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Introduction

Macro-catchment rainwater harvesting (RWH)
describes those echniques with much larper
Catclunent Areas (CAs) (generally > > lha)
which penerally do not fall within a farmer’s
land. The CAs and Cropped basing (CBs) will
often be very different in character and the
transter distance may be in the range of a fow
houndred mewres o several kilometres.  Al-
thouph tunoff efficiency is relatdvely lower
than the microcaichment systems. nmoff vol-
umes will still be large because of the size of
the CA. If the mansfer distance 1s very large, it
is also possible for the CA to receive rain and
produce runoff tor a CB which has received no
rain. Macro-catchment RWH systems include:
hillside systems such as the “majuluba™ system
of the Lake Zone of Tanzania (Meertens et al.,
1999) where water is channelled into bunded
rice padis by small channels constructed across
the slope on prazing land; streani-bed systems
which spread water flowing in ephemeral
streams using permeable stone dams or carth
bunds (van Dijk and Ahmed, 1993); and
stream diversion systems which channel water
trom ephemeral streams into water-spreading
structures such as the "Caag" system of Soma-
lia (Rei}, 1991) The main problems with these
systems are in coatrolling the someumes very
high volumes of runot! and preventing erosion.
The risk of two much water washing away
fields is 4 major problem in Western Pare
Lowlands (WPLL).

* Corresponding author

Macro-catchment systems can be linked with
roads or railway drainage systems. The nature
of the drainage sysien is to concentrate runott
and direct it mto culverts or bridges. However,
often the systems are designed on basis of
"save-the road- and -let-it flow "(Backman and
Isuksson, 1994). As a conscquence. the con-
centrated rup-off 1s left to cause gully erosion
downstream of 4 road or railway line.

The experiment reported here was designed o
test methods for harnessing rn-off {rom road
culvert for supplementary water supply to
maize tields.

Methodology

The experiment was located at Kifaru village in
Mwanga District. Water was tapped from cul-
verts on the Dar es Salaam - Arusha bighway.
The experiment had duee treatments replicated
three times— flat cultivation (FC), contour oll-
age and bunds (WC) and macro-catchment
RWH (MC-RWH), on wwo soils in a partially
randomised complete block design. The MC-
RWH treatment involved diverting water from
a toad culvert/gully into a brick-lined chamnel
(to minimise water losses). This channel ran
down the southern side of each block and dis-
tribution boxes were used to divert first Y |
then %2 and tmally all the remaimng water inio
the three RWH plots ou eaclt soil. Because of
inevitable losses in the distributon of the wa-
ter, the RWH plots were excluded from the
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Conclusions

Experimental research into soil-water map-
agement, whether on a research station or on
farmers’ fields, is necessarily restricted to spe-
cific sites over limited time intervals and
meaningful extrapolation is a problem. Recog-
nising the inherent limitations of the experi-
mental approach, the SUA-Newcastle project
pursued a twin-track approach. This involved
linking the experimental effort to the develop-
ment of a simulation model designed to permit
easy spatial and temporal extrapolation. The
model aims to represent the important bio-
physical processes using parameters that can be
measured or estimated to represent crop, soil,
site and rainfall. This paper has demonstrated
only a few of the scenario simulations that can
be conducted using input data that can be ob-
tained relatively easily for any site in semi-arid
Tanzania.

The twin-track approach introduced additional
requirements into the experimental effort in
order to provide all data necessary for validat-
ing the model, but it is concluded that this bur-
den was worthwhile because of the added
value, which accrued from the work. This can
be judged on the basis of two key questions:

s Does it make the research better?

s Does it make the research more efficient?
In both cases the answer 1s positive, since the
twin-track approach provides more complete
understanding and more accurate predictions
than would be the case for field research alone
unless 1t was continned over a much longer
period and replicated on a number of sites.
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Relative benefit of RWH under different sharing stragies \
for the growth of maize at Kifaru in vuli season ;
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Figure 5: The two majaluba systems simulated (serial and parallel) with grain yield;
for different catchment sizes (3, 10 and 20 ha) feeding three Tha jalubas.
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Macro-calchment systems

