy ricaed area} in vords
or nuabers:-

i) Site

(it} Date

(111} Standard count et site (D and I).

{iv) Cround conditions

(r] Crop

[¥i) Cheerver's oignature

[vii) Any relevant resarks eg. “access tube danaged”.
[viii) Readirg depths below acee ube ris.

). Enter mater readings and their depths belov groumd tewel.

Instructions for entries on retum to office

Enter codes for:-

{1 Meervar

(3i) Crop

(iti) Cround conditions
{iv) Site and Aren

{¥) Jay, month and year

Enter valuss for:-

i) fus of depihs (eacluding grevisatric depthl.
(it} Jum of readings (ezctuding gravimetiric wvaluel.
fiit) Aang @

{iv} Cravisetric WP, vhere relevant

[} Dead time of retemrter, whers relevant

{vn)

Mumber of readingystaren with probe {ir. racluvding
gravimetrio v-lu‘{. .

Obpervation Unite:-

Danbridge wnd EAL

time for preset count [eec x 10}

Palepcaler i count rate in counts per second (¢.p.e.)

Ratemeter = e.p.8., a3 read from dial, not corrected for dead tise
Depth wiits 1= centimetlres

Dend time v microseconds

Figure 1

(NB, Wo decimale to be used).

Neutron moisture meter field data card

- D -
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shi€ld whenh'rin transit, locking the equipment when not in

use in a store at base or in a vehicle when on safari, and

ensuring that the probe is nevey handled directly in the arca

LS C

of the source; indeed, that the source
all.

is nover handied at

As neutrons lose most energy in interactions with hydrogen
nucleii, polypropylene which is rich in hydrogen is used as a
shielding material. Since the shields are tubular, the end
of the tube are unprotected and unskilled staff must be
prevented from carrying the equipment in such a way as to

expose themselves or others to radio-activity from the
source. ;

1

It was not possible to usé radiation detector film badges in
East Africa, but experience in the United Kingdom of radiation
limits cxpected at certain distances from socurces, and of times
of exposure, sugygested that the risk to stafif was minimal and

that the lack of monitoring devices was not critical.

CURRENT NEUTRON PROBE PRACTICE

For a current review of. the practical application of British

Radiological Safety regulations, the reader is referred to

'Neutron Probe Prackice' by J P Bell (Iil Report No 19, 1976

Edition) which also gives details of recent developments in

neutron probe design and coperational technigues which have
been adopted at the Institute of Hydrologv.
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Appendix 7.1.6

NOTES OF ACCESS TO HYDROLOGICAL DATA FROM THE
EAAFRO CATCHMENTS

S M Cooper
Institute of Hydrology, Wallingford, UK

INTRODUCTION

The main bulk of the data from the catchment experimeats
described in this journal has been published separately
(Edwards et al, 1976). This summary contains daily values
of streamflow, rainfall, potential evaporation and selected
meteorological variables for the catchments at Kericho,

Kimakia, Mbeya and Atumatak. There are details of the formats

. 0f computerised data stored on magnetic tapes and information

about the instrument networks in the catchments and the methods
of collection of data.

Data from the catchments are stored either at ERAATRO Kenva,
or at the Institute of Hydrology, UK (IH). This paper is intended
as a guide to their availability and the forms in which they

exist; this may range frcm field data sheets to magnetic tapes.

STREAMFLOW

Stage in the Kimakia, Kericho and lbeya catchments was
recorded on charts from Lea Rotary water level recorders from
1958 to mid-18970. vValues of flow in inches x 107° over the
catchment were extracted from these charts at hourly intervals
by means of templates and summarised on a ten-day basis.

The hourly values have also been punched on computer cards,
two cards per day in monthly batches. These constitute the
'raw' data for computer processing. The processed streamflbw
results are hourly values of flow in mm over the catchment
stored on magnetic tapes. Ccomputer printouts are available

giving summaries of daily and monthly values,

The Lea recorder charts and ten—-day sunmarics are held at
EAAFRO. Raw and processed computer data are at both EAAFRO
and IH.
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Charts produced by the Leupold and Stevens A35 recorders
" installed at Kimakia and Kericho in 1370 were sent direct to
IH for stage abstraction using a pencil followsr. The
computer processing prodressed in the same way as for earlier
data.

Atumatak flumes had Ott C43 water level recorders. The flows

there are normally zero with sharp peaks after storms. Values-
of streamflow have therefore been manually abstracted in
inches x 107° over the catchment at half-hourly intervals.,

These are held at EAATRO.

RAINFALL

Rainfall was measured by daily gauges read at 0900 hours and
recording gauges (Dines tilting-syphon recorders with daily or
weekly charts). These charts are held at EAARFRO as are their
hourly (Mbeya and Atumatak) or three-hourly {Kericho and
Kimakia) abstracted values on weekly sheets and the daily

rainfall figures on monthly summary sheets.

Both types of rainfall information have been punched in monthly

batches on computer cards. Values are in incnes for the early

yvears; latterly they have been in millinetres. The cards
themse lves are held at EAAFRO but IH has copies ¢f the raw

rainfall data stored on magnetic tapes.

The processed data, stored on magnetic tapes at IH and EAAFRO

consist of hourly or three-~hourly rainfall in =m over the
catchment.

METEOQOROLOGICAL AND EVAPORATION DAY

The following measurements arc recorded daily.

maxinum, minimum,\wet and'dry bulb temperature,

,-.r' fr

run of wind, sunshine hours and distilliation

massured by Guan Bellani rallomoiars.
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calculated and plotted. The resultant computer

printouts are also held at Ii.

Readings were originally teken at rbuthy ten-cday
intervals and latterly at wonthly intervals., Two
profiles were sampled from each of tﬁree different
places in each catchment. Usually twelve samples

- were taken dowm the profile.

(iii) Neutron probe readings were taken at Kericho and
' Kimakia from 1967 to 1974.

' Again, readings were initially taken at ten-day
intervals and latterly at monthly intervals. The
data were transferred to pﬁnched cards and processed
in accordance with the IH neutron data processing
system (Rober;s, 1972). The data are stored on
magnetic tape a£ IH.

More detailed and frequent soil moisture mecasurements were
obtained from the experiment on Water Use of a Tea Estate
from Soil Moisture dMeasuremenits (see Section 2.2.3)}. - Neutron
probe readings were taken almost daily for a period of 19
months. = This information was also punched and processed
under the. IH system and is stored there. Deily tensiometer
readingﬁ Qere also taken at the sane sites, and these arc

stored’in raw and processed form at IH.
; :

-
h

LCCESS? TO 'DATA

+
-

The ébove data are available to users at eitner IH oxr EAAFRO

and requests;to use the data should be sent to the respective

DitYéctors.
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