Cxperimental results for nuize grown with
macro-catclinent RWII were obtained for Ki-
taru site Tor three seasons (Kajiru et al., 1999).
To extrapolate and add value to these results, a
scenario simulation was completed using a 20-
year simulation period with weather data rep-
resentative of the site. The simulation was then
extended to examine three water-shating sce-
narios. The first rellects the actual experimen-
tal conditions; in the sceoud scenario the same
volume of runott is spread over a cropped arca
of twice the size; in the third scepario, the
cropped area 18 three dmes the size of the first.
The actual volume of ranoff harvested by the
system and number of runoff events varies
from season-to-season, but is the same for all
three scenarios.

The initial simulation ndicates that no im-
provement  over rainfed  production  was
achieved in the Masika season. However, in
Vuli season it can be seen trom Figure 4 and
Table 2 that a clear response is apparent in
approximately lalf ot the seasons simulated.
As a result average grain yield was more than
doubled and the overall average performance
achieved was more than 70% of the Masika
vield. When the simulation was extended 1o
include consideration  of  water-sharing, it
showed that in most years the incremental yield
per hectare compared with rainfed conditions
was greatly redoced by spreading runoff over a
larger arca, but total production was increased.
This indicates that simulation studies provide

Table 2:
strategies at Kifaru.

an importanr aid to optimising the  size
connnand area tor a4 macro-catchment syste
A second scenario simulation was conducte
simulate performance of the nujaluba sys
for rainfed rice production. Weather data t
Ngudu in Maswa district for a 20-year pe
provided the basis for the simulauon. The
vestigation included three different ratios
catchment to cropped area and two diffe
methods of water distibution  within

cropped area. The cropped area in each ¢
was kept at 3 ha, but the catchment areas v
set as 3 ha, 10 ha and 20 ha. Water distribu
alternatves were a serial (cascade) system
a parallel (equal division) system as illustr
m Figure 5. In each case yield was predi
for the top third, middle third and bottom ¢
of the cropped area.

The tesults indicate that a 3ha catchment :
is inadequate, but that there 15 little ditlere
between 10 ha and 20 ha catchment sizes.

sults also clearly show that the parallel sys
(i.e. equal water division) is much better
the middle and bottom plots. Overall perfo
ance is increased by 80% over the crop
area taken as a whole, but the trade-oft 1s

the vield from the top plot is reduced by 3!
Clearly, if all three plots down the slope
long to a single farmer, the optimal strat
must be 1o spread the water equally. In prac
there may be different farmers involved

the simulation result may therefore provid
basis for discussion and agreement over w
sharing.

Simulated grain yield (t/ha) of maize under different water managemen

Rainwater harvesting practice

Mean grain yield (t/ha)

_ L Vuli . Masika .
Rainfed 0.98 3.38
All water for one field 2.48 3.39
Shared between 2 1.74 3.40
Shared between 3 1.48 3.40




of relatively short-term experiments, which
may occur during a wet period or a dry period.
However, the value of the simulation lies not
only in the evaluation of long-term average
response, but even more so in the year-to-year
variability. Tt can be seen that there is little
improvement in most Masika seasons, but a
clear respomse is apparent in approximately
half of the Vuli seasons. This provides a sound
basis for evaluating variability and risk, which
may be at least as important as mean response
in determiming technology adoption, but cannot
otherwise be analysed cxcept by very long-
terin experiments.

A second scenario simulation was conducted to
examine the way in which the same RWH
system could be expected to perform under
conditions of decreased rainfall. This was
achieved by repeating the simulation usmg
different data sets, which are representative of
Kisangara, Same and a drier site. Average
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rainfall totals for each case are given in Table
1 together with surnmarised data on yield in-
crements obtained from comparing the RWH
system with a tainfed crop in each case given
n Figure 3.

In Masika season, the bepefit obtained from
RWH is minimal under all three scenarios. It
can therefore be concluded that the experi-
mental results obtained at Kisangars can be
assumed to apply for all sites in the Western
Pare lowlands, since the simulation scenarios
reflect the full range of conditions to be ex-
pected. In Vuli season, however, it is apparent
that the tesponse varies with rainfall regime.
An average yield increment of 24% was ob-
tained under the driest case, but this increased
to 43% under the wettest. This indicates that
the experimental results obtained for Kisangara
cannot reliably be extrapolated to drier sites
within the Western Pare lowlands.

Table 1: 30 year mean Vuli and Masika seasonal rainfall totals (mm) for three rainfall regime

Rainfall regime

Mean scasonal rainfall (ram)

Vuli Masika
Kisangara 338 502
Same 238 405
Decreased 215 315
Mean grain ylald by rainfall reglme and ralnwater harvesting
traatment
4

Graln yield (t'ha)

L

Kisangara
2.1 01

a P

Same 2:1 Same 0:1 Dry sita 21 Dry site 0.1

Rainfall reglme and rainwatey harvesting treatm ant

-VUII“-
@ Masika

_ JEp—

Figure 3: Mean grain yield by rainfall regime and catchment: cropped area ratio.
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age rainfall values were 338 mm in Vuli and  cropped area with Catchment Basin Area Ra
502 mm in Masika. (CBAR) of 2:1). Average yields over the

year period are increased by 10% in Mas
Results are presented in Figure 2 for both sea-  and by 75% in Vuli. This extended analy
sons for one catchment size (1.e. twice size of  provides a clearer context for the interpretat
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Figure 2: Simulated grain yicld by season for 30 ycars at Kisangara.




The model is driven by daily values of rainfall
and other agro-meteorological vatiables. The
rainfall-runott” process s simulaed using the
Green-Ampt method. By varying the surface
teatment parametcrs, 4 wide variety of rain-
waler harvesting/conservation practices can bhe
simulated. The first version of the model
(Young and Gowing, 1996) was designed for
in-field micro-catchment systems. but this has
since been extended by incorporating a runoff
routing module o allow sinlation of external
macro-catchment systems.

Validation data have been provided by a seven-
year programme of experimental work at ftour
sites located in different agro-ecological zones
of Tauzana. Over 300 smnall plot experiments
on experimental sites and fanmers’ fields have
been monitored for a vartety of soil-plant-water
data. Tu addition, the runoft from five larger
catchments has been measured.  Using  the
model, computational experiments can be eas-
ily completed for a range of site conditions
over an extended period.

The model parameters have been kept as sim-
ple as possible and, where they are difticult or
UIe-Consuning (0 Measure, parameter estima-
tion methods have been included. One of these
pre-pracessors provides pedotranster functions
which are wsed o estimate complex <oil hy-
draulic properties, such as moisture reention
and hydraulic conductivity, from more easily
obtained soil properties (i.e. soil texwre, or-
ganic matter and bulk density). Although there
are long rainfall records for a number of sites
in Southern and Eastern Africa, in many areas
climadc data wnd w have been collected for
only a few years or have large numbers of
missing data. For this reason, another pre-
processor is the climate generator, which can
generate long series of synthetic weacher data
with the same stochastic properties (variability
and nmieans) as the avaitable historical daca and
fill in one or more missing meteorological
variables.

The PARCHED-THIRST climadc generator
works by extracting the statistical properties of
historical weather dat and using diese, in
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combination with random nwmber generaiors 1o
produce novel series of weather data with the
same statistical properties as that which was
input. The clinmtic generator is supplied with
weather parameter {ies for 4 number of siles in
Tanzania. The historical data used in the model
was tor a period of 20 to 30 years in cach case.
As with any statisucal method the larger the
sample of historical data (the number of years
of weather data at a site), the better will it rep-
resent the population from which 1t is taken.

Depending upon the data available, the climatc
generator can generate two types of weather
data:

(@) Full agrometcorological weather lilcs - this
Is the generation of the full range of vari-
ables required by the PARCHED-THIRST
model.

(b) Ramfall dependent weather files - in many
arcas, rainfall data bave been collected for
lopg periods of tme while ather agrome-
teorological data have only been recorded
in recent years. To allow the tull potential
of these long-term rainfall records to be
realised, the climatic generator can use the
statistical  properies  of  the st of
agrometeorological datw o realistically
generate the rest of the weather variables
i the years tor which only rainfall data
are available.

Simulation results and discussion
Micro-catchment systems

Experimenual results for maize grown with
micro-catchment RWH were obtained for a site
in the Western Pare lowlands (Kisanpara) for
five seasons and for four different catchment
sizes (Hatibu et /., 1999). In view of the pro-
nounced variability 1 rainfall amount and
timing, these results canmot easily be inter-
preted in a longer-term perspective. Therefore,
the longer term variability and average per-
formance was evaluated with the aid of sce-
nario simulation based on a4 30-year simulation
penod with synthetic weather dat representa-
tive of the Kisangara site. The resufung aver-
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portant biophysical processes using parameters
that represent the conditions for a specific site.
In the context of RWH, proper simulation of
the soil-water dynamics and crop respouse o
moisture regime is particularly important. Ste-
phens and Hess (1999) demonstrate how the
PARCH model was used t extrapolate ex-
perimental data for maize in semi-arid Kenya
under different sol-water management scenar-

03,

For the catchment area sub-systiem, the re-
quirernent is to simulale runoft response to
rainfall ac appropriate temporal and  spatial
scales. Proper modelling of the soil-water res-
ervoir in the cropped arca determines the re-
quirement for a daily time-step. The selection
of spatial scale however depends upon the type
of RWH systent. For a microcatchment sys-
tem this will be typicalty 100 m® to 1 ha,
whereas for a macro-catchment system it will
be 1 ha o 100 ba (Gowing at al., 1999). As
with mechanistic crop models, a deterministic
(physically-based) approach is preferred, since
i general the data required to calibrae a sto-
chastic model will not be available.

Boers (1994) discusses alternadve approaches
to modelling micro-catclunents in which the
slope-length 1s limited 0 a few tens of metres.
He concludes that a two-parameter (i.e. slope
and threshold) linear regression model fits the
data very well. He found a small improvement
by including a kinematic wave model, but this
requires six paramicters. Tauer aud Humborg
(1992) review approaches relevant to macro-
catchments and evaluate them using data from
a 114 ha expenimental cacchment in Mali. A
stgle lumped-patameter model based on the
Soil Conservation Service (SCS) curve number
method (USDA, 1972) performed quite well.
Pathak et al., (1989) also report good predic-
tion performance using a siniilar model in In-
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dia. An alternative approach in dealing with
macro-catcluments is to use a distributed pa-
rameter approach to model the spatially vary-
ing processes on an event basis. Models of diis
type have been developed primarily for use in
snall ungauged watersheds (typically 1T kin” o
100 km*) to predict the influence of land-use
and management on runoll, sediment yield and
water quality. Some such models are over-
parameterised,  but  pragmatic
which take full account of the problem of pa-
rameterisation, are avalable. Ben Asher and
Humborg (1992) used a model, which is simi-
lar to the curve number approach, 1w obtain
grid-scale munoff yield. Silburn and Connolly
(1995) developed the ANSWERS model based
on a Green-Ampt grid-scale infiltration model.
They demonstrated that paramcter estimation
could be successfully accomplished using 2
Lin” portable raiutall simulator.

approaches,

Simulating RWH technology interventions in
Tanzania

Recognising the inherent Hmitatons of the ex-
perimental approach and in order to add value
to the costly and ume-consuming tield experi-
ments, the SUA-Newcastle project pursued a
twin-track upproach. This involved linking die
experimental effort to the development of a
simulation model designed to permit easy spa-
tial and temporal extrapolation. The model
aims o represent the important biophysical
processes using parameters that can be meas-
ured or estimated (0 represent crop, soil, siwe
and rainfall. It comprises various sub-models.
which are linked wgether as shown in Figure
1. It incorporates the PARCH crop model
(Bradley and Crour, 1996) w0 simulate maize
growth and the ORYZA crop model (Wopereis
ef al., 1996) to simulate rice growth, but in
principle can also mncorporate other crop mod-
els.
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intervals and extrapolation (spatial and winpo-
ral) 18 always a problem.

Spatial extrapolation

The wadivonal approach assumed that tech-
nologies, which performed well 1n researcher-
maniged experiments, would also do well on
tarmers” fields. This ippored obvious differ-
enees i altide. climate and soils, with re-
search stations 1 sub-Saharan Africa (SSA)
often sitwated 1n particularly favourable condi-
tions. Theretore the concern for spatial ex-
trapolation was first tackled by defining agro-
ecological zones (AEZ) within which (he agpri-
environment could be considered reasonably
hiomogeneous (FAO, 1978). More recently, it
bas becn recognised that this approach fails to
reflect socio-economic differences that influ-
ence larmers' technology choice and manage-
ment. The concept of resource management
dowaims (RMDs) has therefore replaced the
AEZ as a basis for spatial extrapolation of re-
search (Syers and Bouma, 1998).

The participatory approach bas a jajor advan-
tage over the traditional approach in this re-
spect as technologies are actually rested out by
tarmers on their own tields. thus accounting
tor local soils, topography and management
practices. However, most development projects
are under pressure to show impact over larpe
areas in a short time. Thix will not be possible
it cvery potential adopter is expected to carry
out expermments on their ficlds. Therefore,
ouce a technique bas been seen to be successtul
in one area, attempes will be made to transter it
o other areas with different soils, topography
and management practices. At this pownt, the
participatory approach faces a similar spatial
extrapolation problem as the traditional top-
down approach, which may be turther compli-
cated by the need to predict performance at a
local scale.

Temporal extrapolation
luarid and semi-arid regions, variahility i

rainfall amount and timing 18 large and 18 often
the primary determinant of crop performance.

This variability ig reflected in a wide fluctua
tion in annual ramfall and in 4 wide range o
dates for start and end of the growing season
Furthermore, there nay be great vanability b
the pattern of rainfall and duration of intra
seasonal dry-spells as discussed by Mahoo ¢
al., 1999. It is therefore desirable that an
ficld research programme aimed at quandfyin
crop response to managerient tactors (such a
RWH) should run for a long period to ensur
that results are representative. Even then it |
ditticult to interpret differences in performanc
berween years and extrapolation may be hase
on a crude relationship with seasonal rainfa
(Jones, 1987). Generally, experimental work
limited to only a tew years and cannot captm
the variability. Extrapolation to reflect cond
tons in other years is difficult (Critchles
1989; Kiome and Stocking, 1993) and ma
result in misleading recommendations.

The objectve of this paper is to explore ale
native approach of using computer models -
overcome the limitations of experimenaal a
proach.

Simulation Approach

Simulation approaches must be considered

relation to the available models, which atter

to simulate the biophysical processes in each
the RWI sub-systeins:

e  The catchment sub-system generates ru
off, which 1s harvested and conveyed
the cropped area;

s The cropped area sub-system receives a
stores both ramtall and runoft, whi
contribute to the soil-moisture reservoir.

For the crop area sub-system, mechanistic cr
models are usetul, in it they offer the ¢
portumty for researchers to evaluate expec
yield under the rapge of weather conditic
experienced over many years. There are
number of models which simulate maize mor
crops under semi-arid conditions includi
SODCOM (O'Callaglian et af., 1994, CER
(Tswi et al., 1994) and PARCH (Bradley :
Crout, 1996). These models represent the i



